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S U M M A R Y
We examine the strain accumulation and localization process throughout 12 triaxial com-
pression experiments on six rock types deformed in an X-ray transparent apparatus. In each
experiment, we acquire 50–100 tomograms of rock samples at differential stress steps during
loading, revealing the evolving 3-D distribution of X-ray absorption contrasts, indicative of
density. Using digital volume correlation (DVC) of pairs of tomograms, we build time-series
of 3-D incremental strain tensor fields as the rocks are deformed towards failure. The Pearson
correlation coefficients between components of the local incremental strain tensor at each
stress step indicate that the correlation strength between pairs of local strain components,
including dilation, contraction and shear strain, are moderate-strong in 11 of 12 experiments.
In addition, changes in the local strain components from one DVC calculation to the next show
differences in the correlations between pairs of strain components. In particular, the correlation
of the local changes in dilation and shear strain tends to be stronger than the correlation of
changes in dilation-contraction and contraction-shear strain. In 11 of 12 experiments, the most
volumetrically frequent mode of strain accommodation includes a synchronized increase in
multiple strain components. Early in loading, under lower differential stress, the most frequent
strain accumulation mode involves the paired increase in dilation and contraction at neighbour-
ing locations. Under higher differential stress, the most frequent mode is the paired increase
in dilation and shear strain. This mode is also the first or second most frequent throughout
each complete experiment. Tracking the mean values of the strain components in the sample
and the volume of rock that each component occupies reveals fundamental differences in the
nature of strain accumulation and localization between the volumetric and shear strain modes.
As the dilative strain increases in magnitude throughout loading, it tends to occupy larger
volumes within the rock sample and thus delocalizes. In contrast, the increasing shear strain
components (left- or right-lateral) do not necessarily occupy larger volumes and so involve
localization. Consistent with these evolutions, the correlation length of the dilatational strains
tends to increase by the largest amounts of the strain components from lower to higher dif-
ferential stress. In contrast, the correlation length of the shear strains does not consistently
increase or decrease with increasing differential stress.

Key words: Creep and deformation; Fault zone rheology; Fracture and flow; Dynamics and
mechanics of faulting; Fractures, faults, and high strain deformation zones.

1 I N T RO D U C T I O N

Recognizing precursory signals approaching the onset of macro-
scopic failure is a critical goal in rock mechanics. Experimental
observations indicate that fracture coalescence leading to macro-
scopic failure occurs through the opening of individual fractures
that interact to allow shear deformation on a macroscopic scale (e.g.
Peng & Johnson 1972; Petit & Barquins 1988; Moore & Lockner

1995). Consequently, much previous work has highlighted the im-
portance of dilation as a precursor to brittle failure (e.g. Brace et al.
1966). Although evolving fractures may accommodate both open-
ing and shearing, as wing-cracks for example (e.g. Wong & Chau
1998), experimental and geophysical research has tended to focus
on the dilatational deformation rather than the shear deformation
because previous studies could not readily quantify the magnitudes
of local dilation and shear strain operating within intact material or
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along individual fractures. Because the contribution of local dilation
can influence the macroscopic expression of radial dilation, den-
sity and seismic velocities in expected ways, experimental methods
could estimate the impact of local dilatational events (e.g. Bridgman
1949; Handin et al. 1963; Frank 1965; Brace et al. 1966; Myachkin
et al. 1972). Fewer analyses have quantified local deformation
mechanisms that accommodate shear strain in triaxial experiments
within intact rock by resolving the source types of acoustic emis-
sion events (e.g. Stanchits et al. 2006), and tracking macroscopic
stress–strain relations, seismic anisotropy and non-linear resonance
during deformation (e.g. Hamiel et al. 2004a, 2009; Lyakhovsky
et al. 2009).

Here, we characterize the strain accumulation and localization
processes as rocks approach macroscopic failure, and compare the
importance of contraction, dilation and shear strain in accommodat-
ing brittle deformation at varying stages of deformation. We analyse
results from 12 triaxial compression deformation experiments on
six rock types with an X-ray transparent deformation apparatus. In
each experiment, we compress the rock core in stress steps and ac-
quire a 3-D tomogram at each step, revealing the 3-D distribution of
X-ray absorption. Digital volume correlation (DVC) analysis imple-
mented in the code TomoWarp2 (Tudisco et al. 2017) provide the
local 3-D displacement vectors, between tomogram acquisitions,
that is the incremental displacement field. From the time-series of
the incremental displacement fields, we calculate the contracting,
dilating and shearing components of the incremental strain tensor.
From the time-series of strain fields, we quantify how the incre-
mental volumetric and shear strain components evolve during the
approach to macroscopic failure.

This data set enables comparing the strain localization and accu-
mulation process in experiments on sandstone, basalt, monzonite,
granite, shale and limestone. We quantify the spatial correlation
between each strain component, such as dilation and shear strain,
and systematically compare the evolving correlations among pairs
of strain components as well as different experiments and rock
types. We track the strength of the strain accumulation process
with the mean value of the strain component in each DVC calcula-
tion. We track the localization of the strain field using the volume
of rock that the strain component occupies in each DVC calcula-
tion. We compare the accumulation and localization process for
the volumetric strain components (dilation and contraction) and
shear strain components (left- or right-lateral). We track the cor-
relation length of each of the strain components in order to as-
sess the growing (or shrinking) interaction distance of each strain
component.

The results provide novel descriptions of the strain accumulation
and localization processes in brittle rocks when approaching failure
under the stress conditions of the upper crust. The correlation be-
tween the changes of dilation and shear strain from one tomogram
to the next (or stress step) are the strongest of all the correlations
between pairs of strain components. Tracking the evolving strain
components reveals that the most frequent strain accommodation
mode, in 11 of 12 experiments, is the paired increase of dilation
and shear strain. Tracking the mean of each strain component and
volume of rock occupied by the strain component reveals different
behaviours of the volumetric and shear strains. Whereas dilation
tends to occupy larger volumes (delocalizing) as it gains strength,
shear strain tends to occupy the same or smaller volumes (localiz-
ing) as it gains strength. Tracking the correlation distance for each
of the strain components throughout the loading shows that the cor-
relation distance of the dilation increases by the most throughout
loading compared to the other strain components.

2 B R I T T L E FA I LU R E P RO C E S S E S I N
RO C K S

Characterizing the micromechanical processes that produce brit-
tle failure began with theoretical solutions for the stress field sur-
rounding circular and elliptical holes (Kolosov 1909; Inglis 1913).
Griffith (1921) initiated the field of linear elastic fracture mechan-
ics (LEFM) by developing an energy-based condition for fracture
propagation that led to the concept of the stress intensity factor, K,
at a fracture tip (Irwin 1948). Then, the stress field surrounding a
crack tip could be approximated from the loading and stress inten-
sity factors associated with tensile and shear fractures (e.g. Lawn
1993). There are several well-recognized limitations of this seminal
work. The analytical formulations predict unbounded stresses at the
crack tip because LEFM formulations do not incorporate inelastic
deformation beyond a stress threshold. Fracture mechanics models
that include inelastic deformation in a process zone that eliminate
crack tip singularities (e.g. Rice 1980) help to address this limita-
tion. Moreover, these analytical formulations predict the stress field
surrounding a fracture tip and the likelihood of fracture propagation
in systems with only one preexisting fracture or weakness that is
much larger than other flaws in the system.

