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ABSTRACT

We propose a hierarchical multiscale modeling approach to simulate the hydro-mechanical coupling behavior in
saturated high-porosity sandstone, with a particular focus on the occurrence and transition of compaction bands.
In this multiscale approach, we use the finite element method (FEM) to solve the global boundary value problem
for a sandstone, and the discrete element method (DEM) to solve the local representative volume elements
(RVEs) embedded at the Gauss integration points of the FE mesh to provide the effective material constitutive
responses required for FEM. The global governing equations for a coupled hydro-mechanical problem are solved
with the standard u-p formulation, where the total stress is decomposed into the pore pressure and the effective
stress which is directly derivable from the DEM solution of the RVEs, according to the seminal Terzaghi's ef-
fective stress principle. By choosing proper RVEs to represent the typical microstructure of high-porosity
sandstone, we perform both drained and undrained simulations on saturated sandstone specimens to examine
localized compactive failures developed therein. We identify that both mean effective stress and porosity control
critically the initiation and development of failure modes in sandstone. Under undrained shear, our simulations
show that a sandstone specimen may first develop a compaction band followed by a gradual transition to a shear-
enhanced compaction band and even shear band, with the build-up of excessive pore pressure and hence drop of
mean effective stress. In the specimen, regions experiencing localized volumetric contraction show relatively
higher pore pressure than other regions and act as the source of flux flow. The Darcy flux peaks during the
formation of compaction band and decreases gradually in the following stages. To distinguish the different
failure stages with distinct physical attributes, the ratio of deviatoric strain to volumetric strain is adopted as a
useful indicator signifying the underlying microstructural mechanisms for different deformation bands. This
study signifies the importance of considering pore pressure and mean effective stress in fluid-involved en-
gineering operations, e.g. aquifer management, hydrocarbon extraction and CO, geological sequestration.

1. Introduction

or hydrocarbon reservoirs, CO, storage and hazardous waste disposal
(Holcomb et al., 2007). Their mechanical behaviors, especially their

Deformation bands, occurring as narrow tabular zones with loca-
lized strain and small offsets in porous rocks (Fossen et al., 2017), are
widely observed in high-porosity sandstones in field observations, la-
boratory experiments and numerical simulations. Among different de-
formation bands, the compaction band with pure compaction de-
formation but little or no shear draws special attentions since its field
observations (Mollema and Antonellini, 1996; Aydin and Ahmadov,
2009). Porous rocks, especially high-porosity sandstones, are econom-
ically important worldwide, as they are common hosts for groundwater

intricate interactions with the presence of pore fluids, are of great in-
terest to the geomechanics and geotechnics community. The occurrence
of deformation bands in these porous rocks, in particular compaction
bands, add further complexity to their material behavior and pose ex-
traordinary challenges for relevant practical operations, e.g. aquifer
management, hydrocarbon extraction, CO, geological sequestration,
etc. There is yet a great knowledge gap towards an integrated under-
standing of the interplays among pore fluids, rock skeletons and the
formation and presence of various deformation bands in these
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Fig. 1. Illustration of the coupled FEM/DEM multiscale scheme for hydro-mechanical modeling of saturated sandstone.

sandstones. Most critically, there are no effective predictive tools
available for a thorough and rigorous appraisal of this important sub-
ject.

Indeed, the effect of pore fluid in porous granular media has long
been recognized in civil and petroleum engineering since the pio-
neering work on consolidation and effective stress by Biot (1941) and
Terzaghi (1943). Based on the effective stress principle by Terzaghi
(1943), the coupled effects of pore pressure and mechanical responses
of saturated soils have been investigated numerically based on con-
tinuum mechanics and mixture theory by Zienkiewicz and Chan (1989)
following a u—p formulation (u: the displacement of solid phase; p: the
pore pressure) (see also Andrade and Borja, 2007). Some recent mi-
cromechanics-based attempts have been made to solve the solid phase
with discrete element method (DEM) and the fluid phase with com-
putational fluid dynamics (CFD) or lattice Boltzmann method (LBM)
(Zhao and Shan, 2013; Sun et al., 2013). The influence of pore fluids on
the elastic properties and failure behaviors of rocks have been in-
vestigated in laboratory experiments (Chang and Haimson, 2007;
Wasantha and Ranjith, 2014; Wasantha et al., 2016; Zhang et al.,
2019).

The occurrence of various deformation bands in porous rocks and
other geomaterials has been well documented and investigated in re-
lation with geological failures and natural hazards (e.g., landslides).
There have been extensive experimental studies on the occurrence of
compaction bands and other localized deformation patterns under both
dry and saturated drained conditions (Baud et al., 2004; Tembe et al.,
2008). The inception and further evolution of compaction bands have
been examined with both theoretical models and numerical simulations
(Issen and Rudnicki, 2000; Das and Buscarnera, 2014). Some

micromechanics-based approaches, such as DEM and spring network
model, have been adopted to reproduce compaction bands and to
analyze their underlying mechanisms (Katsman et al., 2006; Liu et al.,
2015). Specifically, the presence of deformation bands may reduce the
permeability of the matrix up to several orders of magnitude and hence
potentially impede the fluid flow (Baud et al., 2012; Kimura et al.,
2018). The influence of deformation bands on the fluid flow has been
examined through water imbibition tests and tomography technologies
(Pons et al., 2011; Hall, 2013).

However, the effects of pore fluid pressure on failure patterns, in the
context of hydro-mechanical coupling in a saturated sandstone, have
been less investigated. Among the limited studies, Sulem and Ouffroukh
(2006) conducted experiments on water-saturated sandstone samples
and compared the different microstructures of shear band in drained
and undrained conditions. Ougier-Simonin and Zhu (2013) observed
the failure patterns in porous sandstones changing from stable sliding
faults to unstable slips due to the presence of excess pore pressure. In
particular, based on their experimental observations on the perme-
ability reduction, induced pore pressure and flow behavior due to
compaction localization, Holcomb and Olsson (2003) argued that the
induced pore pressure might play an impeding effect on the propaga-
tion of compaction bands. Despite these limited experimental pro-
gresses, there has been no conclusive consensus established, based upon
systematic, rigorous theoretical examinations, to guide our under-
standing of the intricate interactions between pore fluid and deforma-
tion bands in sandstone.

To advance this line of research, we extend our previous multiscale
study of compaction bands in high-porosity sandstones under dry
conditions (Wu et al., 2018a) in conjunction with a recent developed
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fully coupled hydro-mechanical scheme (Guo and Zhao, 2016c) for
modeling of saturated sandstone. The hierarchical multiscale approach
solves the boundary value problem (BVP) with finite element method
(FEM), and obtains the required material constitutive responses from
direct DEM computations of the representative volume elements (RVEs)
embedded at each Gauss integration point of the finite element mesh.
As such, it helps bypass the need for pre-assumed phenomenological
constitutive law as is mandatory in conventional continuum modeling.
A typical hydro-mechanical coupling problem for saturated sandstone is
solved by adopting a standard u—p formulation. The effective stress is
derived straightforwardly from the DEM solution, and is superimposed
with the pore pressure to obtain the total stress in the governing
equation according to the Terzaghi's effective stress principle. Based on
the new multiscale hydro-mechanical framework, we will first compare
the predictions of globally drained tests on a saturated high-porosity
sandstone specimen with a purely dry corresponding case. The focus
will then be placed on the evolution of induced pore pressure during
globally undrained loading and its interplay with the initiation, de-
velopment and possible transition of compaction bands.

