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FRANÇOIS RENARD
1,2,4

Abstract—Understanding the mechanisms of strain localization

leading to brittle failure in reservoir rocks can shed light on

geomechanical processes such as porosity and permeability evo-

lution during rock deformation, induced seismicity, fracturing, and

subsidence in geological reservoirs. We perform triaxial com-

pression tests on three types of porous reservoir rocks to reveal the

local deformation mechanisms that control system-size failure. We

deformed cylindrical samples of Adamswiller sandstone (23%

porosity), Bentheim sandstone (23% porosity), and Anstrude

limestone (20% porosity), using an X-ray transparent triaxial

deformation apparatus. This apparatus enables the acquisition of

three-dimensional synchrotron X-ray images, under in situ stress

conditions. Analysis of the tomograms provide 3D distributions of

the microfractures and dilatant pores from which we calculated the

evolving macroporosity. Digital volume correlation analysis

reveals the dominant strain localization mechanisms by providing

the incremental strain components of pairs of tomograms. In the

three rock types, damage localized as a single shear band or by the

formation of conjugate bands at failure. The porosity evolution

closely matches the evolution of the incremental strain components

of dilation, contraction, and shear. With increasing confinement,

the dominant strain in the sandstones shifts from dilative strain

(Bentheim sandstone) to contractive strain (Adamswiller sand-

stone). Our study also links the formation of compactive shear

bands with porosity variations in Anstrude limestone, which is

characterized by a complex pore geometry. Scanning electron

microscopy images indicate that the microscale mechanisms

guiding strain localization are pore collapse and grain crushing in

sandstones, and pore collapse, pore-emanated fractures and cata-

clasis in limestones. Our dynamic X-ray microtomography data

brings unique insights on the correlation between the evolutions of

rock microstructure, porosity evolution, and macroscopic strain

during the approach to brittle failure in reservoir rocks.
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1. Introduction

Strain localization in rocks and geomaterials (e.g.,

cement) is observed over a broad range of length

scales, varying from centimeter-sized laboratory rock

specimens (e.g., Lockner et al., 1991; Paterson &

Wong, 2005; Renard et al., 2019a) to crustal fault

zones stretching over several kilometers (e.g., Cilona

et al., 2012; Fossen et al., 2007, 2018; Rotevatn et al.,

2016). Strain localization within reservoir rocks can

occur as deformation bands (e.g. Aydin & Johnson,

1978; Shipton & Cowie, 2001). These features

influence permeability and thus fluid flow in sedi-

mentary basins (e.g. Bjørlykke, 1993), and reservoir

compaction and subsidence (e.g. Nagel, 2001). In

sandstone and carbonate reservoirs, open and subse-

quently cemented fracture networks and deformation

bands are the main structural features.

Recent studies (Baud et al., 2017b; Huang et al.,

2019; Ji et al., 2015; Louis et al., 2007; Renard et al.,

2019a; Wong & Baud, 2012) have argued for a sys-

tematic microstructural characterization including

X-ray computed tomography (lCT) and digital vol-

ume correlation technique to provide a consistent

description of the multiscale mechanics of strain

localization in porous reservoir rocks. With this

motivation, we present here triaxial deformation tests

on Adamswiller sandstone, Bentheim sandstone and

Anstrude limestone (of comparable porosities

20–23%) subjected to low and intermediate confining

pressures (5–30 MPa). We employ synchrotron X-ray

microcomputed tomography imaging and scanning
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electron microscopy imaging (SEM) for microstruc-

tural characterization. We also perform digital

volume correlation to compute the incremental strain

accumulated toward system-size failure. Recent

experiments have elucidated strain localization

mechanisms in a sandstone (Renard et al., 2019a) and

a limestone (Huang et al., 2019) using the same

experimental technique. Our experimental technique

quantifies the combination of aseismic and seismic

deformation components, which cannot be estimated

through other experimental techniques. Computing

the local strain tensors provides close constraints on

the dominant deformation mechanism that defines the

failure mode. Recent studies using digital volume

correlation (McBeck et al., 2019b, 2020; Renard

et al., 2019a, 2019b; Zheng et al., 2019) have shown

that the distribution and localization of damage in a

range of rock types are mixed-mode, involving con-

tributions from both tensile, compressive, and shear

components of strain. The effectiveness of the digital

volume correlation technique enables the present

study to address the microscale and macroscale

characterization of the failure modes and strain

localization mechanisms between two classes of

reservoir rocks with similar initial porosity (sand-

stones and limestones with 20–23% porosity). We

also show an interplay between dilatancy, com-

paction and shear that affects the variations in

porosity during deformation both at the scale of the

entire sample, and also at the local scale of subvol-

umes in the sample. Finally, we discuss how the

strain localization mechanisms in sandstones and

limestones are defined by the underlying

microstructure and pore geometry in these respective

rock types. In sandstones, brittle deformation is

dominated by either dilative or contractive strain

subjected to applied confinement. Conversely, in five

Anstrude limestone samples strain components do not

show any particular trend with variation in applied

confinement, which can be attributed to the complex

microstructure and presence of a micro- and macro-

porosity. Therefore, in Anstrude #2, #3, #4 and #6,

strain localization is mixed-mode, which means at

any given instance of the experiment, strain has

contributions from dilation, contraction and shear. On

one hand, microscale mechanisms guiding strain

localization in sandstones are pore space dilation or

pore collapse along with grain crushing. On the other

hand, pore collapse, grain crushing with cataclasis

and pore-emanating fractures constitute the micro-

scale processes in limestones. Applied confinement

also plays a major role in determining microscale

mechanisms and strain localization in porous rocks.

2. Background

2.1. Deformation Bands in Sandstone and Limestone

Deformation bands in sandstones may form by a

combination of shear and compaction. A kinematic

classification system of deformation bands depends

on the competition between these two end-members.

Bands of localization where shear displacement

exceeds compaction are categorized as compaction

shear bands (Fossen et al., 2018; Zuluaga et al.,

2014). Bands where compaction and shear are of

comparable magnitude are described as shear-en-

hanced compaction bands (e.g., Ballas et al., 2013)

and those dominated by compaction are pure com-

paction bands (e.g., Fossen et al., 2011). Shear-

enhanced compaction bands are characterized by

high dihedral angles (47� in Entrada Sandstone, Utah,

Fossen et al., 2018; where the dihedral angle is the

angle measured between the conjugate deformation

bands) and pure compaction bands are formed

perpendicular to maximum principle stress (Fossen

et al., 2011). Dilatational bands with a higher porosity

than the host rock have been observed in Nubian

Sandstone in Sinai (Fossen et al., 2007). Dilatational

bands may increase the permeability while the

compaction bands decrease it (Zuluaga et al., 2014).

Due to complexity in the pore space, grain

assemblage and mineralogy, carbonate rocks are in

many aspects different from sandstones. Similar to

sandstones, strain localization in carbonate rocks is

sensitive to the pore geometry and grain size

distribution (Cilona et al., 2014; Rustichelli et al.,

2012), and can reduce the porosity and permeability

(Rath et al., 2011; Tondi et al., 2016). Four main

strain localization types have been identified in

carbonate rocks within contractional and extensional

tectonic settings: pure compaction bands (Rotevatn

et al., 2016), narrow bands of compaction and shear
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described as compactional shear bands (e.g., Aydin,

1978; Rath et al., 2011), pressure solution at the grain

contacts (Croizé et al., 2013) leading to the formation

of solution-dominated compactional shear bands

(Rutter, 1983), and cataclasis within the com-

pactional shear bands forms cataclasis-dominant

compactional shear bands (Rotevatn et al., 2016). In

these four mechanisms, the deformation bands

are formed by a combination of compaction, dilation,

and shear strains that act at the grain scale and lead to

the emergence of strain localization at the macro-

scopic scale. However, the individual contributions of

these strain components remain to be characterized.

Here, we perform experiments that allow correlating

the local microscopic strain to macroscopic defor-

mation that leads to shear failure in porous rocks.

2.2. Laboratory Experiments of Sandstone

and Limestone Brittle Deformation

Many studies have analyzed inelastic deformation

and strain localization in sandstones and limestones

with varying porosities and under a range of confin-

ing pressures in the laboratory (e.g. Baud et al.,

2000, 2017a, 2017b; Brantut et al., 2014; Fortin et al.,

2009; Ji et al., 2015; Olsson & Holcomb, 2000; Scott

& Nielsen, 1991; Vajdova et al., 2010; Wong &

Baud, 2012; Wong et al., 1997). Brittle faulting in a

porous rock under compressive loading is generally

accompanied by shear localization. However, field

and laboratory studies have documented that the

failure mode in porous rocks is highly dependent on

the confinement, and rock type. With increasing

confining pressure, the failure mode in both sand-

stones (Menéndez et al., 1996; Zhu & Wong, 1997)

and limestones (Baud et al., 2017c; Vajdova et al.,

2010) shows a transition from brittle faulting to

cataclastic flow and then ductile deformation, which

is an universal behavior in compressive failure

(Renshaw & Schulson, 2001). Under low confine-

ment (5 MPa), dilatancy leads to shear localization at

macroscopic failure whereas at higher confinement,

cataclasis results in shear-enhanced compaction and

strain hardening. The confinement pressure under

which this transition occurs depends on rock type.