The Mohr–Coulomb failure criterion provides a macroscopic ap-
proach to understand brittle failure (Coulomb 1776; Mohr 1900), in
contrast to the fracture-centric, stress intensity factor approach. This
failure criterion uses the stress state and material properties of the
rock to predict whether and at what orientation a new fault develops,
or whether slip occurs along a pre-existing fault plane. Under low
compressive stresses, these predictions statistically match observa-
tions (e.g. Mitra 1994; Storti et al. 1997; Crider & Pollard 1998;
McBeck et al. 2017). But under tensile conditions, the theoretical
uniaxial tensile strength derived from this criterion tends to exceed
experimental measurements (e.g. Paul 1961). The breakdown of the
Mohr–Coulomb failure criterion in the tensile range leads to using
two sets of failure criteria depending on whether the deformation
is assumed to be dominated by tensile or shear deformation. These
two sets of criteria produce, in turn, two different sets of stress
thresholds for failure in tension or shear and two sets of predicted
fracture geometries (e.g. Cooke & Madden 2014).

Local instabilities, such as fracture growth, that produce macro-
scopic failure events may be understood by examining the condi-
tions that lead to the localization of deformation (Rudnicki & Rice
1975; Rice & Rudnicki 1980; Lyakhovsky et al. 1997, 2011). Lo-
calization may occur at the critical conditions when the continuum
equations of the increments of deformation lose ellipticity, or when
the strain energy function of the material loses convexity. These and
other analytical formulations are based on homogeneous solids, and
so do not provide testable predictions about the precursors to macro-
scopic failure in heterogeneous solids such as rocks. Consequently,
they do not provide insight into how to recognize the approach
to brittle instabilities and macroscopic failures. Rock deformation
experiments under triaxial compression show that systematic pre-
cursors to rock failure are detectable, at least in the laboratory (e.g.
Reches & Lockner 1994).

One of the most recognized precursors to failure in laboratory
experiments is the macroscopic dilation of the rock sample. Moni-
toring the macroscopic axial and transverse strain of deformed rocks
indicates that low porosity crystalline rocks dilate as they are com-
pressed (e.g. Brace et al. 1966). The evolving reduction of seismic
wave velocities and increasing Vp/Vs ratios in experiments provides
evidence for dilation as increasing volumes of air- or water-filled
fractures develop (Nur 1972). Resolving the source types of acous-
tic emission events (e.g. Stanchits et al. 2006) further supports the
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concept that local tensile failure produces opening-mode deforma-
tion that leads to macroscopic dilation, as inferred from changes in
the macroscopic strain and seismic velocities. Categorizing acoustic
emissions into tensile events and mixed-mode or shear events during
brittle deformation indicates that tensile failure can dominate the
early deformation process, and that increasing proportions of mixed-
mode and shear events occur towards failure (e.g. Stanchits et al.
2006; Rodrı́guez & Celestino 2019). These works highlight that rock
failure includes a mixture of deformation modes. Moreover, both the
criteria used for tensile failure (Griffith) and shear failure (Mohr–
Coulomb) do not consider volume changes in their original formu-
lations, although some analyses have worked to incorporate dilation
into the Mohr–Coulomb framework (e.g. Hamiel et al. 2005; Zhao &
Cai 2010).

Deriving the source type of acoustic emissions indicates that com-
pactive mechanisms can comprise 5–15 per cent of the deformation
mode in both granite and basalt, even under low differential stress
(20 MPa) (Stanchits et al. 2006). Cataclastic deformation bands
with lower porosity than the surrounding rock (Aydin & Johnson
1983) provide further evidence of local compaction as a dominant
deformation mechanism. In porous rocks like basalt, sandstone and
limestone that experience pore-collapse, local compaction may ac-
commodate a greater proportion of the deformation than shear or
dilation under certain stress conditions (e.g. Huang et al. 2019).
Theoretical work that describes the conditions of pore collapse,
such as the Hertzian fracture concept, focus on the local stress con-
centrations that develop at the edges of pores and between grains
(e.g. Wong et al. 1997). Consequently, several diverging failure cri-
teria describe the conditions of compactive, tensile and shear failure,
although field and experimental evidence indicate that deformation
occurs through the mixture of these modes (e.g. Thompson et al.
2005; Stanchits et al. 2006; Owladeghaffari 2015; Rodrı́guez &
Celestino 2019).

Experimental data from in situ X-ray microtomography exper-
iments on rocks under triaxial deformation can provide key ob-
servations on the importance of dilatational, contractive and shear
deformation mechanisms in different rocks under various stress
and temperature conditions. Microtomography scans image the 3-D
distribution of density contrasts produced by opening or closing
fractures and pores, and minerals and rock fragments of differ-
ent densities. Patterns of grey-level values that arise from density
contrasts enable DVC on pairs of microtomography scans. DVC
on pairs of scans acquired throughout triaxial rock deformation
provide a time-series of the 3-D incremental strain tensor at vary-
ing differential stresses. The evolving statistics of the populations
of dilatational, contractive and shear strains throughout the triax-
ial deformation enable comparing the relative importance of these
deformation modes among different rock types. In addition, DVC
provides both the seismic and aseismic components of deformation,
whereas monitoring acoustic emissions only provides the detectable
seismic events. Because DVC does not allow separating the aseis-
mic and seismic components, we may not directly compare this
work to previous analyses using acoustic emissions.

DVC analysis on Fontainebleau sandstone (Renard et al. 2019a)
and Mount Etna basalt (McBeck et al. 2019) indicate that shear and
dilation dominated the deformation process in these porous rocks
under low confining stress (10–20 MPa). The mean of the dilata-
tional strain population increased by larger magnitudes than the
shear strain throughout these experiments, suggesting the greater
importance of the micromechanisms that produce local dilation
rather than shear. Tracking the 2-D strain field on the surface of
Carrara marble loaded in uniaxial compression also reveals the

dominance of shear and dilatational strain events throughout load-
ing, with a greater frequency of dilatational events near macroscopic
failure (Tal et al. 2016). DVC analyses on laminated Green River
shale (McBeck et al. 2018) provide a different partitioning of the
strain modes than observed in the experiments on marble, sand-
stone and basalt. In two experiments on shale, the magnitude of
radial dilation was of the same order as the magnitude of axial
contraction throughout loading (McBeck et al. 2018). Numerical
modelling and the spatial distribution of localizing strain fields
suggest that localized contraction within a subhorizontal volume
promotes shear strain localization that leads to macroscopic failure
of the shale (McBeck et al. 2018).

The varying partitioning of the strain modes in these different
rock types prompts the current investigation of strain partitioning
in 12 experiments with six different rock types. This work quanti-
tatively compares the relative contribution of contraction, dilation
and shear strain in triaxial deformation experiments on sandstone,
basalt, monzonite, granite, shale and limestone. Such a comprehen-
sive comparison of the strain accumulation and localization process
has not yet been presented, and constitutes the major contribution
of this work. Our X-ray tomography data, and accompanying DVC
analysis, provide the full aseismic and seismic deformation field,
whereas analyses of acoustic emissions are limited to only the seis-
mic activity that produce detected emissions.

In particular, this work examines the synchronicity of the strain
accumulation and localization process by finding the volume of
rock occupied by increasing values of one, two or three of the strain
modes (compaction, dilation and shear) at each stage of each experi-
ment. The study links the strain accumulation (changing magnitude)
and strain localization (changing volume) processes in the (contrac-
tive and dilative) volumetric and (left- and right-lateral) shear strain
modes. The results may help to determine the appropriate failure
criterion to use when predicting rock failure in varying differential
stress conditions. The results may also help to indicate whether dif-
ferent rock types require different failure criteria to robustly predict
the onset of macroscopic failure.

