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[1] It is known that microstuctural damage precedes macro-
scopic fracture in rocks during brittle failure. The quantita-
tive relationship between the grain-scale damage and fault
growth is not yet clearly understood, partly due to the unsta-
ble nature of the faulting process. A lateral relaxation path
was devised so that a rock sample can be deformed to failure
by increasing differential stress along with decreasing effec-
tive mean stress. Porous rocks subjected to such a loading
path exhibit a rather stable fault growth. Microstructural
damage was analyzed on samples deformed to various post-
yielding stages before macroscopic faulting emerges. The
intensity of microcracking is strain rate and effective pressure
dependent. At peak stress, no spatial correlation among the
regions with high crack intensities was observed. Beyond
peak stress, the overall crack intensity increases and the
regions with high crack intensities coalesce to form a macro-
scopic fracture. These results provide constraints for a
better understanding of fault rupture. Citation: Tamarkin, T.,
A. Ougier-Simonin, and W. Zhu (2012), Progressive microscopic
damage associated with fault growth, Geophys. Res. Lett., 39,
L15303, doi:10.1029/2012GL052487.

1. Introduction

[2] Seismogenic faulting is generally referred to rupture of
a fault accompanied by a sudden release of elastic energy,
which causes earthquakes [e.g., Reid, 1910; Scholz, 2002].
The precursory phenomena that precede seismogenic fault-
ing generate lots of attention because of their potential
importance in earthquake mitigation. For instance, Scholz
et al. [1973] reported that the radon content in deep well
water in Blue Mountain Lake, New York, increased several
folds prior to the 1971 earthquake swarm. It has been pos-
tulated that in response to tectonic stresses, fault rocks dilate
due to opening up of cracks in their interior, and crack
opening releases radon gas in this region and the process
continues until seismogenic fault rupture occurs. Better
assessments of various precursory phenomena and their
applications in earthquake predictions require quantitative
knowledge of the rupture process.
[3] Due to their close correlation to earthquake nucleation

and generation, quantitative understanding of the nucleation
and propagation of faults has been an important subject in
experimental rock deformation [e.g., Scholz, 2002]. Typi-
cally, a deformation experiment is conducted under conven-
tional compressive loading, in which a cylindrical sample is
subjected to increasing stress along its axial direction (via a

loading frame advanced at constant displacement rate) and
the radial stresses are kept constant (Figure 1a). Using this
loading configuration, the elastic energy stored in the loading
frame and the sample increases continuously during defor-
mation. At failure, the high elastic energy stored in both the
loading frame and the sample facilitates unstable fault growth
[e.g., Jaeger and Cook, 1976].
[4] Several attempts were made to increase the stability

during fault growth in order to observe the failure process in
details. The main idea is to increase the stiffness of the
loading frame to reduce the elastic energy available at failure
[e.g., Wawersik and Brace, 1971; Wong, 1982]. Alterna-
tively, stable fault growth can be achieved by using load-
control feedback to arrest unstable fault development during
failure [e.g., Terada et al., 1984; Lockner et al., 1992]. In a
seminal study, Lockner et al. [1992] designed an axial dis-
placement feedback system to maintain constant acoustic
emission (AE) rate, i.e., a sudden increase in AE activity
would trigger rapid unloading and thus stabilize fracture
propagation. This approach led to a quasistatic fault growth
in both granite and sandstone samples, which enabled a
successful continuous recording of AE locations that mark
the sites where microscopic damage took place [Lockner
et al., 1992]. Using AE as a proxy of microcracking, Lockner
et al. [1992] provided the first systematic 3-dimensional view
on how microscopic damage nucleates, coalesces and forms
macroscopic fractures.
[5] In this study, we took a different approach to stabilize

fault growth and investigated the prefaulting microscopic
damage of porous sandstones. Unlike in previous studies
[i.e., Wawersik and Brace, 1971; Lockner et al., 1992],
sandstone samples were deformed under a different loading
configuration. Using this so-called lateral relaxation loading
path, a rock sample is subjected to decreasing radial stresses
and the axial stress is kept constant (Figure 1a). The two
servo-controlled triaxial testing machines used in this study
are relatively stiff (with apparent stiffness of !5 " 107 and
2 " 108 N/m, respectively). To maintain a constant axial
stress, the machine axial displacement during the lateral
relaxation loading is significantly smaller than that during
the conventional loading (Figure 1b). As a result, the elastic
energy stored in the loading frame during a lateral relaxa-
tion experiment (proportional to the area under the red line
in Figure 1b) is significantly smaller than that in a con-
ventional compression test (i.e., area under the black line in
Figure 1b). Using the new loading configuration, the effec-
tive machine stiffness more than doubles the apparent
machine stiffness (Figure 1b), which leads to enhanced post-
failure stability. While the reduction in elastic energy stored
in the loading frame alone is not sufficient to change the post-
failure behavior of rocks such as granites because the elastic
energy stored in these rocks is high enough to lead to
unstable fault growth, this approach provides enhanced sta-
bility for studying the post-failure fault growth in porous
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sandstones (Figure 1c). Using this loading configuration, the
strain rate in a deformation test can be kept constant, which
minimizes the uncertainties in microstructural damage
related to cyclic loading (i.e., unload-reload) as in the feed-
back load control approach [i.e., Lockner et al., 1992].

