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Abstract We present a multiscale investigation on the

initiation and development of compaction bands in high-

porosity sandstones based on an innovative hierarchical

multiscale approach. This approach couples the finite ele-

ment method and the discrete element method (DEM) to

offer direct, rigorous linking of the microscopic origins and

mechanisms with complex macroscopic phenomena

observed in granular rocks such as strain localization and

failure. To simulate compaction band in granular cemen-

titious sandstone, we adopt a bonded contact model with

normal and tangential interparticle cohesions in the DEM

and propose a dual-porosity structure consisting of macro-

pores and interstitial voids for the representative volume

element to mimic the typical meso-structure of high-

porosity sandstones. In the absence of particle crushing, our

multiscale analyses identify debonding and pore collapses

as two major contributors to the formation of compaction

bands. The critical pressures predicted by our simulations,

corresponding to surges of debonding and pore collapse

events, agree well with the estimations from field data. The

occurrence patterns of compaction band are found closely

related to specimen heterogeneity, porosity and confining

pressure. Other deformation band patterns, including shear-

enhanced compaction bands and compactive shear bands,

were also observed under relatively low confining pressure

conditions with a rough threshold at 0:55P� (P� is the

critical pressure) on the failure envelop. Key microscopic

characteristics attributable to the occurrence of these

various deformation patterns, including fabric anisotropy,

particle rotation, debonding and pore collapse, are exam-

ined. Shear-enhanced compaction bands and pure com-

paction bands bear many similarities in terms of these

microscopic characteristics, whereas both differ substan-

tially from compactive shear bands.

Keywords Compaction bands � Coupled FEM and DEM �
Microstructure � Multiscale modeling � Porous sandstone �
Strain localization

1 Introduction

Deformation bands are widely observed in both laboratory

and natural conditions in sandstone. They may present in

rich forms ranging from localized shear band, compaction

or dilatant band to various hybrid patterns of them [5].

Deformation bands typically attract concentrated defor-

mation occurred to a sandstone. A thorough understanding

of their occurrence and formation mechanisms is critical to

the design and operation of relevant structures, including

oilfield boreholes, natural terrain slopes and regional

aquifer system. While shear bands have been well inves-

tigated over the past decades by means of field and labo-

ratory testing and theoretical modeling [3, 9, 26, 49], other

deformation patterns entered the recent spotlights for

geophysics and geomechanics researchers, among which

compaction bands have received special attention.

A compaction band occurs in sandstones in forms of

tabular zones with pure compaction deformation and little

or no shear, which uniquely distinguishes it from a shear

band. Field observations of compaction bands have been

reported in the Jurassic Navajo Sandstone in Utah, USA
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[25, 49, 62], and the Jurassic Aztec Sandstone in Nevada,

USA [4, 21, 33, 63]. The presence of compaction band has

been found to cause a dramatic reduction in both porosity

and permeability within compaction bands as compared to

the host rock [25] and hence can significantly alter the flow

in rocks, leading to great challenges for practical applica-

tions in oil/gas storage and extraction, CO2 sequestration,

nuclear waste disposal and aquifer management

[20, 34, 57].

The formation of compaction bands in high-porosity

sandstones has been investigated under a variety of labo-

ratory testing conditions, including triaxial compression

tests on cylindrical samples [22, 40, 54, 66, 72, 74] and

specimens with V-shaped [64] or round-ended notches

[11, 12, 67] as triggers. The effect of the intermediate

principal stress ðr2Þ has been examined by true triaxial

experiments on cuboidal specimens [43]. The slot-shaped

breakouts around boreholes observed in laboratory drilling

tests by Katsman et al. [38] have been considered as the

formation of compaction bands too. Major similarities and

differences between compaction bands and other defor-

mation patterns, such as shear bands and shear-enhanced

compaction bands, have also been examined [11, 12, 23].

Collectively, these experiments have shown that the for-

mation of compaction bands requires a relatively high

porosity for the specimen (13–28%) and depends crucially

on other important factors including the homogeneity of

the host rock, the confining pressure, the rock mineralog-

ical composition, the presence of cement and the grain size

distribution [14, 34, 65].

There have been considerable advances in theoretical

and numerical investigations of compaction bands. The

bifurcation theory [61], which was originally developed for

analyzing shear bands, has been successfully extended to

determine the onset condition and the orientation of a

compaction band [10, 54, 60, 74]. To describe the evolu-

tion and/or extension of the compaction band beyond its

inception, theoretical models similar to fracture mechanics

have been developed to treat stress concentration around

physical inclusions in various forms, such as a contractile

ellipsoid, an anti-crack or a localized reduced volume

[37, 49, 63]. These inclusions can induce inhomogeneous

deformations and guide the subsequent development of

compaction band. These theoretical models prove to be

useful in modeling and predicting compaction bands in a

boundary value problem when they are implemented into

the finite element method (FEM) [53]. More recently, the

emerging discrete element method (DEM) based on micro-

mechanics of granular materials has also been successfully

applied to simulate compaction bands in cohesive porous

sandstones. Marketos and Bolton [44–46] investigated the

occurrence of discrete/diffuse compaction bands due to

grain crushing and debonding based on DEM simulations.

In considering intra-granular damage, Wang et al. [68]

modeled different types of compaction bands by shrinking

the sizes of crushed particles. Without considering particle

breakage in their DEM, Dattola et al. [18] argued that the

macro-pores could also trigger the formation of com-

paction bands. Other micro-mechanics-based approaches,

such as the spring network model, have also been used to

model compaction bands in sandstones [16, 17, 37].