3 M E T H O D S

3.1 In situ X-ray tomography experiment conditions

We deform rocks in the X-ray transparent deformation apparatus,
HADES (Renard et al. 2016) installed on beamline ID19 at the
European Synchrotron and Radiation Facility at room temperature.
The rock samples are cylinders 1 cm in length and 4–5 mm in
diameter (Table 1). In each experiment, we increase the axial stress
in steps of 0.5–5 MPa under constant confining stress between
5 and 35 MPa (Table 1) until the sample fails macroscopically.
At each axial stress step, we acquire a 3-D X-ray tomogram at
6.5 μm per voxel-side resolution while the sample is under constant
load inside the deformation apparatus. Each scan requires about
2 min, and the final scan immediately precedes the macroscopic
rock failure. Under larger confining stresses, the 2-min scan time
could provide sufficient time for brittle creep. The quality of the
scan indicates whether such deformation occurs because if the rock
is moving while being scanned, the scan quality is poor. The high
quality of the scans used in these experiments suggest that such
deformation did not occur while the rocks were being scanned under
constant load. We use stress-control loading conditions instead of
strain-rate control to avoid sample motion during a scan. Due to
the stress-controlled loading, the rock cores fail with a rapid stress
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Table 1. Experimental conditions, materials, dimension of rock cores and numbers of X-ray tomograms
acquired in 12 rock deformation experiments.

Rock type Experiment Confining Sample # of X-ray
Code Stress (MPa) Diameter (mm) Tomograms

Fontainebleau sandstone FBL01 20 5 184
FBL02 10 5 47

Mount Etna basalt ETNA01 10 4 32
ETNA02 10 4 36

Monzonite MONZ04 35 4 65
MONZ05 25 4 80

Westerly granite WG02 5 4 30
WG04 10 4 66

Green River shale GRS02 20 5 60
GRS03 20 5 61

Anstrude limestone ANS02 20 5 41
ANS05 5 5 26

drop that prohibits imaging the rock as it supports decreasing axial
stress.

These experiments have been described individually in previ-
ous studies from our group, including the experiments on Green
River shale (McBeck et al. 2018), Fontainebleau sandstone (Renard
et al. 2019a), monzonite (Renard et al. 2017, 2019b), Etna basalt
(McBeck et al. 2019) and Anstrude limestone (Renard et al. 2017).
The X-ray microtomography data for many of these experiments
are available to the community (Renard 2017, 2018a,b,c; Renard &
McBeck 2018).

3.2 Digital volume correlation

The code TomoWarp2 (Tudisco et al. 2017) performs the DVC cal-
culations. The DVC method searches for similar patterns of voxels
in pairs of 3-D volumes. The parameters of the DVC calculation are
constant in each experiment, with 20 voxel node spacing (0.13 mm)
and 10 voxel correlation window size (65 μm). The node spacing
determines the spatial resolution of the calculation. The correlation
window size determines the volume of the cube used to identify
similar patterns of voxels. Both of these parameters can influence
the magnitude of the strain calculated with DVC (McBeck et al.
2018), so we keep the parameters constant in each experiment.

For each experiment, we perform ten DVC calculations using
scans separated by approximately equal increments of cumulative
axial strain, producing ten incremental displacement fields between
pairs of tomograms (Fig. 1). The DVC calculations track the 3-D dis-
placement field between each scan acquisition, so the displacement
vectors reflect the incremental deformation between the stress steps
and not the cumulative deformation. Consequently, the incremental
strain tensors calculated from these incremental displacement fields
quantify the incremental strain between each scan acquisition and
not the cumulative strain.

From these displacement fields, we calculate the divergence and
curl at each point of the DVC calculation (Fig. S1). Negative
and positive values of divergence indicate contractive and dilative
strains, respectively. Negative and positive values of curl indicate
the left-lateral and right-lateral shear strains, respectively. In order to
compare the magnitude of the strain components throughout each
experiment, we divide the components by the macroscopic axial
strain between each scan used in the DVC calculation, following
the procedure of McBeck et al. (2018). This division aids compar-
ison of the magnitude of the strain components at different stress
steps in an experiment. Larger increments of imposed macroscopic

axial strain will likely produce larger magnitudes of local strain
than smaller increments, so dividing the local strains by the magni-
tude of these increments helps reduce the impact of these varying
magnitudes.

3.3 Experimental rock types

We focus on the deformation processes throughout 12 experiments
on six rock types in this contribution, with two experiments on each
rock type. Fontainebleau sandstone is a quartz arenite with a homo-
geneous mineralogical composition, well-sorted grain size distribu-
tion, average grain diameter of 0.25 m and 3–30 per cent porosity
(Bourbie & Zinszer 1985). Mount Etna basalt is a porphyritic in-
termediate alkali basalt that experienced quick cooling, producing
pores and thermal-induced fractures (Vinciguerra et al. 2005; Ben-
son et al. 2007; Heap et al. 2009). Westerly granite is a crystalline
intrusive igneous rock composed of about 40 per cent plagioclase,
25 per cent alkaline feldspar, 29 per cent quartz and minor amounts
of biotite, muscovite and chlorite (Rutter & Neumann 1995). Mon-
zonite is a crystalline intrusive igneous rock, and the monzonite
deformed here has a mean grain size of 450 μm, and contains 18
per cent quartz, 13 per cent biotite, 58 per cent plagioclase, 12 per
cent clinopyroxene and minor minerals (Aben et al. 2016). We de-
formed cores from the organic rich (R-8 unit) Green River shale that
includes lacustrine marl/silt sediments that form laminations with
9.9 wt per cent organic matter (Kobchenko et al. 2011). The layering
(laminations) of the Green River shale cores were set parallel to the
maximum compression direction in these experiments. Anstrude
limestone is an oolitic limestone that is nearly monomineralic with
98 per cent calcite (Han et al. 2016). The sandstone, basalt and
limestone cores had initial porosities of 5–7 per cent (measured
with imbibition and tomography data), 3 per cent (measured with
tomography data) and 4–8 per cent (measured with tomography
data), respectively. The initial porosities of the other rocks were
below 0.5 per cent as calculated with the tomography data.

4 R E S U LT S

4.1 Local spatial correlation of strain modes throughout
loading

The spatial distribution of strain components with high magnitudes
provides insights into the strain accumulation and localization pro-
cesses within the rocks. Fig. 2 shows the location of high magnitudes
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Figure 1. Loading history of experiments on Fontainebleau sandstone (a–b), Mount Etna basalt (c–d), monzonite (e–f), Westerly granite (g–h), Green River
shale (i–j) and Anstrude limestone (k–l). Black dots indicate the axial strain and differential stress conditions when an in situ X-ray tomogram is acquired. Red
lines indicate the loading conditions of the tomograms used in the DVC calculations. The pairs of tomograms used in the DVC calculation are separated by
approximately constant amounts of macroscopic axial strain in each experiment.

Figure 2. Snapshots of the 3-D strain fields at low and high differential stress, σD , for experiments on sandstone (a), basalt (b), monzonite (c), granite (d),
shale (e) and limestone (f). The plots show the stress–strain conditions of each acquired tomogram (black dots), and the conditions of the DVC calculations
(red lines). Black, blue and red dots in the grey cylindrical cores show where the contraction, dilation and shear strain exceed the 90th percentile of the
corresponding strain population, respectively.
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(>90th percentile) of dilation, contraction and shear strain in the
first DVC calculation, at the onset of loading under low differential
stress, σD , and in the final DVC calculation, immediately preced-
ing macroscopic failure and under higher σD . In the majority of
the experiments, the strain fields are localized close to failure, but
the granite and shale experiments do not reveal localization im-
mediately prior to macroscopic failure (Figs 2d and e). The strain
fields may not show localization because the macroscopic failure
of the sample does not include localization and/or the localization
occurred at a time interval before or after the final DVC calculation
shown here. Segmentation of the scans acquired in the shale and
granite experiment reveal that localized through-going fractures
detectable at the scan resolution could not be detected preceding
the macroscopic failure of the sample (e.g. McBeck et al. 2018).
The final DVC calculation includes the scan immediately preceding
macroscopic failure, and so this strain field does not include the
deformation following macroscopic failure.

