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Understanding the mechanical behavior of rocks is crucial in subsurface activities, including storage of
carbon dioxide and hydrogen gases, which both rely on shale caprocks as potential sealing barriers. Several
current large-scale initiatives focus on potential carbon storage in North Sea aquifers. The Draupne For-
mation contains a series of shale layers interbedded with sandstone layers, the overall thickness of which
varies in the range from tens to hundreds of meters. Injection of carbon dioxide into the underlying sand-
stone reservoirs leads to changes in the surrounding stress field, which can result in fault reactivation
or the creation of microfractures, and thus, alter the performance of the shale caprock. Time-resolved
microcomputed tomography (4D µCT) has, in recent years, become a powerful technique for studying the
mechanical properties of rocks under stress conditions similar to those prevailing in geological reservoirs.
Here, we present results from experiments performed on Draupne shale using a triaxial rig combined with
4D µCT based on synchrotron radiation. Detailed mechanical analysis of the tomography datasets by dig-
ital volume correlation reveals the three-dimensional pattern of the temporally evolving deformation field.
Intermittent bursts of deformation at different locations within the specimen are observed, which eventu-
ally evolve into a major fracture plane extending laterally across the whole sample. This study suggests
that the pseudolinear-elastic-appearing behavior in the macroscopic stress-strain relationship previously
reported for Draupne shale samples could consist of a series of irreversible processes occurring at var-
ious weak points within the sample. The combination of 4D µCT imaging with strain analysis enables
in situ investigations of deformation processes via quantification of shear and volumetric strains within
the sample, thus providing an improved understanding of the fracture dynamics of shales.

DOI: 10.1103/PhysRevApplied.20.034046

I. INTRODUCTION

The geomechanical response of organic-rich shales to
external stress is important knowledge because these mate-
rials play a crucial role in a range of environmentally and
industrially important processes, including the petroleum
industry, CO2 storage, and H2 storage. Shale caprocks are
exposed to significant loading due to both natural geo-
logical stresses, such as thermal stresses and high fluid
pressure, and industrial stresses like drilling, fracturing,
and fluid injection. The microscale mechanical response of
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stressed shale greatly affects the stability of the formations,
also at much longer length scales of kilometers. Shale
rocks may contain multiple fractures that coalesce under
stress, causing a transition from stable-to-unstable fracture
growth [1,2]. Understanding these processes of fracture
formation, eventually leading to macroscopic failure, is
critical for a wide range of applications. The influence
of fracture development within shales on the permeabil-
ity of fluids during CO2 injection and storage remains
poorly understood. This lack of knowledge can largely be
ascribed to the microscale complexity and heterogeneity of
shales [2–5]. Recent studies have focused on the potential
for the storage of CO2 in saline aquifers, coal seams, and
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depleted oil and gas reservoirs [6–8]. Geological forma-
tions containing porous sandstone reservoirs capped with
low-porosity low-permeability caprocks are excellent can-
didates for CO2 storage [6]. Shale formations that are
around a hundred meters thick act as the caprock for most
of these reservoirs. Studies have shown that shale-capped
formations tend to adsorb CO2 and have the potential to
inject and store CO2 [9]. Current academic studies and sev-
eral full-scale industrial efforts are focusing on evaluating
the potential for the storage of CO2 in the seabed of the
North Sea and elsewhere [10,11].

Triaxial mechanical testing, sometimes applied to full-
size (12 inch) cores, remains the workhorse for char-
acterizing the mechanical properties of rocks. However,
to refine the theoretical models of mechanical behav-
ior for rock systems with highly differing properties,
microscopic insights that cannot be gained from macro-
scopic testing alone are increasingly desired [12]. Imag-
ing techniques like scanning electron microscopy (SEM),
sometimes combined with focused-ion-beam milling, can
be used to acquire high-resolution images and chemical
information through spectroscopy [13]. X-ray diffraction
(XRD) is also extensively used for mineral identification.
During the last decade, x-ray microcomputed tomography
(µCT) has been increasingly used for the nondestruc-
tive visualization and mineral quantification of geological
samples in three dimensions [14,15]. Using µCT, it is
possible to investigate the pore-network properties, micro-
textures, fractures, and transport properties at spatial res-
olutions down to, and below, the micrometer level [16].
Recently, time-resolved x-ray microtomography (4D µCT)
has opened the possibility of monitoring dynamic pro-
cesses like mechanical responses and fluid penetration of
geomaterials [17,18]. The advent of triaxial test cells com-
patible with µCT has facilitated investigating the stress-
and time-dependent deformation of rock samples [19–
22]. We note that neutron-computed tomography is also
increasingly used to this end [23,24]. Additional µCT tech-
niques have -recently been introduced to the rock-physics
community, e.g., those with diffraction contrast [25] and
based on coherent imaging [26,27].