[6] A suite of porous sandstone samples were deformed
and subsequently unloaded at different post-yield failure
stages. Progressive microstructural damage in these samples
was analyzed via quantitative characterization of crack
damage indices and crack density. The results contribute to
an improved understanding of the relationship between
microscopic damage and macroscopic fault development,
which is pertinent to earthquake nucleation process.

2. Experimental Setup

[7] In a conventional triaxial compression test, a rock
sample is first compressed hydrostatically to a preset con-
fining pressure Pc (i.e., s1 = s2 = s3 = Pc), where s1, s2, and
s3, are maximum, intermediate, and minimum principal
stresses, respectively (Figure 1a). If pore fluid is present, the
effective pressure P0 = Pc # Pf, with Pf denoting pore fluid
pressure. In this study, all of the deformation tests are con-
ducted with a constant pore fluid (distilled water) pressure of
Pf = 10 MPa. Sufficiently slow strain rates were used to
ensure a fully drained condition during deformation [e.g.,
Wong et al., 1997; Baud et al., 2000]. At the preset confin-
ing pressure Pc in a conventional test, deformation is
achieved by keeping the radial stresses constant (s2 = s3 =
Pc), while advancing the axial piston to increase s1 at a
constant displacement rate through a displacement servo
control. Using this loading configuration, both the effective
mean stress Peff = [(s1 + s2 + s3)/3 # Pf] and the differential
stress Q = (s1 # s3) increase concomitantly during defor-
mation (Figure 1a).
[8] In contrast, under a lateral relaxation loading config-

uration, deformation is achieved by keeping the axial stress
constant (s1 = Pc) while progressively decreasing the radial
stresses s2 and s3 at a preset pace chosen to keep the strain
rate comparable to that in the conventional test. Using such a
loading configuration, the increase in differential stress Q is
accompanied by a decrease in effective mean stress P during
deformation (Figure 1a). Because the axial stress s1 is con-
stant as the sample is deformed to failure, the increase in
elastic energy stored in the loading frame is considerably
less compared to that in a conventional test (Figure 1b).
[9] Mechanical data obtained using the new loading path

are compared to those of the corresponding conventional
tests. A representative set of stress-strain curves is shown in
Figure 1c. Before yield-stress, the mechanical behavior of
sample dd08 deformed at effective pressure P0 = 190 MPa
under lateral relaxation loading is in very good agreement
with sample dd17 deformed at P0 = 70 MPa using the con-
ventional loading path. However, post-yielding inelastic
behaviors of dd08 vs. dd17 demonstrate that the new loading
configuration is effective in stabilizing the faulting process
(Figure 1c). Note that to reach the same yield stress (i.e.,
identical P and Q values at the peak stress), the lateral
relaxation loading is conducted at an effective pressure much
higher than that used in the conventional test (Figure 1).

2.1. Sample Preparation
[10] Darley Dale sandstone samples with initial porosity

of 13–18% were used in this study. Darley Dale sandstone
was chosen because the mechanical and transport properties
have been extensively studied under the conventional triax-
ial compression loading [e.g., Read et al., 1995;Wong et al.,
1997; Zhu and Wong, 1997; Baud et al., 2000; Wu et al.,

