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a b s t r a c t

Previous studies reveal that while compact carbonate rocks display exclusively dilatancy under
compressive deformation, compaction may be observed in their more porous counterparts. In their
compactive behavior the porous carbonate rocks are more akin to e.g., sandstone. Whereas the micro-
mechanics of brittle faulting and cataclastic flow in sandstone has been studied extensively, little is
known about these processes in a porous limestone. To investigate both failure modes we deformed
samples of Tavel limestone with porosity 10e14% to various stages of deformation in conventional
triaxial configuration at confining pressures corresponding to brittle faulting and cataclastic flow and
described the microstructures associated with the damage evolution using optical and electron
microscopy. In this porous micritic limestone cataclasis is the dominant mechanism of deformation. The
microcracks initiate as pore-emanated and while all pores contribute to microcrack initiation, it is the
large pores that drive crack propagation and coalescence leading to failure. In brittle faulting, dilatancy
arises from microcracks growing parallel to maximum principal stress, with their coalescence leading to
shear localization. In cataclastic flow microcracks do not have preferred orientation. Interplay between
pore collapse and formation of new microcracks determines the compactive versus dilatant character of
the cataclastic flow.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Brittle-ductile transition in rocks is associated with a broad
spectrum of deformation mechanisms and failure modes that
depend on extrinsic variables such as confining and pore pressures,
temperature, strain rate, and pore fluid chemistry and intrinsic
variables such as modal composition, grain size, and porosity
(Paterson and Wong, 2005). In field settings this leads to complex
deformation phenomena that cannot easily be reproduced in
laboratory. Laboratory investigations under controlled conditions
can provide useful insights into how some of these failure modes
develop and what the underlying mechanisms are.

Laboratory studies have underscored that the failure mode of
a rock is intimately related to the porosity and its changes in
response to an applied stress. On one hand, dilatancy is universally
observed as a precursor to the inception of shear localization in the
brittle faulting regime (Brace,1978). On the other hand, plastic flow
(associated with crystal plasticity and diffusive mass transfer) does
not involve any volumetric change (Paterson and Wong, 2005). In
the transitional regime of cataclastic flow (associated with
ole, 500 Conroe Park West,
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homogeneously distributed microcracking), the scenario is more
complicated since the pore spacemay dilate or compact in response
to an applied stress field.

The transition from brittle faulting to plastic flow in compact
carbonate rocks has been studied in detail, partly because it can
readily be investigated in the laboratorywithout the use of elevated
temperatures. Limestones and marbles, even the ones with very
low porosity like the Carrara marble, undergo the brittle to plastic
transition at room temperature for confining pressures accessible
in the laboratory (Heard, 1960; Rutter, 1974). This is possibly
because calcite requires relatively low shear stresses to initiate
mechanical twinning and dislocation slip even at room tempera-
ture (Turner et al., 1954; Griggs et al., 1960). In Carrara marble,
Fredrich et al. (1989) observed appreciable dilatancy while the
compact marble undergoes cataclastic flow. In contrast, inelastic
compaction was observed in association with cataclastic flow in
limestone and chalk with porosities ranging from 3 to 45% (Baud
et al., 2000; Vajdova et al., 2004).

Whereas the micromechanics of compaction and cataclastic
flow in a porous siliciclastic rock such as sandstone have been
studied extensively, not much is known about these processes in
a porous limestone. The primary objective of this study is to char-
acterize the damage evolution in deformed and failed samples of
a porous micritic limestone, so as to gain insights into the micro-
mechanics of brittle faulting and compactive cataclastic flow.
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To investigate these two failure modes, two suites of triaxially
compressed samples of Tavel limestone (with initial porosities in
the range of 10e14%) were acquired at confining pressures of 30
and 150 MPa, respectively. To contrast with the failure under
confinement, we conducted uniaxial compressive experiments on
two samples. In addition we obtained a hydrostatically compacted
sample for reference.

In parallel with this study, we also conducted a similar investi-
gation of two allochemical limestones of higher porosities, which
we intend to report in another publication. Microstructural obser-
vations described in these two studies motivated a development of
a micromechanical model that treats a rock as a dual porosity
medium, containing micropores and macropores. This model has
been presented by Zhu et al. (2010). Here we use their findings to
analyze the role of pores in Tavel limestone during both failure
modes, brittle faulting and cataclastic flow.
2. Experimental procedure

2.1. Sample material and preparation

Tavel limestone is beige micritic limestone quarried in Tavel,
France. Our blocks are considered to be similar to that studied
previously by Vincké et al. (1998). The composition is dominated by
calcite but a small amount of quartz (<10%) may be present. Tavel
limestone is relatively homogeneous, with a small number of
sparry grains (w11% of rock volume) embedded in a microcrystal-
line matrix with average grain size ofw5 mm. The sparry grains are
usually elongate with an average equivalent diameter of w25 mm.
The elongate axes of the sparry grains seem not to have any
preferred orientations.

In total we used ten deformed samples of Tavel limestone for
microstructural observations. Two of these samples were previ-
ously deformed by Vajdova et al. (2004), and six additional samples
from the same block were deformed for the present study. The
initial porosity of these eight samples ranged between 9.5 and
11.4%, with an average value of 10.6%. We also deformed two
samples (tu1 and th240) from a new block that has a higher
porosity of w13.5% (see Table 1 for list of samples). The porosity
was calculated from the density of a dried sample assuming a solid
composition of 100% calcite.

Cylindrical samples were cored perpendicular to the sedi-
mentary bedding and ground to diameter of 18.4 mm and
length of 38.1 mm. After it had been dried in vacuum at 80 �C
for 48 h, each sample was first jacketed in a thin copper foil (of
thickness 0.05 mm), and then polyolefine (heat-shrinkable)
tubings were used to separate the rock from the confining
medium (kerosene). Except for the two uniaxial compression
Table 1
Deformation history of samples studied.