Thin sections of failed limestone samples deformed

under intermediate confinement did not show

evidence of high-angle shear bands or diffusive

compaction bands, indicative of higher confinement

(Baud et al., 2017a; Ji et al., 2015). However,

triaxially compressed Leitha limestone formed dis-

crete compaction bands at intermediate confinement

(Huang et al., 2019). Therefore, the microstructural

origin of strain localization in this transitional regime

of 20–40 MPa confining pressure remains an open

question.

Strain localization and porosity evolution are

closely connected with the failure mode, and vary

depending on the initial porosities and pore geome-

tries of individual rocks. Triaxial tests on porous

carbonate rocks (e.g., Baud et al., 2017a; Huang

et al., 2019) have classified failure modes based on

the initial porosity and applied confinement. The

failure mode at low confinement in carbonate rock

cores with high initial porosity is dominated by

compaction and tend to form compaction bands. The

failure mode in lower porosity carbonates includes a

combination of compaction and shear resulting in

compaction shear bands and conjugate shear bands.

Strain localization in rocks results from the

properties of elastic interactions into a heterogeneous

solid, which are anisotropic (Dansereau et al., 2019).

In other words, microscale heterogeneities guide the

nucleation and perseverance of damage (Brace,

1978). In the crust, these heterogeneities occur as

pores, grains, grain boundaries, and the cement

between the grains, and to larger heterogeneities

such as fractures and bedding interfaces. Pore space

can be comprised of numerous equant pores con-

nected through narrow passages (pore throats). When

an external stress field is applied, damage may

nucleate on the grain scale heterogeneities and

develop by the growth of microfractures and collapse

of the pore space (McBeck et al., 2019a; Paterson &

Wong, 2005), perhaps through the redistribution of

the stress field via force chains. When the rock is

driven to larger stresses, fractures may coalesce to

form localized zones of intense deformation. These

localized zones extend over multiple grains and cut

across the sample length (Brace, 1978).

Fracture nucleation and the characteristics of

localized zones are sensitive to rock type, initial

porosity, complexity of the pore geometry and

loading conditions (Paterson & Wong, 2005).
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Sandstones are comprised of angular grains with

narrow grain size distributions and uniform pore

space. Conversely, limestones may exhibit a more

complex pore geometry because the pore size may

span a broad range, and is often characterized by a

bimodal distribution (Ji et al., 2015). Large pores

between the grains may be surrounded by a myriad of

small pores located inside the grains or in the cement.

These two categories of pores may form two parallel

networks, (1) macroporosity, which can be identified

by optical microscopy and moderate resolution X-ray

microtomography, (2) microporosity with submicron

features not readily resolved by these standard

techniques (Pittman, 1971), but may be identified

by scanning electron microscopy or submicrometer

X-ray microtomography (Ji et al., 2015). Previous

analyses have identified and characterized the micro-

scale mechanisms of grain crushing, pore collapse

and pore-emanated fractures in the brittle failure

mode under low confining pressures (Baud et al.,

2017a; Vajdova et al., 2010; Wong & Baud, 2012;

Zhu & Wong, 1997). Conversely, under higher

confinement, larger amounts of cataclasis may lead

to failure (Baud et al., 2017a; Ji et al., 2015). But an

ambiguity exists about the microscale mechanisms

associated with intermediate confining pressures (20-

40 MPa).

Acoustic emission measurements provide an

alternative technique for quantifying grain-scale

damage localization related to faulting. Acoustic

emission activity measured in Westerly granite

(Lockner et al., 1992), a rock with\ 1% porosity,

revealed the spatiotemporal development of strain

localization. For porous sandstones and limestones,

acoustic emission data have revealed microfracturing

events that were inferred to occur at grain interfaces

(Baud et al., 2004, 2017b; Fortin et al., 2009; Olsson

et al., 2002; Vajdova et al., 2004). These analyses

have led to the conclusion that the spatial distribution

of acoustic emission arises from (1) the formation of

extensional fractures or (2) transgranular fractures

due to grain breakage. From microstructural obser-

vations of the samples after the experiments, the

dominant microscale mechanisms giving rise to

compaction was identified as pore collapse (resulting

from sliding between the grains), which does not

generate significant amount of acoustic emission and

therefore appeared aseismic in these experiments.

This dominance of pore collapse was observed in

diffusive compaction bands and high-angle shear

bands in carbonate rocks (Ji et al., 2015; Wong &

Baud, 2012), and compactional shear bands in

sandstones (Louis et al., 2007; Vajdova et al.,

2004). Complementary to acoustic emissions, our

experiments using X-ray synchrotron can record

deformation generated from both seismic and aseis-

mic events and can better characterize the strain

localization mechanisms responsible for strain local-

ization in porous reservoir rocks.

3. Methods

3.1. Triaxial Compression X-Ray Tomography

Experiment

We imaged in 4D under in situ stress conditions

and ambient temperature the microstructural evolu-

tion of porous rocks subjected to triaxial compression

until system-size (macroscopic) failure. Table 1 dis-

plays the various parameters used in the present

study, and Table 2 shows the experimental condi-

tions. We deformed samples using the X-ray

transparent triaxial compression apparatus Hades

(Renard et al., 2016), and acquired time series of

images of the rock microstructure using time-lapse

synchrotron X-ray microtomography. We performed

seven experiments on porous reservoir rock samples,

including one Adamswiller sandstone core (Rimmelé

et al., 2010), one Bentheim sandstone core (Klein

et al., 2001) and five Anstrude limestone cores (Lion

et al., 2004; Renard et al., 2017). All the Anstrude

samples were cored from the same block. These three

rock types constitute a set of sandstones and

limestones of comparable initial porosities (20–

23%) and are ideal for studying the relative variations

in porosities, microstructural changes and strain

localization mechanisms among them.

Adamswiller sandstone is a Triassic (Bundsand-

stein) sandstone from a quarry in Bas-Rhin. It is

composed of 71% quartz, 9% feldspar, 11% clay, 5%

mica, traces of apatite, and oxides of iron and

titanium (Rimmelé et al., 2010). It has an average

porosity of 23%, mean grain size in the range 120 lm
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(Heap et al., 2017) to 90 lm (Wong et al., 1997).

Bentheim sandstone comes from an outcrop at

Gildehausen quarry, near Bentheim, Germany (Klein

et al., 2001). This sandstone is relatively homoge-

neous and composed of 95% quartz, 3% kaolinite and

2% orthoclase. The size of the quartz grains varies

between 200 and 400 lm (Schutjens et al., 1995; Van

Baaren et al., 1990), with a mean grain size of

300 lm (Ma and Haimson, 2016). The average

porosity of this sandstone is 22.8% (Klein et al.,

2001). Anstrude limestone is obtained from a quarry

in Bierry-les-Belles-Fontaines, Burgundy, France.

