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Abstract

Accurate identification and differentiation of various deformation bands in porous sandstone constitute a critical first step
towards thorough understanding of these failure patterns. Two conventional ways prevail on band identification for sandstone,
one based on a kinematic definition of shear offset (the ratio between shear and compaction displacement S/C) and the other
according to a geometric inclination angle between band orientation and the principal stress direction. The two methods are
not always consistent with each other, frequently leading to confusions or false identification of band patterns, especially
when a deformation pattern is in transition. Employing an advanced multiscale modeling approach, we have reproduced a
complete kinematic spectrum of deformation bands in porous sandstone. Enlightened by an exponential relation between
le,/€,| and |S/C| observed in the results, a new, accurate classifier, B; = €,/¢,, is proposed in this study, where €, and €,
denote, respectively, the volumetric and deviatoric strains inside a band. The validity and robustness of B; are examined
with rigorous mechanical analyses in conjunction with insights drawn from multiscale modeling of localized deformation.
Instead of decomposing the displacements, we further propose splitting the deformation gradient into four distinct kinematic
components: (1) deviatoric compaction, (2) lateral extension, (3) simple shear, and (4) rigid rotation. As an end member of
the kinematic spectrum, a pure dilation band (PDB) is found dominated by lateral extension without apparent compaction,
shear, or rotation; a pure compaction band (PCB) is dominated by deviatoric compaction without apparent extension, shear,
or rotation; a simple shear band (SSB) distinguishes itself from the previous two with the presence of substantial, propor-
tional compaction, extension, shear, and rotation. As transitional patterns, shear-enhanced dilation band (SEDB), and shear-
enhanced compaction band (SECB) are closer to pure volumetric deformation bands (PDB and PCB), while dilatant shear
band (DSB) and compactive shear band (CSB) are more similar to simple shear band. In addition, B; shows advantages in
characterizing spatial variation and temporal transition of band patterns in complex boundary-value problems of sandstone.

Keywords Deformation band - Compaction band - Kinematic spectrum - Classification index - Porous sandstone -
Multiscale modeling

1 Introduction compaction band (PCB), and their hybrids with different
relative magnitude of volumetric and shear deformations
(Fossen et al. 2017). Their differences in physical nature

may dictate their geological and engineering significance.

Porous sandstones are crucial hosts worldwide for hydro-
carbons, water reservoirs, CO, sequestration and storage,

as well as hazardous waste disposal (Holcomb et al. 2007;
Olsson et al. 2002). Frequently observed in sandstones are
narrow tabular zones with highly localized strains and small
offsets called deformation bands (Aydin 1978; Fossen 2010).
A complete kinematic spectrum range from pure dilation
band (PDB), simple (isochoric) shear band (SSB), pure
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Shear bands, for example, as a common band pattern with
high shear deformation, have been observed during the fail-
ure of a rock specimen or around an underground excava-
tion (Yang et al. 2012; Li et al. 2018; Francois et al. 2014;
Pardoen et al. 2015). Compaction bands, on the other hand,
represent a special, new class of deformation bands featur-
ing intensive compaction without apparent shear deforma-
tion within the localized zone. They have been observed
in both field outcrops and laboratory tests (Eichhubl et al.
2010; Townend et al. 2008; Liu et al. 2015). The forma-
tion of deformation bands around a borehole could affect
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its operation or even cause its failure (Haimson 2007; Lee
et al. 2016). The presence of deformation bands may induce
a significant heterogeneity in permeability among the porous
host rocks and potentially alter the behavior of pore fluid
flow, causing adverse consequences for relevant engineering
applications (Fossen et al. 2007).

Accurate identification of a deformation band pattern out
of all these types constitutes a critical first step for recon-
structing its paleostress states, investigating its operative
mechanisms, and examining its interplay with the fluid
extraction/injection processes in sandstone. Geologists have
commonly followed a kinematically based index, defined by
the ratio of shear (band-parallel) displacement to compac-
tion (band-perpendicular) displacement (S/C, Fig. 1) (Soliva
et al. 2013; Fossen et al. 2017). Meanwhile, there have been
extensive experimental studies investigating deformation
bands formed in sandstones under various laboratory con-
ditions (Bésuelle et al. 2000; Townend et al. 2008; Tembe
et al. 2008; Baud et al. 2015). In these studies, a geometri-
cally based band angle relative to the principal stress direc-
tion, in conjunction with volumetric deformation, has been
widely adopted to classify the observed failures in experi-
ments, e.g., dilatant shear bands (brittle faulting), compac-
tive shear bands, high-angle shear bands, and compaction
bands (Bésuelle 2001; Tembe et al. 2008; Baud et al. 2015).
The band angle classification method has also been followed
by theoretical and numerical modellers in studying deforma-
tion bands (Das et al. 2014; Wang et al. 2008).