Sample Confining
pressure [MPa]

Initial
porosity [%]

Axial
strain [%]

t0 0 e 0.0
th240 240 13.4 1.2
tu1 0 13.5 0.6
tu2 0 10.4 0.8
tc1 150 10.7 0.6
tc2 150 11.4 2.2
tc3 150 10.4 6.8
tb1 30 10.6 0.7
tb2 30 10.7 1.0
tb3 30 10.8 1.6
tb4 30 9.5 3.9
tests (in which the axial strain was monitored solely by an
externally mounted displacement transducer), two TML electric
resistance strain gages (type FLA 10e11) were attached in
orthogonal directions to the copper jacket to measure axial and
transverse strains.
2.2. Mechanical deformation

The jacketed samples were deformed in the conventional
triaxial configuration at room temperature using the same proce-
dure as Vajdova et al. (2004). The triaxial compression experiments
were performed at confining pressures of 30 and 150 MPa. Two
samples were also deformed without any confinement. The
confining pressure was measured with accuracy of 0.1 MPa, and
during triaxial loading it was held constant to within 1%. The axial
load was measured with an external load cell with an accuracy of
1 kN. To calculate the axial stress from the recorded axial load, the
effect of bulging in a deformed sample was accounted for by eval-
uating the relative increase in cross-sectional area from the trans-
verse strain. The displacement was measured outside the pressure
vessel with a displacement transducer (DCDT) mounted between
the moving piston and the fixed upper platen. With the knowledge
of the stiffness of the loading frame (2.38 � 108 N/m) the axial
displacement of the sample was obtained by subtracting the
displacement of the loading frame from the apparent displacement
recorded by the DCDT. The axial displacement was servo-controlled
at a fixed rate (corresponding to a nominal strain rate of
1.3 � 10�5 s�1).

The load, displacement, and strain gage signals were acquired by
a 14-bit A/D converter at a sampling rate of 0.5 s�1 with resolutions
of 0.3 MPa, 1 mm and 10�5, respectively. Uncertainty in strain was
estimated to be 2 � 10�4 (when calculated from the DCDT signal)
and 10�5 (when measured directly by the strain gages). The volu-
metric strain was calculated using the relation ev ¼ ejj þ 2et,
where ejj and et are the axial and transverse strains, respectively.
This formula neglects second-order contributions of strains to the
volume change that may be appreciable at relatively large strain.
While the transverse strains were generally small, the axial strains
in some experiments exceeded 3%, and it is difficult to assess to
what extent such strain gage data beyond 3% or so are reliable. For
these cases we prefer to use the axial strain values as inferred from
the DCDT data.

Acoustic emission (AE) activity was monitored via a piezoelec-
tric transducer (PZT-7, 5mm diameter,1 MHz longitudinal resonant
frequency) positioned on the flat surface of one of the end-plugs.
However, it is typical of limestone deformation experiments that
very little AE activity can be resolved, and accordingly the AE data
were not of use in this study.
Total
porosity
reduction [%]

Comments Reference

0.0 Intact sample This study
1.0 Hydrostat (P* ¼ 180 MPa) This study
e Post-peak This study
e Post-peak This study
0.9 Just beyond C* This study
2.0 Well beyond C* This study
<1.7 Just beyond C*’ Vajdova et al., 2004
e Pre-peak This study

�0.1 Near-peak This study
<0.1 Post-peak This study
<�0.7 Post-peak, residual sliding Vajdova et al., 2004



Fig. 1. Stressestrain curves of three suites of Tavel limestone samples. (a) Uniaxial
compression tests on tu1 and tu2, with initial porosities 13.5 and 10.4%, respectively.
Samples failed by brittle faulting. (b) Triaxial compression tests at confining pressure
(Pc) of 30 MPa. The mechanical responses are typical of brittle faulting regime.
(c) Triaxial compression experiments conducted at 150 MPa confining pressure. Strain
hardening was observed. The samples underwent cataclastic flow.
The samples were stressed to different stages of deformation
and then unloaded. Upon retrieval from the apparatus they were
encapsulated with epoxy and thin-sections were then cut along the
central vertical plane of each sample. Thin-sections of a hydrostat-
ically compacted sample and an intact sample were also prepared
for reference.

2.3. Microstructural analysis

Microstructure of the intact and ten deformed samples was
studied under optical microscope and scanning electron micro-
scopes (SEM) on thin-sections. Optical microscopy was performed
using a Nikon optical polarizing microscope. For SEM observations,
the gold-coated thin-sections were studied using a LEO 1550
microscope with a voltage up to 10 kV. With the exception of
Fig. 5b, all SEM micrographs presented here were acquired in the
backscattered electron mode.

To quantify the stress-induced damage, we characterized the
crack density in selected samples using a stereological technique.
For each of these samples at least four SEM micrographs in
randomly located areas on the thin-section were taken at 2500�
magnification, covering a total area of at least 67,161 mm2. An array
of test lines spaced at 10 mmwas then overlaid on each micrograph
in a direction parallel or perpendicular to the maximum
compression direction. The number of intercepts of microcracks
with the test line was counted, and it was normalized by the test
line length to give the linear intercept density (number of crack
intersections per unit line length). The mean intercept densities for
an array of test lines parallel and perpendicular to the maximum
compression direction are denoted by PL

k and PL
t, respectively.

These stereological parameters provide a quantitative measure of
the crack density and its anisotropy (Underwood, 1970).

We also characterized the intensity of twinning on selected
samples. For each of these samples, 20 optical micrographs were
taken in randomly selected areas at 100� magnification, covering
a total area of 33mm2. Due to the limited resolution only grains with
diameter >10 mm were considered. We counted the number of
twinned grains and normalized it by the investigated area to obtain
asemi-quantitativeparameter thatwenamedthe“twinningdensity”.