Despite the aforementioned progresses, many related

issues on compaction band are still open to debate. In

particular, the compaction bands in laboratory experiments

have usually been observed at a high confining pressure

level in the magnitude of 100 MPa [6, 12, 22], a value

rather close to the stress state when a geomaterial typically

undergoes brittle–ductile transition [10, 60]. At this stress

level, grain crushing is regarded as the major contributor to

the formation of compaction bands. However, as argued by

Sternlof et al. [63], the natural compaction bands com-

monly occur in poorly cemented sandstones at moderate

mean compressive stress levels. The critical pressure for

the formation of compaction bands estimated from field

observations is only around 20 MPa [21, 25, 62, 63].

Indeed, both the stress level and the degree of grain

crushing in field observations are much lower than those

reported in the laboratory tests. In addition, discrete com-

paction bands are found in field investigations and are

interlayered by largely undamaged zones [25, 49], whereas

the compaction fronts in most laboratory experiments or

numerical simulations have been found to propagate from

the ends to the center of the specimen [6, 35]. Since the

length scale in the laboratory is small and the tested

specimens are relatively homogeneous, the heterogeneities

in the field are believed to be responsible for the resultant

different patterns of compaction bands [22, 23].

This study aims to investigate relevant issues on com-

paction bands from a multiscale perspective. In sandstone,

a wide range of microstructures and mechanisms can serve

as triggers for compaction band and other deformation

bands, including heterogeneously distributed big pores and

weakly cemented interparticle bonds. The identification of

key microstructures and their unique or combined roles in

dictating the inception and formation of compaction band

may potentially help resolve relevant puzzles mentioned

above and improve our fundamental understanding of this

important phenomenon. To this end, a hierarchical multi-

scale approach originally developed by Guo and Zhao [27]

will be adopted. In this multiscale approach, FEM is used

to solve a boundary value problem and at each Gauss point

of the FEM mesh, a representative volume element (RVE)

is embedded, receives the deformation gradients as its

boundary conditions and is solved by DEM simulations to

derive the local material constitutive responses required for

advancing the FEM computations (see Fig. 1). This
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approach hence features both the efficiency of conventional

FEM in modeling the structural responses and the

exemption of needs of phenomenological constitutive

assumptions as in conventional approaches. It can also

facilitate direct cross-scale analyses for macro–micro-

transition problems, a key focus to be highlighted in the

present study. The approach has been successfully applied

to simulate shear bands in anisotropic soils [76] and the

failure of various geostructures, such as retaining wall,

footing and wellbore [29, 31]. Similar approaches have

also been reported elsewhere, such as Meier et al. [47],

Andrade et al. [1], Miehe et al. [48], Nitka et al. [51],

Nguyen et al. [50] and Liu et al. [42]. The following sec-

tions will demonstrate that this multiscale approach is

effective in simulating the behavior relevant to compaction

bands in porous sandstones and is convenient to examine

the evolution of local microstructural attributes, such as

fabric anisotropy, particle rotation, debonding and pore

collapse, during the evolution of a compaction band. This

study may thus offer a fresh multiscale perspective toward

understanding the complex phenomena of compaction

bands.

2 Hierarchical multiscale modeling of compaction
bands

As illustrated in Fig. 1, the coupled FEM/DEM multiscale

modeling approach uses a two-way interactive RVE to

replace the conventional phenomenological constitutive

model required at each Gauss integration point in a con-

tinuum-based FEM. On the one hand, the RVE receives the

deformation from the FEM at the corresponding Gauss

point as boundary/loading conditions, and as a return, it

feedbacks the FEM with updated tangent operator and

stress at the Gauss point to advance the FEM calculation.

Central to the multiscale approach is the preparation of a

RVE packing to embed at each Gauss point of the FEM

mesh to derive the local material constitutive responses.

The following summarizes how a typical RVE is prepared

to represent the high-porosity structure of sandstone and to

Fig. 1 Illustration of the solution procedure for the coupled FEM/DEM hierarchical multiscale modeling approach in solving a boundary value

problem for sandstone
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produce its typical mechanical behaviors observed in lab-

oratory tests. The readers can refer to Guo and Zhao [27]

for detailed formulations and solution algorithms of the

coupled FEM/DEM hierarchical multiscale approach

which will not be repeated here.

2.1 RVE preparation

A simple bonded contact model is used to replicate the

behavior of cohesive sandstone. We further develop an

innovative procedure to generate a dual-porosity structure

for each RVE packing to represent the typical porous

structure of sandstones. For conceptual simplicity and

computational efficiency, we elect to demonstrate it for

two-dimensional (2D) analyses, and its 3D extension is

straightforward (see, for example, [28]).

2.1.1 Bonded contact model

There have been ample experimental data and simulating

results devoted to the understanding of cohesive granular

materials. For example, Delenne et al. [19] had performed

an experimental study on glued aluminum rods to investi-

gate the bond behavior as a reference for their DEM

models. Potyondy and Cundall [59] had introduced a par-

allel-bond model considering both contact force and

moment, which has been widely adopted to simulate the

behavior of cemented sand [70] and rock [39]. A simplified

version of the bonded contact model, without considering

contact moment and hence requiring fewer parameters, has

also been successfully applied to simulate crushable

agglomerates [13] and rocks with joints [58]. This simpli-

fied bonded contact model is adopted in the current study.