The limestone is an assemblage of 100–1000 lm

sized ooids (concentric spheres of calcite). Each ooid

is made of micro-crystalline calcite with grain size

finer than 4 lm, and in turn contains numerous small

pores at micro to nano meter scale, making it highly

porous (Lion et al., 2004). Sparite crystalline calcite

makes the cement between the ooids. Mean porosity

of this limestone is 19.9%, close to 20% (Lion et al.,

2004). Thus the porosities of our rocks range from

20% (Anstrude limestone) to 23% (Bentheim sand-

stone and Adamswiller sandstone). We measured the

porosity of the rock blocks from which samples were

cored using a weighting approach (weighting the

sample dry and then after complete water saturation

Table 1

Symbols and parameters

Parameters Definition, units

r1 Axial stress, MPa

r2 ¼ r3 Confining stress (i.e. confining pressure), MPa

p0 Pore fluid pressure, MPa

rd Differential stress, r1 � r3;withr2 ¼ r3, MPa

ry
d Differential stress at yield, MPa

rf
d Differential stress at the failure, MPa

ezz Macroscopic axial strain, dimensionless

ef
zz Macroscopic axial strain at failure, dimensionless

ezz=ef
zz Normalized axial strain (in the range [0 1]), dimensionless

/ Porosity of the sample measured using segmented 3D tomograms,

dimensionless

/0 Initial porosity of the sample measured using segmented 3D

tomograms, dimensionless

/=/0 Normalized porosity, dimensionless

/ Mean porosity in the sample, dimensionless

D/ ¼ /�/0

1�/0
Porosity parameter, dimensionless

u
$

Incremental displacement field

r � u
$ ¼ oux

ox þ ouy

oy þ ouz

oz Divergence of incremental displacement field

r � u
$
\0 Incremental contractive strain, dimensionless

r � u
$

[ 0 Incremental dilative strain, dimensionless

r� u
$ ¼ ouz

oy � ouy

oz

h i
x̂ þ oux

oz � ouz

ox

h i
ŷ þ ouy

ox � oux

oy

h i
ẑ Curl of incremental displacement field

r� u
$
\0 Left-lateral incremental shear strain, dimensionless

r� u
$
\0 Right-lateral incremental shear strain, dimensionless

I1 ¼ oux

ox þ ouy

oy þ ouz

oz First invariant of incremental strain, dimensionless

I2 ¼ oux

ox

� � ouy

oy

� �
þ ouy

oy

� �
ouz

oz

� �
þ ouz

oz

� �
oux

ox

� �
� oux

oy

� �2

� ouy

oz

� �2

� ouz

ox

� �2
� �

Second invariant of incremental strain, dimensionless

J2 ¼ 1=3I2
1 � I2 Second invariant of strain deviatoric tensor, dimensionlessffiffiffiffiffiffiffi

3J2

p
Von Mises strain, dimensionless

Dezz Difference of macroscopic axial strain between two tomograms used

for each digital volume calculation, dimensionless

mean=Dezzj j Mean of the absolute values of the incremental strain components,

normalized by Dezz, dimensionlessP
mean=Dezzj j Cumulative mean of the absolute values of the incremental strain

components, normalized by Dezz, dimensionless
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and calculating the porosity after assuming a grain

density from mineral composition) and found values

equal those already published in the literature

(Table 2). However we did not measure the porosity

of each single core sample used in the experiments.

The core samples had a height (* 10 mm) to

diameter (* 5 mm) ratio of 2:1. For each experi-

ment, we inserted the specimen into a jacket made of

Viton fluoropolymer elastomer and then inserted this

assembly into the triaxial deformation apparatus.

Experiments were performed at ambient temperature

(20–23 �C), under a constant confining pressure

(r2 = r3) applied by silicon oil on the jacket that

surrounded the sample. During the experiments we

verified on the X-ray images that the jacket was

always in tight contact with the sample and we

consider that if the jacket had an effect on sample

deformation, this effect is similar between experi-

ments and constant during each experiment. Each

sample was placed axially between two stainless steel

pistons and the interface contacts were not lubricated.

The lower piston was held fixed and samples were

loaded axially (r1) in steps of 1–5 MPa applied on

the upper piston, until failure occurred. For experi-

ment on sample Anstrude #6, we injected water as a

pore fluid with a constant fluid pressure of 10 MPa

(Table 2). Due to the loading conditions (imposed

stress steps), the pump controlling the axial stress was

operating even after the stress drop that occurred at

brittle failure, which prevented to stop the experiment

exactly when the main brittle event occurred. The

ambient temperature in the room was in the range

22–24 �C.

The Hades apparatus is installed on the rotating

stage of the X-ray microtomography beamline ID19

at the European Synchrotron Radiation Facility

(Grenoble, France). A synchrotron polychromatic

X-ray beam with a maximum energy of 200 keV was

sent through the apparatus. Due to X-ray attenuation

from the walls of the Hades apparatus made of

Table 2

Experimental conditions for dynamic in-situ X-ray synchrotron imaging of triaxial compression tests on porous rocks

Rock type True

porosity

Initial

porosity

(lCT), /0

(%)

Confining

pressure,

r2 ¼ r3

Pore

pressure,p0

Differential

stress at

yield, ry
d

Differential

stress at

failure, rf
d

Temperature Rate of

increase in

differential

stress

Number

of 3D

scans

Adamswiller

sandstone

23% (Heap

et al.,

2017)

13.2 30 MPa 0 80 MPa 102 MPa 20 �C 2 MPa/step

(5 MPa for

final step)

54

Bentheim

sandstone

22.8%

(Klein

et al.,

2001)

16.7 5 MPa 0 66 MPa 76 MPa 23 �C 1 MPa/step 56

Anstrude

limestone

2

20% (Lion

et al.,

2004)

7.8 20 MPa 0 40 MPa 59 MPa 22 �C 5 MPa/step 43

Anstrude

limestone

3

20% (Lion

et al.,

2004)

6.8 5 MPa 0 32 MPa 40 MPa 22 �C 2 MPa/step 26

Anstrude

limestone

4

20% (Lion

et al.,

2004)

15.6 20 MPa 0 51 MPa 66 MPa 23 �C 1 MPa/step 55

Anstrude

limestone

5

20% (Lion

et al.,

2004)

3.5% 5 MPa 0 36 MPa 42 MPa 23 �C 1 MPa/step 43

Anstrude

limestone

6

20% (Lion

et al.,

2004)

6.3 30 MPa 10 MPa 56 MPa 125 MPa 22 �C 1 MPa/step 114
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titanium, the average X-ray energy absorbed by the

sample was around 89 keV. During each scan, the

stage of the beamline was rotated from 0� to ? 180�
and back to 0� while stress was maintained constant.

Each scan lasted around 90 s and a series of 2500

two-dimensional radiographs of the three-dimen-

sional sample were recorded. Each experiment was

stopped when a significant stress drop was measured,

corresponding to the brittle failure of the sample.

Between 26 and 144 tomograms were acquired for

each sample.

3.2. Tomogram Reconstruction and Segmentation

The radiographs acquired at beamline ID19 were

processed to reconstruct three-dimensional tomo-

grams (1600 9 1600 9 1600 voxel) using the plain

filtered back-projection method employed in the

program PyHST2 (Mirone et al., 2014), with a

single-distance phase-retrieval algorithm adapted

from Paganin et al. (2004). The voxel size in the

tomograms was 6.5 lm. The spatial resolution was

not measured here but, on beamline ID17 with similar

optical systems as beamline ID19, a spatial resolution

of the order of 20 lm was measured (Mittone et al.,

2017). After reconstructing the volumes (Fig. S1), we

did not observe blurring that would indicate move-

ments of the sample or fracture growth during scan

acquisition. We computed the axial strain as a

function of applied stress by measuring the axial

length of the sample directly on the three-dimen-

sional X-ray tomograms (e.g., Renard et al.,

2018, 2019a). Segmentation of tomograms incorpo-

rate corrections for (1) the fluctuations in synchrotron

X-ray intensity, (2) beam hardening, (3) ring artifacts

and (4) other false projections. We reduced the noise

in the data by using a non-local means filter (Buades

et al., 2005). Then, based on the intensity of the

histogram of each tomogram, we separated the voxels

into two classes: the rock matrix, and pore space/

fractures (Renard et al., 2019a). The same grey level

threshold was applied in all the tomograms of a given

experiment (Fig. S2). Segmentation of the tomograms

provides an estimate of the initial porosity, /o, at the

spatial resolution of the images (Table 2). Because

the samples are heterogeneous and may contain a

bimodal porosity (Anstrude limestone), and because

the porosity extracted on the tomograms is limited by

the spatial resolution, the initial micro-computed

tomography porosities, /0, reported in Table 2 are

smaller than the actual porosities of the rock samples.

It varies also among the Anstrude limestone samples

because of a different concentration of macropores

between these samples. For all samples, the porosity

at the differential stress of system size failure was

smaller than the initial porosity (Fig. S3).

To calculate the local mean porosity from the

segmented tomograms, we divided the rock volume

into sub-volumes of size equivalent to twice the grain

size of the respective rock. The mean grain size of

Adamswiller sandstone is near 120 lm (Heap et al.,

2017) and Bentheim sandstone is 300 lm (Ma and

Haimson, 2016). Anstrude limestone grain size is

approximated to 100 lm, which is the size of

smallest ooid (Lion et al., 2004). We have then

computed the porosity in each sub-volume for each

experiment. We have then obtained mean value of

these local porosity values at every strain step in the

experiment. Mean porosity is plotted as a function of

increasing strain in Figs. 8, S6, S8. We performed

this calculation to compare the calculated porosity to

the local strain computed from digital volume

correlation. To conclude, using these subvolumes,

one can compare the local strain increments in the

sample with the local porosity evolution.