3. Mechanical data

Table 1 summarizes the deformation history of all Tavel
limestone samples used for the microstructural analysis. The
convention is adopted that compressive stresses and compactive
strains (i.e. shortening and porosity decrease) are positive. The
maximum and minimum principal stresses will be denoted by s1
and s3, respectively.We summarize in Fig.1 themechanical data for
the three suites of samples, in terms of the differential stress s1� s3
as a function of axial strain.

In uniaxial compression samples tu1 and tu2 both failed by
brittle faulting after undergoing strain softening and unstable
stress drops (Fig. 1a). The peak stress for tu1 was significantly lower
than tu2, probably due to its higher porosity (Table 1). Under
a relatively low confining pressure of 30 MPa, the sample tb4
attained a peak stress significantly higher than the uniaxially
compressed samples, after which strain softening occurred by
a relatively stable stress drop to a residual level. The more porous
sample tb3 attained a lower peak stress, and yet its post-peak
behavior was more unstable (Fig. 1b). It is quite common in the
brittle regime to have significant variability in the post-peak
behavior from sample to sample (Paterson and Wong, 2005). Both
samples failed by development of shear zones oriented at w30� to
s1. So that we can track the progressive development of damage at
the same confining pressure, the other two samples (tb1 and tb2)
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were deformed to lower strains in the near-peak stage. Under
a confining pressure of 150 MPa, the mechanical responses in the
three tc-samples were similar in that they all showed strain hard-
ening, with differential stress increasing monotonically with
increasing strain (Fig. 1c). Strain localization was not observed in
these samples that failed by cataclastic flow.

To illustrate the development of inelastic volume change, we
show in Fig. 2 data for the mean stress (s1 þ 2s3)/3 as a function of
volumetric strain for the two series of samples deformed with
confinement. For reference the data of Vajdova et al. (2004) for
hydrostatic compression of a sample with 10.4% porosity is shown
as the dashed curve, with the stress for the onset of pore collapse
marked by P*. As noted by Vajdova et al. (2004), in the cataclastic
flow regime the volumetric strain evolves over three distinct stages
with the progressive increase of differential stress (and mean
stress). In the first stage, the triaxial compression curves basically
coincided with the hydrostat up to a critical stress state (indicated
by C*). In the second stage at stress levels beyond C*, there was an
accelerated decrease in volume in comparison to the hydrostat,
which implies that the deviatoric stress field provided significant
inelastic contribution to the compactive strain. This phenomenon
of “shear-enhanced compaction” persisted until the volumetric
strain switched from compaction to a third stage of dilation. This
transition from compactive to dilatant cataclastic flow occurred at
the critical stress state (indicated by C*0). It can be seen from Fig. 2
that while the sample tc1 was loaded to just beyond the onset of
shear-enhanced compaction C*, the sample tc2 was loaded to well
beyond C* and the sample tc3 to beyond the transition C*0.

In contrast dilatancy was observed at a confining pressure of
30 MPa, in that the deviatoric stress field drove significant inelastic
volume increase before the peak stress was attained. The stress at
the onset of dilatancy is marked by C0 in Fig. 2. The sample tb1 was
loaded approximately to just beyond C0(in the absence of volu-
metric data due to transverse strain gage failure we have to rely on
Fig. 2. Volumetric strain versus mean stress for triaxial compression of Tavel lime-
stone. For reference, the hydrostatic data of Vajdova et al. (2004) are shown as the
dashed line. Critical pressure for pore collapse is marked by P*. C’ indicates the onset of
dilatancy in experiment at confining pressure 30 MPa, C* and C*’ indicate the onset of
shear-enhanced compaction and the transition from compactive to dilatant cataclastic
flow, respectively, in experiment at confining pressure 150 MPa. The small arrows
indicate further deformation in samples tb3, tb4 and tc3 after volumetric strain data
ceased to be reliable and were not plotted.
axial stressestrain curve). The sample tb2 was unloaded after
significant dilatancy had developed in the peak stage. Samples tb3
and tb4 underwent large amount of dilatancy but the volumetric
strain could not reliably be determined due to inhomogeneity in
the post-peak deformation.

4. Microstructural observations

Observed under the optical microscope, the solid portion of
Tavel limestone includes a number of sparry grains that are
embedded in a microcrystalline matrix (Fig. 3a). Voids occur mostly
as micropores within the microcrystalline matrix, and there is
a small number of larger pores which can be resolved under an
optical microscope only at higher magnifications. To analyze the
spatial partitioning between micrite and sparite, we acquired four
micrographs covering an area of w0.25 mm2 each at a magnifica-
tion of 200� and manually traced out the sparry grain boundaries.
Our analysis of these images of t0 indicates that the sparry grains
(with diameters of w10 mm or larger) represent w11% of the
volume of Tavel limestone.

Some of the macropores observed under an optical microscope
are shown in Fig. 3b, where the boundary of a pore had been traced
manually and its interior area darkened completely. The binarized
image was analyzed using the ImageJ software a public domain
image processing program developed at the National Institutes of
Health. The area of each individual pore was determined, and the
equivalent diameter of a circle with the same area was evaluated.
Our analysis showed that these macropores in t0 contribute
a relatively small porosity of 0.8% to the total (of w11%), with
equivalent diameters ranging from 3 to 30 mm (Fig. 3c). We should,
however, note that in other Tavel limestone samples isolated pores
with diameters up to 100 mmwere observed. It is unavoidable that
some grains would be plucked out when one prepares a thin-
section for such a fine-grained rock, especially in the highly
strained samples, but such instances were rare. Previous SEM
observations have shown that the microporosity in a micritic
limestone includes many submicron pores (Pittman, 1971;
Anselmetti et al., 1998), and indeed the pore space in Tavel lime-
stone is predominately made up of such micropores embedded in
the micritic matrix (Fig. 4a).