The contact model employs a linear force–displacement

contact law and a Coulomb-type friction criterion. The

normal and the tangential contact stiffnesses can be

obtained from the following equations

kn ¼ Ecr
� ð1Þ

kt ¼ mckn ð2Þ

where r� ¼ 2r1r2= r1 þ r2ð Þ, r1 and r2 are the radii of the

two contacted particles. Ec and mc are two user-defined

parameters. At each contact, normal and tangential contact

bonds are assigned according to the following expressions

an ¼ Cn min r1; r2ð Þ2 ð3Þ

at ¼ Ct min r1; r2ð Þ2 ð4Þ

where Cn and Ct are the normal and the tangential cohesion

strengths, respectively. The breaking of a bond is governed

by either the maximum tensile force Fmax
n (specified by an)

for tension failure, or a threshold for tangential force Fmax
t

(Fmax
t ¼ at þ Fn tan/, where / is the interparticle friction

angle) for shear failure. When either of the two thresholds

is exceeded, the bond is considered to be broken and will

be eliminated, leaving a pure frictional contact after bond

breakage. A pure frictional contact without bond is gov-

erned by the Coulomb’s friction law (e.g., Ft �Fn tan/).
The normal and the tangential force–displacement rela-

tionships for the contact model described above are illus-

trated in Fig. 2.

The microscopic parameters adopted for generating the

RVE packing are summarized in Table 1. These values are

typically used in DEM models for sands and sandstones

[27, 46, 68]. Grain size distribution plays an important role

in the mechanical response of a granular material. Indeed, a

good sorting has been observed in the sandstone which

formed compaction bands in the field [2]. Based on a

systematic experimental study of sandstones with different

gradings, Cheung et al. [14] had concluded that discrete

compaction bands were favored in the well-sorted speci-

mens. The effect of grain size distribution has also been

confirmed in DEM simulations of compaction band in

sandstone [68]. Hence, a grain size distribution with radii

uniformly ranging from 4 to 6 mm is adopted in this study.

The mean values of Cn and Ct are set to be equal to 5 GPa,

following the recommendation by Wang and Leung [70]

and Wang et al. [68] for cemented sand and sandstones. In

addition, small variations of the cohesion strength are

allowed to introduce material heterogeneity.

2.1.2 Dual-porosity structure

Intense grain crushing has been found in compaction bands

observed in laboratory experiments on sandstone

[6, 12, 22]. To examine the effect of particle breakage,

various techniques have been attempted in past DEM

studies on compaction band, including total removal of the

broken grains, shrinking the size of the crushed grains,

softening the broken grains or replacing them with several

smaller ones [46, 68]. While the community has paid

considerable attention to key role played by particle

crushing, field observations appear to indicate much fewer

and significantly less severe grain damage in compaction

bands found in the field [4, 63] than those reproduced in the

laboratory. The apparent contradiction has drawn wide

interests for the community toward a fuller investigation on

the differences pertaining to the occurrence and formation

of compaction bands in laboratory and field conditions as

well as a careful rethinking of the role played by particle

crushing in compaction bands [63].

Key questions aroused by the contradictory observations

include, but not limited to, whether there are other domi-

nant factors/mechanisms contributing to the occurrence of

compaction bands in the absence of particle crushing.

Indeed, Dattola et al. [18] had recently confirmed the
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formation of compaction band without particle crushing in

an idealized material with a dual-porosity structure. The

dual-porosity structure they employed was abstracted from

the structure observed in highly porous calcarenite with

macro-intercluster pores and general micro-interparticle

voids [15]. Similar structure has been reported in sand-

stones where the macro-pores present a shape and a size

resembling that of grains. These grain-shaped pores may

have been formed due to the weathering out of feldspar

grains or other processes [11]. The foregoing studies

demonstrate that, without necessary involvements of par-

ticle breakage, the presence of dual-porosity structure in

sandstone could cause intense porosity reduction due to

macro-pore collapse. The present study aims to further

testify this argument from a multiscale viewpoint, in

attempting to reconcile the contradictory observations on

particle crushing in field and laboratory compaction bands.

Typical RVE packing with dual-porosity structure used

for the subsequent multiscale modeling has been prepared

according to the following procedures:

(1) A random packing of 800 spherical particles contain-

ing uniformly distributed radii ranging from 4 to

6 mm is generated. Among these particles, 2% are

larger ones (with a typical radius of 15 mm) for later

removal to produce macro-pores.

(2) The generated packing is then isotropically com-

pressed to 90% of the target confining pressure. A

larger frictional coefficient is assigned to produce a

loose packing, and a smaller value for a dense

packing. The typical packing at the end of this stage is

illustrated in Fig. 3a.

(3) Normal and tangential cohesions are applied to

interparticle contacts in the packing, in an analogous

manner to the natural cementation process [7]. The

larger particles and the rattlers (particles with only or

less than one contact) are then removed from the

packing to generate a dual-macro–micro-porosity

structure. A packing with the remaining 693 particles

are illustrated in Fig. 3b, wherein the macro-pores are

depicted as the voids left by the removed larger

particles and the rest are micro-pores within the

original packing.

(4) The packing is further isotropically consolidated to

reach the target confining pressure. Cohesion is

reapplied to the interparticle contacts to ensure an

initially intact packing. The final packing achieved by

the above procedures is illustrated in Fig. 3c. The

porosity of the shown type A RVE packing after

isotropic consolidation under 10 MPa is 0.380.