In situ three-dimensional (3D) time-resolved x-ray
imaging in combination with digital volume-correlation
(DVC) analysis [28,29] is demonstrated to provide detailed
information about the evolution of microscopic and macro-
scopic strain fields at micrometer-scale spatial resolution
[17,18,23]. DVC algorithms find the displacement field
that best maps each small subvolume (e.g., 10 × 10 × 10
voxels) within a 3D µCT dataset recorded at one time
step onto another µCT dataset recorded at a later time step
[29]. This is achieved by identifying similar density pat-
terns within those subvolumes and finding the local minute
translations, rotations, and dilations that maximize the cor-
relation between pairs of sequential tomograms. DVC is
able to capture small systematic movements within the

sample that are practically impossible to detect by just
observing the tomographic images. Maps showing the 3D
displacement and/or strain fields give insights into the
mechanical properties of rock samples [30]. Quantitative
studies of grain adjustments and rotations at the microscale
and the shear-strain distribution in rock samples have
been reported. The combination of µCT monitoring and
mechanical testing can assist in predicting reservoir prop-
erties of the rocks by analyzing the response of porosity
and permeability to mechanical stress [30,31].

Stress and strain localization proceeds by destructive
microevents that tend to concentrate in weak areas of the
specimen [30]. In clay-rich rocks like shales, the domi-
nant micromechanisms leading to strain localization inside
shear bands are known to be rotation and decohesion at
the grain scale [30]. Also, in rocks, the development of
well-defined cracks occurs due to local micromechanical
events and the coalescence of microcracks. Strain local-
ization is commonly observed in clayey specimens and
can form either a single failure plane or multiple parallel
failure planes, depending on the uniformity of the speci-
men’s initial density, the tendency to dilate or to contract,
and the boundary conditions [32]. Dilation and compaction
are directly linked to the overconsolidation ratio of the
clay specimen, that is, the highest overburden (here, axial)
stress previously exposed to the sample divided by the
current overburden stress.

The present study aims to investigate the mechanical
properties of Draupne shale from the North Sea, a caprock
recently receiving extensive attention because of its poten-
tial for permanent storage of the greenhouse gas CO2 in the
underlying porous sandstone [5,32]. Time-resolved syn-
chrotron µCT combined with DVC analysis is used to
estimate the 3D strain distribution throughout a centimeter-
sized core of Draupne shale under jacketed triaxial loading.
We apply increasing axial compressive stress, oriented per-
pendicular to the lamination bedding planes, combined
with constant confining (lateral) stress to replicate the con-
ditions at a depth of about 2.6 km in the seabed where the
samples were obtained. Using DVC analysis, the 3D local
strain-displacement field is obtained from the in situ CT
data. Based mainly on the calculated volumetric strain and
the von Mises equivalent strain, we discuss, in detail, the
dynamics of strain localization in the Draupne shale as the
sample undergoes brittle failure.

II. MATERIALS AND METHODS

A. Shale sample

The sample used in this study was collected at a depth
of 2575 m from a borehole in the Draupne Formation.
Draupne shale is a caprock that is a low-permeable, homo-
geneous, and anisotropic black shale with a porosity of
about 12% [5,33]. The total organic content of the sam-
ple core is reported to be 6–8%, and the permeability is
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estimated to be less than 3.2 × 10−22 m2 (3.2 nDarcy) with
a critical pore throat size of 9 nm [4,5]. The very same
sample core has been characterized using SEM, XRD,
mechanical tests, and permeability measurements [2,3,34].
XRD studies have indicated the presence of more than 60%
clay [4]. To prevent damage and drying in contact with
air, the core was kept submerged in Marcol™ oil during
all stages of sample preparation. An electric drill was used
to prepare the 5-mm-diameter cylindrical sample, with its
bedding planes perpendicular to the symmetry axis of the
cylinder. The cylinder end surfaces were polished to obtain
a specimen with a length of 10 mm and right angles for
stable mechanical contact.

B. HADES triaxial rig

The shale core sample was deformed in situ under
triaxial-loading conditions using the HADES rig, cf.
Figure 1, installed at beamline ID19 at the European Syn-
chrotron Radiation Facility (ESRF) [20]. This apparatus
has a low x-ray attenuation for photon energies >60 keV
and can apply stresses both axially (up to 200 MPa) and
radially (up to 100 MPa) at temperatures up to 200 °C,
while the external fluid (“pore”) pressure can be varied
from 0.1 to 100 MPa. The body of the rig is constructed
from a single piece of titanium with a wall thickness
of about 5 mm at the sample location. The sample was
saturated with brine (3.6-wt % NaCl) at the same NaCl
concentration as that of the native pore fluid prior to load-
ing. The pore fluid pressure in the HADES apparatus was
controlled by two hydraulic pumps, one for the pore fluid
inlet and the other for the outlet, which could be used in
either constant-pressure or constant-flow-rate modes with
predefined ramps. The sample was installed between two
stainless-steel pistons, with the axial loading imposed by
the movable upper piston. Two independent pumps con-
trolled the confining pressure and the axial load. A Viton™
fluoropolymer elastomer encased the rock sample, and
the confining pressure was applied on this jacket using
silicone oil.