3.3. Digital Volume Correlation Analysis

The digital volume correlation analysis calculates

fields of local 3D incremental strain tensors between

two 3D volumes. We applied this technique to

quantify incremental strain evolution between pairs

of 3D tomograms acquired in the experiments. We

employed the software TomoWarp2 (Tudisco et al.,

2017), following procedures described in McBeck

et al. (2018) and Renard et al., (2019a, 2019b). We

divided each experiment into eight to ten nearly equal

intervals of macroscopic axial strain (Dezz), as shown

in Fig. S4 and then calculated digital volume

correlation on the pairs of tomograms acquired at

those equally-spaced macroscopic axial strains. The

digital volume correlation algorithm divides each 3D

tomogram into sub-volumes, with a node spacing and

size of the correlation window of 20 voxels,
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producing a spatial sampling of 130 lm. The choice

of 20 voxels comes from two constraints. One the one

hand, the size of the subvolume is large enough such

that 1–2 grains are contained in the subvolumes,

allowing to perform the digital correlation calculation

with enough texture in each subvolume. On the other

hand, the size of the subvolume is small enough such

that we can identify zones where localization of

deformation occurs inside the sample. We have tested

correlation windows of 15 to 30 voxels, without

significant differences for the main conclusions of the

study. We used search window sizes of �10, �15 or

�50 voxels, depending on the magnitude of the

macroscopic axial strain obtained between the tomo-

gram pair. The search window size determines the

maximum detected displacement magnitudes, and so

larger changes in the macroscopic axial strain require

larger search window sizes. We choose the coordi-

nate system such that the direction of the maximum

compression is along the z axis.

For each experiment, we first computed the three-

dimensional incremental displacement u
$� �

field

between each pair of tomograms. From the displace-

ment fields, we calculated the components of the

incremental strain tensor. Throughout the sub-vol-

umes, we computed the components of incremental

displacement, such that negative divergence

(r � u
$
\0), positive divergence (r � u

$
[ 0), nega-

tive rotation (also called curl, r� u
$
\0) and

positive rotation (r� u
$

[ 0) indicate the contrac-

tive strain, dilative strain, left-lateral local rotation

and right-lateral local rotation, respectively. Explicit

mathematical equations for each of the strain com-

ponents are given in Table 1. Here we use the curl

values, which indicate local rotations in subvolumes

of the sample, as a proxy for shear strain. Note also

that positive and negative curls (corresponding to

right- and left- lateral shear strain) depend on the

reference frame of the sample which is here the

tomography stage of the synchrotron.

In our previous studies, we have used two

different methods to post-process digital volume

correlation incremental displacement data acquired

with Tomowarp2. In earlier studies (McBeck et al.,

2018; Renard et al., 2019a), we have post-processed

the digital volume correlation data by calculating the

local strain tensors. We calculated the first invariant

of the incremental strain tensor (I2, equal to the

divergence of the incremental displacement field

divided by three) and also various metrics indicative

of shear strain: either the second invariant of the

incremental strain tensor (I1) or the Von Mises strain

(
ffiffiffiffiffiffiffi
3J2

p
), see Table 1. In more recent studies (McBeck

et al., 2019b, 2020; Renard et al., 2019b), we have

decomposed the incremental displacement field into

its volumetric (divergence) and rotational compo-

nents (curl). This step was inspired by the geodetic

scientific community where GPS displacement fields

are decomposed using this technique (see for example

Bos et al. (2003) and Bennett et al. (2003) who both

use the curl component). To allow readers to compare

the results of the present study with our previous

studies we now present both the decomposition of the

digital volume correlation displacement fields into

divergence/curl (Figs. 5, 6, 7) and strain invariant I1

and Von Mises strain,
ffiffiffiffiffiffiffi
3J2

p
(Figs. S6–S8).

From the population of incremental divergence

and curl components within each rock volume

(Figure S5), we computed the mean of the local

divergence and curl values normalized by the amount

of axial strain increment (Dezz) at every digital

volume correlation step, mean=Dezzj j. These calcu-

lated divergence and curl values are used to measure

incremental measurements of the strain accumulated

between the acquisitions of the two tomogram pairs

used in the analysis (Fig. S4). In order to compare

these incremental strain values to the porosity, which

is a cumulative measure, we also computed a

cumulative measure of the incremental strain com-

ponents,
P

mean=Dezzj j (Figs. S6 to S8).

3.4. Scanning Electron Microscopy Imaging

Most samples, when removed from the rig, were

highly damaged and mostly in powder form. How-

ever, for the Adamswiller sandstone and Anstrude

limestone #2, #4, #5 samples, the cores could be

recovered after the experiment for post-mortem

observations. These four samples were impregnated

with epoxy resin to consolidate them and then cut

along the vertical axis of the cylinder. For two of

them, only a small fraction of the sample could be

recovered (Anstrude #2 and #5). The surfaces were

polished with several sandpapers with increasing grit,
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from #320 to #4000, and then carbon coated. SEM

backscatter images of two samples were acquired on

a Hitachi SU5000 field-emission scanning electron

microscope (FE-SEM) at the Department of Geo-

sciences, University of Oslo.

4. Results

4.1. Macroscopic Mechanical Deformation

We observed two modes of brittle compressive

failure in porous rocks in this study. The sandstones

experiments and limestones at low confinement

(Anstrude #3, #5) failed after a short yielding phase

and a small amount of accumulated macroscopic

axial strain (Fig. 1). In contrast, one limestone under

higher confinement (Anstrude #4) and another one

with pore pressure (Anstrude #6) failed with longer

yielding phases. The sample Anstrude #2, under

higher confinement, had a shorter yield phase than

Anstrude #4. However, sample Anstrude #2 had a

lower macroporosity than the sample Anstrude #4,

which could explain this difference in yield phase.

At low differential stress, rd ¼ r1 � r2

¼ r1 � r3, the axial strain increased quasi-linearly

with increasing differential stress, in the macroscopic

linear regime. We identified the differential stress at

the yield point, ry
d, when the differential stress versus

strain curve deviated by 3% from linearity (e.g.,

Brace et al., 1966). The yield point occurred at 70–

80% of the differential stress at failure, rf
d, for all the

samples except for Anstrude limestone #6, where it

was 40–45% of rf
d (Table 2). Further increase in the

differential stress resulted in irreversible accumula-

tion of macroscopic contraction in the core until rf
d,

when the sample failed with a sudden stress drop, and

slip along several faults. We have observed a stress

drop for all the brittle compression experiments,

which occurs less than one MPa differential stress

beyond the last tomogram acquired (red circle in

Fig. 1).

The total accumulated axial strain at failure in the

sandstone experiments (0.006–0.011) was less than

the Anstrude limestone experiments (0.011–0.27).

The Bentheim sandstone accumulated the least

macroscopic axial contraction of all the experiments

(0.006). This sandstone subjected to r3 ¼ 5MPa may

have hosted less contraction than the Adamswiller

sandstone (r3 ¼ 30MPa) due to the lower applied

confining stress. The five experiments on Anstrude

limestone host a wider range of cumulative axial

strain than the two sandstone experiments. The initial

difference of macroporosity, the application of

10 MPa water fluid pressure in one of the limestone

experiments, and the resulting large accumulation of

axial contraction relative to the other experiments,

produce this wider range in the limestone

experiments.

Figure 1
Relationships between differential stress and axial strain in seven

experiments on porous rocks: Adamswiller sandstone, Bentheim

sandstone, and Anstrude limestone (2, 3, 4, 5, 6). Table 2 shows the

experimental conditions. (a) The complete differential stress versus

axial strain relationships. (b) Close up of relationships for the

domain shown in the gray rectangle in (a). Open and closed red

circles indicate the yield point and last scan before sample-size

failure, respectively. Each circle shows the mechanical conditions

of a 3D microtomography scan

Vol. 179, (2022) Synchrotron 4D X-Ray Imaging Reveals Strain Localization 333



4.2. Microstructural Changes and Evolution Of

Porosity Towards Failure

Macroscopic deformation in each rock core

occurs by deformation of pores and grains at

microscopic scale, giving rise to a change in

microstructure. Our experimental setup provides

access to the deformation microstructure with 6.5

lm sampling distance. We segmented the pore space

and rock matrix in each individual tomogram for each

experiment until sample-size failure. Figures 2 and 3

show the microstructural changes including porosity

variation in Adamswiller sandstone and Anstrude

limestone #6, respectively. In the Adamswiller

sandstone experiment, the x–z (vertical) cross-sec-

tions of the tomograms show a reduction in pore

space at the yield stress (Fig. 2b). The density of pore

space post-yield (Fig. 2b-iii) appears larger than that

at yield (Fig. 2b-ii). In the Anstrude limestone #6

experiment, the rock core compacted as the pore

space decreased. Then, fracture coalescence charac-

terized macroscopic failure (Fig. 3f). Tomograms and

2D slices of Adamswiller sandstone, Bentheim sand-

stone and Anstrude limestone #6 are also displayed in

Figures S1 and S2.