2.2 Biaxial compression tests

A square specimen with a side length of 50 mm, shown in

Fig. 4, is considered. Eight-noded serendipity elements are

used with four Gauss points for each element (reduced

integration). The generated RVE with dual-porosity
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Fig. 2 a Normal and b tangential force–displacement relationships for the bonded contact model

Table 1 Parameters for the RVE

Radii r (mm) Density qp (kg/m3) Ec (GPa) mc Friction angle / (�) Cn; Ct (GPa)

4–6 2650 88 0.8 30 5
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structure is then attached to each Gauss point of the finite

element mesh. Regarding the choice of specimen shape, an

aspect ratio of 2 has been commonly used in the laboratory to

reduce the boundary effect, i.e., the influence of friction

between the ends of the specimen and the loading platens.

This is not an issue in the numerical test with ideal smooth

boundary conditions. Thus, an aspect ratio of 1 is used in the

study to reduce the computational cost and to avoid possible

deflection of the specimen when it is subjected to biaxial

compression loadings. Notably, Bésuelle et al. [9] indeed

have observed a similar localization pattern in specimens

with aspect ratios of both 1 and 2.

The tectonic stress in the field is usually complex with

distinctive principal stress components (e.g.,

r1 [ r2 [ r3), which differs essentially than the conven-

tional triaxial stress condition tested for compaction bands

in the laboratory (r1 [ r2 ¼ r3) [22, 54, 66, 74]. Indeed,
Issen and Rudnicki [36] had concluded that the conven-

tional triaxial configuration is the most favorable deviatoric

stress state for the formation of compaction bands. Mean-

while, there have been extensive both experimental and

numerical modeling of biaxial compression tests to study

compaction bands and brittle–ductile transitions

[41, 68, 77], due to easy model setup and interpretation. In

this study, we hereby choose monotonic biaxial compres-

sion tests as the testing condition for compaction band.

To reflect the inhomogeneous nature of sandstone, we

follow Hazzard et al. [32] and set the cohesion strength Cn

and Ct, for different RVE packings at different Gauss

points to obey the Gaussian distribution. In laboratory tests,

compaction bands have been observed to nucleate at some

spots of high porosity and spread laterally across the

sample [22]. The spots with lower cohesion strength for the

generated packings here, namely the local weak points, are

expected to play a similar role acting as the nuclei for the

initiation of compaction bands. The variable C�, where the

subscript ‘�’ denotes either n or t, after normalization via

C� � �C�ð Þ= cv � �C�ð Þ, is assumed to obey the standard

normal distribution, where �C� is the mean cohesion

strength and cv is the coefficient of variation (standard

deviation divided by mean). The probability density of the

normalized cohesion strength and its spatial distribution

over the problem domain are shown in Fig. 5. A standard

normal distribution can be observed for the normalized

cohesion strength in Fig. 5a. The coefficient of variation cv

Fig. 3 Preparation of a RVE (type A in Table 2) with dual-porosity structure for multiscale modeling of sandstone. Stage a: initial packing after

90% isotropic consolidation. Stage b: packing after adding interparticle cohesion and removal of large particles and rattlers. Stage c: final
packing after full consolidation with dual-porosity structure. Lines in the figures indicate interparticle normal contact forces where the line

thickness is proportional to force magnitude. Color interpretation for contact force: red for compressive contacts and blue for tensile contacts

(color figure online)

Fig. 4 FE discretization by eight-noded serendipity elements of four

Gauss points and the prescribed boundary conditions for biaxial

compression tests on a square specimen

580 Acta Geotechnica (2018) 13:575–599

123



can be used to measure the degree of heterogeneity for the

specimen. In the study, cv is set to be the same for both Cn

and Ct.

3 Modeling of pure and shear-enhanced
compaction bands and compactive shear bands

To investigate the effect of concerned factors, including

confining pressure, heterogeneity, porosity, we conducted

13 biaxial compression tests as summarized in Table 2.

Notably, it is not possible for all relevant factors to be

discussed in one study. Hence, the effects of other factors,

such as temperature and strain rate, are not considered here.

We prepared two types of RVE (A and B) with different

microstructures to investigate the effect of porosity. Within

each type of RVE, slight variations of porosity and contact

number may exist due to the difference in confining pres-

sure, while the overall microstructure remains largely the

same. In terms of heterogeneity, three kinds of specimens

are considered, namely the homogeneous one, the one with

two weak points at its center and the one with normal

distributed cohesion strength. The last column of the

table also summarizes the observed failure patterns by our

multiscale simulations to be shown in the following.

3.1 Pure compaction bands

Compaction bands were reported in laboratory tests to

occur at a critical state characterized by the onset of grain

crushing and pore collapse. The critical pressure under

hydrostatic loading is approximated by P� / nRð Þ�1:5;

where n is the porosity and R is the average grain size [75].

Most of the reported critical pressure in laboratory is in the

magnitude of 100 MPa [65, 71, 75]. This value is sub-

stantially higher than that observed in the field of the

Jurassic Navajo Sandstone which has been estimated to be

around 20 MPa [62]. Moreover, the effective stress field

for the compaction bands in Aztec Sandstone at Valley of

Fire is inferred to be r1 � 22 MPa and r3 � 7 MPa [21].