The chosen coordinate system was with the z axis par-
allel to the cylinder axis, coinciding with the direction of
the axial stress, σax, and with the x-y plane perpendicular
to σax. The differential stress, σzz, was calculated as

σzz = σax − (σconf + σpore) − σfriction. (1)

Here, σax, σconf, and σpore denote the applied axial stress,
confining pressure, and pore pressure, respectively. The
frictional stress, σfriction, is caused by the mechanics of the
HADES setup and is determined from a range of previ-
ous experiments to equal approximately (18.1 ± 0.1) MPa.
A linear variable differential transformer (LVDT) incor-
porated into the HADES rig was used to measure axial
shortening, and thus, the axial strain, εzz, of the sample.

The time-resolved axial strain, εzz, was also obtained from
the 3D x-ray images by measuring the shortening of the
rock core between the two pistons.

C. Time-lapse microcomputed tomography acquisition

Measurements were performed using the “white” x-ray
beam option at ESRF ID19, with a rectangular cross
section (5 × 10 mm2, defined by slits upstream of the
experimental hutch) to image the entire sample inside the
HADES rig. A PCO EDGE 5.5 RS detector was used to
acquire the projections. Due to x-ray adsorption by the
walls of the rig, the equivalent x-ray energy crossing the
sample was close to 70 keV. To monitor sample defor-
mation, the stress was increased stepwise and x-ray CT
data were acquired while the stress was kept constant.
This quasistatic approach was used to reduce the prob-
lem of sample movements during the scan, potentially
blurring the 3D images. After each stress-step increment,
the apparatus was rotated by 180° about a vertical axis,
while acquiring 2500 radiographic x-ray projections with
a total scan time of about 65 s, giving an effective recon-
structed voxel size of (6.5 μm)3. Every 2 min, a new
tomographic scan was started to obtain effectively 4D (i.e.,
time-resolved 3D) images as the sample was mechani-
cally stressed and deformed. In total, 90 full tomograms
were recorded, and the full experiment including stress
and pressure ramps lasted nearly 16 h. The experiment
was performed at ambient temperature (24 °C). The tomo-
grams were reconstructed using the software PyHST2 [35],
involving filtered back-projection coupled with Paganin’s
propagation-based phase-contrast algorithm [34]. The
grayscale value of each voxel in the tomogram was pro-
portional to the x-ray attenuation coefficient, which was a
function of density and atomic number. Bright gray lev-
els in the tomogram corresponded to highly attenuating
high-density regions, dark gray values were lightly attenu-
ating minerals, and intermediate gray levels corresponded
to voxels containing intermediate and/or a subresolution
mixture of high- and low-attenuation minerals.

The experimental loading path is displayed in Fig. 1(a);
see also Table S1 within the Supplemental Material [36].
The experiment was stress controlled and designed to
track damage accumulation and shear localization towards
macroscopic failure. The experiment may naturally be
divided into the following three parts, as visualized in
Fig. 1: stage O, with the initial loading; stage A, in which
σzz was increased up to fracturing; and stage B, in which
σzz was kept constant. An unload-load and a load-unload
loop were incorporated in stage O [Fig. 1(a)] to assess
the elastic properties of the sample; the first loop should,
in principle, provide the bulk modulus and the second
loop the Young’s modulus; however, these measurements
could not be reliably interpreted because, at this early stage
of the experiment, the sample was not yet fully settled
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(a)

(b)

(c)

FIG. 1. Overview of the experiment. (a) Axial stress, σax; confining pressure, σconf; pore pressure, σpore; and differential stress, σzz ,
are plotted as function of time during the experiment. Stage O (consolidation) is shaded in light gray, stage A (axial stress increase) is
shaded in yellow, and stage B (constant stress) in light red. Peak axial stress precedes the brittle failure of the core sample. (b) Axial
strain, εzz , as function of time obtained from CT data (red) and from the LVDT measurement (black). Data points for times <400 min
are not reliable, owing to minor sample shifts. Inset highlights strain evolution around the fracture event, revealing that the sample
expands just after fracturing. Here, axial compression strain is plotted as being positive. Green dashed line indicates the long-term
asymptote of axial strain. (c) Sketch of the HADES cell (reproduced from Ref. [20] with permission from IUCr).

in the rig and shifted a little between subsequent stress
increments.