To quantify the porosity evolution that resulted in

the observed sample compaction, we computed the

volume of pore space in each rock core throughout

Figure 2
Rendering of the microstructural evolution of pore space in Bentheim sandstone imaged by X-ray microtomography. a Rock microstructure at

the initial (i) and final stage (ii) of the experiment. (iii) Axial cross-section of post-failure rock core. b Cross-sections of pore space for an x–z

cross section at (i) initial, (ii) yield, (iii) post yield and (iv) just before failure stages, where the porosity is represented in blue
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loading (Fig. S3). To compare the variation in

porosity from the beginning to the end of each

experiment, we calculated a measure of the relative

variation in porosity. We computed the porosity

parameter, D/ ¼ /�/0

1�/0
, similar to previous studies

(Kandula et al., 2019; Renard et al., 2018). The

rationale behind the normalization by 1 � /0ð Þ is that

this parameter allows comparing samples with dif-

ferent initial porosities, where /0 is the initial

porosity and / is the porosity at a given stress step.

Positive D/ indicates sample dilation and negative

D/ indicates compaction. On Fig. 4b where the

vertical axis is logarithmic, we report �D/, because

samples compacted, as a function of normalized axial

strain, ezz=ef
zz.

The porosity of all the rock cores decreases non-

linearly towards failure, indicating compaction. This

decrease is rapid for Anstrude limestones #2, #4, and

#6, which are subjected to higher confining pressures

Figure 3.
3D pore microstructure at yield and just before the final failure in

Anstrude limestone 6 sample. a, b 3D rock core surface. c–f Cross

sections. The pore space is shown in blue

Figure 4
a Differential stress versus macroscopic axial strain, ezz, normalized

by the axial strain at failure, ef
zz. b Dimensionless porosity

parameter, D/ ¼ /� /0ð Þ= 1 � /0ð Þ relative to ezz=ef
zz shown in

semi-log scale and reversed axis. Increasingly negative values

indicate increasing compaction. The open and filled circles show

the yield point and last scan before failure, respectively. The arrow

points to an increase of dilation, after a phase of compaction, in the

Bentheim sandstone when approaching failure
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(r3 ¼ 20 � 30MPa). For sample Anstrude #2, axial

strain-porosity curve shows a sharp drop at

ezz=ef
zz ¼ 0:5, post yield. For sample Anstrude #5, a

sharp drop is observed at ezz=ef
zz ¼ 0:15. Sample

Anstrude #4 shows a sharp peak and drop at

ezz=ef
zz ¼ 0:1, before yield. Sample Anstrude #6,

which was subjected to pore fluid pressure, shows a

smooth continuous decrease in porosity with a small

peak near yield (ezz=ef
zz ¼ 0:1). Similar to the lime-

stone experiments, the Adamswiller sandstone shows

a continuous non-linear decrease in porosity. In

contrast, the Bentheim sandstone shows increasing

porosity post yield. Thus, for this sample, the porosity

first decreased until the yield point at ezz=ef
zz ¼ 0:75,

and then increased until failure.

4.3. Computation of Accumulated Strain Toward

Failure

Using the digital volume correlation method

detailed in Sect. 3.3, we have computed the incre-

mental divergence and curl components. We display

three-dimensional views of the variations of these

components as a function of applied axial strain,

which facilitates the evaluation of the dominant

failure mechanism guiding the deformation for each

sample. Figures 5 and 6 show the 95th percentile of

the incremental divergence and curl component

populations at low and high ezz=ef
zz for two samples:

Bentheim sandstone and Anstrude limestone #6. The

supplementary movies V1–V7 show time-lapse evo-

lutions of these populations whereas the movies V7–

V14 show similar data where the first invariant of the

incremental strain tensor and the Von Mises incre-

mental strain are reported. These digital volume

correlation calculations show that the high values of

incremental divergence and curl and strain popula-

tions tend to localize near failure (Figs. 5, 6). For

example, conjugate bands of higher magnitude strain

formed in the Anstrude limestone #6 near failure

(Fig. 6e–h). When ezz=ef
zz is close to zero, the higher

strain values are spread throughout the rock. When

approaching ezz=ef
zz ¼ 1, the high strain values appear

more localized. In all of the experiments, the strain

Figure 5
High values of 3D incremental divergence and curl components at low and high macroscopic axial strains for the experiment on Bentheim

sandstone. Circles show the values[ 95th percentile of each population. The columns show the contractive (a, e), dilative (b, f), right-lateral

curl (c, g) and left-lateral curl (d, h). Top and bottom rows show the population fields when ezz=ef
zz ¼ 0:18 and ezz=ef

zz ¼ 1, respectively. The

size of each marker is proportional to the magnitude of divergence and curl
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components indicate localization of damage towards

failure (Figs. 5, 6; Movies V1–V7). In Bentheim

sandstone (Fig. 5), the contractive strain is diffusely

spread throughout the rock core at ezz=ef
zz ¼ 0:18 and

at failure (ezz=ef
zz ¼ 1). Conversely, the dilative strain

is spread at ezz=ef
zz ¼ 0:18 and then localizes at

failure. Similar to the dilative strain (divergence), the

curl components, a proxy for shear strain, show

localization towards failure. In the 3D incremental

strain components, the zones of high dilation and

compaction do not exactly match the zones of high

shear in all the experiments.

To compare the dominance of the various strain

components when approaching failure, we show the

magnitude of the mean incremental contraction

(negative divergence), dilation (positive divergence),

and curl throughout loading in each experiment. We

divide each incremental component by the amount of

macroscopic axial contraction, Dezz, that occurs

between pairs of tomograms used in the digital

volume correlation calculations to ensure that the

magnitude of Dezz does not strongly influence the

relative magnitudes of the means. Figure 7 thus

shows the mean of each component divided by Dezz,

mean=Dezzj j. For the sandstone experiments, the

means of the incremental divergence and curl indi-

cate that the micromechanisms guiding deformation

shift from contraction to dilation post yield (Adams-

willer) or near yield (Bentheim). In contrast, the five

cores of Anstrude limestone show three different

behaviors. The dominant failure mechanism guiding

sample Anstrude #2 is contraction. For samples

Anstrude #3 and #4, contraction dominates deforma-

tion until close to failure, when dilation dominates.

For samples Anstrude #5 and #6, dilation dominates

deformation throughout the experiment.

For Adamswiller sandstone, the dominant mech-

anism guiding deformation shifts from contraction to

dilation at ezz=ef
zz ¼ 0:7 (post yield), and continues

until failure (Fig. 7a). For Bentheim sandstone

(Fig. 7b), the dilative incremental strain accelerates

between the yield point and failure. At ezz=ef
zz ¼ 0:9

near failure, the shear strain dominates contraction.

For sample Anstrude 2#, all three components of

incremental strain show a continuous increase up to

failure (Fig. 7c). Contraction dominates throughout

Figure 6
High values of 3D incremental divergence and curl components at low and high macroscopic axial strains for the experiment on Anstrude

limestone #6. Circles show the values[ 95th percentile of each population. The columns show the contractive (a, e), dilative (b, f), right-

lateral curl (c, g) and left-lateral curl (d, h). Top and bottom rows show the population fields when ezz=ef
zz ¼ 0:18 and ezz=ef

zz ¼ 1, respectively.

The size of each marker is proportional to the magnitude of divergence and curl

Vol. 179, (2022) Synchrotron 4D X-Ray Imaging Reveals Strain Localization 337



338 N. Kandula et al. Pure Appl. Geophys.



loading. Deformation in samples Anstrude #3 and #4

(Fig. 7d, e) is dominated by contraction until

ezz=ef
zz ¼ 0:9, when dilation exceeds contraction. For

sample Anstrude #4, the mean values of all the three

incremental strain components show a peak at

ezz=ef
zz ¼ 0:7 (Fig. 7e). Similarly, in sample Anstrude

#5, a peak in strain occurs at ezz=ef
zz ¼ 0:75 (Fig. 7f),

as dilation dominates deformation. In general, three

of the limestone experiments are dominated by

contraction throughout the majority of the loading

(samples Anstrude #2, #3, and #4), while two are

dominated by dilation (samples Anstrude #5 and #6).

Both sandstones are dominated by dilation following

yielding and near failure.

4.4. Linking Porosity Variation with Incremental

Strain Evolution

Our X-ray tomography data enable tracking the

macroporosity (i.e. porosity segmented from X-ray

data, which is smaller than the actual porosity, see

Table 2) and local strain field simultaneously. In

order to characterize the strain localization mecha-

nisms guiding the porosity evolution, we compare the

bulk macroporosity calculated from the tomograms

and the local divergence and curl components

calculated from digital volume correlation. In

Fig. 8, we show the cumulative means of respective

components as a function of scaled axial strain,

ezz=ef
zz, for all experiments,

P
mean=Dezzj j. The mean

value of porosity obtained from image segmentation

at every step of axial step increase is described in

Sect. 3.2 and shown on Fig. S2.