4.1. Uniaxial compressive failure

The sample tu1 failed by the development of a through-going
shear zone at w30� with respect to s1. Fig. 4b shows an incipient
shear zone (approximately connecting the two black arrows) we
observed in the proximity of the through-going shear zone (white
arrows). The inset shows a detail of the incipient shear zone where
numerous stress-induced microcracks sub-parallel to s1 had
emanated from the large as well as small pores. Some of these pore-
emanated cracks have coalesced. The overall pattern of this incip-
ient shear zone seems to be controlled by microcracking related to
several macropores with diameters of w15 mm lined up between
the black arrows. This intensely damaged zone is contrasted with
the relatively undamaged areas on its right.

4.2. Brittle faulting under confined compression

The sample tb1 was stressed to just beyond the onset of dilat-
ancy (Fig. 1b). At high magnification under the SEM, microcracks
were observed to have emanated from the macropores as well as
micropores and propagated over relatively short distances (Fig. 4a).
This is in contrast to sample tb2, which was stressed to just past the
peak (Fig. 1b). Significant dilatancy was observed (Fig. 2), probably
due to the propagation of numerous pore-emanated cracks aligned



Fig. 3. (a) Optical micrograph of an intact Tavel limestone sample in transmitted light.
Micrite and sparry grains are marked in the image. (b) Binarized image of intact Tavel
limestone sample. Macropores resolved under optical microscope are shown in black.
(c) Size distribution of pores in an undeformed Tavel limestone sample that can be
resolved under optical microscope. The number of pores per unit area nA is plotted
versus equivalent diameter.
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sub-parallel to s1, some of which had begun to coalesce (Fig. 4c). In
one of the most intensely damaged zones (Fig. 4d) many micro-
cracks have coalesced forming two major cracks converging on the
large pore in the center of the micrograph. We also observed what
appear to be wing cracks induced by stress concentrations near
a sliding grain boundary (Fig. 4e).

Samples tb3 and tb4 were retrieved in the post-peak stage after
significant stress drops. Intense microcracking and comminution
were observed in the vicinity of shear zones that had developed in
the failed samples (Fig. 4f).

4.3. Hydrostatic and shear-enhanced compaction under elevated
pressure

Damage in the inelastically compacted samples is primarily
associated with pore collapse. The sample th240 was hydrostati-
cally compressed to an additional 60 MPa beyond the critical
pressure P*. Macropores at various stages of collapse were observed
in this sample. We show in Fig. 5a a macropore which has a rela-
tively circular cross-section with a diameter of w20 mm, that is
surrounded by a halo of cataclastic damage. A concentric rim of
relatively intense damage has extended over a thickness ofw2 mm.
While the spatial distribution of damage is circumferentially
symmetric, its intensity decays with radial distance, such that the
micritic matrix seems relatively undeformed beyond a thickness of
w6 mm. To gain a better perspective into the damage distribution
around the pore surface, we tilted the sample slightly and observed
the same area under the SEM in the secondary electron mode
(Fig. 5b). The cavity is filled with what appear to be debris (from
polishing the sample) mixed with epoxy, and the exposed pore
surface is lined with a thin layer of microcracked materials.

The sample tc2 was loaded to well beyond the compactive yield
stress C* at a confining pressure of 150 MPa. Many of the macro-
pores have collapsed in this sample. In contrast to the hydrostati-
cally compacted sample, the spatial distribution of damage is
asymmetric around the circumference, with the most intensive
damage in two clusters that lie around the equator (Fig. 6a). The
sample tc3 was unloaded after reaching well beyond the critical
stress state C*0. As illustrated in Fig. 6b, cataclastic pore collapse in
this sample was not restricted to isolated macropores. The damage
associated with a relatively elongate pore has extended over a very
large distance. We also examined the incipient collapse of one of
the largest macropores (Fig. 6c), showing numerous cracks that had
emanated from micropores and propagated sub-parallel to s1.
These pore-emanated cracks had begun to coalesce in a pattern
akin to what we observed in samples in the tu- and tb-series which
failed by shear localization, albeit on a small scale.

The inelastic compaction was accommodated by collapse of the
spalled fragments into the void space, which would further perturb
the surrounding stress field and inducemicrocracks to propagate to
distances comparable to the pore dimension (Fig. 6d). The signifi-
cant stress perturbation triggered by collapse of these pores had
induced many such microcracks to propagate (Fig. 6e), which
would cooperatively contribute to dilatancy in competition with
the inelastic compaction from pore collapse. The transition C*0 from
compaction to dilatancy occurs when growth of dilatant micro-
cracking becomes dominant.

4.4. Progressive development of microcracking and twinning

The intensity and spatial localization of damage in the form of
microcracking are illustrated by our stereological data. Fig. 7a
shows the linear intercept densities as function of axial strain we
measured in the samples tb1, tb2 and tb4. There is an overall
increase of crack density with deformation. In tb2 and tb4, the



Fig. 4. Backscattered SEM images of samples failed by brittle faulting. Direction of s1 is vertical. (a) Sample tb1 stressed to just beyond the onset of dilatancy. Micropores in black are
embedded in the micritic matrix. Inset shows a detail of framed area: short microcracks emanating from micropores. (b) Sample tu1 that failed in uniaxial compression. Inset shows
a detail of framed area: an incipient shear zone (connecting two black arrows) developed in the proximity of the through-going shear zone (marked by white arrows). (c) Sample
tb2 stressed to just beyond the peak. Propagation of pore-emanated cracks aligned sub-parallel to s1 was observed. (d) One of the most intensely damaged zones of sample tb2.
Microcracks had coalesced and formed two major cracks converging on the large pore in the center of the micrograph. (e) In sample tb2, wing cracks nucleated by stress
concentrations near the grain boundary were observed. (f) Sample tb3 stressed to the post-peak stage. Intense microcracking and comminution were observed in the vicinity of the
shear zone.
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density is anisotropic with PL
t > PL

k, with the implication that the
stress-induced microcracks are preferentially aligned along the s1
direction. In tb4, the development of shear localization is man-
ifested by crack densities near the shear zone that are significantly
higher than those at some distances away. In the cataclastic flow
regime, there is also an increase of crack density with deformation
from tc1 to tc3, but the density is relatively isotropic with PL

t z PL
k

(Fig. 7b).
It should be emphasized that in addition to the pervasive cata-
clastic damage, our observations also indicate significant increase
of twinning activity with deformation. In the brittle regime,
a dramatic increase of twinning density was observed in the post-
peak sample tb3, especially in areas near the shear zone (Fig. 7a). It
should be noted that twining andmicrocracking are intertwined, in
that the former can result in significant tensile stress concentration
for the nucleation of microcracks (Olsson and Peng, 1976; Fredrich