During stage O, the pore pressure, confining pressure,
and axial stress were increased up to 10, 20, and 22 MPa,
respectively. After reaching these values, the confining
and pore pressures were kept constant, while the differ-
ential stress was stepwise further increased to a maxi-
mum of σzz ∼ 48 MPa (for σax of about 75 MPa) and
the sample deformed with an average axial strain rate of
(2.1 ± 0.1) × 10−6 s−1 [Fig. 1(b)]. This strain rate was cho-
sen to fit the desired stress path with expected peak stress
into the time allotted at the synchrotron. Upon reaching
peak stress, the material was no longer able to support
the applied stress and underwent brittle failure. The axial
stress was subsequently reduced to 36 MPa; this was a
differential stress level that the shale could sustain with-
out further large deformations for the remainder of the
experiment. Because of the rather high axial loading rate,
combined with the extremely low permeability of the
Draupne shale, it should be noted that, even though the

externally controlled confining pressure and liquid pres-
sure were kept constant, the actual pore pressure inside
the rock sample was likely to have increased during the
experiment. Experimental data suggesting a Skempton A
value of around 0.3 [37] are provided in the Supplemen-
tal Material (Text S4) [36]. These considerations imply
that, at failure, the effective confining pressure was prob-
ably lower than the values provided by the pore-pressure
transducers.

D. Digital volume-correlation analysis

DVC was performed using the open-source software
Tomowarp2 [29], which, through interpolation methods,
returned the incremental 3D displacement field, u(r,t),
between subsequent pairs of tomograms. For most of the
DVC calculations, the chosen region of interest was fully
contained within the rock sample to suppress disturbing
features from the jacket (rubber sleeve) and irregulari-
ties on the surface of the sample. An example of DVC
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analysis performed for the full field of view is provided
in the Supplemental Material [36]; the displacement fields
of both the shale sample and the polymer sleeve are
visualized in Fig. S4.

The DVC spatial resolution is necessarily inferior to
the CT’s raw-data resolution, depending on the chosen
node spacing. Technically, both the node spacing and
the correlation window size are known to strongly influ-
ence the magnitude of the strain estimated by the DVC
algorithm [28]. The local correlation between the two
datasets is quantified with a correlation coefficient rang-
ing from 0 (no correlation) to 1 (full correlation) [29]. We
used a node spacing of 20 voxels (130 μm) with a cubic
correlation window of 10 voxels in size length [volume of
(65 μm)3]. These parameters were kept fixed for all the
calculations and were selected following tests to investi-
gate their influence on the resolution; see the Supplemental
Material (Text S3) [36]. An outcome of these tests is that
we consider, consistent with previous reports [31,38], the
obtained displacement and strain fields to be quantitatively
reliable only for comparisons between different regions
and times within the sample, while the absolute strain
values are much more uncertain.

From the series of 3D displacement fields, the incre-
mental second-rank three-dimensional strain-tensor field,
ε(r,t), was calculated, revealing the changes that occurred
within the time interval between the acquisitions of the
pair of tomograms used in the calculation. The tomograms
used for the DVC calculations were chosen at regular inter-
vals of the macroscopic axial strain, specifically about
0.002, which corresponded to an LVDT increment of about
20 μm. We denoted a DVC time point as, for example,
ix(44,45), which signified that the ninth pair of tomograms
used in the DVC calculation were acquired with the first at
a differential stress of 44 MPa and the second at 45 MPa.
The enumerated pairs of tomograms used for the DVC
analysis can be read from Fig. 2 and Table S1 within the
Supplemental Material [36].

III. RESULTS

A. Macroscopic stress and strain

The macroscopic stress-strain behavior in stage A of
the shale sample is shown in Fig. 2. As indicated by
the straight line, we observed essentially linear behav-
ior during loading up to σzz = (39 ± 2) MPa, followed by
an increasing ductility when approaching the peak stress.
After the peak stress was reached, the stress dropped
rapidly, and the curve became nearly horizontal. Because
shales are highly anisotropic, their mechanical properties
will vary with the orientation of the shale bedding planes
relative to the core axis [39,40]. Prior to the linear regime
of the stress-strain plot, i.e., in stage O, we observed an
initial nonlinear response (not shown in Fig. 2), which

i ii iii iv v vi vii viii ix x xi xii xiv xv xviii

xvii

xvi

FIG. 2. Differential compressive stress, σzz , plotted as a func-
tion of axial strain, εzz , during the experiment. Superposed
straight gray line suggests an almost linear stress-strain relation-
ship for axial strain levels <0.01. Vertical dashed red line gives
the approximate yielding point, and green arrow indicates the
peak stress at failure. Roman numerals give the DVC time-step
intervals, with i–xv corresponding to stage A in Fig. 1.

could be ascribed to fine adjustments or shifts of the spec-
imen in the rig and the closing of preexisting cracks and
pores in the sample under increasing stress. The ostensible
interpretation of the stress-strain data in Fig. 2 is that the
shale rock exhibits linear elastic behavior. The maximum
axial strain, εzz, consistent with such pseudoelastic behav-
ior, as judged from the macroscopic stress-strain curve
in Fig. 2, would be about 0.011 ± 0.001. Estimating the
mechanical properties of the sample from the pseudolinear
portion of the stress-strain curve, using a linear fit, sug-
gests a Young’s modulus of E = (3.6 ± 0.2) GPa. While
this estimate correlates well with reported values obtained
for uniaxial compression tests on Draupne shales [40], we
demonstrate in the following analysis that this apparently
elastic behavior arises despite a series of small, perhaps
irreversible, deformation events.