Among the experiments that show localization prior to failure,
some components of the strain field appear spatially correlated with
each other. In the sandstone and basalt experiments, high magni-
tudes of shear strain develop near high magnitudes of dilation. In
contrast, in the monzonite and limestone experiments, high mag-
nitudes of shear strain and dilation develop far from each other in
some portions of the core. In the monzonite experiment, localized
shear strain develops without accompanying dilation in the final
DVC calculation (Fig. 2c). In the limestone experiment, localized
dilation develops in the upper portion of the core without localized
shear strain (Fig. 2f).

Following these observations, we calculate the Pearson linear
correlation coefficient, ρ, between the strain components within
subvolumes of the DVC calculations throughout each experiment.
The Pearson linear correlation coefficient between the populations
of two variables, X and Y, is calculated from the expectation, E, the
means of the populations of X and Y, μX and μY and the standard
deviations of the populations of X and Y, σX and σY , as

ρX,Y = E [(X − μX ) (Y − μY )]

σXσY
. (1)

Previous work described in Section 2 (e.g. Hamiel et al. 2004b,
Stanchits et al. 2006; Tal et al. 2016; McBeck et al. 2019; Renard
et al. 2019a,b) suggests that dilation and shear strain should be more
strongly correlated than dilation and contraction or shear strain and
contraction. This correlation quantifies the spatial relationship be-
tween the strain components observed qualitatively in Fig. 2, within
subvolumes in the sample (i.e. local spatial correlation). In partic-
ular, we compare the mean of each strain component magnitude
within each subcube in a 3-D grid separated by 0.2 mm, and thus
with 0.23 mm3 volume each, about twice the spatial resolution of the
DVC calculation (0.13 mm, Fig. S1). This procedure produces about
30 000 strain values for each calculation of ρ (eq. 1). The correla-
tion coefficients thus track the similarity and differences in strain
components within each sampling subcube of 0.23 mm3 volume.
We only report the correlation coefficients that are statistically sig-
nificant, with p-values <0.05. Positive correlations between strain
components indicate that high magnitudes of one component are
associated with high magnitudes of the other component. Negative
correlations indicate that high magnitudes of one component are as-
sociated with low magnitudes of the other component. Values of the
correlation coefficient, |ρ|, < 0.3 indicate weak correlations (or an-
ticorrelations), between 0.3 and 0.5 indicate moderate correlations
(or anti-correlations), and |ρ| > 0.5 indicate strong correlations (or
anticorrelations, e.g. Cohen 1988).

To examine the correlation between how each strain component
evolves from one DVC calculation to the next, we also calculate the
change in the mean of each strain component magnitude at each
cube in the sampling grid, and calculate the correlation coefficient
between the changes in the means. We do not consider the differ-
ence between left- and right-lateral shear strains in this analysis, and
perform the correlation calculations using the absolute value of the
shear strain. In summary, we report the local spatial correlations be-
tween the magnitude of (1) the mean dilation and mean contraction
magnitude, (2) the mean dilation and mean shear strain magnitude,
(3) the mean contraction and mean shear strain magnitude, (4) the
change in the mean dilation and change in the mean contraction
magnitude, (5) the change in the mean dilation and change in the
mean shear strain magnitude and (6) the change in the mean con-
traction and change in the mean shear strain magnitude (Fig. 3).

Most of the correlations between the mean of the strain compo-
nents (Figs 4a and b) are positive in each experiment, except the
shale experiment GRS03. This experiment hosts a moderate-strong
negative correlation between contraction and dilation, and contrac-
tion and shear strain (Figs 4 and S2). In the other experiments,
contraction and dilation have moderate-strong positive correlations,
and contraction and shear strain have weak-moderate positive cor-
relations. In the shale experiment GRS03, in contrast, increasing
contraction does not yield higher magnitudes of dilation or shear
strain (Fig. S2).

Whereas the directions (positive or negative) and strengths of the
correlations between the pairs of strain component means (Figs 4a
and b) are similar in all but one experiment, the correlations between
evolving changes of the mean of the strain component (Figs 4c and
d) show greater differences. The correlations between the change
in the dilation and contraction, and contraction and shear strain are
near zero or negative with weak strength. In contrast, the correlation
between the change in contraction and dilation are higher with
moderate-strong positive correlations.

These varying signs of the correlation coefficients indicate that
the strain accommodation process is dominated by the paired re-
sponse of changes in dilation and shear strain throughout each ex-
periment, as expected from previous studies (Hamiel et al. 2004b,
Stanchits et al. 2006; Tal et al. 2016; McBeck et al. 2019; Renard
et al. 2019a, b). Increasing changes in dilation are paired with in-
creasing changes in shear strain. However, increasing changes in
contraction are not strongly associated with increasing changes in
shear strain or increasing changes in dilation. Whereas the mag-
nitudes of these strain components (Figs 4a and b) are generally
positively correlated with each other, the changes of evolving strain
components (Figs 4c and d) are only positively correlated for the
paired dilation-shear strain, and not for dilation-contraction and
contraction-shear strain.

4.2 Volumetric frequency of strain accommodation modes

The observed differences in the correlation coefficients between
changes in the mean strain component magnitude prompt a more
detailed investigation into the spatial distribution of the modes of
strain accommodation. Here, we examine the relative volumes of
rock that experience various strain accommodation modes, includ-
ing the paired increase in dilation and shear strain, the paired in-
crease in contraction and shear strain, and the paired increase in
contraction and dilation in individual subvolumes throughout the
rock cores (Figs 5). We also report how this partitioning evolves
from lower to higher differential stress conditions. We document
the relative fraction of rock volume that experience these varying
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Figure 3. Schematic representation of the suite of correlation calculations. To calculate the correlation coefficient, ρ, we calculate the local incremental
strain components in subvolumes throughout the rock in n calculations that span the loading of the rock to failure. Then we calculate the mean of each strain
component in 0.23 mm3 subvolumes (boxes in figure), about twice the resolution of the DVC calculation. Then we calculate ρ for the pairs of strain components
shown in (a–f), with the black, blue and red dots indicating the contractive, dilatative and shear strains, respectively. The correlations of (a–c) and (d–f) use the
means of the strain components in each 0.23 mm3 subvolumes, and the change in these means from scan i to i + 1, respectively.

Figure 4. Correlation coefficients between the magnitude of the strain component means (a–b) and change in the strain component means (c–d) at subvolumes
throughout each experiment. Correlation between (1) dilation and shear strain, (2) contraction and shear strain, and (3) contraction and dilation shown with
(1) green, (2) light blue and (3) dark blue, respectively. (b, d) Mean ± one standard deviation of the correlation coefficient between the magnitude of the strain
means (b) and change in strain means (d) for each of the four experiments on sandstone and basalt, monzonite and granite and shale and limestone.

strain combinations, as measured with the number of cubic subvol-
umes that experience different strain combinations. These sampling
subvolumes are the same as used in the analysis of Section 4.1.