The present study selects a confining pressure at 10 MPa

for pure compaction band case to be more consistent with

the field observation (please refer to Case I in Table 2 for

detailed setup).

How the cohesion strength varies in a natural material

remains a challenge due to the difficulty in measuring its

value by available laboratory means. A small value of cv ¼
0:05 is used, which helps induce the nucleation of com-

paction bands from our parametric study. In the following

presentation, compression is treated as positive. The major

and the minor principal stresses, in the vertical and the

horizontal directions, are denoted by r1 and r3, respec-
tively. The mean effective stress is given by p ¼
r1 þ r3ð Þ=2 and the deviatoric stress by q ¼ r1 � r3 for a
2D study.

(a) (b)

Fig. 5 a Probability distribution and b spatial distribution of the normalized cohesion strength C� � �C�ð Þ= cv � �C�ð Þ

Fig. 6 Evolution of global deviatoric stress and debonding number

with �1
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3.1.1 Global response and debonding

Figure 6 presents the evolutions of the global deviatoric

stress q and the debonding number N (summed over the

whole domain) with the axial strain �1 during the com-

pression of the specimen. Our multiscale modeling results

show qualitative agreements with the experimental data for

Castlegate [56] and Bentheim sandstones [6]. As shown in

Fig. 6, the stress–strain relationship is evidently charac-

terized by the following four stages, bounded by dashed

vertical lines in the figure.

(1) A steep linear increase in q with strain is observed

during the first stage, indicating a largely elastic

behavior accompanied by negligible debonding

events. Debonding becomes notably active only when

the first peak in q is approached.

(2) After the first peak, a slight decrease in q is observed

followed by a nearly constant plateau with mild

fluctuations. This stage corresponds to the initiation

and formation of compaction bands associated with a

burst of debonding events. As demonstrated in

Fig. 7b–d, the compaction bands initiate from the

weak points and propagate mainly in the horizontal

direction as well as expand slightly in the vertical

direction. At the end of this stage, the whole specimen

is densified due to cumulative pore collapse.

(3) With continuous loading, the shear stress picks up its

linear increase with the strain again during the third

stage. Nevertheless, the slope (stiffness) is apparently

smaller than that in the first stage, due to the

debonding processes that have happened in the

material.

(4) After reaching a second higher peak for q, a softening

response is observed at the fourth stage. This is a

typical shear softening process for frictional materials

during which shear banding localization may happen

(but will not constitute a focus of this study). The

simulation was terminated at �1 ¼ 6%. The above

observations are consistent with the predictions based

on continuum elasto-plasticity models [36, 54].

Acoustic emission (AE) has been widely used to examine

the damage progress in a specimen in experiments. An AE

event represents a micro-mechanical failure event involv-

ing particle crushing, debonding and/or pore collapse [23].

Since particle crushing has not been considered in the

study, debonding was recorded during our simulations to

serve as an indicator of micro-damages (see also in Zheng

et al. [77]). As shown in Fig. 6, at the beginning of stage II,

the stress drop is associated with a drastic increase in

debonding number, with N reaching a peak at the end of the

stress drop. The peak of N corresponds to a dramatic

horizontal spread of compaction bands, which will be

discussed in detail later. The process is similar to the

spatial clustering of damage zones spreading perpendicular

to the major principal stress direction reported in exper-

imental triaxial compression tests of Bentheim, Rothbach

and Berea sandstones [6]. During the second stage, the

episodic fluctuation of N and the plateau with mild

fluctuation of q show a similar trend to experimental

observations on the Bentheim sandstone where discrete

compaction bands were found with the so-called ‘‘p-type’’

AE activities [6].

3.1.2 Propagation of compaction bands

The initiation and development of compaction bands are

too complicated to be characterized by a single variable.

We use a combination of three variables for the charac-

terization, namely the global distributions of volumetric

strain (�v) and the deviatoric strain (�q) for identifying the

initiation of compaction bands, and the local debonding

number (N), comparable to AE rate, as an indicator of

damage process during the propagation of compaction

bands. To obtain the strain information of each RVE,

accumulated infinitesimal strain tensor � is calculated from

the symmetric part of the boundary displacement gradient

ru at the corresponding Gauss point (obtained from the

FEM solution). The volumetric strain �v and the deviatoric

strain �q are defined as follows

�v ¼ �tr� ð5Þ

�q ¼
ffiffiffiffiffiffiffiffiffi

2e:e
p

ð6Þ

where ‘tr’ indicates the trace of the tensor; ‘:’ denotes the

double contraction between two tensors; and e is the

deviatoric strain tensor.

The contours of �v, �q and N at different axial strain

levels are illustrated in Fig. 7. Noticeable debonding events

are observed at �1 ¼ 1:1%(c.f. Fig. 6) at the weak points,

and then spread over the specimen through relatively weak

points with increasing load. The spread of debonding yields

the first small peak in the N–�1 curve at �1 ¼ 1:5% (c.f.

Fig. 6). At this stage, the whole sample could be still

regarded as intact and the q–�1 curve is almost linear. The

debonding number is so small that it does not change the

global stress–strain relationship or influence the overall

structure stability. At �1 ¼ 1:8%, a yield point is observed

in the q–�1 curve, marking the end of the pure elastic

compression stage. Apparent concentrated spots of �v, �q
and N are observed in Fig. 7a, showing similar localization

patterns for the three measures.