For all the experiments except the Bentheim

sandstone, the mean porosity decreases while the

cumulative incremental divergence and curl compo-

nents increase towards failure (Fig. 8). In the

Adamswiller sandstone experiment, the mean poros-

ity decreases in steps and then drops following the

yield point, at ezz=ef
zz ¼ 0:75 (Fig. 8a). All the

divergence and curl components show an approxi-

mately linear increasing trend, indicating constant

rates of strain accumulation. The contraction tends to

increase the fastest, while the dilation and curl

components increase at slower rates. This dominance

of local contraction agrees with the decreasing

porosity with loading. In the Bentheim sandstone

experiment (Fig. 8b), the mean porosity decreases

non-linearly and then stays at similar levels near the

yield point. Then, above ezz=ef
zz ¼ 0:8, the porosity

increases rapidly up to failure. These trends in the

porosity agree with the evolution of the divergence

and curl fields: the dilation remains below the

contraction until ezz=ef
zz ¼ 0:8 and then the dilation

increases rapidly preceding failure (Fig. 8). The

samples of Anstrude limestone #2, #3, and #4

(Fig. 8c–e) show similar trends in the evolution of

cumulative contraction, dilation and shear compo-

nents. All of the three cumulative components

increase non-linearly. Contraction dominates defor-

mation rather than dilation or shear strain. Consistent

with these strain evolutions, porosity decreases with

loading in all three experiments.

The relationships between the porosity and cumu-

lative divergence and curl evolutions differ between

the Anstrude limestone samples #5 and #6 (Fig. 8f, g)

and the other Anstrude limestone experiments. The

porosity of the Anstrude limestone samples #5 and #6

decreases with loading, similar to the other experi-

ments. However, these experiments differ from the

others because the mean cumulative dilation tends to

be slightly higher than the mean cumulative contrac-

tion throughout loading in these experiments. While

the decreasing porosity indicates that contraction

should dominate deformation, the digital volume

correlation data indicate that dilation dominates

deformation in these two limestone experiments.

Figure S6 provides a summary of evolutions of the

differential stress, mean porosity, and cumulative and

incremental dilation, compaction, and curl means for

three different rock types subjected to low and high

confinement.

We compare variations in strain invariants with

porosity evolutions. Figure S7 summarizes the vari-

ation in the mean values of strain invariants namely,

dilative and contractive volumetric strain (I1) and

bFigure 7

a–g Mean of the absolute values of the incremental divergence

(contraction, dilation) and curl (a proxy for shear strain) compo-

nents. Mean value of each component is normalized by the amount

of macroscopic axial contraction, Dezz, that occurs between scans

used in the digital volume correlation calculations
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Von Mises strain (3
ffiffiffiffiffi
J2

p
). Whereas Figure S8 shows

the mean porosity evolutions in relation to the

cumulative mean of strain invariants (dilative and

contractive volumetric strain and Von Mises strain, in

Figure S7, the mean value of Von Mises strain clearly

dominates the volumetric strain. On the one hand, in

a sandstone deformed at a higher confinement

(Adamswiller—30 MPa), increasing trend in Von

Mises strain correlates to decreasing mean porosity.

On the other hand, at lower confinement (Bentheim—

5 MPa), increasing trend in Von Mises strain corre-

lates to increasing mean porosity.

4.5. Post Failure Microstructure

In order to provide further insights into the

deformation mechanisms operating within these

porous rocks, we imaged the microstructure of four

samples post failure using scanning electron micro-

scopy. Electron backscatter images of Adamswiller

sandstone (Fig. 9) and Anstrude limestone sample #4

(Fig. 10) show compaction shear bands, with pore

collapse, grain crushing and formation of transgran-

ular microfractures. Figures S9 and S10 display

additional images of Anstrude limestone samples #2

and #5.

In Adamswiller sandstone, damage localization

occurs along compaction shear bands located near

one end of the sample. These regions (Fig. 9b, c) host

grain comminution and pore space reduction. This

observation is in agreement with the observed overall

reduction of total porosity (Fig. 4) and dominance of

compaction rather than dilation (Fig. 8). The total

porosity decreases towards failure. The cumulative

mean of the contractive strain (Fig. 8a) is higher than

cumulative dilation throughout the experiment. The

porosity evolution, strain fields, and microstructures

indicate that this sandstone sample deformed via

porosity reduction and diffuse compaction at lower

differential stress, and then more localized com-

paction and shear with grain crushing, grain

comminution, and transgranular fractures at higher

differential stress when approaching failure.

All the limestone samples show regions of

localization in the form of shear bands characterized

bFigure 8

(a–g) Evolution of the cumulative local divergence (dilation is

positive divergence, contraction is negative divergence) and curl (a

proxy for shear strain) components and porosity. The cumulative

local divergence and curl components are shown as the sum of the

|mean/Dezz| from previous digital volume correlation calculations,

i.e., the cumulative mean. In general, porosity decreases as the

magnitudes of these components increase. The exception to this

trend is the Bentheim sandstone experiment (b), which hosts an

increase of porosity (i.e. dilation) from the yield point until failure

Figure 9
Scanning electron micrograph of a thin section of the Adamswiller sandstone sample after failure. a Compaction shear bands. b Close up of

area in (a). c Close up of area in (b). Grains appear comminuted and crushed. Development of intra granular fractures is evident in (c)
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by significant amount of grain crushing leading to

intense fragmentation of the rock. When samples

were unloaded from the triaxial rig, regions of

powdered rock formed cavities, which were filled

by epoxy during the impregnation step. This effect

led to an incomplete recovery of some samples

(Fig. S10). However, all these samples show shear

zones display with complex features that are remi-

niscent of various microscale mechanisms.

Dilatational microfractures originated from macrop-

ores and propagated either along grain boundaries as

intergranular microfractures or coalesced with trans-

granular fractures within ooids and grains. A shear

zone in sample Anstrude #2 (Fig. S9) contains

microfractures that are oriented at[ 30� to r1. Also,

the sample contains multiple fracture strands within a

shear band that propagated across the sample length,

spanning the entire rock volume. In the sample

Anstrude #5 (Fig. S10), a fault oriented at * 30� to

r1 separates the highly crushed shear zone and the

intact rock matrix. Shear zones in all the limestones

host some intact ooids with transgranular microfrac-

tures. Regions outside the shear zone are relatively

intact (right section of Fig. S10a, top section of

Fig. 10a) and host transgranular fractures (top section

of Fig. 10a).

For the Anstrude limestone #4 sample (Fig. 10),

compaction is accommodated by grain size reduction

and the formation of transgranular fractures

(Fig. 10a, b). The overall porosity decreased while

contraction increased in this experiment (Fig. 8c–e).

The formation and opening of micro fractures may

prompt locally high dilation. In samples Anstrude #5

and #6 (Fig. 8f, g), dilation dominates deformation at

failure, consistent with the formation of transgranular

microfractures. The 3D tomograms of Anstrude

limestone #6 sample also show evidence of trans-

granular fractures (Fig. 3f).

5. Discussion

Our results present a detailed analysis of strain

localization observed in three kinds of porous rocks,

Adamswiller sandstone (23% porosity), Bentheim

sandstone (22.8%) and Anstrude limestone (20%).

These rocks are deformed in the brittle regime under

in-situ conditions with dynamic synchrotron X-ray

tomography imaging. For the first time, the 4D evo-

lution of incremental strain components of dilation,

contraction and shear is compared to the evolutions

of the bulk porosity and microstructure. In the brittle

regime, porous rocks subjected to compressive load-

ing may fail by shear localization, compaction

localization, or cataclastic flow, depending on the

applied confining stress and other parameters (e.g.

Paterson & Wong, 2005). In the present study, we

applied confining stress of 5–30 MPa (Table 2). We

consider 5 MPa as a low confinement, 20 MPa as an

intermediate confinement, and 30 MPa as a high

confinement in the following discussion.

Strain localization mechanisms are influenced by

parameters such as porosity, grain size distribution,

pore fluid and confining pressure (e.g., Baud et al.,

Figure 10
Scanning electron micrograph of sample Anstrude limestone 4 after failure. b Close up of area in (a). c Close up of area in (b). Some grains

appear crushed and others host transgranular fractures parallel to r1
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2000; Scott & Nielsen, 1991; Wong et al., 1997). Our

study involves a broad range of values for these

parameters; (1) three rock types with different grain

size distributions, (2) pore fluid pressure (one of the

Anstrude limestone experiments), and (3) confining

pressures in the range 5–30 MPa. In the following

discussion, we link these parameters to the observed

strain localization process.