2. Methodology

Fig. 1 presents a schematic of the solution scheme for multiscale
modeling of hydro-mechanical coupling in saturated granular rocks.
The macro domain of a BVP of saturated granular rock (exemplified by
a biaxial compression test) is discretized by FEM. A RVE is embedded at
each Gauss integration point of the FE mesh. It receives deformation
and pore pressure from FEM as boundary conditions and uses DEM to
solve for a local solution. From the deformed RVE the required material
responses including stress, tangential stiffness and updated pore pres-
sure are extracted and returned to FEM as updates. These RVE updates
are then used by FEM to solve for a global solution to provide updated
deformation and pore pressure at each Gauss point for the corre-
sponding RVE. Detailed equations and algorithms of the hierarchical
multiscale approach involving hydro-mechanical coupling could be
found in (Guo and Zhao, 2014, 2016c). Nevertheless, there are various
aspects needing to be improved on this promising new method. Notable
recent efforts include the examination of the size and variability of RVE
(Guo and Zhao, 2014, 2016a; Shahin et al., 2016), the computational
performance (Argilaga et al., 2018) and the mesh dependency of the
solution (Desrues et al., 2019). The applications of similar approaches
in multiscale modeling of fracture can be found in (Talebi et al., 2014;
Budarapu et al., 2014). To avoid unnecessary repeat, only the essential
ingredients are briefly introduced in the following.

The Terzaghi's effective stress principle suggests that the total stress
0y in a saturated porous medium is composed of the effective stress oy’
carried by the solid skeleton and the pore pressure p sustained by the
pore fluid:

9 = 0 + apd; ey

where a is the Biot coefficient and §; is the Kronecker delta. For sim-
plicity, the Biot coefficient is set to unity a = 1 in this study following
Baud et al. (2015) who obtained a Biot coefficient very close to 1 for
Bleurswiller sandstone (a high-porosity sandstone with compaction
bands observed). In the hierarchical multiscale modeling scheme, the
effective stress oy’ is directly attainable from the DEM solution of the
RVE, and the pore pressure p is obtained based on mass conservation of
the fluid phase:

n
[kij(=p; + p;b)]i + ati; + —p =0

R Ky @
where k; is the permeability tensor (in the unit of m?2/(Pas)), pr is the
density of the pore fluid, b; is the body force due to gravity (ignored in
this study), u; ; is the volumetric strain of the solid skeleton, n is the

porosity of the mixture and K is the bulk modulus of the fluid. The
permeability is treated as isotropic for simplicity, i.e. k; = %5‘7’ where k
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is the scalar permeability and i is the dynamic viscosity of the fluid. A
superimposed dot means time derivative of the variable. In the above
equation, the solid grain is assumed incompressible.

The scalar permeability k is assumed to be a function of porosity n
based on the Kozeny-Carman equation, which has been widely adopted
to predict the permeability of sands and sandstones (Andrade and Borja,
2007; Guo and Zhao, 2016c):

a*n?
k= 2"
727%(1 — n)? 3)

where d is the average diameter of the grains, 7 is the tortuosity. The
tortuosity 7 is taken as 2.5 based on experimental (Gomez et al., 2010)
and tomographic analyses (Sun et al., 2011) on clean sandstones. The
pore fluid is assumed as water here with Ky= 2.2 GPa and
ur = 8.9 x 10~ * Pa's at room temperature. With d = 0.5 mm and an
initial porosity ny = 0.326, the high-porosity RVE in this study has an
initial permeability ko = 4.2 x 107! m?,

2.1. Biaxial compression tests

We have carried out a multiscale modeling of compaction bands in
sandstone under biaxial compression for the dry case (Wu et al.,
2018a). A similar model setup is adopted here to examine the coupled
hydro-mechanical effects for saturated sandstones. The problem do-
main and the mesh discretization are illustrated in Fig. 2a. Each ele-
ment contains 8 displacement nodes and 4 pressure nodes. A reduced
integration scheme with 4 RVEs for each finite element is adopted to
save computational cost. The top and bottom boundaries can be either
smooth with no lateral constrains (for most cases, as presented in
Fig. 2a) or totally rough with no lateral displacement (for a special case
in Section 4.3.3). In the smooth case, the center of the bottom boundary
is fixed to render converged solutions. The specimen is loaded along the
vertical direction by applying a uniform vertical displacement on the
top boundary with a nominal axial strain rate § = —1 X 10~°s7! (by
following the experiments by Baud et al. (2015)). A constant confining
stress o3 is applied on both the left and right boundaries which are
supposed to be impervious. The top and the bottom boundaries can be
either fully permeable or impervious, to achieve a globally drained or
undrained condition, respectively. Local drainage at any point of the
material domain is allowed in either condition. The time step of the
simulation is set to At = 10 s to maintain a quasi-static loading condi-
tion.

2.2. RVE for high-porosity sandstones

Grain crushing is considered a key mechanism in the formation of
compaction bands in laboratory experiments on sandstones (Baud et al.,
2004; Fortin et al., 2006). However, field observations indicate that
compaction bands may form with much fewer and less intense particle
breakage at lower geological confining pressure (Aydin and Ahmadov,
2009; Deng and Aydin, 2012). Compaction bands have indeed been
reproduced for high-porosity sandstones earlier by the authors without
considering particle crushing, where pore collapse and debonding were
identified as controlling factors (Wu et al., 2018a). More recently,
‘fracture-like’ breakouts, also called emptied compaction bands
(Haimson and Kovacich, 2003), have been reproduced around a bore-
hole with a high-porosity RVE mimicking field sandstone (Wu et al.,
2017, 2018b). A similar high-porosity RVE with periodic boundaries,
consisting of 749 non-crushable circular particles, is adopted in this
study. Nevertheless, we note that the high-porosity structure employed
here may be merely one of many possible microstructures in sandstones
that could trigger compaction bands.

The high-porosity RVE, as illustrated in Fig. 2b, is generated by
removing some pre-inserted larger particles and rattlers (particles with
less than one contact) in the generated DEM packing. The stability of
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Table 1

The parameters of the DEM particles.
Parameter Value
Particle radii r (mm) 0.2-0.3
Particle density p (kg/m®) 2650
Interparticle friction angle ¢ (°) 35
E. (GPa) 950
Ve 1.0
Cohesion strength ¢ (GPa) 6.8

the structure is maintained by applying interparticle bonds before the
removal of any particles. The bonds are applied based on a bonded
contact model with a linear force-displacement law and a Coulomb-
type friction criterion. The normal and the tangential contact stiffnesses
are derived as k, = E. X rzlri'rzz and k, = v.k,, respectively, where r; and
r, are the radii of the two contacting particles, E. and v, are two user-
defined parameters. The maximum tensile force is defined as
F,™* = cmin (r;,r;)> and the maximum tangential force as
F™ = cmin (ry,r2)? + F,tan (¢), where c is the cohesion strength and
¢ is the interparticle friction angle. If either of the two thresholds is
exceeded, the bond will break leaving a pure frictional contact after-
wards (i.e., F; < F,tan (¢)). The calibrated microparameters for the
DEM particles are summarized in Table 1. The radii of the particles are
linearly distributed from 0.2 to 0.3 mm, following the well-sorted Berea
sandstone with a mean radius of 0.25mm (Haimson and Kovacich,
2003). The particle density p and the interparticle friction angle ¢ are
common values in DEM simulations of sands and sandstones. The
parameters for stiffness and cohesion are calibrated such that the
modeled sandstone reaches a uniaxial compressive strength (UCS) of
24.9 MPa and Young's modulus (E) of 11.0 GPa, which are in agreement
with two sandstones, namely the Berea sandstone with UCS = 24 *
2 MPa (Haimson and Kovacich, 2003), and the Mansfield sandstone
with UCS = 22.4 = 0.5MPa and E = 9.6 + 0.1 GPa (Haimson and
Lee, 2004). Properties of the prepared high-porosity RVE as presented
in Fig. 2b are summarized in Table 2.
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Fig. 2. (a) Finite element discretization
and boundary conditions for multiscale
hydro-mechanical modeling of biaxial
compression on saturated sandstone. (b)
Initial RVE packing for the high-porosity
sandstone (porosity: 0.326) under an iso-
tropic confining pressure of 40 MPa. The
dashed rectangle marks the periodic
boundary of the packing. Red and blue
lines indicate the normal interparticle
contact forces (red for compressive con-
tacts and blue for tensile contacts). (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the web version of this article.)