The yield point, defined as where the stress-strain curve
starts to deviate from the linear fit, was at a stress level of
about 70% of the maximum σzz (Fig. 2). Beyond this point,
the common interpretation [15,17,30,41,42] is that perma-
nent and irreversible deformation and cracks develop in
the sample, initially located at soft spots or other defects.
These intermittent deformations are generally thought to
localize and to grow stably as additional stress is added
to reach the overall failure of the sample. Note that, with
the resolution of this µCT experiment, these microscopic
deformations cannot be seen directly, as they are smaller
than the voxel size. The approximate onset of the unstable
crack growth in the sample is indicated by the green arrow
in Fig. 2, occurring within 97% ± 2% of the maximum
differential stress.
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B. Direct µ-CT observations

Selected views of the sample, before and after the devel-
opment of the macroscopic primary fracture across the
sample, are provided in Fig. 3. This large macroscopic
fracture extending laterally throughout the whole sample
developed near the upper piston and was aligned predom-
inantly along a plane with an inclination angle of 38° ± 3°
with respect to the direction of maximum compressive
stress, σzz (i.e., the cylinder axis z). Cross sections of the
reconstructed tomograms reveal the presence of natural
fractures in the shale sample at low axial stress [Figs. 3(a1)
and 3(b1)]. The majority of microcracks and pores in
Draupne shales are at the submicron scale [5], and con-
sequently, below the spatial resolution of these images.
Natural fractures were found at several locations in the
sample. The same location in different scans was chosen
for comparison [Figs. 3(a1)–3(d1)], carefully correcting
for the length of the sample gradually being shortened dur-
ing the experiment. With increasing σzz, natural fractures
initially present at different positions in the sample were
observed to close, in agreement with reported observations
of stress-induced closing of preexisting cracks and pores in
shales and other sedimentary rock systems [40].

Preceding stage B, the sample fractured, and the two
portions of rock were observed to behave as two rigid bod-
ies sliding on top of each other [Figs. 3(c2)–3(d2)]. The
differential stress was then maintained at 8 MPa until the

end of the experiment. Close inspection of Fig. 1(b) also
reveals that the specimen, in fact, expands in the axial
direction (εzz decreases) slightly during the first minutes
after failure, which is a hallmark of (semi)brittle failure
[43]. The sample expansion was also observed in the DVC
analysis (data not shown). During the later parts of stage B,
the (small) strain events present are located mainly along
the fracture plane and at the top and bottom regions of the
sample.

C. Microscopic displacement field

To study the microscopic deformation processes
towards sample failure, the incremental displacement vec-
tor field, u(r, t), was obtained by DVC, and is visualized in
Fig. 4. The 3D displacement field, u(r, t), gives a micro-
scopic view of deformations within the sample. Upon
comparing the time steps from v(21,25) up to x(45,47),
the initially homogenous deformation field develops via a
rotation-rich state into a highly complex state, signifying
sample fracture. It is clear from Fig. 4(a) that nonhomoge-
nous deformations are present at least from ix(44,45), and
a sliding block is seen for xvii(13,8) onwards, similar to
that reported for other rocks like sandstone [43]. Note the
clear shear zone seen across the fracture in Fig. 4(b), with
displacements in opposite directions. The local deforma-
tion field is homogeneous within the blocks, revealing their
rigid nature. The displacement field, u(r, t), both in 3D and

(a1)

(a2)

(b1) (c1) (d1)

(d2)(b2) (c2)

2 mm

x y

z

Induced

fracture

Shale

10 MPa36 MPa4 MPa0 MPa
Jacket

Natural Natural
fracture fracture

Liq.

2 mm

FIG. 3. Selected µCT tomograms of the shale sample (a),(b) before (stage A) and (c),(d) after (stage B) sample failure with the
formation of an induced primary fracture spanning across the sample. Top row shows cross sections perpendicular to the core-sample
axis; all are obtained at the same axial location at 1.6 mm from the bottom of the sample, showing the closing of preexisting natural
fractures upon increasing differential stress, σzz . Natural fractures seen in the sample (here), as indicated by the red arrows in (a1),(b1)
have closed at the higher stress states in (c),(d). Bottom row gives 3D perspective views of the specimen at the same states as in
(a1) – (d1), clearly revealing the induced macroscopic primary fracture after failure.
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for central 2D axial cross sections, for all the time steps,
are shown in Figs. S5 and S6 within the Supplemental
Material [36].