Host rock

Fig. 1 Measurement of S/C in the field outcrops. a A demonstra-
tion of the shear offset in a shear-enhanced compaction band [after
Fossen et al. (2011)]. b An illustration of compaction displace-
ment (C =T,(¢; — ¢,)/(1 — ¢;), where ¢, and ¢, are the porosity
of the host rock and the band, respectively) and shear displacement
(S =Sy — C/tan¢) (Soliva et al. 2013)
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Apparently, the above two methods on band classification
are of different physical bases. There are cases where both
S/C and band angle methods may offer vague, confusing or
even false identifications of band patterns. Indeed, the detec-
tion of small shear offset is widely considered difficult for
a shear-enhanced compaction band in the field, which may
cause misinterpretations of some shear-enhanced compac-
tion bands as pure compaction bands (Fossen et al. 2011). A
sandstone may experience transition from one typical failure
mode to another where both methods may experience dif-
ficulty to clearly differentiate. For example, experimental
studies indicate that a sandstone tends to transit from brit-
tle failure mode to ductile failure through a brittle—ductile
transition with increased confining pressure (Tembe et al.
2008; Wong et al. 1997, 2001), whereby the angle of defor-
mation bands with respect to the major principal stress (o)
may increase progressively (Baud et al. 2015; Bésuelle et al.
2000; Tembe et al. 2008). During the transition, mixed-mode
failure patterns may co-exist, creating difficulties for accu-
rate measurement of shear offset and/or band orientation.
Importantly, notwithstanding their convenience for practical
use, neither classification method could provide sufficiently
robust, accurate insights into the fundamental physical
mechanisms uniquely associated with each single type of
deformation bands.

A new, physically based definition is proposed in this
study to uniquely characterize and identify deformation
band patterns in sandstone. For convenience of rigorous
validation, we further employ a recently developed multi-
scale modeling approach (Guo and Zhao 2014, 2016b, a,
¢; Zhao and Guo 2015; Wu et al. 2017, 2018b; Nitka et al.
2011; Nguyen et al. 2014; Liu et al. 2016; Desrues et al.
2019) to reproduce different deformation bands in sandstone
under various conditions. In this coupled FEM/DEM com-
putational multiscale scheme, finite-element method (FEM)
is adopted to solve the macroscopic boundary-value prob-
lems. A representative volume element (RVE), consisting
of discrete particles, is attached at each Gauss point of the
finite mesh to receive displacement gradient as microscopic
boundary conditions and return stress information back
through calculations using discrete element method (DEM).
In this way, the phenomenological constitutive relationship
in the conventional FEM is replaced by direct DEM compu-
tations to naturally take into account the discrete nature of
granular materials. Detailed formulations of the multiscale
modeling scheme are not provided here to avoid excessive
repeat and defocusing of the study. Interested readers may
refer to (Guo and Zhao 2014) and (Wu et al. 2018a) for
details about this scheme. Based on the numerical results, we
verify the accuracy and robustness of this new band index,
and further discuss its potential as a better replacement over
the conventional ways for future study of deformation and
failures in sandstone.
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2 A Complete Spectrum of Deformation
Bands by Computational Multiscale
Simulations

Existing studies on deformation bands have mainly been
focused on the compaction side of the kinematic spectrum,
since most deformation bands are between SSB and PCB
(Fossen et al. 2017). However, experiments indicate the pos-
sibility of dilatant brittle failure of rocks under low confine-
ment which may transit to PCB with the increase in con-
fining pressure. Though relatively rare, PDBs have indeed
been reportedly found in the field outcrop (Du Bernard
et al. 2002). At the beginning of this study, a coupled FEM/
DEM computational multiscale approach is first employed
in attempting to reproduce a complete kinematic spectrum of
deformation bands, including both dilatant and compactive
types. The simulation results will serve as numerical bases
in conjunction with the experimental and field data reported
in the literature in guiding the ensuing theoretical discussion
on deformation band classifier.
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Fig.2 FE discretization by eight-node quadratic quadrilateral ele-
ments with four Gauss integration points (reduced integration) and
boundary conditions for a the biaxial extension tests and b biaxial

2.1 Biaxial Loading Tests

The simulations are performed on specimens of 50 mm X
80 mm (W x H). The domain is discretized into 12 x 20
eight-node quadratic quadrilateral elements, with two weak
points being inserted at the center to trigger the deformation
bands (Fig. 2). The failure of the specimen can be induced
by either horizontal extension or vertical compression, while
constant confining pressure is maintained during the load-
ing process. For biaxial extension tests (Fig. 2a), a constant
confining pressure o, is exerted on the top and the bottom
boundaries, and the lateral boundaries of the domain are
assumed to be smooth, with a fixed left center. For biaxial
compression tests (Fig. 2b), a constant confining pressure
o0, is exerted on the lateral boundaries and both the top and
bottom boundaries are assumed to be smooth, with a fixed
bottom center. The axial strain (e,, €, for extension tests
and ¢, for compression tests) is increased at a loading rate
of 0.01% per step to induce failure. Following this scheme,
the minor principal stress (o) is along the x,, axis and the
major principal stress (o) in the x, direction. The magnitude
of confining pressure (o, or ;) is varied to trigger different
types of deformation bands under a wide range of principal
stresses. While tests with positive principal stresses are com-
mon in both experiments and tectonic settings, tests with a
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compression tests, respectively. The black crosses in the center mark
the two pre-inserted weak points of lower cohesion (¢ = 5.44 GPa) in
each specimen
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negative principal stress are rare in experiments, but, indeed,
exist in extensional tectonic settings (Ramsey and Chester
2004; Soliva et al. 2016; Stoxreiter et al. 2019).