Fig. 5. (a) Backscattered SEM image of the hydrostatically compacted sample th240. A
macropore surrounded by a halo of cataclastic damage was observed. The diameter of
the macropore is w20 mm, the concentric rim of particularly intense damage extended
over a thickness of w2 mm. (b) Secondary electron microscope image of the same
macropore in (5a). The sample was rotated 90� anticlockwise and then tilted slightly.
The cavity is filled with debris (from polishing the sample) mixed with epoxy, and the
exposed pore surface is lined with a thin layer of microcracked materials.

V. Vajdova et al. / Journal of Structural Geology 32 (2010) 1158e11691164
et al., 1989). In the cataclastic flow regime, a progressive increase of
twinning density with increasing strain was observed (Fig. 7b). As
noted earlier, twinning in the sparry grains can be readily resolved
under an optical microscope, and we have limited our observations
to these grains corresponding to a relatively small portion (w11%)
of the rock volume.

In their study of the use of calcite twinning for paleostress
estimation, Rowe and Rutter (1990) considered three different
measures of twinning activity and investigated comprehensively
their dependences on grain size, stress, strain, strain rate and
temperature. One of their measures is “twinning incidence”,
defined to be the percentage of grains in a given grain size class
interval which contain optically visible twin lamellae. Since the
equivalent diameters of the sparry grains in Tavel limestone span
a relatively narrow range (from 10 to 50 mm), “twinning density” as
defined here can be considered to be analogous to Rowe and
Rutter’s (1990) twinning incidence. They observed that this
measure of twinning activity increases with grain size (at
a constant level of differential stress) and linearly with stress (at
a given grain size). Furthermore all three measures of twinning
activity were observed to be independent of strain, strain rate and
temperature. Since Rowe and Rutter (1990) focused on compact
carbonate rocks, it requires further systematic investigation to
assess the extent to which their conclusions on calcite twinning
activity can be generalized to a limestone of significantly higher
porosity. If indeed they also apply to Tavel limestone, then our data
indicating an increase of twinning activity with increasing strain
(Fig. 7) should be interpreted as due to the increase in differential
stress that accompanied strain hardening in these samples.

5. Discussion

The development of dilatancy and micromechanics of brittle
faulting in compact crystalline rocks and porous siliciclastic rocks
have been extensively investigated (Paterson andWong, 2005). Our
observations here for the brittle faulting process in a porous
limestone are similar in many respects. Shear localization does not
develop until the post-failure stage after the peak stress has been
attained. The post-peak deformation is stabilized by increasing
pressure. Very high density of microcracking and pronounced
stress-induced anisotropy is observed within the shear zones.
However, there are two important differences. First, the pore space
in Tavel limestone has numerous large and small pores, which
assume a critical role in the nucleation of stress-induced micro-
cracks. Second, cataclastic damage is often accompanied by crystal
plasticity in the form of mechanical twinning, which may also
contribute to dilatancy.

Inelastic compaction and cataclastic flow in porous carbonate
rocks are qualitatively similar to siliciclastic rocks in many
respects too (Vajdova et al., 2004). Notwithstanding these
similarities in phenomenological behavior, our observations
here show that the micromechanics can be very different. In
a clastic rock such as sandstone, inelastic compaction derives
primarily from grain crushing initiated by the stress concen-
trations at grain contacts (Menéndez et al., 1996; Wu et al.,
2000). In contrast, inelastic compaction we observed in Tavel
limestone is associated with cataclastic pore collapse, that
seems to initiate from stress concentrations at the periphery of
the relatively equant pores.

5.1. Pore-emanated cracking and unconfined compressive failure

In certain respects, our observations of pore-emanated cracking
are captured by a fracture mechanics model formulated by Sammis
and Ashby (1986) to analyze the micromechanics of brittle failure.
The 2-dimensional model considers an elastic medium permeated
by circular holes of uniform radius r (Fig. 8a). As the applied stress
increases, a point is reached when the stress intensity factor of
a small crack on the circular surface attains the critical value KIC, at
which point wing cracks would propagate to a distance [ parallel to
the s1 direction (Fig. 8b). As the wing cracks propagate to longer
distances, they interact with one another to induce an additional
tensile stress intensity (Fig. 8c), ultimately leading to an instability
with coalescence of the pore-emanated cracks.

Sammis and Ashby (1986) derived an expression for the
maximum principal stress s1 as a function of the crack length [, as
well as the porosity F, the confining stress s3 and the fracture
toughness (critical stress intensity factor) KIC. A necessary condition
for an instability (and stress drop) to develop is for ds1=d[ ¼ 0,
when presumably the pore-emanated crack has propagated to
a critical length for catastrophic crack coalesce to develop. For
uniaxial compression (with s3 ¼ 0), Zhu et al. (2010) have recently
obtained an analytic estimate of the unconfined compressive
strength su that is in excellent agreement with numerical calcula-
tions based on Sammis and Ashby (1986) model. According to this
analytic approximation, the unconfined strength decreases with
increasing porosity and average pore radius:

su ¼ 1:325

F0:414
KIC
ffiffiffiffiffiffi

pr
p (1)