5.1. Mechanisms of Brittle Deformation

in Adamswiller and Bentheim Sandstones

5.1.1 Strain Localization and Its Link to Bulk

Porosity Variations

When approaching failure, strain localization in

sandstone at low confinement (Bentheim sandstone

experiments) proceeds by the accumulation of dila-

tive strain, which results in increasing pore volume.

Conversely, at increased confinement (Adamswiller

sandstone) the dominant mechanism near failure is

compaction, which reduces the porosity.

The sandstones, deformed under dry conditions in

the present study, failed after a period of strain

hardening (Fig. 1). The same behavior was observed

in discrete element models for porous rocks (Wang

et al., 2008). The observed relation between strain

localization and porosity variation is a step beyond

the previous studies on Adamswiller sandstone

(Wong et al., 1997; Zhu and Wong, 1997) and

Bentheim sandstone (Vajdova et al., 2004). These

studies have shown that the evolution of porosity and

stress state are coupled; porosity controls strain

localization and subsequently the failure mode. With

the present study, we can separate the total accumu-

lated strain into dilative, contractive, and shear strain

components (Figs. 7, 8): all of these components of

the strain tensor are active with various amplitude.

Deformation in Adamswiller sandstone is dominated

by contractive strain (Figs. 7a, 8a) and reduction of

porosity (Figs. 4b, 8a). Dilation increases near yield,

at 75% of normalized macroscopic axial strain,

becoming dominant over the contractive strain when

failure approaches (Fig. 7a). This strain evolution is

accompanied by a brief increase in mean porosity

(Fig. 8a), consistent with the increase in local dila-

tion. Porosity in Bentheim sandstone decreased

during the initial phase of deformation, consistent

with the observed dominance of contractive strain.

From the yield point and until failure, dilation

dominates (Figs. 7b, 8b), and porosity increases

(Figs. 4b, 8b). Dominant strain component and

associated porosity variations control the initiation

of shear localization near macroscopic failure. There-

fore, the variations in the volumetric strain

components influence the strain localization process

more than the deviatoric components in both sand-

stones in the present study.

Using the incremental strains calculated from

digital volume correlation, we compare the localiza-

tion of the highest local strain values of the

Adamswiller and Bentheim sandstones to the Fon-

tainebleau sandstone studied in Renard et al. (2019a).

These Fontainebleau sandstones were deformed in

the Hades rig, at confining pressures of 10–20 MPa,

and we employed the same segmentation procedure

and computational analysis as the present study. The

Adamswiller and Bentheim sandstones have a higher

porosity (* 23%) than the Fontainebleau sandstone

(5.5–7% porosity). Differences in the internal

microstructure of the sandstones, such as porosity,

may produce variations in strain localization mech-

anisms. For example, discrete element method

models of granular aggregates of varying porosity

found that system-spanning, percolating force chains

are more broadly distributed in lower porosity models

than higher porosity models (McBeck et al.,

2019a, 2019b). Differences in the spatial localization

of the highest strains observed in Bentheim sandstone

(Fig. 5, Movie V9) and Adamswiller sandstone

(Movie V8), and Fontainebleau sandstone (Fig. 9 in

Renard et al., 2019a) can be attributed to the

differences in dominant strain localization behaviors,

which may arise from the varying porosity. Both the

Adamswiller and Bentheim sandstones experience a

long compaction phase preceding the final shear

localization. In contrast, Fontainebleau sandstone did

not experience such an extended yielding phase

(Renard et al., 2019a). The sandstones also differ in

how the strains localized. For Fontainebleau sand-

stone sample F2 (Fig. 9b in Renard et al., 201),

clustering trends in Von Mises strain clearly showed

localization of a shear fault. For the Bentheim
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sandstone, the left-lateral shear strain (Fig. 5 and

Movie V2) indicates the localization of a shear fault.

We may also compare the trends in the mean

values of the strain invariants in Adamswiller and

Bentheim sandstones with Fontainebleau sandstone

(Fig. 11 in Renard et al., 2019a). Deformation and

strain localization in Fontainebleau sandstone is

dominated by dilative volumetric strain. Whereas in

Adamswiller and Bentheim sandstones, von Mises

strain shows high values indicating the strain local-

ization has strong contributions from shear. For

Bentheim sandstone, increasing trends in mean

values (Fig. S7) as well as their cumulative values

(Fig. S8) of dilation and Von Mises strains coincide

with the increasing porosity beyond yield point.

Therefore, both the local dilation and shear contribute

to the changes in porosity. Considering the cumula-

tive means of contractive volumetric strain and von

Mises strain in Adamswiller sandstone, it is evident

that the decreasing mean porosity is associated with

the dominant deformation mechanisms of contraction

and shear.

5.1.2 Micromechanisms of Strain Localization

In our sandstones with porosity of * 23%, the SEM

images show the development of compacted zones

characterized by grain crushing and transgranular

fractures. The digital volume correlation data indicate

that this development produced local dilation

(Fig. 9). Microscale mechanisms of grain crushing

and pore space dilation produce local dilatation and

an increase in porosity, when subjected to low

confinement (Bentheim sandstone). The contraction

enabled by pore collapse does not overcome the

increase of the local dilation, explaining the evolution

of increasing macroscopic dilative strain. At inter-

mediate confinement (Adamswiller sandstone), pore

collapse with extensive grain crushing decreases the

porosity, increasing the contraction.

The differences in porosity may produce differ-

ences in strain accumulation. Sandstones of lower

porosities (5.5–7%; Renard et al., 2019a) have higher

amounts of cementation between the grains. This

cementation causes the nucleation of damage to

involve several microscale mechanisms: (i) pore-

emanated mode I cracks (Sammis & Ashby, 1986)

initiated along grain boundaries, (ii) following the

development of intergranular fractures, transgranular

fracturing occur at higher differential stresses, as

explained by the Hertzian fracture concept (Johnson,

1982); (iii) then strain localization occurs by the

coalescence of these microfractures either at failure

(samples F1 and F3 in Renard et al., 2019a, 2019b) or

at yield (sample F2 in Renard et al., 2019a, 2019b)

and that grow to system-spanning faults. In contrast,

in Adamswiller and Bentheim sandstones with higher

porosities (* 23%), failure is dominated by either

pore space dilation, or pore collapse and grain

crushing (resulting in the reduction of grain size)

via the propagation of transgranular fractures

(Fig. 9). In Bentheim sandstone, the acceleration of

dilative strain near yield is attributed to initiation of

transgranular fractures, resulting in grain crushing

and sliding along the shear fault. At failure, the

microstructure evolved into a localized shear zone

with grain comminution. The post-failure tomograms

show significant macroscopic contraction along the

axial direction and dilation along the radial direction

(e.g., Fig. 2a). In Adamswiller sandstone, the

increase in the dilative strain near the yield suggests

fracture opening, and perhaps grain crushing via

transgranular fracture development. Transgranular

fractures are signatures of grain crushing and

observed in the post-failure microstructure of

Adamswiller sandstone (Fig. 9). This grain crushing

and collapse of the pore space resulted in the

localization of a compaction shear band at failure.

5.2. Mechanisms of Brittle Deformation in Anstrude

Limestone

5.2.1 Strain Localization and Its Link to Porosity

Variations

Localization of strain in Anstrude limestone (20%

actual porosity) occurs through an interplay of

compaction, dilation and shear, as observed in the

3D strain distributions (Movies V3–V7, Figs. 6, 7,

S7, S8). This observation is in contrast to the

sandstones (Movies V1 and V2, Figs. 5, 7), where

either dilation or compaction is dominant. Indepen-

dent of the dominant strain localization mechanisms,

in each of the five experiments, porosity reduction
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(Fig. 4b) resulted in an overall macroscopic sample

contraction (see tomograms at failure in Fig. 3).

However, the applied confinement influences the

porosity. Under low confinement (5 MPa), the poros-

ity calculated from the microtomography data shows

a nearly linear decreasing trend until failure. Whereas

under relatively higher confinement (20–30 MPa),

porosity decreased rapidly after the yield stress

(Fig. 4b), associated with strain localization post

yield.