Immediately before failure, a pronounced rotational
strain state was observed, cf. xiii(39,38). Rotational strain
about an axis perpendicular to the applied stress is a
known mechanism associated with linear elastic fracture
mechanics [30,44], but we are not aware of earlier reported
similarly clear microscopic 3D data showing this effect in
rocks. To better appreciate this rotational feature, a mag-
nified view is provided in Fig. 5 and a series of cross
sections are provided in Fig. S9 within the Supplemental
Material [36].

D. Irreversibility in the initial linear phase and strain
localization near failure

The von Mises equivalent strain, εeq, was calculated
from the displacement field, u(r, t), obtained from DVC
(Supplemental Material, Text S1 [36]). The von Mises
strain indicates the presence of deviatoric strain. The time
series provided in Fig. 6 clearly demonstrates nonpersis-
tent strain localizations appearing at disparate positions
across the sample, but these have not been previously
reported from experimental observations over numerous
time steps, as seen here. We observe the progressive devel-
opment of incremental strain localization within the spec-
imen and localization of the strain before the formation of
the macroscopic specimen-spanning fault.

The primary shear band that localized along the fracture
plane was consistent with reported observations of shear
banding and localization in clays and other granular mate-
rials [30,45,46]. Besides this primary shear band, we also
observed local shear strain that was concentrated along
less-pronounced secondary shear bands. These secondary
shear bands are temporary nonpersistent modes of localiza-
tion, that is, localized high-strain regions, which form and
eventually disappear, as observed in the specimen during
the early loading stage of the test.

The first images in the top row of Fig. 6 show the influ-
ence of intermittent deformation events on the von Mises
incremental strain field. This behavior is consistent with
stress-induced stabilization of the specimen and the clos-
ing of preexisting fractures, as previously mentioned. The
evolved structure of the von Mises strain distribution after
point xiv qualitatively matches the major fracture directly
observed in the tomograms, cf. Fig. 3. Figure 6(b) high-
lights the presence of secondary fractures in the sample.
The presence of von Mises strain [Fig. 6(b)] surrounding
the major fracture can be attributed to the slipping of the
top section of the sample over the bottom section after
fracturing.

The incremental volumetric strain field, εV = �V/V, was
calculated from the incremental strain tensor as described
in the Supplemental Material (Text S1 [36]). This field

reveals the magnitude of local dilatancy (positive values;
�V/V > 0) and compaction (negative values) in the sam-
ple. The evolving distribution of the incremental strain
quantified by DVC revealed that high magnitudes of com-
paction, dilation, and von Mises strain were localized
along the fracture (Figs. 6 and 7). In Fig. 7, a series
of selected states of the time evolution of the εV field
in the sample are shown. We observed the presence of
intermittent compaction events throughout the sample that
eventually localized to form the major fracture and a sim-
ilar localization pattern was seen for the local dilation.
These intermittent density changes are understood to be
caused by the presence of weak zones in the sample and
are also likely to be related to the closing of preexisting
fractures or voids, as exemplified in Fig. 3. DVC analy-
sis also identified secondary fractures that were difficult to
discern directly in the tomograms, see, e.g., xv(36,36) in
Fig. 7. These secondary fractures were observed to sta-
bilize and eventually localize along the major fracture.
The significant strain seen near the upper and lower ends
of the sample was caused by direct contact with the pis-
tons. Analysis of the strain evolution in the shale demon-
strates that the deformations were occurring in the sam-
ple throughout the apparently linear-elastic loading stage,
while strain localization was only observed in the last few
time steps before macroscopic failure. Judging from Fig. 7,
strain localization took place around time steps x–xii, i.e.,
slightly preceding or coinciding with the peak stress.

The spatially averaged volumetric strain and von Mises
strain are plotted as a function of time in Fig. 8, thus
providing a link between the microscopic and macro-
scopic behavior of the sample. Point 1 represents the
minimum value for the mean volumetric strain, defined as
the dilation-initiation point, with a stress, σzz, of 18 MPa,
about 40% of the failure stress. This point indicates com-
paction of the sample, as the volumetric strain is negative,
which we interpret as the closing of preexisting microc-
racks and collapse of pores throughout the specimen. This
interpretation is supported by the results of Fig. 3 where
closing of the preexisting natural fractures can be directly
observed in the CT images. After point 1, the mean volu-
metric strain increased rapidly. In the time between points
1 and 2, small deformations dominated by rather local-
ized dilational strains, as observed with the DVC analysis,
took place. These deformations could be due to natu-
ral heterogeneity, whereas sample shifts are excluded, as
they would have been readily observed in the experimen-
tal data. The fact that the loading curve resumes its steep
upward trend, and that no substantial localization happens
until after xi(47,46), emphasize that these are small-strain
(�0.01) events. We interpret these localized strain dila-
tions as small inelastic (destructive) events. While time
constraints during the experiment barred the performance
of unload-reload cycles, such testing has been done on
other samples of the same shale material (cf. Fig. S10
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correlation coefficient of the DVC analysis, with the prevailing red representing high correlation, indicating a reliable analysis.