Table 2

The properties of the high-porosity RVE.
Property Value
Initial porosity ng 0.326
Initial permeability ko (m?) 42 %101
Uniaxial compression strength UCS (MPa) 24.9
Young's modulus E (GPa) 11.0

3. Validation of equivalence: drained versus dry tests

In micromechanics-based modeling, dry tests have long been re-
garded to yield similar responses as drained tests for granular media.
However, the equivalence has never been validated numerically. In this
section, we will examine and validate if the predictions from the two
types of loading conditions can be indeed considered equivalent. The
same specimen discretized by the same mesh (Fig. 2a) and subjected to
the same confining pressure o3 = 30 MPa is examined under dry and
saturated but drained conditions, respectively. For the dry test, only the
displacement nodes are effective. The drained simulations consider
presence of pore pressure with both top and bottom boundaries of the
sample in Fig. 2a permeable.

3.1. Global responses

The global responses of the two tests, in terms of the axial effective
stress 01 and the global incremental normalized debonding number N®
within the specimen (normalized by the initial contact number within
the specimen), are plotted in Fig. 3. N® is comparable to the acoustic
emission rate which is widely adopted in the experimental studies of
rock as an indicator of the damage process. The red solid lines stand for
the dry case, while the blue dashed ones represent the drained case.
Fig. 3 shows that the pre-peak responses of the drained case and the dry
case are almost identical and their post-peak behaviors remain rather
close, despite the fluctuations. The fluctuation of 0y is characterized by
gradual build-up and episodic drops. The build-up of 07" corresponds to
the valley of N8, while the episodic stress drop is accompanied by a
pulse of N® which is corresponding to a cluster of local damage zone
perpendicular to 07" during the thickening in width of the compaction
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12 Fig. 3. A comparison of the global responses between the dry

band. This is a typical feature in the development of compaction bands
which has been reported in numerous experimental and numerical
studies (Baud et al., 2004; Wu et al., 2018a).

3.2. Initiation and development of compaction bands

Contours of the local accumulated normalized debonding number
within an RVE (N, normalized by the initial contact number in an RVE),
the accumulated deviatoric strain (g5 = /(&1 — &3)* + 4¢), the accu-
mulated volumetric strain (e, = €11 + €33, where compression is taken
as positive), and the average particle rotation (0) for the dry case and
the drained case at the initial stage of the compaction band
(e1 = 0.35%) and the final stage (¢; = 2.0%) (marked as open red cir-
cles in Fig. 3) are plotted in Fig. 4 for comparison. While heterogeneity
and uncertainty in parameters play an important role during the failure
process (Hamdia et al., 2017), a specimen with two initial weak points
(marked as white dots in Fig. 4a, with a reduced cohesion strength of
80% of the normal value) is adopted in this study to reproduce a clear
band pattern and highlight the possible transitions. The initiation of
compaction bands from local weak points is supported by experimental
results (Fortin et al., 2006) and has been reproduced in our previous
numerical simulations (Wu et al., 2018a). The first two rows in Fig. 4
show the initiation of the compaction bands from the weak points and
their penetration through the specimen along the horizontal direction
in both cases. Subsequently, the compaction bands expand along the
vertical direction and become thicker in width as shown in the fol-
lowing figures. The thick compaction bands at the final stage when
e1 = 2.0% are plotted in the last two rows. The thickening in width of
the compaction bands is similar to the so-called ‘compaction front’
observed in experiments (Olsson, 2001).

The contours of key local variables shown in Fig. 4 indicate that
both dry and drained cases offer rather similar simulations on the in-
itiation and the development of compaction bands, which is consistent
with their similar global responses in Fig. 3. Since the computational
cost of a fully coupled drained simulation is considerably higher than
that of a dry test, it appears to be reasonable to treat a dry simulation as
equivalent to the corresponding drained case.

4. Multiscale modeling of undrained biaxial compression

Compaction bands have been observed under o3 = 30 MPa in
drained and dry cases in Section 3. The in-band volumetric strain
reaches as high as 10% at the final stage when ¢; = 2.0% (see Fig. 4k
and o). Significant volumetric contraction may cause great excess pore
pressure and act as an important fluid source if the specimen is satu-
rated and drainage is constrained. Holcomb and Olsson (2003) calcu-
lated an induced pore pressure of 0.4 MPa at the formation of ‘com-
paction fronts’ in their drained experiment and pointed out that the
pressure might be comparable to the driving stresses and affect the

case (red solid lines) and the drained case (blue dashed lines)
under o3 = 30 MPa, in terms of axial effective stress 0;” and
global incremental normalized debonding number N® (nor-
malized by the initial contact number within the specimen).
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this ar-
ticle.)

10.9

N [%]

compaction process in a rapid loading or a reservoir scale problem. The
fully coupled hydro-mechanical multiscale approach presented in pre-
vious sections enables us to perform simulations of a saturated sample
under undrained conditions, to thoroughly explore the interplay be-
tween pore pressure change and evolution of compaction or other de-
formation bands. Since compaction bands are observed under a con-
finement of 30MPa in our drained/dry simulations, a globally
undrained simulation of the same specimen under o3 = 30 MPa is
conducted first to demonstrate the alteration of initial failure mode due
to induced pore pressure. Two more undrained simulations under
03 = 40 MPa are presented thereafter to demonstrate the transitions of
compaction bands induced by pore pressure under smooth and rough
loading conditions, respectively.

4.1. Pore pressure induced alteration of initial failure mode under
undrained condition

4.1.1. Global responses of the specimen

The global responses of the specimen subjected to undrained shear
under 03 = 30 MPa are plotted in Fig. 5a, in terms of the axial effective
stress 07/, the mean induced excess pore pressure p and the global in-
cremental normalized debonding number N® within the specimen. The
entire process can be divided into the pre-peak stage and the post-peak
stage based on the evolution of 07"

1. Stage I: pre-peak stage. The pre-peak stage of the undrained spe-
cimen features an almost elastic response with linear increase in
both 07 and p and negligible debonding. The several debonding
events observed in this stage occur mainly in the two pre-existing
weak points (marked as two white points in Fig. 5b), which remain
too small and local to induce any notable failure of the whole spe-
cimen.