A complex pore network defines the microstruc-

ture of many limestones, including a bimodal

distribution of pores (Ji et al., 2015; Lion et al.,

2004). Strain localization in the Anstrude limestone

studied here occurs through a combination of volu-

metric and shear strain increments: the highest

magnitudes of these incremental strains generally

overlap each other in these experiments (Figs. 5, 6;

Movies V3–V7, Movies V10–V14). Our results agree

with strain analyses on limestone that includes both

macropores and micropores, including Indiana lime-

stone with a porosity of 16% (Baud et al., 2021),

Saint-Maximin limestone with a porosity of 37.9%

(Abdallah et al., 2021), and Majella limestone with a

porosity of 30–32% (Ji et al., 2015). Our experiments

indicate that strain localization results from an

interplay of volumetric deformation and shear, with

a strong compaction component. In previous studies

(Abdallah et al., 2021; Baud et al., 2021; Ji et al.,

2015) as well as for the Anstrude limestone in the

present study, at the onset of strain localization,

digital volume correlation data show the formation of

compacting shear bands oriented at an angle oblique

to r1. The angle of these deformation bands increase

with applied confinement. The volumetric strain was

primarily compactive (Abdallah et al., 2021, Baud

et al., 2021; Ji et al., 2015), consistent with a

continuous reduction in porosity in our experiments.

In the Anstrude limestone, at a higher confinement

(Anstrude samples #2, #4 and #6, r2 � p0 ¼ 20MPa)

compacting shear bands have a higher angle than

those deformed at lower confinement (Anstrude

samples #3 and #5, r2 � p0 ¼ 5MPa), where local-

ization is dominated by dilation. Volumetric strain

maps for Saint-Maximin limestone with 37.9%

porosity (Fig. 18 in Abdallah et al., 2021) show

complex kinematic behavior including alternating

dilation and compaction within the deformation

bands. This observation is similar to the spatial

clustering observed in our digital volume correlation

data for Anstrude limestone (Fig. 6, Movies V3–V7,

V10–14). Therefore, as strain localization is strongly

influenced by volumetric compaction and shear

strain, results obtained for Anstrude limestone are

similar to that observed in other high porosity

limestones. In this study, we link this strong influence

of volumetric compaction to the continuous non-

linear decrease in porosity.

5.2.2 Micromechanisms of Strain Localization

Many carbonate rocks are characterized by bimodal

porosity distributions, including microporosity and

macroporosity. SEM images of post-failure

microstructure for Anstrude limestone show evidence

for such bimodal porosity (Figs. 10, S9, S10). The

visible pore space with large voids within the

deformed rock matrix that can be segmented in the

X-ray tomograms is the macroporosity. The micro-

porosity occurs in (1) ooids/grains (speckle pattern in

Fig. S9-c), (2) cemented regions in Fig. 10b, 10c) and

in the periphery of macropores (fractures in Fig. S10).

These observation are supported by the microstruc-

tural study of Anstrude limestone in Lion et al.

(2004).

The complexity of the pore geometry and confin-

ing stress controls strain localization in Anstrude

limestone, which are dependent on the confining

pressure. The experiment Anstrude #5, with a con-

fining pressure of 5 MPa (Fig. S10), hosted grain

crushing, pore collapse and intense grain comminu-

tion within the shear band. In contrast, experiments

Anstrude #2 and #4, with 20 MPa confining stress

(Figs. S9 and 10) hosted some dilatant fracture

networks within the macroscopic shear band, in

addition to these previous microstructures. Shear

bands near failure are characterized by compacted

rock, which is a result of pore collapse and the

aforementioned microscale mechanisms. Hosting

dilatant fracture networks at higher confinement

may indicate the signatures of pore-emanating frac-

tures that grow when failure is approached.

Therefore, the microscale mechanisms that operate

in Anstrude limestone are (1) pore collapse, (2) grain
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crushing with cataclasis and (3) pore-emanating

fractures.

During mechanical compaction, anisotropy in the

spatial distribution of damage around the macropores

(Vajdova et al., 2004) results in pore collapse (Zhu

et al., 2010). Macropore collapse produces an asym-

metrical fracture network and distributed damage

within the shear zone. In our experiments, inelastic

compaction of the pore space resulted in the nucle-

ation of dilatant fractures that localized (1) at the

interface of a macropore and grain (intra-granular

fractures), as shown in the post-failure SEM

microstructures in Fig. S10) and (2) within the

micropores (inter-granular fractures). Fractures orig-

inating from macropores can propagate along the

gain boundaries as intergranular fractures, or within

grains as intragranular fractures. This process results

in grain breakage. Due to the development of

fractures, those originating from micropores also

result in grain breakage and pulverization of the rock.

Therefore, coalescence and propagation of dilatant

fractures originating from macro- and micropores

result in the microstructural mechanism of grain

crushing.

6. Conclusion

We present a comparative study of inelastic brittle

deformation and strain localization in Adamswiller

sandstone (23% porosity), Bentheim sandstone

(22.8% porosity) and Anstrude limestone (20%

porosity), three kinds of reservoir rocks of compara-

ble porosities at conditions of low to intermediate

confining stresses (5–30 MPa). We show that the 4D

evolution of the incremental local strain components

of dilation, contraction and shear, are closely linked

to variations in the bulk porosity and microstructure.

Although all of the rock types experience strain

localization via shear bands development, the defor-

mation behavior differs depending on the

microstructure of the rock, complexity of the pore

geometry, and applied confinement. The sandstones

are characterized by narrow grain size distributions

and homogeneous pore geometry. When subjected to

low confinement (Bentheim sandstone experiment),

deformation is initially dominated by a porosity

reduction at low differential stress, and beyond the

yield stress deformation becomes dominated by

dilative strain and higher porosity. Grain crushing

and pore space dilation produces this local dilation

and higher porosity. At intermediate confinement

(Adamswiller sandstone), deformation proceeds by

the accumulation of contractive strain and decreasing

porosity. Pore collapse with extensive grain crushing

produces local compaction and decreases the poros-

ity. Anstrude limestone has a complex microstructure

with ooids, producing a bimodal porosity distribution.

Due to this bimodal porosity, strain localization

mechanisms produce relative dispersion in the X-ray

intensity, and thus deformation bands are difficult to

distinguish from tomograms in these samples because

their amplitude is small, and below the spatial reso-

lution of the images. Hence, we used digital volume

correlation to identify the strain localization that is

not detectable directly from the tomograms. Under

low confinement (Anstrude sample #5 and #3 near

failure), accumulated dilative strain dominates during

triaxial deformation and porosity decreases with

loading. Increasing dilative strain is attributed to

development of dilatant fractures within the com-

pactive shear bands. At intermediate confinement

(Anstrude samples #2, #4), compaction dominates

and porosity decreases with loading. The presence of

pore fluid in one experiment may facilitate the

dominance of dilation (Anstrude sample #6). The

microstructural deformation mechanisms in Anstrude

limestones include (i) pore collapse, (ii) pore-em-

anated fracturing that initiates at the periphery of the

macropores and propagate as transgranular fractures

within the shear zones, and (iii) cataclasis. Under low

confinement, shear zones are defined by cataclasis

and pervasive damage, whereas at intermediate con-

finement, they are characterized by dilatant fractures

that extend across the sample. The experiment with

pore fluid and intermediate confinement (sample

Anstrude #6), shows localization of conjugate shear

bands. The Bentheim and Adamswiller sandstones,

and the Anstrude limestone samples under low con-

finement are characterized by shorter yielding phases

(in terms of axial strain) and the localization of strain

is observed at the onset of failure, near the peak

stress. Conversely, Anstrude limestones at interme-

diate confinement are characterized by long yielding

346 N. Kandula et al. Pure Appl. Geophys.



phases, and the localization of the high local strains

following yield and before macroscopic failure. Our

results demonstrate that dynamic X-ray tomography

experiments coupled with digital volume correlation

analysis and SEM observations provide quantitative

information about the deformation mechanisms of

porous reservoir rocks, including linking strain at the

microscale to the macroscopic deformation behavior

of the samples.

In the present study we have used mathematical

derivatives (divergence and curl) of incremental dis-

placement fields to resolve strain into its components,

namely dilative, contractive, right- and left-lateral

shear. Rotational component (curl) was observed to

be a better parameter for quantifying deformation

(process) zones than a classical shear strain. Diver-

gence is equal to the volumetric strain component.

Curl represents magnitude of rotation as well as

directional sense (right- and left-lateral) and provides

additional information over classical computation of

volumetric (I1) and shear strains ((3J2)1/2). Using our

experimental setup, more studies on different rock

types are required to develop a generic and unified

approach for computation of strain components for

the rock volume. Further, cylindrical coordinate

systems may help reveal the varying directional sense

of the shear strain (right- and left-lateral) within the

deformation zones of the rock. This technique could

be employed in future studies.
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Croizé, D., Renard, F., & Gratier, J. P. (2013). Compaction and

porosity reduction in carbonates: A review of observations,

theory, and experiments. In Advances in geophysics (Vol. 54,

pp. 181–238). Elsevier.
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