within the Supplemental Material [36]), showing stress-
strain behavior consistent with inelastic deformation. Note
also that, while inelastic deformations would generally be
expected to weaken the sample, in the compression test
reported here, such weakening might be hard to detect; in

other words, the stress-strain curve might still stay close to
linear, as observed, after minor local compaction events.
For stage B, we observe that the partitioning of strain
between dilation and compaction remains almost constant
with time.
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FIG. 5. Axial cross sections showing the state of the sample immediately prior to failure, at σzz = 39 MPa. (a) CT raw-data cross
section. Some ring artefacts from the CT reconstruction can be seen (red arrows), and the nascent fracture is indicated by white arrows.
Rectangle indicates the region of interest used for the DVC analysis. (b) Displacement field obtained from DVC interval xiii(39,38).
Note the rotational nature of the displacement field, as highlighted by the two black arrows pointing to two centers of rotation on the
footwall side of the inclined fault. (c) Corresponding von Mises equivalent strain. Viewing angle is specifically chosen to highlight the
circular strain state in (b).

Fracture coalescence likely produces the increasing dila-
tion observed at point 2. This point occurred at a dif-
ferential stress, σzz, of 28 MPa, which was about 61%
of the failure stress. Once the volumetric strain crossed
zero to positive values, the volumetric strain continued
to rise, perhaps due to the release and redistribution of
the strain energy. It is reasonable to assert that, at this
stage, the microcracks grow rapidly and eventually coa-
lesce into a larger fracture. We observe two time steps
with averaged millistrain values of >0.5, as indicated by
points 3 and 4 in Fig. 8, following major drops in the axial
stress.

IV. DISCUSSION

Motivated by the prospect of CO2 and H2 storage in
abandoned oil and gas reservoirs in the North Sea, the
experiment reported here contains several results that are
of particular interest. Until recently, CO2 has mainly been
stored in saline aquifers, which are large layers of per-
meable sandstone filled with brine. The resident brine is
displaced by CO2 during injection. The extent of these
reservoirs helps maintain the final fluid pore pressure at a
level not too high compared to what it was before injection.
To maximize the injected mass, CO2 is preferably kept in
its supercritical phase. Consequently, for the temperature
expected after compression and given some heating at the
well head, the reservoirs considered should be deeper than

700 m. For depleted (abandoned) oil and gas reservoirs,
the depth is typically more than 2 km below the seafloor,
which roughly corresponds to a pore pressure of >20 MPa
and vertical stress of >40 MPa for the reservoir, consid-
ering an average material density of >2000 kg/m3. H2
storage will be in gaseous form and will rely mostly on
abandoned fields, with smaller volumes needed compared
to CO2. Consequently, there is no particular depth require-
ment, except that several caprock and overburden barriers
should be present to prevent leakage. Since most North Sea
production fields are 2–5 km below the seabed, H2 will be
stored at these depths with the same pressure and stress
values as noted above.

Since we are discussing the overlying shale caprock in
this article, the stress values could be slightly lower (the
Draupne core was obtained from around 1970 m depth).
Additionally, for the experiments reported here, we had
to consider the admissible pressure ranges of the HADES
cell and the precision in maintaining the pressure at differ-
ent levels. Relevance for natural climate solutions was our
primary concern in these tests, and we tried to mimic pres-
sure conditions, while, at the same time, working within
the time limits of the allotted time slot at the synchrotron,
which dictated the maximum permissible peak stress and
the minimum strain rate for reaching peak stress. These
constraints enforced some compromises, as ideally one
would prefer the pore pressure not to increase too quickly
during the stress changes for these low-permeability rocks.
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FIG. 6. Perspective view of the von Mises equivalent incremental strain, εeq, for stage A. (a) In about the first 10 time steps, strain
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secondary features with significantly lower strain (blue) are also seen. Note that εeq values of zero are rendered as transparent.

From knowledge of the permeability, the pressure diffu-
sion time can be estimated, assuming an incompressible
pore fluid [47]. In designing such triaxial tests, one can
adopt two paths: either (i) use the net stress principle, i.e.,
that failure occurs in the rock when the stress-pore pres-
sure exceeds the strength limit, and thus, one can lower

the applied pore pressure relative to the in situ value; or
(ii) try to operate as close to in situ conditions as possible.
We chose the second approach, moderated by the above
constraints.