Throughout the full experiment, the most volumetrically frequent
mode of local strain accommodation is the paired increase in the
mean of dilation and shear strain (within the same subvolume) in
all but the granite experiment (WG04) (Figs S3 and 5a). Even in
experiment WG04, this mode of strain accommodation is the second
most frequent, after the increase in shear strain (Figs S3 and 5). The
increase in the mean of only the shear strain is typically the second or
third most frequent strain accommodation mode in all experiments
(Figs S3 and 5).

The nature of strain accommodation at the first (Fig. 5b) and final
(Fig. 5c) experimental stages captured in the DVC calculation shows
that the most frequent mode of strain accommodation evolves from
lower to higher differential stress conditions. Early in loading, the
paired increase in contraction and dilation is generally one of the
most frequent modes. This mode of strain accommodation is the
most frequent in the experiments on basalt, monzonite and granite,

and the second most frequent in the experiments on sandstone and
shale in the first DVC calculation. In the limestone experiments, the
most frequent mode in this early stage is the increase in only the
shear strain.

Immediately preceding macroscopic failure, the paired increase
in dilation and shear strain is one of the most frequent modes, as well
as the increase in only shear strain (Fig. 5c). The paired increase
in dilation and shear strain is the most frequent mode in the basalt,
monzonite, granite and shale experiments at this stage. This mode
is the second most frequent in the sandstone and limestone experi-
ments preceding failure. The most frequent mode in the sandstone
and limestone experiments is the lone increase in shear strain, and
the decrease in all of the strain components, respectively.

4.3 Comparing strain accumulation and localization

The previous analyses link the spatial coincidence of different
strain components, and compare the evolution of this coincidence
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Figure 5. Summary of the differences in strain accommodation modes at different stages of loading: (a) throughout the full experiment, (b) first DVC
calculation and (c) final DVC calculation. Left-hand column: mean ± one standard deviation of the normalized strain accommodation frequency, n/t, of the
two experiments of each rock type. n/t is measured as the number of voxels occupied by the increase in none, all, one, or two of the strain components, n, out
of the total number of voxels, t. Right-hand column: mean ± one standard deviation of n/t for all the experiments.

from lower and higher differential stress conditions. The differ-
ences in this evolution with differential stress prompt an exami-
nation of the strain accommodation mode throughout each experi-
ment with a higher temporal resolution. In particular, we track the
mean amplitude and rock volume occupied by four strain com-
ponents: dilation, contraction, left-lateral shear strain and right-
lateral shear strain at each DVC calculation (Figs S4 and 6).
Previous work indicates that the evolution of the rock volume
occupied by dilation relative to contraction, and the volume oc-
cupied by left-lateral relative to right-lateral shear strain, signal ap-
proaching macroscopic failure (McBeck et al. 2019; Renard et al.
2019b).

We adopt the convention of showing when the dilation exceeds
the contraction, and when the left-lateral shear strain exceeds right-
lateral shear strain (Fig. S4, Figs 6 and 7). Because the mean and
volume of the dilation tend to increase, while those properties of
the contraction tend to decrease with loading, we mark the axial
strain range when the dilation exceeds the contraction. The axial
strain range when the left-lateral shear strain exceeds the right-
lateral shear strain is no more significant than when the right-lateral

shear strain exceeds the left-lateral shear strain in our experiments.
Marking the intervals when right-lateral shear strain exceeds the
left-lateral shear strain would produce the same patterns as found
with the adopted convention.

In all but one of the limestone experiments (ANS02), the mean
of the dilation exceeds the mean of the contraction at some stage
(Fig. S4, Figs 6 and 7). Similarly, in all but this experiment, the
volume of rock occupied by dilation exceeds that occupied by con-
traction at some stage. Some of the experiments also show that the
mean or volume of one of the shear strain components exceeds the
other for intervals of axial strain. In some experiments (i.e. FBL01,
GRS02 and WG02) the axial strain interval over which the mean
of the dilation exceeds the mean of the contraction aligned with the
axial strain interval over which the volume occupied by the dilation
exceeds the volume occupied by the contraction (Figs 6a, d and e).
In fewer experiments, the intervals over which both the mean and
volume of left-lateral shear strain exceeds the right-lateral shear
strain coincide (i.e. FBL01, Fig. 6a).

Fig. 7 shows the experiment stages (macroscopic axial strain)
over which the dilation exceeds the contraction, and the left-lateral
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Figure 6. Evolution of strain accommodation throughout time (macroscopic axial strain) in six experiments on (a) sandstone, (b) basalt, (c) monzonite, (d)
granite, (e) shale and (f) limestone. First row of each subsection shows the mean of the strain components, including the dilation, contraction, left-lateral and
right-lateral shear strain. Second row shows the volume of the rock that each strain component occupied as the number of voxels. Left and right columns of
each subsection show the dilation (light blue) and contraction (dark blue), and left-lateral (red) and right-lateral (pink) shear strain, respectively. Blue and green
rectangles highlight the time when the dilation mean (blue) or volume (green) exceeds the contraction mean or volume, and when the left-lateral shear strain
mean or volume exceeds the right-lateral shear strain mean or volume, respectively. Fig. S4 shows these data for the other six experiments.

shear strain exceeds the right-lateral shear strain, in terms of either
the mean magnitude or volume. In all but one of the experiments
(ANS02), the normalized axial strain when the dilation first ex-
ceeds the contraction occurred at 0.3–0.7 axial strain from failure
(Fig. 7). In the limestone experiment ANS02, the volume and mean
of the contraction exceed those properties of the dilation through-
out the full experiment, consistent with the expected pore-collapse
mechanism operating in limestone during brittle failure (e.g. Zhu
et al. 2010). In all of the experiments, the time when the mean

dilation exceeds the mean contraction overlaps the time when the
volume occupied by dilation exceeds the volume occupied by con-
traction. When higher magnitudes of dilation permeate the rock,
the dilative strains also occupy more volume than the contractive
strains.

For most experiments (e.g. FBL02, MONZ05 and GRS03), the
timing of the shear strain accommodation modes is not coincident.
In these experiments, the mean of the left-lateral shear strain ex-
ceeds the mean of the right-lateral shear strain throughout a time
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Figure 7. Time periods during each experiment when the mean or volume of the dilation exceeds the contraction, and when the mean or volume of the
left-lateral shear strain exceeds the right-lateral shear strain. Time is reported as the normalized strain: the axial strain divided by the axial strain immediately
preceding macroscopic failure, with zero at the onset of loading and one at failure. Time periods that correspond to the mean and volume of the strain
components shown with blue and green, respectively. Time periods that correspond to the volumetric strains and shear strains shown with filled rectangles and
outlines of rectangles, respectively. The mean and volume of the dilation exceeds the contraction by the end of the experiment in 11 of 12 experiments. Near
the axial strain when the dilation mean exceeds the contraction mean, the dilation volume also exceeds the contraction volume. This synchronicity of the mean
and volume identified for the volumetric strains does not occur for the shear strain components. Dilation tends to delocalize while gaining strength (increasing
in mean and volume at the same time), whereas shear strain tends to localize or remain at similar volumes while gaining strength (increasing in mean, but not
in volume, or vice versa).

interval when the volume occupied by the left-lateral shear strain
does not exceed the volume occupied by the right-lateral shear
strain. Higher magnitudes of shear strain are not always (or of-
ten) coincident with permeating larger volumes. The few experi-
ments in which larger volumes of left-lateral shear strain occur at
the same axial strain ranges of larger means of left-lateral shear
strain include the sandstone experiment FBL01 and both basalt
experiments.