2.2 RVE for Porous Sandstones

Varied degree of grain crushing has been observed in shear
bands in laboratory experiments on porous sandstones
(Charalampidou et al. 2011; El Bied et al. 2002). As for
compaction bands, particle crushing has been reported to be
intense in laboratory experiments, but has been found signif-
icantly less severe in the field outcrops (Holcomb et al. 2007;
Aydin and Ahmadov 2009). The focus of the present study
is placed upon the characterization of a complete kinematic
spectrum of deformation bands based on the relative magni-
tude of volumetric and shear deformations. Therefore, grain
crushing will not be considered herein (Aydin et al. 2006).
The reader is referred to (Fossen et al. 2007) for another
classification scheme based on the dominant deformation
mechanisms (e.g., granular flow, cataclasis, etc.). Indeed,
shear bands in granular rocks have been investigated through
DEM with unbreakable particles and bonded particle models
(Cheung et al. 2013; Ding¢ and Scholtes 2018). Moreover,
both shear and compaction bands have been reproduced
with high-porosity RVEs without involving particle crush-
ing (Wu et al. 2018a, 2019a). An RVE of similar structure
(2D, porosity: 0.326, see Fig. 3) is employed in this study to
represent the behavior of porous sandstones. The macropo-
res in the RVE are considered to represent the macropores
in porous sandstones presenting a shape and a size similar to

Fig.3 Initial high-porosity RVE structure under isotropic confining
pressure of 40 MPa (porosity: 0.326). The radii of the circular par-
ticles are linearly distributed from 0.2 to 0.3 mm. The red and blue
lines illustrate the normal contact forces (red for compressive forces
and blue for tensile forces) (color figure online)
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that of grains (Charalampidou et al. 2014; Baud et al. 2015).
The high-porosity structure is generated by removing some
pre-inserted large particles and rattlers with less one contact
in the RVE. Detailed preparation scheme could be found in
(Wu et al. 2018a). An RVE with similar structure has been
employed in (Wu et al. 2018b, 2019b).

The inter-particle contact model in the DEM comprises a
linear force—displacement contact law, a Coulomb-type fric-
tion, and normal and tangential contact bonds. The normal
(k,) and tangential (k,) contact stiffnesses are defined by two
user-defined parameters E, and v, according to k, = E_r* and
k, = v k,, where r* = 2r,r, /(r| + r,), r; and r, are the radii
of the two contacted particles (note that v, is not Poisson’s
ratio here). The contact bond is governed by a maximum
tensile force (F7** = ¢ min(ry, r,)?) and a maximum tangen-
tial force (F}™* = c min(ry, ry)? + F, tan ¢). If either of the
thresholds is exceeded, the bond will be eliminated, leaving
a pure frictional contact governed by the Coulomb’s friction
law (i.e., F, < F, tan ¢). Microparameters for DEM particles
are summarized in Table 1. The particle density of 2650
kg/m? and the internal friction angle ¢ of 35° are common
values in DEM simulations for sands and sandstones. The
parameters for stiffness and cohesion (i.e., E,. = 950 GPa,
v, = 1.0, and ¢ = 6.8 GPa) are calibrated, such that the mod-
eled specimen yields a uniaxial compression strength (UCS)
of 37.5 MPa. Though this study is not meant to simulate the
behavior of a specific sandstone but rather trying to capture
the general behavior of a wide class of sandstones, the cali-
brated UCS is close to the values (42 and 22 MPa) for two
high-porosity Berea sandstones wherein compaction bands
were observed (Haimson 2003).

2.3 Complete Spectrum of Deformation Bands

Figure 4 shows a selection of deformation bands reproduced
in our multiscale simulations on the high-porosity RVE
(shown in terms of contours of normalized debonding num-
ber (N), to quantify damage). From left to right, It is notable
in the figure that the orientation of the band relative to the
minor principal stress (o) direction displays a continuous
change from almost perpendicular in the uniaxial extension
test (Fig. 4a) to parallel direction for the biaxial compression

Table 1 Microparameters for the discrete particles in the RVE

Parameter Value
Particle radii » (mm) 0.2-0.3
Particle density p (kg/m?) 2650
Interparticle friction angle ¢ (°) 35

E, (GPa) 950

v, 1.0
Cohesion strength ¢ (GPa) 6.8
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Fig.4 The complete kinematic spectrum of deformation bands in
multiscale simulations in terms of normalized debonding number (to
quantify damage) (a—g). h Peak stress state for different tests in terms
of differential stress (g) and mean stress (p), with different markers
indicating the change of band pattern from pure dilation band (PDB),

test under o, = 40 MPa (Fig. 4g). As the band perpendicu-
lar to o, is recognized as PDB and the one parallel to o,
as PCB, the displayed bands cover a complete kinematic
spectrum. Detailed classification will be discussed later. The
peak stresses obtained in all the numerical simulations are
plotted as differential stress (g) to mean stress (p) (Fig. 4h),
with different markers indicating different types of deforma-
tion bands. It demonstrates clearly a continuous transition
from PDB through SSB to PCB with increased p. This is a
well-recognized phenomenon in laboratory experiments on
sandstones (Fortin et al. 2006; Tembe et al. 2008).