Figure 1. (a) Comparison of a conventional loading path
(dashed line) to the new lateral relaxation loading path (solid
line) used in this study. Schematic diagrams of the sample
stress states during loading are shown. During conventional
loading, axial stress s1 (red arrows) increases with constant
radial stresses s2 = s3 (yellow arrows). During lateral relax-
ation loading, radial stresses s2 = s3 decrease with constant
axial stress s1. To achieve the same yield stress using these
2 different loading paths, deformation has to start at differ-
ent effective pressures P0. A picture of a deformed sample
dd08 is shown as an insert. A sharp shear fracture and the
2 strain gauges are observed. (b) The shortening of the load-
ing frame during deformation before peak stress was attained.
The red line represents data obtained using the lateral relaxa-
tion loading path, the black line represents data from a con-
ventional test. Elastic energy stored in the loading frame is
considerably smaller during the relaxation experiment (area
under the red line) than that during the conventional loading
(area under the black line). (c) Comparison of the stress-strain
curves of sample dd08 deformed at a constant strain rate of
5 " 10#6/s and an effective pressure of 190 MPa using a
lateral relaxation path (red) and sample dd17 deformed at
the same strain rate and an effective pressure of 70 MPa
using a conventional loading path (black). Arrows indicate
the loss of strain gauge(s) by a through-going shear fracture.
It is clear to that the new loading method provides a larger
window to study the inelastic behavior between the peak
stress and a fully developed shear fracture.
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2000; Heap et al., 2009]. For detailed petrophysical
description of the sandstone, refer toWong et al. [1997]. The
samples were cored and ground to a cylindrical shape, with a
diameter of 25.4 mm and a length of 50.8 mm.

[11] Before each test, samples were saturated with distilled
water and jacketed with copper foil of 0.127 mm thick. Axial
and circumferential strain gages were placed on the copper
foil (Figure 1a). Jacketed samples were then positioned
between two steel end-pieces, one of which had a concentric
hole at the centre for fluid access to the pore fluid system. A
programmable conventional triaxial deformation apparatus
was used in this study, in which the confining pressure, axial
load and pore fluid pressure can be independently servo-
controlled using hydraulically powered intensifiers. All of
the tests were conducted at room temperature. Failure mode
in all deformed samples is brittle faulting.

2.2. Sample Series
[12] The first suite of experiments (dd series) consists of

2 samples with initial porosity of !18%, dd08 and dd10
(Figure 2). Both samples were deformed at an effective pres-
sure of 190 MPa and a nominal strain rate of !5 " 10#6/s.
During deformation, the effective mean stress decreases
continuously and the differential stress increases to a peak
value that marks the onset of progressive fault growth. The
stress drop during fault propagation is sufficiently gradual
that the deformation could be stopped anytime post-yielding.
Indeed, sample dd08 was deformed until the faulting and
stress-drop were complete; whereas dd10 was unloaded right
after the peak stress was attained. Volumetric strain was
calculated from the axial and circumferential strain gauge
data. We follow the convention that shortening and volume
reduction are positive, and elongation and volume increase
are negative (Figure 2a). Excellent reproducibility of the
mechanical data between dd08 and dd10 is observed
(Figure 2a).
[13] The second suite of experiments (DDL series) con-

sists of 4 samples with initial porosity of !14%, DDL45,
DDL46, DDL47, and DDL49. These samples were
deformed at 3 different effective pressures P0 = 80 (for
DDL45), 150 (DDL46), 200 MPa (DDL47 and 49),
respectively. Experimental details and comprehensive data
including acoustic emission activity are published in Zhu
et al. [2003]. For an easy reference, we compiled the stress-
strain relations and porosity change in Figure 3a. The nominal
strain rate used is !5 " 10#5/s, an order of magnitude higher
than the strain rate used in the dd series experiments. Pore
volume change was recorded by a volumometer and porosity
change was calculated from the pore volume change to the
initial bulk volume of the sample.
[14] Deformed samples were cut in half along their axial

axis. For deformed samples with visible macroscopic frac-
tures, the cut was carefully placed along the longest dimen-
sion of the fault plane (Figures 2b and 3b). For samples with
no apparent macroscopic fracture, the cut was placed based
on visual examination of the damage at the ends of a sample
where it is in contacts with steel end-pieces. Double polished
thin sections of !30 mm thick were then prepared
(Figures 2b and 3b). For reference, a double polished thin
section was also made for an undeformed sample dd00.