To more directly compare the synchronicity of the strain ac-
cumulation and localization processes, we report the percentage
of the macroscopic axial strain (i.e. experimental time) that both
the mean and volume of one of the strain components (dilation
or left-lateral shear strain) exceed the other component (contrac-
tion or right-lateral shear strain, Fig. 8). We report this percentage
out of the total axial strain corresponding to the mean magnitude
or fractional volume, whichever is longer (e.g. Fig. 8a). In only
one experiment (sandstone, FBL01), the percentage of overlap time
when both the mean and volume of the left-lateral shear strain ex-
ceed the right-lateral shear strain is higher than the percentage of
overlap time for the volumetric strains (Fig. 8c). In seven experi-
ments, the percentage of overlap time of the volumetric strains is
higher than the overlap time of the shear strains. In three exper-
iments, the overlap times of the volumetric and shear strains are
similar. Grouping the overlap times by rock types (Fig. 8b), and cal-
culating the average of the overlap time of each pair of experiments
on the same rock type, reveals that only the pair of experiments
on sandstone have average overlap times of the shear strain that
exceed the average overlap times of the volumetric strains. For all
the other rock types, the average overlap times of the volumet-
ric strains are higher than the average overlap times of the shear
strains.

Increases in the magnitude of dilation generally are coincident
in time with increases in the volume experiencing this dilation. In
contrast, increases in the magnitude of shear strain are coincident
with increases in the volume rock experiencing the strain with lower
frequency than the volumetric strains. Whereas dilation tends to

occupy larger volumes (delocalizing) as it gains strength throughout
each experiment, shear strain tends to occupy the same or smaller
volumes (localizing) as it gains strength.

4.4 Tracking the interaction distance of strain modes

Building on the previous observations, we now examine how the
evolving local volumetric and shear strains influence the strain net-
work within the entire rock sample throughout loading. We calculate
the Pearson correlation coefficient between the same strain compo-
nents at pairs of subvolumes in the core with increasing distances
at each differential stress step. The distribution of correlation coef-
ficients at each stress step evolves from one at zero distance (when
the same subvolumes are correlated to each other) to near zero at
distances close to the diameter of the rock core (4 mm, Fig. S5). The
correlation length is taken from the distribution of correlation coef-
ficients as the distance at which the correlation coefficient decreases
below 0.5. We track the correlation length in each experiment for
the strain components of contraction, dilation, shear strain (includ-
ing both the left- and right-lateral shear), and the separate left- and
right-lateral shear strains. Fig. S5 shows the distribution of corre-
lation coefficients with distance for half of the experiments, with
one example for each rock type, and the correlation lengths derived
from these distributions of the five strain components. Fig. 9 shows
how the correlation lengths evolve with time (axial strain) for the
set of experiments shown in Fig. S5.

In some experiments, such as for sandstone and granite, the cor-
relation lengths of the dilation, shear strain, and left-and right-lateral
shear strains increase towards failure (Figs 9a and d). In other ex-
periments, such as for basalt, these correlation lengths decrease to-
wards failure (Fig. 9b). In the monzonite experiment, the correlation
lengths of each strain component increase somewhat throughout the
loading (Fig. 9c). The evolving correlation lengths of the shale and
limestone samples do not show a systematic trend with loading. In
these experiments, the correlation lengths of different strain com-
ponents at a given stress step differ from each other by 0.5–2 mm.
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Figure 8. Percent of overlap time when both the mean and volume of a strain component (dilation or left-lateral shear strain) exceeds the other strain component
(contraction or right-lateral shear strain). (a) Sketch of quantities used to calculate the per cent overlap time, using the range of normalized axial strain when the
mean, εm , and volume, εv , of a strain component exceeds the other strain component. Percent overlap time for rock types as the mean ± one standard deviation
of each pair of experiments (b), and for individual experiments (c) when the dilation exceeds the contraction (blue) and left-lateral shear strain exceeds the
right-lateral shear strain (red). The per cent overlap time of the volumetric strains tends to be larger than the per cent overlap time of the shear strains.

In contrast, in the other experiments, the correlation lengths of the
dilation and shear strain components are more similar at a given
stress step.

To compare the evolution of the correlation lengths across all
12 experiments, we show the correlation length at the first and
final DVC calculation of each experiment, and the difference in the
lengths between these times (Fig. 10). In the first DVC calculation,
under lower differential stress, the dilation tends to produce the
lowest correlation length of the strain components for each rock
type (Figs 10a and b). At this stage, the correlation lengths of the
contraction and shear strains tend to be similar to each other, and
higher than the dilation. In the final DVC calculation, under higher
differential stress, the correlation length of the contraction tends
to be lower than the other strain components (Figs 10c and d).
The correlation length of the dilation tends to be larger than the
contraction, and equal or greater than the length of the shear strains.
The difference in the correlation length between the first and final
DVC calculations shows that the dilation generally increases by the
largest lengths throughout loading (Figs 10e and f). In contrast, the
contraction generally decreases in length with loading, or remains
at a similar value. The correlation length of the contraction tends
to decrease with loading for the sandstone, basalt, monzonite and
granite experiments, but stays at a similar length for the shale and
limestone experiments (Fig. 10f). The change in the correlation
length with loading for the shear strain, and the individual left- and
right-lateral shear strains is on average near zero for the groups
of rock types, but with ranges above and below zero by up to
1 mm for each individual experiment. An analysis that accounts
for correlations in different directions, such as parallel and normal

to the ultimate final failure zone, may provide additional useful
information, but is left for future work.

Tracking the change in the correlation length through time sug-
gests that the dilatational strain evolves from influencing the small-
est volume of rock of the strain components under lower differential
stress to the largest volume of rock under higher differential stress.
This increasing interaction distance of the dilatational strain, and
generally more limited interaction distance of the shear strains,
agrees with our observation that dilation tends to occupy larger
rock volumes when increasing in magnitude, whereas the shear
strain occupies smaller volumes (i.e. localizes) when increasing in
magnitude (e.g. Figs 7 and 8).

5 D I S C U S S I O N

5.1 Spatial coincidence of strain modes

Digital volume correlation of tomography data acquired in 12 triax-
ial deformation experiments on six rock types reveal the interplay
of local contraction, dilation and shear strain when approaching
macroscopic failure. Our work indicates that the strain partitioning
process in crustal rocks under the triaxial conditions of the up-
per crust is dominated by the synchronous expression of multiple
strain modes (Figs 4, 5 and 11a). The strengths of local corre-
lations between each pair of strain components in the examined
subvolumes are similar to each other (Fig. 4). The link between
shear strain and dilation has been well-recognized in the brittle fail-
ure of rocks under triaxial compression (e.g. Hamiel et al. 2004b,
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Figure 9. Correlation length of each strain component throughout loading in six example experiments. Fig. S5 shows the distribution of the correlation
coefficient with distance for each of these experiments, and the correlation length. In some experiments, the correlation length increases with loading, while in
other experiments the correlation length decreases or remains similar.

Stanchits et al. 2006; Tal et al. 2016; McBeck et al. 2019; Renard
et al. 2019a,b), and shear strain associated with contraction has
been recognized in fewer geologic systems such as cataclastic com-
paction band development (e.g. Aydin & Johnson 1983). However,
the co-existence of contraction and dilation in small subvolumes
has received less attention (e.g. Renard et al. 2019b). The similarity
of the strengths of the correlations may occur because we track this
correlation throughout triaxial loading, with increasing differential
stress. The similar positive correlation strengths suggest that the dif-
ferent strain modes play complementary roles during deformation.
Loading accelerates the strain accumulation process, producing a

synchronous increase in the magnitude of local incremental con-
traction, dilation and shear strain.