Fig. 6. Backscattered SEM images of samples failed by cataclastic flow. Direction of s1 is vertical. (a) The sample tc2 was stressed to well beyond the compactive yield stress C*. The
spatial distribution of damage is asymmetric around the circumference of the macropore. (b) Sample tc3 was loaded to just beyond C*’. A relatively elongated pore with cataclastic
damage that had extended over a very large distance was observed. (c) One of the largest collapsed macropores of sample tc3. Numerous pore-emanated cracks propagated sub-
parallel to s1. Intensive cataclastic damage around the equator was observed, with details inside the dashed rectangle shown in the zoomed-in figure on the right. (d) Collapse of
spalled fragments into a macropore in sample tc3. Stress-induced microcracks propagated to distances comparable to the pore dimension. (e) Intensive stress-induced microcracks
propagated to long distance in sample tc3.
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Zhu et al. (2010) compiled laboratory data for the unconfined
compressive strength of micritic and allochemical limestones
(made up of 80% or more calcite) with porosities ranging up to 30%,
and compared them with this analytic approximation of the
Sammis and Ashby (1986) model (Fig. 9). They observed that the
data seem to fall into two groups: those for compact micritic
limestones (with porosity <15%) can be bracketed by the two
theoretical curves for KIC=

ffiffiffiffiffiffi

pr
p ¼ 35 and 75 MPa, whereas those
for allochemical and porous micritic limestones can be bracketed
by the two theoretical curves for KIC=

ffiffiffiffiffiffi

pr
p ¼ 5 and 22 MPa. As

expected, our Tavel limestone data fall within the compact micritic
group, corresponding to KIC=

ffiffiffiffiffiffi

pr
p ¼ 35 and 54 MPa, respectively. If

we assume a KIC value of 0.2 MPa m1/2 based on fracture mechanics
measurements on calcite (Atkinson and Meredith, 1987), then the
pore-emanated cracking model together with the unconfined
strength data imply that the Tavel limestone samples tu1 and tu2



Fig. 7. Linear intercept densities (PL) and twinning densities as functions of axial strain
for samples failed in (a) brittle regime (tb1, tb2, tb3 and tb4), and (b) cataclastic flow
regime (tc1 and tc3). Arithmetic mean values of the linear intercept densities in
parallel and vertical directions are denoted by solid and open circles, respectively. Error
bars correspond to standard deviations. Twinning density is represented by the square
symbol. SZ refers to shear zone.

Fig. 8. Sammis and Ashby’s (1986) pore-emanated cracking model. (a) A 2-dimen-
sional elastic medium is permeated by circular holes of uniform radius r. (b) Cracks
emanate from circular pores when subjected to a remotely applied axial stress. (c)
Propagation of pore-emanated cracks will lead to their coalescence and consequently
to instability and macroscopic failure.

Fig. 9. Comparison of theoretical predictions of Sammis and Ashby (1986) model with
laboratory data on unconfined compressive strength (UCS) of micritic and allochemical
limestones. Theoretical curves of UCS as function of porosity for five different values of
KIC=

ffiffiffiffiffiffi

pr
p

are plotted. Experimental data of micritic and allochemical limestones
compiled by Zhu et al. (2010) are shown as circles and squares, respectively. Uniaxial
experiment data of tu1 and tu2 fall on the two theoretical curves for
KIC=

ffiffiffiffiffiffi

pr
p ¼ 35 and 54 MPa, respectively.

V. Vajdova et al. / Journal of Structural Geology 32 (2010) 1158e11691166
have average pore diameters of 2r ¼ 20 and 8 mm, respectively.
These estimates are comparable to our data for the macropore sizes
(Fig. 3c), and can be considered to be in agreement with our SEM
observations which indicate that the coalescence often involves
cracks that emanated from such macropores.

5.2. Development of dilatancy and brittle faulting under
confinement

Although Sammis and Ashby’s (1986) pore-emanated cracking
model captures many aspects of the failure process under uncon-
fined compression, its application to compressive failure under
Fig. 10. Compilation of peak stress data in the brittle faulting regime for nominally dry
and oil-saturated samples of Tavel limestone. There is an overall trend for the nomi-
nally dry samples to be somewhat stronger.



Fig. 11. (a) Schematic diagram of damage (dark gray) distribution on the periphery of
a macropore (white circle) at the onset of pore collapse induced by remotely applied
principal stresses S1 and S3. (b) Local stress field at the vicinity of the macropore. The
local principal stresses szz and sqq act along the axial and azimuthal directions,
respectively. Due to the boundary condition, the radial stress (not shown) is zero.
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confinement is questionable. As noted by Wong (1990), this model
predicts that confinement can inhibit localization of brittle failure
at a lateral stress level that is significantly lower than experimental
observations for most porous rocks. Assuming parameter values
inferred from the above analysis of unconfined compressive failure
(KIC=

ffiffiffiffiffiffi

pr
p ¼ 35 or 54 MPa, and F ¼ 13.5 or 10.4%), it can be shown

that Sammis and Ashby’s (1986) model predicts that pore-
emanated cracking and coalescence would be inhibited at
a confining pressure as low as 1 MPa, in discrepancy with labora-
tory data which show that brittle faulting in Tavel limestone
persists up to a confining pressure of 30 MPa (Vajdova et al., 2004).

We compile in Fig. 10 peak stress data for nominally dry and
saturated samples of Tavel limestone that fail by brittle faulting. The
dry data include those for tu2, tb3 and tb4 in this study, as well as
others of Vajdova et al. (2004). For comparisonwe show the data of
Vincké et al. (1998) for samples of Tavel limestone deformed under
drained condition at three different pore pressures Pp. A mineral oil
was used to saturate these samples (E. Bemer, private communi-
cation, 2009). We have not included the data point for tu1 since it
was cored from a block more porous than either the block of
Vajdova et al. (2004) or Vincké et al. (1998).