2.3. Crack Density Analysis
[15] Quantitative microstructural analysis was preformed

on these thin sections using an optical microscope. To ana-
lyze the microscopic damage in the deformed samples, we
followed the damage index developed by Menendez et al.
[1996]. An index value of 0 represents a grain with no

Figure 2. (a) Mechanical data of samples dd08 (red) and
dd10 (blue), deformed at a nominal strain rate of 5 " 10#6/s
and an effective pressure of 190 MPa using the lateral relax-
ation loading. Both axial and volumetric strains as functions
of differential stress are shown. Sample dd08 underwent a
complete stress drop and a macroscopic shear fracture is
developed, whereas sample dd10 was unloaded shortly after
reaching the peak stress, no macroscopic shear fracture is
visible. (b) Reflected light images of the thin sections of
dd08 (red) and dd10 (blue). The actual width of these samples
is 2.54 cm. Reflected light image of an undeformed sample
dd00 is shown as reference. (c) Damage index maps of the thin
sections dd08 (red), dd10 (blue) and dd00 (grey) are shown.
The damage indices are developed by Menendez et al.
[1996]. In the color map of the damage indices, blue represents
grains with no microcracking (damage index = 0); cyan to
green represents grains with 1 or 2 intragranular cracks
(damage index = 1); green-yellow represents intact grain with
more than 3 intragranular cracks, but no more than 2 trans-
granular cracks, i.e., cracks cutting the grain diametrically
(damage index = 2); yellow-orange represents intact grains
with more than 2 transgranular microcracks, but no obvious
grain crushing (damage index = 3); red represents evident
grain crushing (damage index = 4).
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visible damage in form of microcrack. Increasing in index
values from 1 to 4 indicates higher microcrack density. An
index value of 1 represents grains with 1 or 2 intragranular
cracks. An index value of 2 represents grains with at least
3 intragranular cracks, but no more than 2 cutting through
the grain diametrically (transgranular). An index value of
3 has at lease 2 transgranular cracks, but grain crushing is
not evident. Maximum index value of 4 is assigned to visible
grain crushing (Figures 2c and 3c).
[16] Damage index analyses were performed over the

entire thin section for each sample. To present the distribu-
tion of microscopic damage within each deformed sample,
we assigned each of these index values to a color spectrum,

with dark blue to blue for an index value of 0, blue to cyan
for 1, cyan to yellow for 2, yellow to red for 3, red and to
dark red for 4. Using this convention, we produced a color-
coded damage map of the deformed samples (Figures 2c
and 3c). For example, in Figures 2c and 3c, the blue regions
represent areas of no visible grain damage, and red regions
indicate areas of grain crushing. For reference, damage index
map of an undeformed sample dd00 is also shown.

3. Characterization of Microscopic Damage

[17] Reflected light images of thin sections made from the
deformed samples dd08 and dd10 are shown in Figure 2b.

Figure 3. (a) Mechanical data of samples DDL45 (red), DDL46 (purple), DDL47 (green) and DDL49 (cyan) deformed at a
nominal strain rate of 5 " 10#5/s and effective pressures of 80, 150, 200, and 200 MPa, respectively, using the lateral relax-
ation loading. Both axial strain and porosity change as functions of differential stress are shown. (b) Reflected light images
of the thin sections of DDL45 (red), DDL46 (purple), DDL47 (green) and DDL49 (cyan). The actual width of these samples
is 1.84 cm. For reference, a thin section of an unformed sample dd00 (grey) is also shown. The actual width of the dd00 is
2.54 cm. (c) Damage index maps of the thin sections of DDL45 (red), DDL46 (purple), DDL47 (green) and DDL49 (cyan).
For reference, a damage map of an unformed sample dd00 (grey) is also shown. The damage indices and color scheme for
the damage map are identical to that used in Figure 2c.
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Sample dd08 was deformed at an effective pressure of
190 MPa and underwent a complete stress drop and sample
dd10 was deformed at identical conditions but was unloaded
right after peak stress (Figure 2a).
[18] A sharp shear fracture at angle of 39$ to s1 is

observed in sample dd08 (Figure 1). Damage index map of
dd08 show that the maximum damage regions (with index
values of 3 or 4) coalesce to form the macroscopic fracture.
In comparison, there is no macroscopic fracture visible in
sample dd10, and damage regions with an index value of
3 show no spatial correlation in dd10. This indicates that
macroscopic fracture emerges after the peak stress, in good
agreement with Lockner et al. [1992].
[19] The second set of samples were deformed at a faster

strain rate (i.e., !5 " 10#5/s), nevertheless qualitatively
similar inelastic behaviors and microscopic damage were
observed. While dilatancy and strain softening are observed
in all 4 samples (Figure 3a), macroscopic fractures (with the
rupture plane at an angle of 35$–37$ with respect to s1) can
only be clearly identified only in DDL46 and DDL49
(Figure 3b).
[20] DDL45, deformed at the lowest effective pressure of