A conceivably critical observation in our study is that
the apparently linear stress-strain curve in fact contains
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FIG. 7. Perspective visualizations of the volumetric strain evolution in stage A. Images are split into pairs to show the spatial
distribution of compaction, εV < 0 (left, blue), and dilation, εV > 0 (right, red). Blue isosurfaces represent incremental compaction εV
in the range (−0.6, −0.005), and red isosurfaces are dilative incremental εV in the range (0.005, 0.6), with ranges chosen to highlight the
dynamics. Gray shaded cylinder outline is an idealized (truncated) representation of the region of interest used for the DVC analysis.

a series of intermittent minor strain events taking place
at random locations within the specimen. As elabo-
rated below, we have reason to believe that these strain
events are irreversible and destructive. Arguably, the
Young’s modulus could thus be somewhat higher than that
prescribed by the straight line in Fig. 2, perhaps by a fac-
tor of 2–5, as suggested by the smaller irregularities of
the curve. It is widely known that shales are highly brit-
tle, and the yielding point indicated in Fig. 2 could be an
unrealistically high stress value. Specifically, the value of
(39 ± 2) MPa should not be interpreted as the maximum
stress the Draupne shale sample can endure elastically.
Furthermore, the apparently random locations of the inter-
mittent events observed in the strain evolution indicated
that the specimen was highly uniform; otherwise, one
might expect the strain localization and subsequent failure
to be confined to the weakest region of the sample.

Supported by the experiments, we argue that, despite
the linear stress-strain curve up to semibrittle failure, irre-
versible damage occurs in the rock, and we cannot qualify
this behavior under initial loading as being linear elas-
tic. This quite intriguing observation can be addressed if
we compare the strains incurred in the sporadic events
shifting location to expectations given the known small-
est elastic moduli of the mineral constituents of grains
and grain cement, as well as clay stacks, as a function
of stress increments over the time lapse for DVC. We

have also seen this linear behavior in other shales, where,
invariably, if unload-reload loops are incorporated into the
triaxial test, the unload slope is steeper than the master load
slope (see also Fig. S10 within the Supplemental Mate-
rial [36]). We note, of course, that this response is very
different from that of a typical metal-bar elongation test,
which exhibits a plastic yield point, then work harden-
ing or softening until peak stress-associated failure. The
observed behavior is indicative of two related phenom-
ena: (1) the presence of a mixture of recoverable (elastic)
and irreversible (plastic, damage) deformation upon load-
ing, where unloading reveals plastic deformation; and (2)
the master loading curve is characterized by “fresh” grain-
bond destruction events that are self-similar in the sense
that new small regions of intact rock get damaged as the
axial stress is increased, and therefore, the same straight
slope is observed.

The highly rotational strain state observed in 3D imme-
diately prior to failure was not previously reported in
microscopic rock studies but has been well described intu-
itively and theoretically [44]. Our study gives detailed
and important insights into the failure of a comparably
minute piece of shale from the Draupne formation, trigger-
ing the questions of representativity and upscaling. This
consequence of limited synchrotron access is likely to be
reduced in the future, as experiments that are feasible in
university laboratories keep evolving at a rapid pace.
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(a)

(b)

FIG. 8. Strain evolution spatially averaged over the entire
sample. (a) Volumetric strain (red circles) and axial stress (blue
squares) plotted as a function of elapsed time. Point 1 marks the
initiation of dilation, point 2 is the initiation of microcracks, and
points 3 and 4 indicate large incremental volumetric-strain-drop
events. (b) von Mises equivalent strain.

V. CONCLUSION

Here, we studied how a shale caprock sample was
brought to failure under reservoir conditions. Specifically,
a Draupne shale sample was investigated through triaxial
testing monitored by synchrotron-based microcomputed
tomography and digital volume-correlation analysis. We
described quantitatively the sample evolution towards fail-
ure. Most importantly, we provided data indicating that
the initial linear stress-strain phase contained irreversible
deformations. The onset of failure occurred by an increase
of dilation and a pronounced high-shear state, as previ-
ously reported for Green River shale [31]. Tracking the
evolution of the 3D incremental displacement field in the
sample (Fig. 4), we observed early nonhomogenous defor-
mations, including intermittent strain clustering at appar-
ently random locations. After fracture, a sliding-block
mechanism was observed. By following the evolution of
the volumetric and von Mises strains, the temporary local-
ization that occurred in the sample prior to the formation of

the macroscopic fault was revealed. The creep observed on
this macroscopic fault indicated that the slow deformations
in the shale could be related to the slip on the surface and
not only to bulk creep. This study also revealed the pres-
ence of the secondary fracture networks that connected to
the system-spanning fault in the sample at different stages
of the experiment; these features are important to under-
stand the failure of shales and have not previously been
reported. The experimental and analysis techniques pre-
sented herein reveal the local mechanics in the Draupne
shales and can further be applied to understand the stability
of these rocks for applications like CO2 sequestration.
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