2. Stage II: post-peak stage. Starting from the peak, the specimen ex-
periences a dramatic drop of 0;” and a burst of N8, which is induced
by the initiation of failure of the specimen and the formation of an
inclined band (see Fig. 5b-e). p starts to build up steadily with an
increasing rate before ¢ = 1.0% due to the compaction nature of
this band (see Fig. 5d). Afterwards, p continues to build up but at a
decreasing rate before reaching an almost constant value after
e, = 2.0%. Notably, the post-peak responses of 0;” and N® in the
undrained test are apparently different from those in the drained
test. Instead of episodic peaks and valleys shown in the drained test,
the post-peak 07’ decreases monotonically with marginal fluctua-
tions while N® maintains a small value close to 0 with the steady
development of the inclined band. Both 07" and p tend to reach
constant values at large strains. It is also noted that at the final state,
07’ reduces to a value of around 20 MPa and the effective confining
pressure (03" = 03 — p) is around 5 MPa.
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Fig. 4. Comparison of the dry case and the drained case under o5 = 30 MPa in terms of the local accumulated normalized debonding number N' (normalized by initial
contact number in a RVE), the accumulated deviatoric strain &4, the accumulated volumetric strain ¢, and the average particle rotation 6 at the initial and final stages

of the compaction bands.

4.1.2. Band initiation and development

Details of the initial and the final state of the inclined band are
plotted in Fig. 5b—i, in terms of the local accumulated normalized de-
bonding number N, the deviatoric strain &4, the volumetric strain ¢, and
the average particle rotation 6. Consistent failure patterns could be
identified from the contours of the four variables. Fig. 5b—e show the
initiation of the inclined band from the pre-existing weak points with a
dip angle of 38° with respect to the horizontal direction. Fig. 5f-i il-
lustrate the final state of the band of the same dip angle but with in-
tensified damage, enhanced particle rotation and larger deviatoric and

volumetric strains than those at the initial state. Specifically, the
maximum values of N' and ¢, increase by 2-3 times, and those of ¢4 and
6 even increase by an order of magnitude. The evolutions of the four
variables demonstrate significant increase in shear components over
this deformation during the increase in axial strain and the build-up of
pore pressure.

4.1.3. Comparison with the dry/drained case
Field investigations commonly classify deformation bands in high-
porosity sandstones kinematically into compaction band (CB), shear-
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Fig. 5. Multiscale predictions of a saturated high-porosity sandstone specimen subjected to undrained biaxial compression under o3 = 30 MPa. (a) Evolutions of the
axial effective stress 0y, the mean excess pore pressure p and the global incremental normalized debonding number N® with increased axial strain; (b—i) The initial
and final failure patterns of the specimen shown by contours of the local accumulated normalized debonding number N, the deviatoric strain &g, the volumetric strain

&, and the average particle rotation 6.

enhanced compaction band (SCB) and compactive shear band (CSB)
based on the ratio of shear to compaction displacement (S/C) (Fossen
et al., 2017; Soliva et al., 2013). Since it is difficult to measure S/C
directly in laboratory experiments, the differences in terms of deviatoric
and volumetric strains among different types of deformation bands
have been investigated instead with X-ray tomography and digital
image correlation in some experimental studies (Charalampidou et al.,
2011, 2014). The different local strain features have also been analyzed
in numerical simulations of deformation bands (Wu et al., 2018a). The
ratio of deviatoric strain to volumetric strain (e/ | &|) of the in-band
RVEs is adopted in this study to analyze the failure mode and its evo-
lution. Since only the post-failure value of strain ratio ¢4/ | ¢,] is of in-
terest, the absolute value of ¢, is adopted here to avoid the abrupt
change caused by the slight dilation due to elastic unloading. After all,
the dilation band is rare for high-porosity sandstones and not a focus of
this study. Note that negative ¢, (slightly larger than —0.005) in Figs. 5
and 7 for some areas outside the band are indeed observed.

The evolutions of 4/ | ¢/, &5 and ¢, of 10 selected in-band RVEs in

the dry and the undrained cases are illustrated in Fig. 6a for compar-
ison. As introduced in Section 3, a compaction band is observed in the
dry case. The corresponding ¢, and ¢, of the in-band RVEs in the dry
case show clear surges at the initiation of the band and keep almost
constant during the thickening stage. The evolution of ¢,/ | ¢,| displays a
constant initial value of around 3.0, an apparent drop at the initiation
of the compaction band followed by a constant value close to 1.0. The
pre-failure value of ¢,/ | | is related to the Poisson's ratio of the ma-
terial, while the small post-failure value confirms the failure mode as
CB in nature. In contrast to the dry case, an inclined band with a dip
angle of 38" is observed in the undrained case. ¢, presents a gradual
increase followed by a plateau in the post-failure stage, whereas ¢,
displays a continuous linear increase. The pre-failure value of ¢4/ | ¢,] is
larger than that for the dry case due to the decrease of 03" induced by
pore pressure build-up, which further results in a larger &;. The failure
mode could be analyzed with the post-failure evolution of ¢,/ |¢,,
whose value evolves from around 2.5 to around 6.0 at the final stage,
indicating a gradual transition of failure mode from SCB to CSB.
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Fig. 6. (a) The evolutions of strain ratio ¢,/ | ¢,|, deviatoric strain £, and volumetric strain &, of 10 selected in-band RVEs in the dry and undrained cases under
03 = 30 MPa. The lines in the middle are the medians, while the lower and upper bounds of the filled areas are the first and the third quartiles, respectively. (b) The
effective stress paths of the typical in-band RVEs. The upward solid triangle marks the start of the stress paths and the downward empty triangles mark the end. The
failure loci obtained from pure DEM modeling on the RVE are presented by the isolated red markers. The different markers are indicative of bounds for different
failure modes: solid circles for dilative shear band (not a focus of this study), empty circles for CSB, empty square for SCB, solid square for CB and empty diamonds for
distributed compaction failure (without clear band pattern, not a focus of this study). The inset shows different deformation patterns obtained from multiscale
modeling in dry biaxial compression tests. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The major difference between the dry case and the undrained case is
the build-up of p. The distinctively different failure modes observed in
the two cases could be better explained with the help of effective stress
paths in the g-p’ plane (where g and p’ are two effective stress in-

variants commonly used in soil mechanics: q = /(011 — 033)% + 40 is

the deviatoric stress and p’ = o+ is the mean effective stress). The
effective stress paths of the typical in-band RVEs in the two cases have
been comparatively plotted in Fig. 6b. The failure loci of the RVEs
solved by pure DEM simulations under biaxial compression are plotted
for reference with different markers indicating the transition of failure
mode with the increase in mean effective stress. As indicated by the
insets, the open square marks the failure as SCB and the solid squares
indicates the failure as CB under corresponding confinement in a dry
biaxial compression test. Due to the increase in pore pressure p, the
effective stress path for the undrained case deviates to the left side of
the corresponding one for the dry case and the failure occurs at a lower
p’, which leads to the change of the initial failure mode from CB in the
dry case to SCB in the undrained case.

4.2. Pore pressure induced transition of compaction band

Section 4.1 presents clearly that the induced pore pressure may
cause the reduction in mean effective stress and change the failure
mode from CB (in the dry case) to SCB (in the undrained case). It is
intuitive to expect that the initial failure mode may be CB under un-
drained condition so long as o3 is high enough, and the failure mode
may shift from CB to CSB with the build-up of pore pressure under
continuous loading. To examine if it is the mean effective stress rather
than the total mean stress that serves as a controling factor of the failure
mode in sandstone, we further perform numerical simulations of the
same specimen with o3 = 40 MPa, under both dry and undrained
conditions. As expected, the dry case presents a typical CB similar to the
observations in Fig. 4. The failure mode transition in the undrained case
is more interesting and presented below.

4.2.1. Undrained global responses
The global responses of the specimen subjected to undrained

compression under 03 = 40 MPa, in terms of 0;’, N® and p, are plotted in
Fig. 7a. The simulation stops at ¢; = 2.0% when the three quantities
approach steady state values. The entire process of the undrained re-
sponses could be divided into four stages according to the figure:

1. Stage L: elastic stage. This stage presents linear increases in both o0y’
and p with the axial strain accompanied with negligible N, The peak
of N® at the end of this stage is mainly due to the damage at the two
weak points (marked as the two white dots in Fig. 7b).