The occurrence of different types of deformation bands
may cause changes in porosity and permeability of sand-
stone in a distinctive manner. For instance, PDB has been
reported to cause increase in porosity and permeability as
compared to its host rock (Du Bernard et al. 2002), whereas

through shear-enhanced dilation band (SEDB), dilatant shear band
(DSB), simple shear band (SSB), compactive shear band (CSB), and
shear-enhanced compaction band (SECB), to pure compaction band
(PCB) with the increase in p

PCB reduces the porosity and hence induces permeability
drop up to three orders of magnitude (Aydin and Ahmadov
2009; Deng et al. 2015). Although a higher permeability has
been reported in some dilatant shear bands (Han et al. 2016;
Sun et al. 2013), a majority of shear bands show a reduc-
tion in permeability of up to six orders of magnitude (due
to intense particle crushing) (Fossen and Bale 2007; Fossen
et al. 2007; Ballas et al. 2014). Notwithstanding the wide
variations (related to the grain-crushing intensity, mineral
content, loading history, etc.), the changes in permeability
caused by several typical deformation bands are summarised
in the porosity—permeability space in Fig. 5. In plotting the
figure, a modified version of the seminal Kozeny—Carman
equation has been adopted in conjunction with our multi-
scale simulation results to consider the effects of porosity,
grain size, and tortuosity as the dashed curves, together with
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Fig.5 Variations in permeability induced by the complete spectrum
of deformation bands with open markers indicating their initial states
and solid ones indicating their final states. See the meanings of dif-
ferent markers in Fig. 4. The variations in permeability caused by
various deformation bands reported from the literature have been pre-
sented as pairs of open and solid markers connected by arrows (error
bars to present the range if a set of data are available). Data for PCB
(Aztec) are extracted from (Aydin and Ahmadov 2009), SECB (Aztec)
from (Sun et al. 2011), CSB (Chapus) from (Ballas et al. 2014), DSB
(DEM-LBM modeling) from (Sun et al. 2013), PDB (McKinleyville)
is an estimation based on data from (Du Bernard et al. 2002), and
Eq. 1 assuming 7 = 2.5

data reported in the literature (denoted by open and solid
markers) (Mavko et al. 2009; Deng et al. 2015):

_ 100 wd? 1
72 (1= n)2e?’ M

where k is the permeability in mD, # is porosity, 7 is tortuos-
ity, and d is average particle size in mm. While the relatively
larger reduction for CSB may be associated with a combined
effect of grain crushing and a higher tortuosity, the changes
for PCB, SECB, DSB, and PDB are governed by the vari-
ations in porosity. In plotting the curves in Fig. 5, we have
taken two constant cases of 7, T = 2.5 and = = 5.0, to offer
a crude estimation of the variations in permeability for the
complete spectrum of deformation bands in Fig. 4a—g. Gov-
erned by the changes in porosity, a reduction in permeability
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Fig. 6 Demonstration of S/C = cotx in multiscale simulations. The
straight deformation band separates the displacement field within the
specimen into a fixed lower part (in cyan) and a rigidly moved upper
part (in yellow), and the gradually transitional band area (color figure
online)

is observed for the compaction side and an increase is noted
for the dilation side. The variations in contrast to the initial
state are within one order of magnitude.

3 Classical and New Classifications
of Deformation Bands

3.1 Conventional Classifications Based on Band
Angle and S/C

Band angle appears to be a convenient and straight-forward
choice for the classification of deformation bands. Indeed,
in the complete kinematic spectrum of deformation bands,
Fig. 4 confirms a continuous decrease in band angle from
the almost vertical PDB to the horizontal PCB. However, the
band-angle-based classification is not always reliable and/
or feasible and sometimes may cause confusions, especially
when a band is twisted, as will be demonstrated by examples
presented in later sections.

Meanwhile, geologists have popularly employed a clas-
sification of deformation bands based on S/C where S and C
denote, respectively, the shear displacement and compaction
displacement measured in a band (see Fig. 1). Soliva et al.
(2013) analyzed three sets of deformation bands in France
and found that the mean value of S/C is around 25 for normal
shear bands, around 10 for CSB and around 1 for SECB.
Fossen et al. (2017) further summarized the S/C values for
various band types in different outcrops around the world
and suggested that CSB featured the highest S/C ratio rang-
ing from 4 to larger than 100, while SECB showed moderate
value smaller than 2 and PCB presented the smallest value
close to 0.
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In our multiscale simulations, S/C can be calculated
directly from S/C = cotn, where 5 is the angle between
the displacement direction and the band direction (Fig. 6).
For the case with a single straight deformation band, the
angle #, the shear displacement S, and the compaction
displacement C can be obtained readily. The obtained S
and C for each case at four selected axial strain levels
(0.5%, 1.0%, 1.5%, and 2.0%) are presented in Fig. 7a.
Three selected field measurements are presented as well
for reference. Since the maximum axial strain in the simu-
lations is only 2.0%, the displacements (S and C) are much
smaller than the field measurements. A zoomed view is
hence presented as the inset. Notably, the data points for
each case roughly form a straight line through the origin
indicating an almost constant S/C. Although it may seem
to be subjective, placing numeric bounds for S/C may help

the classification. Figure 7a depicts various S/C in dashed
lines and a schematic classification scheme is illustrated
along the horizontal axis in Fig. 7d. The boundaries for the
compaction side of the spectrum are based on the field data
in conjunction with the multiscale results, and those for
the dilation side are extended by regarding dilation bands
and compaction bands equally as volumetric deforma-
tion bands (Aydin et al. 2006). It is clearly demonstrated
that S/C is negative on the dilation side and positive on
the compaction side. Meanwhile, an increase in |S/C| is
notable as the band pattern changes from pure volumetric
deformation band (PDB and PCB) through shear-enhanced
dilation/compaction band (SEDB and SECB) and dilatant/
compactive shear band (DSB and CSB) to simple shear
band (SSB).