The correlations in the changes of the strain components align
with previous inferences about the link between dilation and shear
strain, relative to contraction and shear strain (Fig. 4). In particular,
the strength of the correlation between the change in dilation and
shear strain is higher than the correlation between the change in
contraction and shear strain in all of the experiments. Discrete com-
paction bands do not develop in any of the experiments, so the link
between contraction and shear strain is expected to be weak. When
rough surfaces slip, they must either abrade existing asperities or
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Figure 10. Evolution of the correlation length of strain components in each experiment (a, c, e) and as averages of groups of experiments on similar rock types
(b, d, f). Correlation length at the first (a, b) and final (c, d) DVC calculations. (e, f) Difference in the lengths between the first and final DVC calculations.
In the first calculation, under lower differential stress (a, b), the dilation tends to have the lowest correlation length of the strain components. Under higher
differential stress (c, d), the dilation tends to have the highest correlation length of the strain components. Consequently, the dilation correlation length tends
to increase by the largest magnitudes (e, f). These trends are consistent among the six rock types, and groups of rock types.

Figure 11. Schematic representation of the strain accumulation and localization process. (a) To accommodate shear strain (red arrows) along rough fractures,
portions of the fracture surfaces must dilate (blue arrows). (b) Under lower differential stress (left-hand panel), the paired increase in contraction and dilation
dominates deformation. (b) Under higher differential stress (right-hand panel), the paired increase in dilation and shear strain dominates deformation. (c) The
diverging behaviour of the strain localization and accumulation process of volumetric and shear strains. Increases in the magnitude of dilation (shown with the
thickness of blue arrows) are paired with increases in the volume of rock experiencing dilation (shown with the number of blue arrows). In contrast, increases
in the magnitude of shear strain (shown with the thickness of red arrows) are not often paired with increases in the volume of rock experiencing shear strain
(shown with the number of red arrows). The correlation length of dilation tends to increase from lower to higher differential stress. In contrast, the correlation
length of shear strain does not systematically increase or decrease across all 12 experiments.

dilate, producing the strong link between the change in dilation and
shear strain (e.g. Figs 4 and 11a).

The most volumetrically frequent mode of strain accommodation
throughout each complete experiment is the paired increase in di-
lation and shear strain, and not the individual increase in one of the

strain modes, in 11 of 12 experiments (Fig. 5). Under relatively low
differential stress, the most common strain accommodation mode
is the paired increase in dilation and contraction (Figs 5 and 11b).
The DVC analysis suggests that as preexisting pores close due to
increased axial and confining stress, dilation occurs in regions near
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the contracting volumes (Fig. 11b). The results agree with previ-
ous qualitative observations of the spatial relationship between high
magnitudes of dilation and contraction recognized from DVC of X-
ray tomography scans of monzonite (Renard et al. 2019b). Earlier
work has noted the tendency of porous rocks to macroscopically
contract at the onset of loading (e.g. Brace et al. 1966). First motion
polarity analysis of acoustic emissions in experiments on basalt and
granite indicate that collapse-type events dominate deformation un-
der hydrostatic loading (Stanchits et al. 2006). Alternating increases
and decreases in gravity between flank eruptions on Mount Etna may
have arisen from the opening of fractures and local contraction, and
not only from magma movement prior to failure (e.g. Carbone et al.
2014).

Under higher differential stress, immediately preceding macro-
scopic failure, the most volumetrically common strain accommo-
dation mode is the paired increase in dilation and shear strain
(Figs 5, 11b). The results indicate that the dilation and shear strain
magnitudes increase from one DVC calculation to the next by simi-
lar magnitudes within each subvolume (Fig. 4), and that this paired
strain combination occupies the largest volume within the rock out
of all the possible strain combinations (Fig. 5). Previous work has
identified the importance of both dilation and shear deformation
in rock failure (e.g. Stanchits et al. 2006). This may arise from
micromechanical processes that include (1) the opening of smaller
modeI fractures that link into through-going faults that accommo-
date shear strain detectable at the macroscopic scale (e.g. Petit &
Barquins 1988; Moore & Lockner 1995), (2) the propagation of
tensile fractures aligned parallel to σ1 that form columns of rock
that rotate to allow macroscopic shear (e.g. Peng & Johnson 1972),
and/or (3) the opening of tensile fractures aligned parallel to σ1 at
the tips of wing-cracks inclined relative to σ1 that accommodate slip
(e.g. Wong and Chau 1998). The spatial resolution of the DVC anal-
yses presented here does not enable distinguishing between these
different micromechanisms, but does indicate that these processes
are consistent with the high volumetric frequency and strong pos-
itive correlation of the coeval development of dilation and shear
strain.

The difference in the most volumetrically frequent strain accom-
modation mode from lower (contraction and dilation) to higher
(dilation and shear strain) differential stresses suggests that differ-
ent failure criteria may apply under these different stress condi-
tions. Under lower differential stresses, criteria that describe the
conditions of pore-collapse and tensile failure (e.g. Wong et al.
1997) may be the most successful at predicting local failure. Under
higher differential stresses, criteria that incorporate micromech-
anisms that accommodate both dilation and shear (e.g. Peng &
Johnson 1972; Petit & Barquins 1988; Moore & Lockner 1995;
Wong & Chau 1998) may be the most successful for predicting
progressive development of local processes that produce macro-
scopic failure. When considering the complete loading history of
an experiment under triaxial compression, or progressively increas-
ing differential stress in a volume of crust, criteria that involve the
paired development of dilation and shear deformation may be most
successful.

5.2 The relationship between strain accumulation and
localization

Tracking the mean and the volume of rock occupied by each strain
component in each DVC calculation reveals differences between the
strain accumulation and localization processes of the volumetric and

shear strains. These processes occur over longer periods of time (i.e.
macroscopic axial strain) for the local volumetric strains than the
local shear strains. In all but one experiment, both the mean and vol-
ume of the dilatational strains exceed those of the contractive strains
at some stage of the experiment. In particular, the mean and volume
of the local dilation exceed those of the contraction between 0.3–
0.7 normalized axial strain, with 1 being the normalized axial strain
at failure (Figs 7 and 8). For these experiments, the axial strain at
which the mean dilation exceeds the mean contraction occurs close
to when the volume occupied by the dilatational strains exceeds
the volume occupied by the contractive strains (Figs 7 and 8). In
contrast, the timing of when the mean of the left-lateral shear strain
exceeds the mean of the right-lateral shear strain coincides with the
trends in the volume occupied by the different shear strains over a
shorter time period (Figs 7 and 8). Whereas dilation tends to occupy
larger volumes (delocalizing) as it increases in amplitude, the shear
strain tends to occupy the same or smaller volumes (localizing) as
it gains strength (Figs 7, 8 and 11c). Tracking the correlation length
of each of the strain components throughout loading supports these
observations (Figs 9 and 10). The correlation length of the dilation
tends to increase by the largest magnitudes from lower to higher
differential stresses, whereas the correlation lengths of the other
components tend to change by lower magnitudes (Figs 9 and 10).
Throughout loading, the interaction range of dilation tends to in-
crease, while this range tends to decrease or stay similar for the
other strain components.

The differences between the evolution of the dilatational and
shear strains are somewhat intuitive because dilatational strain in-
volves volume change implicitly, but shear strain does not neces-
sarily. However, the methods of calculating the volume occupied by
each strain component and tracking the correlation length do not
consider the change in volume produced by each deformation mode.
These methods only consider the number of subvolumes that contain
the expression of the strain mode, and the magnitude of the strain
components in these subvolumes. These analyses demonstrate that
the dilatational strain accumulation process involves increases in
volume within the subvolume of calculation, increases in the num-
ber of subvolumes exhibiting dilation, and increases in the distance
of the influence of dilation.