As the loading further continues, the debonding number

dramatically increases right after the yield of the specimen,

leading to a peak for N at �1 ¼ 1:9% (c.f. Fig. 6). The

localization patterns of �v; �q and N are illustrated in
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Fig. 7b, where the contours indicate the localization bands

spread nearly horizontally from the weak points. The vol-

umetric strain of these damaged regions increases steadily,

forming the early stage compaction bands. Similar pro-

nounced planar localizations of AE hypocenters have been

reported during the formation of discrete compaction bands

in Bleurswiller sandstone [22]. Clearly, the initiation of

compaction bands in the simulated sandstone coincides

with the beginning of the inelastic compression. The weak

material points act as the nuclei of the compaction bands

extending toward the horizontal direction. This pattern of

development has indeed been verified by theoretical mod-

els considering an anti-crack inclusion or a local weak

point as inhomogeneity to trigger compaction bands

[37, 49, 63].

After the initiation stage, the first localization continues

to spread in the horizontal direction, while several other

interlayered compaction bands are subsequently formed

(Fig. 7c). This stage corresponds to the plateau of the q–�1
curve. During this stage, N fluctuates dramatically as

shown in Fig. 6 where each spike of N represents a surge of

debonding and corresponds to a small drop of q in the q–�1
curve. It is found that the surge of debonding occurs pre-

dominantly along with the spreading pathway of the

compaction bands in the horizontal direction, while other

parts of the specimen exhibit little or no damage as shown

in Fig. 7b, c. Similar unstable propagation of discrete

compaction bands were reported in Bentheim sandstone by

Baud et al. [6], and the episodic stress drop and the ‘p-type’

AE activities therein were similar to this study too. A full-

fledged pattern of compaction bands is formed at �1 ¼
2:5% as illustrated in Fig. 7c, where separated compaction

bands are interlayered by largely undamaged zones.

Our multiscale simulations indicate the compaction

bands develop from the interior of the specimens and

penetrate the specimen in planar shapes. The forming

pattern is rather similar to the discrete compaction bands

observed in Bleurswiller sandstone with inhomogeneity in

porosity [22, 23], but different than the ‘compaction

fronts’ which form from the ends and propagate to the

central part of the sample [6, 55, 57]. We also observe in

our simulations of local patterns of bridge or eye struc-

tures (indicated by thick lines in Fig. 7c) which are

reported in the compaction bands in Aztec sandstone [4].

They are formed due to the interactions between neigh-

boring compaction bands.

With further increase in the axial strain, the compaction

banding regions are densified and the uncompressed

interlayers begin to undergo compaction. Toward the end

of this stage at �1 ¼ 4:5% (c.f. Fig. 6), the entire specimen

has been compressed to a largely homogenous state with-

out apparent band-like pattern any more, as illustrated in

Fig. 7d.

3.2 Shear-enhanced compaction bands

and compactive shear bands

Closely relevant to pure compaction bands are two other

deformation band patterns, shear-enhanced compaction

bands and compactive shear bands. It is instructive to

examine the similarities and differences among the three

bFig. 7 Contours of �v (volumetric strain), �q (deviatoric strain) and

N (debonding number) at different axial strain levels (marked in

sequence as empty circles in Fig. 6) during the formation of

compaction bands (Case I in Table 2)

Fig. 8 Contours of �v, �q and N for the specimen under r3 ¼ 1MPa at �1 ¼ 4:2% showing shear-enhanced compaction bands (Case II in

Table 2)
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patterns as well as key contributing factors to their occur-

rences. A detailed cross-scale analysis of their microscopic

characteristics will be presented in Sect. 4.1.

3.2.1 Shear-enhanced compaction bands: the role

of confining pressure

Laboratory tests show that compaction bands are formed in

the brittle–ductile stress transition state [40, 72]. It is well

known that the confining pressure influences greatly the

global stress–strain responses of a pressure-sensitive

material such as sandstone, e.g., a lower confining pressure

will result in a relatively brittle behavior, while a higher

one leads to more ductile responses. Here we examine the

role of confining pressure on the behavior of the sandstone

samples by considering an additional case with a lower

confining pressure (Case II in Table 2). The RVE packing

is generated by isotropically unloading the previous one

treated in Sect. 3.1 from r1 ¼ r3 ¼ 10MPa to

r1 ¼ r3 ¼ 1 MPa. The fabric structure (interparticle con-

tact network) of the RVE remains largely unchanged due to

the applied cementation. The unloading process results in a

slight increase in the initial porosity to 0.393.

The macro-sample is then subjected to biaxial com-

pression under the lower confining pressure r3 ¼ 1MPa.

Fig. 9 Variation of mean effective pressure with porosity change

during the loading (where the critical stress C� and the critical

pressure P� signify the characteristic change in the changes in the

figure when a specimen is subjected to shear and isotropic compres-

sion, respectively)

Fig. 10 Contours of �v, �q and N for the homogeneous specimen at �1 ¼ 4:2% and �1 ¼ 4:8% showing the development of compaction fronts

(Case III in Table 2)
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The contours of �v; �q and N during the biaxial loading are

illustrated in Fig. 8. A clearly different deformation pattern

from that in the high confining pressure case (Case I) is

observed. This type of deformation bands is named as

shear-enhanced compaction bands according to some

studies, as the bands are not aligned perpendicular to the

major principal stress direction but form an angle of around

53� with it. Shear-enhanced compaction bands can be

observed in both laboratory tests and the field, under low

confining pressures when the materials behavior is brittle-

dominant [12, 25, 65].