2. Stage II: CB stage. This stage features the initiation and further de-
velopment of a CB. The initiation of the CB is characterized by a
stress drop, a notable increase in p and a burst of debonding events.
The CB penetrates through the specimen at the end of this stage.

3. Stage III: transition stage. The development of CB appears to mature
at the beginning of this stage when intense damage occurs. A steady
drop of gy’ is noted without pulling-back due to the accumulation of
P, in contrast to the episodic peaks and valleys in the dry case. The
CB gradually becomes wiggly in this stage, giving birth to a later
CSB at some kinks of the CB (see Fig. 7f-i).

4. Stage IV: CSB stage. This stage features the formation and extension
of a clear CSB. N8 presents a small peak at the beginning of this stage
and stays low afterwards. The small peak is corresponding to the
formation of a CSB cutting through the specimen, with an approx-
imate dip angle of 34° to the horizontal. 0,” decreases quickly at the
beginning of the stage and approaches a steady state towards the
end. p increases at a decreasing rate and approaches a steady state at
the end. The CSB develops steadily as the increase in axial strain and
is further intensified to be clearly identifiable at the final state.

4.2.2. Transition of failure modes

The contours of N, &g, €, and O at four selected axial strain levels
(marked as red open circles in Fig. 7a) are plotted in Fig. 7b—q to il-
lustrate the transition of failure modes in the undrained test. Fig. 7b-e
present the typical failure mode in Stage II. A horizontal CB could be
consistently identified from the contours of N, g4 and &,. The average
particle rotation is rather small and displays a rotating-into-band pat-
tern. The transition from CB to CSB in Stage III is illustrated in Fig. 7f-i.
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Fig. 7. Pore pressure induced transition of compaction bands (triggered by the pre-inserted weak points with a reduced cohesion strength, see the two white dots in
(b)) subjected to undrained loading under 03 = 40 MPa. (a) The global responses in terms of 0;’, N¢ and p with increased ;. (b—q) Contours of N', g, €y and 0 at four
typical axial strain levels (see the four open circles in (a)) showing the transition of compaction band.

Notably, a slightly inclined band with a dip angle of 34° starts to branch
from the CB formed in Stage II, instead of the continuous thickening of
the CB in the dry case. The wiggly band pattern at this stage is similar to
the tortuous CB in experiments (Baud et al., 2015) and the wavy CB in
field outcrops (Liu et al., 2015).

The formation of a CSB cutting through the specimen marks the
start of Stage IV. The CSB could be clearly identified from the contours
of N, gq and O as shown in Fig. 7j, k and m. Due to small compaction
involved in this CSB, its form is relatively vague in the contour of ¢, as
shown in Fig. 71. The failure is dominated by the development of CSB in
Stage IV. The final failure pattern at &; = 2.0% is presented in
Fig. 7n—q. 6 and ¢, are more dominant in the CSB than in the CB at this
stage. However, it is evident that ¢, dominates in the CB than in the
CSB. Interestingly, the intensities of the two bands are comparable in
the contour of N, indicating the occurrence of significant damages in
both bands.

4.2.3. Failure mode analyses based on microscopic features

The multiscale approach enables us to make a cross-scale analysis to
identify the microstructural mechanisms linked to the evolution of
macro bands during the four global stages as shown in Fig. 7a. To this
end, we choose several RVEs at different locations with distinct de-
formation features for analysis. Indeed, the RVEs within the band area
at the final state can be classified into 4 types to analyze the evolution
of the failure mode. Type A: RVEs located only in the initial CB; Type B:
RVEs in the intersection of the initial CB and the final CSB; Type C:
RVEs located in the final CSB which initially fail in the transition stage;
Type D: RVEs located only in the CSB. The typical RVEs of each type are
marked by black dots in Fig. 7. Note that RVEs of Type B differ from
Type C in that Type B RVE:s fail initially in Stage II, while Type C RVEs
fail first in Stage III.

In Fig. 8a we compare the evolutions of the strain ratio ¢,/ | ¢,|, the
deviatoric strain ¢, and the volumetric strain ¢, for the four types of
RVEs. A logarithmic scale is adopted for ¢,/ | ¢, for better presentation.
RVEs of Type A and Type B mainly fail during Stage II. Their post-
failure values of ¢,/ | &/ drop to close to 1.0 in Stage II, which agrees

with the compaction band identified from Fig. 7b—e. Type C and Type D
RVEs depict an obvious surge for ¢,/ | ¢,| in Stage II, due to an increase
of excessive pore pressure and hence a drop of effective stress at these
RVEs which induces a slight volume rebound and increase in shear
strain. Since the initial values for both quantities are extremely small at
these RVEs, the above changes give rise a significant increase in ¢4/ | &,|.
Type C RVEs fail at Stage III and their curves are relatively more
scattered at failure than other types, which is related to the occurrence
of different failure modes in this stage. The fact that some of these Type
C RVEs fail as CB and others fail as SCB reflects the transition of failure
mode in Stage III. Rather distinct from the other 3 types, Type D RVEs
fail at Stage IV with an obvious peak for ¢/ | &,|. The largest post-failure
values among these types agree with the features of CSB. It is inter-
esting to note that there are gradual increases in ¢,/ | ,| at Stage IV for
Type B and Type C RVEs, suggesting a gradual transition of the failure
mode from CB or SCB first and then to CSB. This is a natural con-
sequence caused by the dominance of shear in the inclined band in
stage IV (see the increase of ¢; but the almost constant «,).

The effective stress paths of the typical RVEs of each type are
plotted in Fig. 8b (see their locations marked with black dots in Fig. 7).
The failure loci obtained from pure DEM simulations under dry biaxial
compression condition are also presented for reference. See the dif-
ferent use of markers in Fig. 6. It is noted that the failure of Type A and
Type B RVEs occur at the high mean effective stress p’ regime (solid
squares) though the corresponding p’ for the same g is smaller than that
from the drained loading path (the black dashed line) due to the in-
duced pore pressure p. This is consistent with the observed CB at stage
II. Due to continuous accumulation of p, Type C and Type D RVE:s fail at
lower p’. The selected Type C RVE fails at medium p’ regime (open
square) and the failure mode is identified as SCB. Type D RVE fails at an
even lower p’ (open circles), leading to a failure mode of CSB at Stage
Iv.

The failure modes in the undrained case are evidently complicated
due to the change of pore pressure. Nevertheless, the above analyses
indicate that the initial failure mode of a RVE is controled by the mean
effective stress, so that it may vary at different locations in a specimen
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Fig. 8. (a) Evolutions of the strain ratio ¢4/ | ¢,|, the deviatoric strain ¢, and the volumetric strain ¢, of the selected four types of RVEs in the smooth case under
03 = 40 MPa. The dashed vertical lines indicate the boundaries between different stages as in Fig. 7a. (b) The effective stress paths of the typical RVEs in each type.

See the meanings of different markers in Fig. 6.
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Fig. 9. Illustration of the deformation decomposition. The RVE packing in the
center demonstrates a typical RVE (material point) deformation from the ori-
ginal gray square to the final black parallelogram.

in the undrained case due to inhomogeneous build-up of excess pore
pressure. Meanwhile, ./ | €, proves to be a useful index to characterize
the failure modes of the RVEs and to reflect their possible transition
under continuous loading.