The development of networks of compaction bands may also
produce a paired increase in the magnitude of strain accommodated
by the bands and the volume occupied by the bands with increasing
differential stress. Mair et al. (2000) documented that the total
amount of macroscopic axial strain accommodated by high porosity
(20 per cent) sandstone in triaxial deformation experiments was
linearly related to the number of compaction bands that developed.
If the amount of local strain accommodated by each band also
increased with the number of bands, then both the magnitude of local
strain and volume experiencing this strain would have increased,
consistent with the trend observed in the DVC results. Interestingly,
this trend does not occur for only the experiments on sandstone,
but in the experiments on the other sedimentary rocks and low
porosity crystalline rocks as well (Figs 7 and 8). Moreover, this
trend may exist for the local contractive strains during compaction
band development (e.g. Mair et al. 2000), but the DVC calculations
identify this trend in the dilatational strain rather than the contractive
strain in 11 of 12 experiments.

The eventual coalescence of many individual fractures into
through-going faults produces the observed paired increase in left-
or right-lateral shear strain and decrease in the volume occupied
by that strain. Fault networks may evolve from distinct fracture
segments that propagate until they begin to interact and link with
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neighbouring segments, ultimately forming one or a few larger faults
(e.g. Mansfield and Cartwright 2001; Ben-Zion and Sammis 2003;
Crider and Peacock 2004; Crider 2015; Peacock et al. 2018). The
mean shear strain (in either the left- or right-lateral direction) ac-
commodated by each smaller fault segment at the incipient stages of
fault network development may be lower than the mean shear strain
accommodated by the more continuous fault strands that develop
later. Similarly, the total volume of the incipient fault segments
could be higher than the total volume of the through-going fault
strands if some of the fault strands are abandoned as other segments
link. Under ductile deformation conditions, the magnitude and vol-
ume of shear strain accommodated in a shear zone may show a
similar behaviour: increasing in magnitude while decreasing in vol-
ume. Over time, the effective width of a shear zone may decrease,
increasing the shear strain accommodated along the zone, provided
the amount the fault-plane parallel displacement remains similar or
constant. In both the brittle and ductile realms, the shear strain accu-
mulation and localization processes may evolve in opposite senses:
increasing in magnitude while decreasing in volume (e.g. Fig. 11c),
as documented in our experiments.

6 C O N C LU S I O N S

Using 12 triaxial deformation X-ray tomography experiments on
six rock types, we examine the strain accumulation and localization
process as rocks are compressed towards failure. At these experi-
mental conditions representing the upper crust (5–35 MPa confining
stress), the strain accumulation process involves the paired increase
in several components. The strengths of this paired increase of strain
components, as measured with the Pearson correlation coefficient,
are moderate-high in all but one experiment (Fig. 4). The correla-
tion between the changes in the dilation and shear strain from one
tomogram to the next (or stress step) are stronger than the corre-
lations between the changes in the (1) contraction and shear strain
and (2) dilation and contraction. Tracking the volumetric frequency
of strain components reveals that the most frequent mode of strain
accommodation throughout each complete experiment is the paired
increase in the dilation and shear strain in 11 of 12 experiments
(Fig. 5). Under low differential stress, the most volumetrically fre-
quent mode of strain accommodation is the paired increase in dila-
tion and contraction (Figs 5, 11b). Under higher differential stress,
the most volumetrically frequent mode of strain accommodation is
the paired increase in dilation and shear strain (Figs 5, 11b). Track-
ing the mean of each strain component and volume of rock occupied
by the strain component reveals different behaviours of the volu-
metric and shear strains (Figs 6–8, 11c). Whereas dilation tends
to occupy larger volumes (delocalizing) as it gains strength, shear
strain tends to occupy the same or smaller volumes (localizing) as
it gains strength (Figs 8, 11c). Tracking the correlation distance for
each of the strain components throughout loading shows that the in-
teraction distance of the dilation grows larger from lower to higher
differential stress than any of the other strain components, including
the contraction and shear strains (Figs 9–11c). These observations
provide constraints on the relevant failure criteria that describe the
onset of localized failure, and the corresponding precursory sig-
nals. Successful macroscopic failure criteria should incorporate the
paired response of dilation and shear strain to describe and predict
the evolution towards failure. Future work may use the presented
observations of the differing evolutions of magnitude, correlation
length and volume occupied by the dilation and shear strain from
lower to higher differential stress to assess the success of existing

and new failure criteria. The observed trends in strain accumula-
tion and localization tend to be consistent among the six rock types,
suggesting that different rock types may not require different failure
criteria. This idea suggests that a unified theory may be able to de-
scribe precursory strain localization leading to macroscopic failure
in rocks of varying microstructure, porosity and composition.
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Figure S1. Schematic representation of three spatial resolutions
used to sample the strain field of a centimeter scale rock sample
undergoing deformation. The X-ray tomogram resolution is 6.5
μm per voxel-side length (a). The spatial resolution of the digital
volume correlation (DVC) calculation is 20 voxels, or 0.13 mm per
side length (b). The resolution of the sampling grid used to calculate
the mean of the strain components within each cube is 0.2 mm (c).
Grey lines in (a) are not to scale relative to the lines in (b–c). Lines
in (b) and (c) are the correct approximate scale.
Figure S2. Relationship between the magnitudes of the strain com-
ponent means for experiments on monzonite (a), limestone (b) and

shale (c). Normalized dilation versus normalized contraction, nor-
malized shear strain versus normalized contraction, and normalized
shear strain versus normalized dilation shown in left-hand, middle
and right-hand columns, respectively. The strain populations are
normalized by the maximum value of the population. Red lines
show the linear regression through the pairs of strain magnitudes.
Figure S3. Examining the spatial coincidence of the change in the
mean strain magnitude throughout each complete experiment (a),
in the first DVC calculation (b) and in the final DVC calculation (c).
Bars indicate the strain accommodation mode: the number of voxels
in which the individual strain component or pair of components
increased from one DVC calculation to the next out of the total
number of voxels in the experiment (a) or in the DVC calculation
(b, c). The ratios that report increases in the individual strain modes
do not include the voxels in which multiple strain modes increase.
Figure S4. Evolution of strain accommodation throughout time
(macroscopic axial strain) in experiments on (a) sandstone, (b)
basalt, (c) monzonite, (d) granite, (e) shale and (f) limestone. First
row of each subsection shows the mean of the strain components,
including the dilation, contraction, left-lateral and right-lateral shear
strain. Second row shows the volume of the core that each strain
component occupied. Left- and right-hand columns of each subsec-
tion show the dilation and contraction, and left- and right-lateral
shear strain, respectively. Blue and green rectangles highlight the
time when the dilation mean (blue) or volume (green) exceed the
contraction mean or volume, and when the left-lateral shear strain
mean or volume exceed the right-lateral shear strain mean or vol-
ume, respectively.
Figure S5. Distribution of the correlation coefficient with increas-
ing distance for five strain components at each stress step. The shear
strain includes both the left- and right-lateral shear strain. Colours
of the lines indicate the differential stress of the DVC calculations,
from lower (blue) to higher (yellow). Triangles show the distance
when the correlation coefficient decreases from higher values (0.5),
indicative of strong correlations, to lower values, indicative of mod-
erate weak correlations. We consider this distance as the correlation
length.
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