To investigate the critical pressure P� for the onset of

pore collapse, hydrostatic (isotropic) compression has been

conducted on the heterogeneous specimen with a RVE of

type A. The evolution of the mean effective pressure with

the porosity change during the loading is illustrated in

Fig. 9. The data from the previous two biaxial compression

tests under r3 ¼ 1MPa and 10 MPa are also presented for

comparison. As seen from the figure, the critical pressure

P� of the specimen is around 24.5 MPa, which corresponds

to a maximum overburden depth of around 2 km. Note the

estimated P� for Navajo Sandstones containing pure com-

paction bands is 22–25 MPa based on geological obser-

vations [62]. For the biaxial compression tests, the

confining pressure r3 should not exceed this limit. Other-

wise, the oversized pores would collapse before any

shearing can be applied, resulting in a cataclastic failure

mode without showing clear localization patterns. For the

two biaxial compression tests shown in Fig. 9, their initial

responses coincide with the hydrostatic test line, indicating

the porosity changes are mainly attributable to the hydro-

static compression. After a critical stress state denoted by

C� in both biaxial cases, the porosity change increases

significantly. This bifurcation point C� is commonly

identified as the initiation state of accelerated porosity

reduction [72, 73].

3.2.2 Compaction fronts: the role of heterogeneity

Another major discrepancy between the field and the lab-

oratory observations of compaction bands is their distri-

bution patterns. The bands in the field are clearly separated

from each other by less-compressed host rock [25, 62].

However, the compaction bands are usually characterized

by compaction fronts which initiate from the two ends of

the specimen to its middle in laboratory tests [6, 40].

Indeed, some limited cases of interlayered compaction

bands observed in the laboratory may provide clues to

resolve the issue. For example, Fortin et al. [22, 23] had

reported discrete compaction bands separated by largely

undamaged areas in heterogeneous specimens in terms of

porosity. These heterogeneities are believed to be

Table 2 Summary of cases and RVE types for the following multiscale modeling

Case

no.

r3
(MPa)

Initial properties for characteristic RVE Specimen heterogeneity in terms of

Cn &Ct

Observed deformation

bandb

RVE

type

Cn, Ct

(GPa)

Porosity Particle

number

Contact

number

Ia 10 A 5 0.380 693 1140 Normal distribution, cv ¼ 0:05 Discrete CB

II 1 5 0.393 1141 Normal distribution, cv ¼ 0:05 SCB

III 10 9 0.380 1140 Homogeneous Compaction front

IVa 1 5 0.393 1141 Nearly homogenous with two weak

points (Cn ¼ Ct ¼ 4:5 GPa)

Cross-shaped double bands,

CSB and SCB

V 2 5 0.392 1141 Cross-shaped double bands,

CSB and SCB

VI 5 5 0.387 1140 Cross-shaped double bands,

CSB and SCB

VII 7.5 5 0.384 1140 SCB

VIII 10 5 0.380 1140 Single CB

IX 15 5 0.372 1152 Cross-shaped double bands,

CB

X 20 5 0.365 1165 Single CB

XIa 10 B 5 0.273 729 1231 Homogeneous CSB

XII 10 5 0.273 1231 Nearly homogenous with two weak

points (Cn ¼ Ct ¼ 4:5 GPa)

CSB

XIII 100 5 0.226 1359 CB, vanishing rapidly

a Cross-scale analyses of the case is discussed in Sect. 4.1
b The observed band patterns in our simulations will be discussed in Sect. 3, where CB stands for compaction band, SCB stands for shear-

enhanced compaction band, and CSB stands for compactive shear band
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responsible for compaction bands to nucleate at some

highly porous regions. In the current study, the hetero-

geneity introduced in local cohesion strength plays a sim-

ilar role as in Fortin et al. [22] for the compaction bands to

nucleate at local weak points. To verify the hypothesis, a

homogeneous specimen with Cn ¼ Ct ¼ 9GPa is tested

under a confining pressure of r3 ¼ 10MPa (Case III in

Table 2). Figure 10 presents the initiation and development

of compaction bands in the specimen at two axial strain

levels. Indeed, the compaction fronts are observed starting

from the two ends of the specimen. However, unlike those

reported perpendicular to the major principal stress direc-

tion [6, 40], the observed compaction fronts in our simu-

lations are slightly tilted. This may be due to the material

non-coaxiality of the RVE packing [76]. Nevertheless,

similar inclined compaction fronts have also been reported

in some laboratory triaxial tests [66]. Comparing the dis-

crete compaction bands in Fig. 7 with the compaction

fronts in Fig. 10, it is concluded that a homogeneous

specimen is more likely to develop compaction fronts due

(a
)

(b
)

Fig. 11 Contours of �v, �q and N of the specimen with only two weak points [marked in (a), left] under a r3 ¼ 10 MPa (Case VIII) and

b r3 ¼ 1 MPa (Case IV) showing different patterns of deformation bands

Fig. 12 Yield stresses obtained from pure DEM simulation of biaxial

compression on the RVE packing (type A). Failure patterns (shown by

average particle rotation �h) for specimens with two weak points under

different confining pressures are shown in comparison, from left to right,

for 1 MPa (Case IV), 5 MPa (Case VI), 10 MPa (CaseVIII) and 20 MPa

(Case X), respectively. Note that the dashed vertical line illustrating a

rough boundary between shear-enhanced compaction band and (pure)

compaction band is based on estimation without quantitative verification
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partially to the boundary effects, whereas a heterogeneous

specimen can develop discrete compaction bands, which

nucleate from the weak points. The latter is closer to the

observations in the field [25, 62] as the heterogeneity is

inherent in nature.