a b
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Fig.7 a Shear displacement (S) to compaction displacement (C)
for the multiscale simulations. Three sets of field measurement data
(SECB, Uchaux from (Soliva et al. 2013), and CSB, Orange and (C)
SB, Sinai from (Fossen et al. 2017)) are plotted as open markers for
reference. The solid markers are simulation data (Ext for extension

tests and Comp for compression tests). b Deviatoric strain (¢,) vs.
volumetric strain (e,) for the multiscale simulations. ¢ The relation
between e, /e, | and |S/C|. d The schematic diagram of the detailed
classification scheme based on S/C and ¢, /¢, (color figure online)
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3.2 A Micromechanism-Based Indexe, /€,

Despite its clarity, the classification based on S/C has not
been commonly adopted in either experiments or numerical
simulations. As suggested by Charalampidou et al. (2014),
obtaining the local compaction and shear displacements is
laborious and inaccurate, and it is especially so when the
orientation of the band may vary. An apparent gap exists
between theoretical and experimental studies and field
observations on deformation bands in sandstone, which
demands an alternative, better option on band classifica-
tions to reconcile the inconsistencies of the two commu-
nities. Strain decomposition into deviatoric strain (¢,) and
volumetric strain (¢,) has been widely used in geomechanics
to quantify the distortion and volume changes of geomate-
rials. The dominance of shearing in shear bands and sig-
nificant volumetric change in compaction bands have been
confirmed in both experiments and previous multiscale
simulations (Charalampidou et al. 2011; Wu et al. 2018a).
We, therefore, explore first the correlation between the ratio
between deviatoric strain (¢,) and volumetric strain (e,) and
the deformation band patterns.

The deviatoric strain (eq) to volumetric strain (e,) of ten
selected in-band RVEs for all our simulations is plotted in
Fig. 7b. It is interesting to note that the data points for each
case form a roughly straight line and the line turns steeper as
the band change from pure volumetric deformation band to
SSB. Expectedly, €, is negative for the dilation side and posi-
tive for the compaction side. Since the complete spectrum
goes through SSB with €, ~ 0, the dashed lines in the figure
indicate different €, /e, whose value increases monotonically
from PDB to PCB. The numeric boundaries for ¢, /¢, are
equivalent to those for S/C, which will be discussed in the
next section. Detailed classification scheme based on ¢, /¢,
is presented along the vertical axis in Fig. 7d.

3.3 Correlation Betweene, /€ and S/C

Given the similar observations in the microscale strains and
the macroscale displacements, it is interesting to inspect the
correlation between €,/¢, and S/C in band differentiation.
Figure 7c displays e, /€, | to |S/C]|, assuming the same cor-
relation for the compaction side and the dilation side. |¢, / €,
of the ten selected in-band RVEs obtained at the mature stage
in each case (¢, = 1.5% and 2.0%) are shown as the boxplots
with the markers indicating their median values. A clear expo-
nential correlation between the two ratios is observed as the
dashed magenta curve. The numeric boundaries for €, /€, in
Fig. 7b and d are calculated based on this correlation and an
assumed equivalence between the two classification schemes.
An immediate advantage offered by the classification based on
€,/€, s its continuous value for SSB rather than the sudden
changes of S/C between +oco and —oo due to the alteration of
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tiny compaction displacement between positive and negative.
A single straight deformation band developed in previous 2D
cases leads to a straightforward calculation of S/C. However,
this may not be the case for a curved band or multiple bands. In
contrast, obtaining in-band €, / € is convenient for numerical
simulations, and poses no difficulty for modern experiments
including the X-ray tomography and digital image correlation
techniques (Ando et al. 2012; Charalampidou et al. 2011).
Meanwhile, it is widely regarded difficult, if not entirely
impossible, to directly obtain ¢, and €, in the field given the
lack of information on the reference configuration prior to the
occurrence of deformation bands. The conventional classifica-
tion based on S/C simplifies the deformation features inside
deformation bands into fully decoupled one-dimensional nor-
mal strain (perpendicular to the band) and simple shear strain
(parallel to the band) and, indeed, reflects the relative domi-
nance of compaction and shear to some extent (Fossen et al.
2007, 2017; Soliva et al. 2013). Following the same simplifica-
tion (neglecting lateral extension and rigid rotation, see the
detailed analyses on microscale in-band deformation features
in Sect. 4), one can obtain the deformation gradient as

_ 1 S l . .
F= [O 1—c/ Ti], where T; is the reference thickness of the

deformation band (see Fig. 1b). The strain tensor can be

2T
. _1 ™ _ ; .
derived as ¢ = >(F + F") C/Ti]’ where I is

0
I=|
S/2T, —
the identity matrix. Taken compactive strain as positive, one
can obtain the volumetric strain €, = C/T; and deviatoric
strain €, = V/ C? + 8% /T,. Hence, we can transform reliable

field measurements of S/C into €, /€, following:

C _ +1
Vers VI+G/or

€,/€,=

@

where positive is for the compaction side and negative for
the dilation side. This simplified correlation has been plot-
ted in Fig. 7c as the blue dotted line. The good agreement
between the measurements and the simplified correlation
confirms its applicability for relatively simple cases display-
ing a single straight deformation band with clear passive
markers (e.g., the one in Fig. 1a). Note the overprediction
of this correlation from the measurements around the transi-
tion from shear-enhanced dilation/compaction band (SECB
& SEDB) to dilatant/compactive shear band (CSB & DSB)
with medium e, /¢€,|and |S/C], due evidently to the complex
coupling effects of deviatoric compaction, lateral extension,
simple shear, and rigid rotation.

4 Microscale In-band Deformation Features
The new index ¢,/¢, is a classifier based on the in-band

deformation features. A visualization of those deforma-
tion features and quantitative comparison among different



The Signature of Deformation Bands in Porous Sandstones

3141

deformation bands help to justify the use of this new index.
To illuminate the distinct microscale deformation features
inside various deformation bands, we decompose the defor-
mation gradient F into three parts:

L L
Vo

1 compaction V i

e

Xo
Deformation .
gradient Smeles
F=R(V+S) shear

rotation R / ]

Fig.8 Illustration of the deformation decomposition scheme. The
RVE packing in the center demonstrates the microscale deformation
from the original gray square to the final black parallelogram

(b)

100 150 200

T

0 50

Fig.9 Comparison of in-band deformation features. The evolution of
deformation components with loading steps for a the dilation side and
¢ the compaction side of the kinematic spectrum. b The typical in-
band RVE structure at the final state when e, = 2.0%. The circles rep-

F=R(V+S) (3)

cosf —sinf
sind cosf
]is the compaction part which may cause

where, in a 2D setting, R = [ ] is the rotation

matrix, V = [VO 0
0 v

volume change, and S = [ is the simple shear part with-

A
00
out any volume change. The above expression is indeed a
variation of the traditional polar decomposition where the
deformation gradient is commonly decomposed into a rota-
tion tensor and a symmetric stretch tensor. Figure 8 shows
the schematic of the decomposition with visual illustration
of the effect of each component. According to the figure, the
microscale deformation features of a typical material point
(or RVE in this study) can be characterized by (1) deviatoric
compaction (1 — v)), (2) lateral extension (v, — 1), (3) simple
shear (y), and (4) rigid rotation (6).

To examine the microscale deformation features, ten
typical in-band RVEs for each case in Fig. 4 are selected
for analysis. Figure 9a and c show the statistical results for
the dilation side and the compaction side of the kinematic
spectrum, respectively. In the figures, the middle lines indi-
cate the median values for each quantity surrounded by
shaded lower and upper bounds according to the first and

£ (SN
e S

G

150 200

100
T

Compaction IR HECSY 0 5'0

resent discrete particles and the short lines indicate the normal force
between two contacted particles (red for compressive contacts and
blue for tensile contacts) (color figure online)
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third quartiles. The typical in-band RVE structure at the final
stage are presented as Fig. 9b for illustration. Evidently, PDB
is characterized by pure lateral extension with no apparent
deviatoric compaction, shear, or rotation. In contrast, PCB
features pure deviatoric compaction with almost no hori-
zontal extension, shear, or rotation. On the other hand, SSB,
another extreme case in the spectrum, presents substantial,
proportional compaction, extension, shear, and rotation. As
their hybrids, SEDB and SECB present features closer to
pure volumetric deformation bands, while DSB and CSB
display features more similar to SSB.

5 Using e, /e, for Band Identification

In the simulations shown in Fig. 4, a pair of weak points have
been placed in the sample to trigger the straight deformation
bands. In this idealized situation, the band angle and S/C
are straightforward to determine. However, heterogeneity
and randomness are inherent features of natural sandstone
where deformation bands may frequently present in forms of
curved, mixed, or vague patterns that are difficult to classify
based on either band angle or S/C. It is demonstrated here

thate, /e, based on in-band deformation features, provides
better, clear classifications in such complex situations on
band identification.

5.1 €¢,/e,to Distinguish the Spatial Variation
of Band Patterns

The sample with one pair of weak points producing a straight
SECB in Fig. 4f is modified to include two pairs of weak
points (shown as white crosses in Fig. 10b) as a new Case I.
Under the same confining pressure ¢, of 20 MPa, the final
failure pattern in terms of normalized debonding number
N is shown in Fig. 10b, showing to be a curved deforma-
tion band which could be approximately divided into three
straight segments based on the band angle. The two blue
ellipses indicate the bands with relatively gentle angle (Zone
iand Zone iii), while the green ellipse refers to a segment of
the bands with steep angle (Zone ii).

The evolution of €,/ €, and four kinematic features (v,
Vo, 7> and @) of selected RVEs in Zone i and iii (blue ellip-
ses) and Zone ii (the green ellipse) are plotted in Fig. 10a.
Evidently, prior to the initiation of deformation bands, all
four quantities in the three zones show no difference at all.