Brittle faulting was observed at effective pressure (s3 � Pp) up to
30 MPa, and there is an overall trend for the dry samples to be
somewhat stronger than the saturated counterparts. The peak
stress as a function of effective pressure follows an approximately
linear trend. A micromechanical model for brittle failure that
predicts such a linear pressure dependence is the sliding wing crack
model (Horii and Nemat-Nasser, 1986; Ashby and Sammis, 1990;
Kemeny and Cook, 1991). This prompted Vajdova et al. (2004) to
analyze their brittle failure data using Ashby and Sammis’ (1990)
2-dimensional wing crack model. The applied far-field stresses
induce a shear traction across the faces of a pre-existing crack (of
length 2a), and if the resolved shear traction exceeds the frictional
resistance on the closed crack surface, frictional slip occurs which
also induces tensile stress concentrations at the two tips that may
nucleate and propagate wing cracks. The driving force is charac-
terized by the stress intensity factor at the tip of the putative wing
crack, which will attain the critical value KIC with increased loading,
at which point the wing crack nucleates and propagates along
a curved path to ultimately reach a stable orientation parallel to the
direction of s1. As the wing cracks propagate to longer distances,
they interact and ultimately coalesce to result in an instability.

Using the sliding wing crack model to fit their Tavel limestone
data, Vajdova et al. (2004) inferred a friction coefficient 0.34, initial
damage (which characterizes the density of sliding cracks and their
length) Do ¼ 0.28 and normalized fracture toughness
KIC=

ffiffiffiffiffiffi

pa
p ¼ 77 MPa. Although we did observe a few examples of

what appear to be sliding wing cracks (Fig. 4e), it is unlikely that
they were sufficiently numerous to give the relatively high Do value
inferred by Vajdova et al. (2004). Nemat-Nasser (1985) has argued
that since the growth behavior of a sliding wing crack is qualita-
tively similar to that induced by tensile stress concentrations
arising from other mechanisms (such as elastic mismatch between
neighboring grains, stress perturbation due to twinning or dislo-
cation slip, and equant voids), it provides a useful mathematical
analogue for analyzing the propagation and coalescence of
a multiplicity of stress-induced cracks in a brittle rock. In this
context, it is of interest to note that the fracture toughness values
ðKIC=

ffiffiffiffiffiffi

pr
p ¼ 54 MPa and KIC=

ffiffiffiffiffiffi

pa
p ¼ 77 MPaÞ inferred from the

pore-emanated cracking and sliding wing crack models are
comparable, even though very different defects (pre-existing pores
of radius r and sliding cracks of half-length a) are invoked in these
models. This suggests an interpretation of the parameter Do as
a generic measure of the density and dimension of hybrid defects in
our limestone, that may include pre-existing macropores and
micropores, sparry grain boundaries and deformation twins. While
microcracking emanating from an isolated pore is readily arrested
by the application of a relatively small lateral stress, the additional
tensile stress concentrations induced by neighboring pores, sliding
cracks and twinning may cooperatively promote the further prop-
agation of pore-emanated microcracks and ultimately their
coalescence.
5.3. Inelastic compaction and cataclastic pore collapse

Our observations show that even though pore collapse in sili-
ciclastic and carbonate rocks both involve distributed micro-
cracking, the spatial patterns of cataclastic damage are significantly
different, probably a manifestation of fundamentally different
micromechanical processes. In a sandstone hydrostatically com-
pacted to beyond P*, numerous intragranular microcracks would
nucleate and radiate from grain contacts. Indeed such microstruc-
tural observations have motivated Zhang et al. (1990) to formulate
a Hertzian fracture mechanics model which predicts that the
compactive yield stress of porous sandstone would scale inversely
with porosity and grain size, in basic agreement with experimental
observations in siliciclastic rocks (Wong et al., 1997). In contrast,
our observations show that when Tavel limestone was hydrostati-
cally stressed to beyond the critical pressure P*, a halo of cataclastic
damage would develop symmetrically around the circumference of
a macropore (Fig. 5).

Under a remotely applied hydrostatic stress, the maximum
compressive stress in the vicinity of a macropore is given by the
“hoop stress” on the surface of the central pore, while the boundary
condition constrains the radial stress to vanish on the surface. If the
pore geometry can be approximated as spherical, then the
symmetry constrains the stress field to be uniform on the surface,
and accordingly when the limestone is stressed to beyond P*,
yielding would occur and damage is predicted to develop
symmetrically around the macropore akin to what we observed in
sample th240 (Fig. 5). Laboratory data indicate an overall trend for
the pore collapse pressure to decrease with increasing porosity
(Vajdova et al., 2004).

Under nonhydrostatic loading, the local stress field in the
vicinity of a pore is more complicated. Consider a remote stress
field S1 > S2 ¼ S3 corresponding to a conventional triaxial
compression test in the laboratory (Fig. 11a). With reference to
a cylindrical coordinate system (r, q, z), the maximum compressive
stresses associated with a spherical pore are located along the
equator of the central sphere (at z ¼ 0 and r ¼ r), with the axial



Fig. 12. Compactive yield caps for onset of shear-enhanced compaction shown in the
stress space for four limestones with porosities ranging from 3 to 30%. The critical
stress (C*) data of samples tc2, tc3 and th240 are also indicated. There is an overall
trend for the cap to expand with decreasing porosity.
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stress szz and azimuthal stress sqq, corresponding to the maximum
and intermediate principal stresses (Fig. 11b). The boundary
condition constrains the radial stress srr to be zero, representing
the minimum principal stress. When the limestone is stressed to
beyond C*, yielding would occur and damage is predicted to first
develop around the equator (Fig. 11a), similar to the patterns
observed in samples tc2 and tc3 (Fig. 6aed).