4.2.4. Microscale deformation features

In the traditional polar decomposition, the deformation gradient (D)
is decomposed into a rotation tensor and a symmetric stretch tensor. To
quantitatively characterize the deformation features and decouple the
volume change and the simple shear part, we decompose the de-
formation gradient of each RVE with a slight alteration:

D =R(C+S) 4
where R = [C?Sn B smn] is the rotation matrix, C = [VO 0] is the
sinzy  cosy 0w

0y
00
simple shear part without causing any volume change. The effects of

different components are illustrated in Fig. 9. Accordingly, the micro-
scale deformation features of each RVE could be quantitatively de-
scribed with four scalars: (1) compaction along loading direction (the
major principal stress direction) (1 — v;1), (2) extension perpendicular
to the loading direction (along the minor principal stress direction)
(vo — 1), (3) simple shear deformation (y) and (4) rigid-body rotation
().

The evolutions of the four decomposed scalar quantities (vq, Vo, v
and 7) are plotted against ¢; in Fig. 10a. The force chain networks of the
selected four types of RVEs at the final state are also plotted in
Fig. 10b-e. Type A RVE shows a pure compaction in the loading di-
rection with negligible extension, shear and rotation, which reflects a
typical CB feature. The Type B RVE displays a similar behavior with
Type A during the CB and transition stages (II and III), but shows a
proportionally increased compaction, extension and rotation during the
CSB stage (IV). A small shear is noticed at the end of the CSB stage.
Type C RVE shows a gradually increased compaction with mild exten-
sion, shear and rotation at the transition stage (III). Linear increases in
all the four quantities are observed in the CSB stage (IV) for Type C
RVE. The Type D RVE exhibits linearly increased compaction, exten-
sion, shear and rotation during the CSB stage (IV), which are a typical
CSB feature. By comparing the final states of the RVEs, it is concluded
that Type A RVE experiences pure compaction in the loading direction,
and Type D RVE is subjected to the largest shear and rotation among all

compaction part which may cause volume change and S = [ is the
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chosen RVEs. Types B and C RVEs are similar to Type D RVE at the end
of the CSB stage due to the evolution of the inclined shear band, except
that they possess less significant shear and rotation than Type D.

4.3. Discussion

4.3.1. Flow patterns and pore pressure distribution

It is worthwhile to examine the fluid flow patterns and the dis-
tribution of induced pore pressure during the transition of compaction
band. Fig. 11 shows the flow patterns in terms of Darcy flux
(vi= — kyp,) in conjunction with the fields of incremental volumetric
strain (Ae, = &, — £,7 1, where T means the quasi-static loading step)
and the distribution of pore pressure at the four selected axial strain
levels. The distribution of Ae, serves as a useful indicator for the de-
velopment of localized failure. In the figure, thicker and longer arrows
indicate stronger Darcy flux. Since quasi-static loading condition is
considered here, the monitored Darcy flux in our simulations is gen-
erally small (in the order of 1077 m/s). So is the difference of pore
pressure within the specimen. To highlight the difference, the deviation
of pore pressure from its mean value (dp = p' — p) at a loading step is
plotted as the right column of Fig. 11. Note that dp is less than 1 Pa
while the mean pore pressure is in the order of 10 MPa.

Stage I shows an almost homogeneous volumetric strain and neg-
ligible Darcy flux, which is not shown here. For Stage II, an appreciable
flow pattern and variation of Ae, can be observed in Fig. 1la (at
e1 = 0.32%). The horizontal extension of CB induces intense in-band
compaction (positive Ae,) and substantial Darcy flux squeezing water
out of the band. Note that different colour bars and arrow scale have
been used for Fig. 11a for better presentation. Fig. 11c shows the typical
flow pattern and Ae, field for Stage III (at &; = 0.72%). Notably, the
magnitudes of both Ae, and Darcy flux are significantly smaller in Stage
III than in Stage II. The contour of Ae, clearly demonstrates the con-
current development of the horizontal CB and the inclined band in
Stage III. Several clusters of higher Ae, are observed, out of which the
Darcy flux is of larger magnitude. The A¢, and Darcy flux become even
smaller in Stage IV, as shown in Fig. 11e (at & = 1.0%), due to de-
creasing rate of compaction. The contour of Ae, and the flow pattern
show strong evidence of the dominance of the inclined band in Stage IV.
The final state at & = 2.0% as shown in Fig. 11g displays no obvious
concentration of Ae, and the Darcy flux in the specimen is nearly
negligible.

The distributions of pore pressure at the four selected axial strain
levels are plotted as the right column of Fig. 11. Though the difference
of pore pressure within the specimen is vanishingly small (less than
1 Pa) compared to the mean pore pressure (in the order of 10 MPa), its
distribution offers clear and consistent patterns. Where there is a lo-
calized compaction in the specimen, there is a relatively higher pore
pressure. Since greater compaction occurs within the horizontal CB in
Stage II (see Fig. 11a), a larger in-band deviation of pore pressure dp is
observed in Fig. 11b. As the failure transits from compaction-dominated
to shear-dominated with the increase in ¢;, the magnitude of dp de-
creases gradually. At the final state when &1 = 2.0%, dp is nearly neg-
ligible due to almost homogeneous volumetric strain.

4.3.2. Mesh dependency

The coupled FEM/DEM scheme in this study has been based on a
non-regularized FEM formulation which may suffer mesh-dependency.
To totally resolve this issue, one needs to resort to various advanced
regularization techniques including those based a Cosserat continuum
and second gradient theory (Desrues et al., 2019). Nevertheless, using
higher-order elements with reasonable fine mesh has been found
helpful to mitigate the pathological mesh-dependency of FEM solutions
(Guo and Zhao, 2016b). To demonstrate this, two extra cases under the
same initial and boundary conditions as the smooth undrained case
under 03 = 40 MPa, but with coarser meshes (6 X 10 and 9 x 15), have
been conducted. The solutions from the three different meshes are
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Fig. 10. (a) The evolutions of v;, vy, y and n with the increase in axial strain. The dashed vertical lines indicate the boundaries between different stages as in Fig. 7a.
(b-e) The force chain networks of the typical RVEs in each type at the final state. The gray square marks the initial shape of the RVE.

presented in Fig. 12. Fig. 12a displays a comparison of the global re-
sponses in terms of 07’, N® and p. Notably, the pre-failure behavior is
identical for all three cases, while some mild deviations are observed on
the post-peak responses. The 6 X 10 case presents the smallest post-
peak 0,” with the largest N8, while the 12 X 20 case displays the largest
post-peak 07" with the smallest N&. The differences become smaller with
the increase in ¢; and the solutions become quite similar in the shear
band stage. Fig. 12b-m show the evolution of failure pattern in terms of
N! with increased ¢, for the three cases, respectively. Though the pre-
dicted band width varies slightly with mesh due to lack of regulariza-
tion, the evolution of failure pattern appears to be rather consistent in
all three cases, initiating from a horizontal compaction band to transit
to a shear band of similar dip angle. Consequently, the mesh sensitivity
study shows the overall predictions of global responses as well as the
occurrence of deformation band patterns (e.g., the orientations) can
achieve acceptable consistencies and convergence to render meaningful
interpretation of the simulation results.

4.3.3. Transition of compaction fronts

‘Compaction fronts’, namely localized compaction initiating from
the ends of the specimen and propagating towards the center, have
been observed in experimental studies on compaction bands possibly
due to friction between the specimen and the loading platens (Olsson,
2001). This phenomenon has been reproduced numerically under dry
condition with rough loading platens by constraining lateral displace-
ment on the top and the bottom boundaries (Wu et al., 2018a). It is
interesting to investigate the evolution of compaction fronts under
undrained condition. A homogeneous specimen subjected to undrained
shear with rough platens under o3 = 40 MPa in presented to serve this
purpose.