80 MPa, has the lowest microscopic damage and no local-
ized pattern is identified (Figure 3c). The peak stress of
DDL45 is at Q ! 65 MPa (Figure 3a). If deformed using a
conventional compression configuration, an equivalent peak
failure stress corresponds to deforming at an effective pres-
sure P0 between 5–10 MPa (Figure 1). At the same strain
rate (!5 " 10#5/s) under conventional loading path, unsta-
ble brittle faulting was observed in previous studies [e.g.,
Wong et al., 1997; Baud et al., 2000; Wu et al., 2000; Heap
et al., 2009]. The contrast in failure modes shows that the
amount of elastic energy release exerts a critical control in
rupture stability.
[21] Note that samples DDL47 and DDL49 were

deformed under identical conditions, with the only differ-
ence being that DDL49 underwent the complete stress-drop
whereas DDL47 was unloaded after !2/3 of the post-yield
stress drop (Figure 3a). Compared to DDL49, the macro-
scopic fracture in DDL47 is much less visible. Together,
DDL47 and DDL49 demonstrate the progressive fault
growth under the lateral relaxation loading.
[22] Damage index maps of DDL47 and DDL49 show

that microcracking is quite pervasive in both samples
(Figure 3c). However, the crack density regions with an
index value of 3 in DDL47 show a random spread over the
entire sample, whereas the crack density regions with the
same index value primarily concentrates along the eventual
macroscopic fracture (Figure 3c). Our data confirms that
microscopic damage becomes progressively more correlated
during macroscopic failure growth, in agreement with the
steepening trend of acoustic emission observed by Lockner
et al. [1992]. Interestingly, the crack density regions with
an index value of 4 in both DDL47 and DDL49 outline an
emerging macroscopic fracture, indicating grain crushing is
concentrated within the shear fracture (Figure 3c).
[23] The overall damage with an index value of 3 in

DDL46 is visibly less than that in samples DDL47 and 49.
This is consistent with the lower differential stress experi-
enced by sample DDL46 compared to DDL47 and 49
(Figure 3a). Again, the crack density regions with an index

value of 4 (grain crushing) is concentrated within the shear
fracture in DDL46 (Figure 3c).
[24] While the initial porosity and grain size of the dd and

DDL samples are somewhat different, modal analysis indi-
cated that their compositions are very consistent (Figure S1
in Text S1 in the auxiliary material).1 The mechanical
behaviors also agree well among these samples, although the
yield strength of the DDL samples are higher compared to
the dd samples (Figure S2 in Text S1), likely due to the
initial porosity and grain size difference [e.g., Wong et al.,
1997]. Comparisons of damage maps between the dd and
DDL series imply that samples deformed at a slower strain
rate (dd08 and dd10) suffer less overall microscopic damage.
To some extent, the difference in initial porosity between the
two suites of samples may also contribute to the observed
difference in microscopic damage.

4. Concluding Remarks

[25] Due to the close relation between cracking induced
dilation in rocks and the precursory phenomena that precede
seismogenic faulting, it is important to understand the
quantitative relationship between microcrack damage and
macroscopic fault growth. We designed the so-called lateral
relaxation loading configuration in which a cylindrical
sample is deformed under decreasing radial stresses while
the axial load remains constant. The failure process in sam-
ples deformed under the new loading path is stable enough
so that deformation can be arrested at various stages during
failure.
[26] A suite of porous sandstone samples were deformed

and subsequently unloaded before or after macroscopic
faulting occurs. Based on the quantitative characterization of
microcrack density, we created damage index maps of each
deformed samples to visualize the microscopic damage. Our
data show that 1) before peak-stress, intragranualar cracking
occurs throughout the deformed sample, with no special
correlation, which is likely dictated by the distribution of the
pre-existing defects; 2) after peak stress, microcracks coa-
lesce and brittle fracture emerges; 3) in the brittle faulting
regime, grain crushing is primarily associated with the
macroscopic fault; 4) the extent and intensity of stress-
induced microscope damage vary under different confine-
ments and strain rates. Comparisons between these damage
index maps provide an improved comprehension of the
relationship between microscopic damage and macroscopic
fracture development. The new loading path will also be
useful in studying faulting in tectonic settings where the
effective normal stress decreases as a result of elevated pore
fluid pressure such as in accretionary wedges, where com-
plex interplay between deformation and fluid flow takes
place. Studies from Ocean Drilling Program documented a
wide spectrum of failure modes from discrete faults to
compaction bands [e.g., Maltman et al., 1993]. To better
understand the formation of these structures, new loading
configurations closely tracking the actual stress path such as
the one utilized in this study need to be considered in labo-
ratory investigations.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL052487.
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