(a) Evolution for Case I (b) N for Case I (d) Evolution for Case II
12 ye 12 :
[ 1] \
0.8 i 0332 - 0.8 |
0.3 = 04 ‘
00 L/
1] 0.4 1
Ir 0.2 1.00 —
i i 0.95 |
B 0.1 = 0.90 ‘
i : 0.85 !
: 0.80 1
T 10.002 112 :
| — CB
1.08 ---. Transition ]
(¢) N for Case I1 S04 CSBI
ya .
1.0 ‘
0.351 0.14 ‘
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- !
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B i 12. ‘
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Fig. 10 Evolution of new band identifier €, /e, and the kinematic features v;, v, y and 6 with €; and contours of N to show the band patterns for

(a, b) Case I and (¢, d) Case II (color figure online)
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€, = 0.38% marks the initiation of deformation bands for this
cases and also a distinct bifurcation of ¢, /¢, and other kin-
ematic features for Zones i and iii with respect to Zone ii. In
Zones i and iii with a gentle band angle, ¢, /€, shows a sud-
den jump of mild magnitude as the bands initiate, followed
by a roughly constant value of around 0.5 throughout the rest
of the development stage of the bands. The constant value
of €,/€, is within the range of SECB. Indeed, the kinematic
features of these two zones, in terms of v, v, and 6, further
confirm with the same features of SECB, as shown in Fig. 9
very well. The slightly larger y may have been caused by the
influence of Zone ii. On the other hand, €,/ €, of the steep
band angle region (Zone ii) shows a relatively big sudden
drop to almost 0 at the band initiation due to unloading and
then gradually regain its value to a constant value of around
0.2, which is in the range of CSB. The evolutions of its lin-
early increased deviatoric compaction and lateral extension
and relatively large shear and rotation all agree well with
the kinematic features of CSB as discussed before. Conse-
quently, the distinct developments of €, /€, and conformed
kinematic features shown in Case I indicate absolutely dif-
ferent failure modes in the gentle and the steep bands. The
gentle bands could be classified as SECB, while the steep
zone is indeed a CSB. Since the band angle of Zone i (or iii)
exhibits not significant difference than that in Zone ii, band
angle classification may fail in this case. The S/C method
fails to yield any clue in this case either.

5.2 €¢,/e,to Characterize the Temporal Transition
of Band Patterns

While Case I has been designed to show the spatial vari-
ation of band patterns, the following example, Case II, is
designed to show the temporal (or sequential, since the
simulation has been quasi-static) transition of band patterns
from one type to another during the loading process. Indeed,
different deformation bands have been discovered at a same
outcrop in the field (Aydin and Ahmadov 2009; Eichhubl
et al. 2010). Key properties including material properties
such as porosity and grain size and their spatial distribution
can be controlling factors attributable to these band patterns
(Schultz et al. 2010). Meanwhile, other factors, such as the
change of stress states/conditions, constitute equally impor-
tant factors that cannot be ignored. Fossen et al. (2011) sug-
gested that CBs, SECBs, and CSBs observed at the same
outcrop may have developed sequentially with the increase
in mean stress. Charalampidou et al. (2017) demonstrated
by experiments that CBs can be developed with increased
confining pressure after the formation of SB at a relatively
low confinement.

The sample in Case II is sheared at an initial confining
pressure 6, = 30 MPa and then ¢, is decreased to 10 MPa at
€, = 0.8%. With the change of confining pressure, complex

band pattern transitions develop in Case II (which will be
described in conjunction with the following analysis). The
final failure pattern, shown in Fig. 10c, consists of a hori-
zontal band and an inclined band. The evolutions of ¢, /¢,
in conjunction with the four kinematic parameters of typi-
cal RVEs from three typical zones indicated in Fig. 10c are
shown in Fig. 10d. The dashed vertical lines in Fig. 10d mark
the axial strain level at which o, is decreased from 30 MPa to
10 MPa. When the specimen is loaded under 6, = 30 MPa, a
horizontal CB is initiated from the pre-inserted weak points
(shown as white crosses in Fig. 10c) at ¢; = 0.36%. €, /¢,
of Zone i shows a sudden increase and then stays roughly
constant at a value of around 1.0 until the decrease in o). Its
kinematic features agree well with those of CB as shown in
Fig. 9, featuring a substantial deviatoric compaction with
vanishingly small lateral extension, shear, or rotation. The
inclined band starts to initiate soon after the decrease in
0y- €,/ €, of Zone iii shows a sudden drop to below 0 due to
unloading, followed by a short flat stage and then a quick
increase to a constant value of around 0.25, falling precisely
into the range of CSB. Meanwhile, the almost proportionally
increased deviatoric compaction, lateral extension, shear,
and rigid rotation all agree well with the kinematic features
of CSB, as shown in Fig. 9. It is interesting to examine the
evolution of Zone ii which is the intersection of the initial
CB and the ensuing CSB. ¢, /¢, in Zone ii keeps almost con-
stant during the development of CB stage and then decrease
gradually to around 0.4 after the change of confining pres-
sure. Clearly, Zone ii is initiated as a CB and then transits
to a SECB when the confining pressure is decreased. Its
kinematic features depict a rather consistent evolution, from
CB to CSB. In the CSB stage, Zone ii shows almost identi-
cal v and € as Zone iii, while its decreasing rate of v, and
increasing rate of y are smaller than their counterparts for
Zone iii due to its compaction at the CB stage.