Fig. 13a presents the global response in terms of 07/, N® and p. The
specimen is loaded to ¢; = 3.0% until all three global quantities reach
steady states. Similar to the smooth case in Section 4.2, the entire
process can be divided into (I) elastic stage, (II) CB stage, (III) transition
stage and (IV) CSB stage, based on the evolution of the three quantities.
As compared to the smooth case, the modulus of the rough case is al-
most the same (less than 1% difference), while the increasing rate of
pore pressure is around 10% larger in the elastic stage. The regions near
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the top and bottom boundaries are subjected to a gradually higher ef-
fective confinement due to the lateral constraints from the rough
loading platens (see detailed stress paths in Fig. 14b). Hence, the stress
peak is smaller (63.6 MPa in the rough case and 71.3 MPa in the smooth
case) and appears earlier (at & = 0.2% in the rough case and 0.28% in
the smooth case, respectively). The initiation of CB stage with a stress
drop, a notable increase in p and a burst of debonding events are similar
for the two cases. However, in the rough boundary case, the CB stage
lasts longer (from 0.2% to 0.73% in the rough case and from 0.28% to
0.44% in the smooth case) and the CSB stage appears later at a higher
axial strain level (1.22% in the rough case and 0.77% in the smooth
case). Accordingly, a faster build-up of p is noted in the rough case. The
transition to CSB stage is gentler in the rough case, in contrast to the
notable peak in terms of N® in the smooth case. It is noteworthy that all
the three global quantities approach similar values at the steady states.

Fig. 13b—q present the evolution of band patterns in terms of con-
tours of four local quantities (N £, & and 6) at four selected axial
strain levels as marked by open circles in Fig. 13a. Fig. 13b—e display a
typical band pattern in CB stage with two horizontal compacted regions
(CB i and CB ii) near the top and bottom boundaries. In contrast to the
planar CB in the smooth case (Fig. 7b—e), the CB in the rough case is
somewhat tortuous. An inclined band takes shape from CB i with in-
creased axial strain marking the beginning of transition stage. The in-
clined band (CSB i) is identified clearly close to the top boundary with a
dip angle around 20° in Fig. 13f-i. Similar transition occurs to CB ii at
the bottom right corner of the specimen which develops into a pair of
conjugate shear bands (see Fig. 13f and j) in late transition stage. CSB ii
propagates upwards and becomes dominant later marking the start of
CSB stage. It finally cuts through the specimen and intersects with CSB i
(see the intersecting bands in Fig. 13j—m). The band pattern at the final
stage is shown in Fig. 13n-q. All the bands are noticeable from the
contour of N. However, the contours of g4 and 6 are dominated by CSB
ii with notable CSB i. On the other hand, CB i and CB ii dominate the
contour of ¢,. The different patterns presented by the four local quan-
tities demonstrate the different nature of the bands.

The local responses of selected RVEs in the major bands in terms of
strain evolutions and effective stress paths are presented in Fig. 14 to
illustrate the failure mode evolution. CB i and CB ii are regarded as the



H. Wy, et al.

Darcy flux
(107 m/s)
10.9

e = 0.32%

Darcy flux
(107 m/s)
1.5

(b)

Engineering Geology 261 (2019) 105282

1.2

0.8

0.4~

€ = 0.72%

Darcy flux
(107 m/s)
1.5,

1.2

0.8

1.0%

0.4

31

Darcy flux (2)
(107 m/s)
1.5

1.2

0.8

2.0%

&=

04

Fig. 11. Darcy flux (arrows) field, contours of incremental volumetric strain (Ae,, left column) and pore pressure deviation from a mean value (dp = p’ — p, where p

Ag, dp (Pa)
0.01 0.57
0.4
0 0
04
-0.01 -0.57
(d)
Ae, dp (Pa)
0.001 0.11
0 0
-0.001 -0.11
®
Ae, dp (Pa)
0.001 0.11
0 0
-0.001 -0.11
(h)
Ag, dp (Pa)
0.001 0.11
0 -0
-0.001 -0.11

1

is the local pore pressure, right column) at different axial strain levels. Thicker and longer arrows indicate stronger Darcy flux. Note the colour bars and arrow scale

for &7 = 0.32% are different than the other subgraphs.

same and presented as a group. RVEs in CB present typical CB-type
strain behavior with a post-failure ¢4/ | ¢,| around 1. The effective stress
path of the typical RVE in CB deviates to the right side of the drained
stress path due to constraint from the rough boundary and the occur-
rence of failure at high mean effective stress p’ supports the failure
mode as CB. RVEs in CSB i fail during Stage III with a notable peak of
&4/ | &,] and a post-peak value around 4. ¢4 and ¢, show almost a linear
increase in Stage III and stay almost constant in Stage IV. Failure of
RVEs in CSB ii starts at the end of Stage III with a gradual increase in
g4/ | €] to a plateau around 20 in Stage IV. The almost linear increase in
&g and ¢, demonstrates the dominance of CSB ii in Stage IV. The
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effective stress paths for CSB i and CSB ii are similar. CSB i is closer to
the drained stress path in the elastic stage due to a mild effect of the
rough boundary. Their failure at low p” agrees with their failure mode.
CSB ii fails at an even lower p’ in the transitional range between DSB
and CSB, which may contribute to the rather mild in-band dilation (see
Fig. 131 and Fig. 14a) and the small drop in p (see Fig. 13a) at the
beginning of Stage IV.

4.3.4. Potential implications
Focusing on the interplay between induced pore pressure and the
evolution of compaction bands, simulations on undrained biaxial
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Fig. 12. Mesh-dependency analysis for the hydro-mechanical coupled multiscale modeling. (a) The global responses of the three cases with different mesh density in
terms of 07/, N® and p. (b-m) The evolution of failure pattern in terms of N in the three cases with different mesh densities.

compression tests have been conducted as extreme cases with the lar-
gest induced pore pressure in contrast to the dry/drained cases with
negligible induced pore pressure. Despite a lack of laboratory results for
direct comparisons, the evolutions of induced pore pressure and the
transition from compaction band to shear band in the undrained si-
mulations may provide important insights into our understanding of
compaction band. The induced pore pressure generated during an un-
drained loading process could be comparable to the total confining
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pressure (see the evolutions of p in Figs. 5a, 7a and 13a) and may in-
fluence the initial failure mode and the ensuing evolutions accordingly.
Indeed, the experimental measurements of induced pore pressure in
undrained triaxial tests (e.g. maximum p around 16 MPa under
03 =40 MPa and maximum p around 20 MPa under o3 = 50 MPa) on
Fontainebleau sandstone (porosity: 21%) support this possibility, al-
though the applied confining pressure is in the shear band regime
(Sulem and Ouffroukh, 2006). The evolution of the band pattern may
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Fig. 13. The transition of compaction fronts in a homogeneous specimen subjected to undrained loading with rough platens under o3 = 40 MPa. (a) The global
responses in terms of ¢y’, N¢ and p with increased &;. (b—q) Contours presenting the transition of compaction fronts in terms of N, &g, & and 0 at four typical axial

strain levels (see the four open circles in (a)).
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Fig. 14. (a) Evolutions of the strain ratio ¢,/ | &/, the deviatoric strain &, and the volumetric strain ¢, of the RVEs selected from three major bands in the undrained
rough case under 03=40 MPa. (b) The effective stress paths of the typical RVEs in the three major bands. See the meanings of different markers in Fig. 6.

be overlooked if the initial pattern is an inclined band, e.g. the gradual
transition from SCB to CSB in the smooth case under o3=30 MPa (see
Figs. 5b-i and 6). However, the evolution would be dramatic if the
initial pattern is a horizontal CB, e.g. the transition from CB to CSB in
Figs. 7b—-q and 13b-q.