In Fig.12 the compactive yield stressC* of samples tc2 and tc3 are
comparedwith laboratory data obtained by Baud et al. (2000, 2009)
andVajdova et al. (2004) for four limestoneswith porosities ranging
from 3 to 30%. The C* data map out compactive yield caps that are
approximately elliptical in shape, with major and minor axes that
expand with decreasing porosity. A micromechanical model that
can capture aspects of this failure process is the plastic pore collapse
model (e.g., Curran and Carroll, 1979). For Solnhofen limestone
(with 3% porosity), Baud et al. (2000) observed that its yield cap can
be interpreted using such a model, with pore collapse induced by
crystal plasticity processes such as dislocation slip and deformation
twinning. Our microstructural observations in the more porous
Tavel limestone indicate at least two major discrepancies with this
plastic pore collapse model. First, pore collapse typically initiates at
the larger pores, while the plastic pore collapse model predicts that
it is equally likely for collapse to initiate from a large or a small pore.
Second, cataclasis and microcracking (rather than crystal plasticity)
seem to be the dominant deformationmechanisms in the proximity
of a pore that has collapsed.

To circumvent these limitations of a plastic pore collapse model,
Zhu et al. (2010) recently developed a micromechanical model that
can capture many aspects of cataclastic pore collapse we reported
here. Motivated by microstructural observations, the pore size
distribution of a limestone was treated as bimodal, with the total
porosity partitioned between the macroporosity and micropo-
rosity. Hence the limestone represents a dual porosity medium,
that yields first at the large pores, each of which is surrounded by
an effective medium containing numerous micropores. Cataclastic
yielding (in the form of unconfined brittle failure) of this effective
medium obeys the Mohr-Coulomb or Drucker-Prager criterion,
with failure parameters that are dependent on the porosity and
pore size. According to this model, the compactive yield stress data
of Tavel limestone imply that the micropores have an average
diameter of w1 mm, comparable to our SEM observations (Fig. 4a).

While the dual porosity model of Zhu et al. (2010) captures
a number of micromechanical processes which cannot be described
in a plastic pore collapse model that assumes a single type of
porosity, the introduction of microporosity as a distinct entity
embedded in the effective medium implies that predictions of the
model hinge on geometric and mechanical attributes of the
micropores which are difficult to quantify. This is an important
issue that warrants further investigation. It would also be useful to
develop a micromechanical model for evolution of the yield cap
with porosity change. Since our observations indicate that crystal
plasticity mechanisms (twinning and possibly dislocation slip)
would be operative to a certain extent, their contributions to
inelastic compaction should be appropriately incorporated in such
a model.

5.4. Microcrack density: comparison with other rocks

Our stereological data are qualitatively similar to those for
a compact crystalline rock such as granite and gabbro deformed in
the brittle faulting regime (Wong, 1985) and sandstones in both the
brittle faulting and cataclastic flow regimes (Menéndez et al., 1996;
Wu et al., 2000). However, the intercept density values we
measured for Tavel limestone (Fig. 7) are almost 1 order of
magnitude higher than these earlier data which are typically on the
order of 1 mm�1. For brittle faulting regime the granite, gabbro and
sandstone samples (all deformed at strain rate 10�5 s�1) were
loaded in pre-failure stage to 90e95% of peak stress resulting in PL

k

values 5.71, 1.2e2.3 and 2.9 mm�1, respectively. (The range of
values for gabbro reflects the effect of confining pressure between
100 and 350 MPa) In comparison, the linear intercept density PL

k for
Tavel limestone at 80% of peak stress is 17 mm�1. For cataclastic
flow regime in Berea sandstone the PL

k value is 1.7 mm�1 at stress
level just before C*, compared to 15 mm�1 for Tavel limestone at C*.
This data indicate that Tavel limestone can accommodate much
higher microcrack density before a failure occurs.

Thisdifferencearisespossiblybecause theaveragegrain size inour
micritic limestone is 1e2 orders of magnitude finer than the granite,
gabbro and sandstone previously investigated. It was noted byWong
(1985) that if d denotes the average grain size, then the non-dimen-
sional parameter PLd would provide a more appropriate measure of
the crack density for comparison between different rocks.

6. Conclusion

In this study, the evolution of microstructural damage was
described for the compressive failure of porous micritic limestone
deformed in the laboratory. The microstructural observations in
conjunction with micromechanical modeling identified porosity
and the dominantly micritic texture of the rock as two major
features affecting micromechanics of brittle faulting and cataclastic
flow. Both failure modes are associated primarily with cataclastic
damage although mechanical twinning was present too. The
microcracks initiate as pore-emanated cracks from micropores and
macropores alike but macropores seem to drive the crack propa-
gation, which eventually leads to crack coalescence in brittle
faulting or pore collapse in compactive cataclastic flow.

In brittle faulting, microcracks are oriented parallel to s1 and
their length increases with loading approaching the peak stress.
Localization is caused by coalescence of cracks running parallel to
s1. Besides the microstructural observations, the importance of
macropores in crack coalescence for uniaxial compression is
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implied also by Sammis and Ashby’s (1986) model. In case of brittle
faulting under confined conditions, additional stress concentration
mechanisms are likely to be present, assisting the microcrack
growth (such as elastic mismatch between grains, sliding cracks or
twinning) and ultimately leading to crack coalescence and locali-
zation. Quantitative observations indicate that the crack orientation
anisotropy becomes obvious only beyond the peak stress. The
intensity of deformation (cracks and twinning density) decreases
with distance from the shear zone.

In compactive cataclastic flow the pore-emanated microcracks
do not show any preferred orientation but allow fragmentation of
the matrix that can consequently collapse into the macropores. The
stress perturbation resulting from the pore collapse promotes the
opening of additional microcracks. The interplay of compaction and
dilatancy leads to the transitional state C*’ as dilatancy overcomes
compaction at high strain. At that stage, crack coalescence in
a pattern similar to brittle samples was observed and the crack
density was comparable to that of a brittle sample at peak stress,
when a shear zone begins to develop. Hydrostatic compaction is
characterized by the development of a symmetric halo of cataclastic
damage around a circular pore while the damage is asymmetric in
case of shear-enhanced compaction, in agreementwith the idea that
macropores represent the dominant stress concentrators.
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