The inclined band in Case II displays a band angle of
p = 35°, which is equal to the value for SECB formed under
0, = 20 MPa, as shown in Fig. 4f. However, it is of CSB
in nature as verified from the evolutions of €, /e, and kin-
ematic features. This shows band angle along can be rather
unreliable on band classification, while €, /¢, can offer great
advantages in this case. The gradual decrease in €, /¢, for
Zone ii from 1.0 to 0.4 clearly indicates the capability of
using €,/€, to identify the sequential transition of band pat-
terns during a loading process.

6 Conclusions
We have numerically modelled the complete kinematic
spectrum of deformation bands in sandstone based on cou-

pled FEM/DEM multiscale simulations. A new micromech-
anism-based classifier, B; = €,/¢,, has been proposed for
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unified, robust classification of band patterns among full
range of pure dilation band (PDB), shear-enhanced dila-
tion band (SEDB), dilatant shear band (DSB), simple shear
band (SSB), compactive shear band (CSB), shear-enhanced
compaction band (SECB), and pure compaction band (PCB).
The advantages offered by B, on band identification were
demonstrated by examples in comparison with the conven-
tional classification methods. By decomposing the deforma-
tion gradient into four components: (1) deviatoric compac-
tion (1 —v)), (2) lateral extension (v, — 1), (3) simple shear
(y), and (4) rigid rotation (0), we have further quantitatively
verified the in-band deformation features associated with
the proposed band classifier. Major findings in this study
are summarized below.

1. The new index B; can distinguish different deformation
band patterns in both spatially variable and temporally
evolving localisation conditions in sandstone when it
is difficult to measure displacement decompositions for
geological classification according to S/C or judging
merely from band angles becomes highly unreliable.

2. An exponential correlation can be established between
le,/€,l and |S/C]| to unify the existing data reported on
deformation bands based on the geological classifier
S/C, while the new index €, /¢, offers clearly wider and
continuous coverage of a complete spectrum of band
ranges than the latter.

3. The study shows that, as three end members of the kin-
ematic spectrum of deformation bands, (1) pure dila-
tion band is characterized by pure lateral extension with
no deviatoric compaction, shear, and rotation; (2) pure
compaction band features pure deviatoric compaction
with almost no lateral extension, shear, or rotation; (3)
simple shear band exhibits most significant shear and
rotation with substantial deviatoric compaction and lat-
eral extension. Their hybrid (or transitional) patterns,
including shear-enhanced dilation band and shear-
enhanced compaction band, share more similarities to
the pure volumetric deformation bands, whilst dilatant
shear band and compactive shear band resemble more
to simple shear band.

The validation of ¢, /€, as a micro-mechanically based kin-
ematic classifier has been based on a correlation between
le,/€,| and |S/C]. Its application in laboratory experiments
is readily achievable with modern techniques on the meas-
urement of strain field, such as particle image velocimetry
(White et al. 2003) and digital image correlation (Ando et al.
2012; Charalampidou et al. 2014). Nevertheless, the numeric
boundaries delineating the different types of deformation
bands suggested in the study have been determined with the
limited data of 2D simulations. Further validations of the
new classifier and the recommended bounding values are

@ Springer

certainly necessary by new data and observations from field,
laboratory, and numerical simulations.
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Appendix: Mesh-Dependency Analysis

The coupled FEM/DEM scheme in this study has been based
on a non-regularized FEM formulation which may suffer
mesh-dependency and make the post-localization results
questionable. Advanced regularization techniques, e.g.,
Cosserat models and second gradient theory (Desrues et al.
2019; Rattez et al. 2018), are required to resolve this issue.
On the other hand, the adoption of high-order elements with
reasonable fine mesh has been found helpful to mitigate
mesh-dependency (Guo and Zhao 2016b). Two more biaxial
compression tests under o, = 10 MPa have been conducted
with different meshes (6 X 10 and 18 x 30) to analyze the
mesh-dependency.

Figure 11a—c shows the final failure mode of different
meshes at ¢, =2.0% in terms of normalized debonding
number. Despite the different band width and the different
in-band damage intensities, the failure mode is similar with
the same band angle. The stress—strain relations for the three
cases are presented in Fig. 11d. Due to the pre-inserted weak
points to trigger the localization, the coarse mesh (6 X 10)
produces the smallest stress peak and the fine mesh (18 x 30)
produces the largest. It is worth noting that the difference in
peak stress between the medium-fine mesh (12 X 20) and
the fine mesh is less than 2%. The post-peak behaviors of
these two cases are almost the same, as well. Typical in-band
RVE:s are selected to calculate the evolution of the proposed
index €, /¢, as presented in Fig. 11e. The in-band RVEs in
the medium-fine case and the fine case present almost the
same evolution of €, /¢ . It is worth noting that €, /e, for
the coarse mesh tend to converge to the same value despite
the difference as the localization occurs due to the stronger
effect of the weak points. The results presented in Fig. 11
prove that the adoption of a reasonable fine mesh (12 x 20
in this study) mitigates the pathological mesh-dependency
and justify the post-peak analyses conducted in this study.
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Fig. 11 Mesh-dependency analysis for the FEM/DEM multiscale
modeling. a—c Failure mode at the final state in terms of normal-
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