Laboratory experiments and field investigations revealed that the
presence of deformation bands may cause up to several orders of
magnitude reduction in permeability as compared to their host rocks,
especially when they are presented in clusters (Holcomb and Olsson,
2003; Fossen and Bale, 2007). Those low-permeability deformation
bands may act as barriers of pore fluid and form a relatively undrained
loading condition. Indeed, Holcomb and Olsson (2003) estimated a
compaction-front-induced pore pressure of 0.4 MPa in a cylindrical
specimen (5.08cm by 12.7 cm) subjected to drained loading at a
nominal strain rate of 5 to 10 x 107° s™! under o3 = 45 MPa. The
induced pore pressure may become significantly larger (comparable to
the confining pressure) and capable of influencing the band pattern,
given the effects of rapid loading, larger scale in the field, significant
permeability reduction by band clusters and the coexistence of other
low permeability structures. The transition from CB to CSB in the un-
drained simulations under o3 = 40 MPa generates complex evolving
configurations consisting of different types of deformation bands (see
Figs. 7 and 13). Interestingly, different types of deformation bands,
intersecting or connecting with one another, have been observed in the
field outcrops (Deng and Aydin, 2012; Liu et al., 2015). The numerical
study presented here complements the prevailing viewpoint that ma-
terial properties, such as porosity, grain size and grain sorting, control
the band pattern (Schultz et al., 2010; Cheung et al., 2012), offering
sound numerical evidence and plausible interpretation on the key roles
of drainage condition and pore fluid pressure in the study of compac-
tion band.

The study highlights that mean effective stress, an important con-
cept in soil mechanics and poromechanics, plays a controlling role in
dictating the inception and evolution of deformation bands in saturated
sandstone. Other than advancing our understanding of compaction
bands, this finding is also highly relevant to operation and safety for a
variety of engineering activities, including borehole drilling and
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underground excavations, where altering either in-situ stresses or pore
pressure may cause localized deformation, fractures or even failure of
relevant geostructures (Sato et al., 2000; Zhao et al., 2014; Wu et al.,
2018b). In addition, fluid injection or withdrawal involved in en-
gineering operations (such as hydraulic fracking) may cause direct
variations of pore pressure and hence change of mean effective stress.
Evidently, once compactive deformation bands are induced by such
changes, the ensuing reduction in permeability may cause highly un-
desirable adverse consequences to these operation (Holcomb et al.,
2007). To name a few, the storage of natural gas or CO; in porous or
fracture rocks will cause a build-up in pore pressure (Dieudonné et al.,
2015) and promote the formation or transition to shear-dominated
failure. On the other hand, the extraction of hydrocarbon or ground-
water will lead to a decrease in pore pressure (Motagh et al., 2017;
Ochoa-Gonzalez et al., 2018) and increase the potential to compaction-
dominated failure. Therefore, this study identifies this key factor of
effective stress based on simulations of drained and undrained biaxial
compression tests, in an attempt to provide relevant references to real-
world engineering problems.

5. Conclusions

A coupled hydro-mechanical multiscale modeling approach has
been presented using FEM/DEM hierarchical information-passing
scheme to model and understand compaction bands in saturated high-
porosity sandstones. Key to the hydro-mechanical coupling is the em-
ployment of the popular u—p formulation in conjunction with Terzaghi's
effective stress principle. The pore pressure p is treated as a macro
variable along with displacement u. The effective stress is derived by
DEM from the RVE embedded at each Gauss integration point, and is
augmented with p to enter the macro governing equation for a typical
solution by FEM. High-porosity RVE has been prepared to represent the
typical microstructure of high-porosity sandstones. Multiscale simula-
tions of dry, globally drained and undrained biaxial compression tests
have been conducted under different confining pressures to examine
the effects of induced pore pressure on the initiation and evolution of
compaction bands. Some major findings are summarized below:
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1. The effect of induced pore pressure p on the initial failure mode in
high-porosity sandstone is evidently significant. Under undrained
conditions where locally pore water may not be able to escape in a
timely manner, the build-up of pore pressure can be significant,
which may considerably reduce the effective stress and alter the
initial failure mode from a compaction band (CB) in the dry or
drained condition to a shear-enhanced compaction band (SCB)
mode in the undrained case. The further evolution of SCB to com-
pactive shear band (CSB) is also captured in our simulations based
on monitoring the deformation features according to strain ratio &,/
[ &yl

2. Under relatively higher confining pressure (e.g., the 40 MPa cases in
our study), compaction band may be formed initially, but cannot
undergo continuous thickening as observed in a dry case. Instead,
the undrained post-failure behavior of the specimen can be char-
acterized by three distinctive stages, namely, the CB stage, the
transition stage and the CSB stage, based on analyses of the global
responses and features of local quantities. Localized volumetric
contraction in sandstone induces relatively higher pore pressure,
forming a source for out-of-band flow. The difference in pore pres-
sure and the Darcy flux are largest in the CB stage, but decrease
gradually in the ensuing stages.

3. The complex evolution of the failure mode transiting from CB to CSB
is analyzed with &,/ |¢,| and effective stress path of the in-band
RVEs. The analyses demonstrate the capability and robustness of &,/
| &| in characterizing both the initiation and the development of
different failure modes, especially in the presence of pore pressure
and pore pressure changes. Distinct microscale deformation features
are observed in different band patterns based on the decomposition
of deformation gradient extracted from in-band RVEs. The dom-
inance of mean effective stress on the initial failure mode is con-
firmed with the effective stress paths of the typical in-band RVEs.

The study highlights effective mean (confining) stress as a key
controlling macroscopic factor, in addition to porosity, for the occur-
rence of compaction bands in saturated sandstone. Pore pressure, being
a sensitive ambient variable, can change significantly during certain
engineering operations, e.g. the extraction of groundwater or hydro-
carbon, CO, geological sequestration, etc. The change of pore pressure
directly leads to change of mean effective stress, and indirectly gives
rise to possible pattern changes for deformation bands. The cross-scale
analyses provide further confirming evidence to the above conclusion.
Notably, however, all studied cases in this paper have assumed two
attributing micro-mechanisms: pore collapse and inter-granular de-
bonding, without account for particle crushing (as the same in Wu
et al., 2018a). The simplification highlights the possibility of our as-
sumed high-porosity structure to trigger compaction bands, but by no
means it denies the importance of grain crushing. Indeed, the rather
brittle stress drop at failure might be a possible consequence of ne-
glecting grain crushing in our modeling. Simulating grain crushing is
challenging and may have to involve many unrealistic assumptions.
Nevertheless, the incorporation of grain crushing is our next step on
multiscale modeling of sandstone. Furthermore, we have adopted an
isotropic permeability based on the empirical Kozeny—Carman equation
in this study. This may lead to underestimated permeability reduction
caused by compaction bands. In reality, grain crushing and increased
tortuosity may both cause clogging effects for fluid flow. An anisotropic
permeability considering the evolution of particle size and tortuosity
will definitely improve the predictive capability of the current model
and facilitate the understanding of the underlying hydromechanical
interaction mechanisms, which will be considered in the future.
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