3.2.3 Joint influence of heterogeneities and confining

pressure

To understand the joint effects of heterogeneities (weak

points) and confining pressures on the formation of

deformation bands, a nearly uniform specimen

(Cn ¼ Ct ¼ 5GPa) with only two weak points

(Cn ¼ Ct ¼ 4:5GPa) embedded at the center of the domain

is subjected to biaxial compression tests under two con-

fining pressure levels r3 ¼ 1&10 MPa (Cases IV and VIII

in Table 2). As seen in Fig. 11, the weak points serve as the

nucleation position for the initiation of localization bands,

but their subsequent developments and final patterns

depend on the confining pressure levels. Under

r3 ¼ 10 MPa, a single compaction band spreading across

the specimen horizontally (with rather mild tilting) is

observed (Fig. 11a). Under r3 ¼ 1 MPa, it is interesting to

observe a pattern of cross-shaped double bands. One of

them crosses the diagonal of the specimen and is a com-

pactive shear band. The other tilts at an angle of 56� with
respect to the major principal stress direction and is a

shear-enhanced compaction band (Fig. 11b). The com-

pactive shear band and the shear-enhanced compaction

band are similar to those presented in Figs. 14 and 8,

respectively. It is evident that local weak points promote

the nucleation of deformation bands but are indecisive of

their final patterns, while a high confining pressure facili-

tates the formation of compaction bands where the material

shows a more ductile behavior.

We have further examined the yield stresses obtained

from pure DEM simulations of the RVE packing (type A)

under various confining pressures and plot the results in the

p–q plane in Fig. 12. Wong et al. [72] suggested using the

following elliptical curve to describe the envelop of the

stress state C� of various sandstones:

p=P� � cð Þ2

1� cð Þ2
þ q=P�ð Þ2

d2
¼ 1

where c and d are two material constants. Fortin et al. [22]

adopted an ‘n power model,’ p=að Þnþ q=bð Þn¼ 1, for

Bleurswiller sandstone and recommended a value of n in

the range of 1–1.2. It is evident that when n ¼ 1, the ‘n

power model’ can be simplified to a linear model. Our

results can be well fit by a linear regression as shown in

Fig. 12 with a critical pressure P� ¼ 28:3 MPa. Notice that

the value of P� herein for the RVE is different from that

obtained in Sect. 3.2.1 for the specimen with

heterogeneity.

The failure patterns for specimens with two weak points

(Cn ¼ Ct ¼ 4:5 GPa) under 1 MPa (Case IV), 5 MPa

(Case VI), 10 MPa (Case VIII) and 20 MPa (Case X),

respectively, are further plotted in Fig. 12 to demonstrate

the effect of confining pressure. Table 3 summarizes the

Fig. 13 Initial packing structure of a dense RVE packing (type B)

Table 3 Summary of titling angles of localization bands (counterclockwise taken as positive)

Case no. Confining pressure (MPa) C� (MPa) Band I Band II

Angle to horizontal (�) Angle to r1 (�) Angle to horizontal (�) Angle to r1 (�)

IV 1 8.7 -32 58 49 -41

V 2 9.6 -29 61 42 -48

VI 5 12.1 -30 60 40 -50

VII 7.5 14.0 – – 34 -56

VIII 10 15.6 – – 14 -76

IX 15 18.7 -26 64 21 -69

X 20 22.8 -12 78 – –
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variations of the tilting angle for the localized band under

different confining pressures. Evidently, the tilting angles

(with respect to the horizontal direction) of the localization

bands decrease as the confining pressures increase. For

r3 [ 10 MPa and C� [ 15 MPa (please refer to Fig. 9 for

the definition of C�), the failure pattern gradually transits

into low-angle compaction bands with mild tilting. The

trend of tilting angle agrees rather well with the results of

porous Vosges sandstone [8].

3.2.4 Compactive shear bands: the role of porosity

Shear bands are by far the most widely observed defor-

mation band pattern in both laboratory tests and in the field

[5]. Geological evidence indicates that the formation of

shear bands occurs later than that of compaction bands and

shear-enhanced compaction bands [21, 25]. When (shear-

enhanced) compaction bands are fully developed, the

overall porosity of sandstone decreases so significantly (see

Fig. 7d) that shear banding may occur. We use a relatively

dense RVE packing (type B in Table 2) with 729 particles

and an initial porosity of 0.273 under r3 ¼ 10 MPa, as

illustrated in Fig. 13, to verify this. The bond cohesion

strength of the RVE is set to Cn ¼ Ct ¼ 5 GPa. The

specimen is prepared initially homogeneous before sub-

jected to biaxial compression under r3 ¼ 10 MPa (Case

XI). The deformation pattern for this specimen at �1 ¼
3:4% is illustrated in Fig. 14. A clear shear band is

observed across the diagonal of the specimen wherein

volumetric contraction prevails—a deformation band pat-

tern coined by some as compactive shear band. The angle

of the compactive shear band is 45� with respect to the

Fig. 14 Contours of �v, �q and N of the dense specimen (Case XI) at �1 ¼ 3:4%

Fig. 15 Yield stresses of the dense RVE (type B) from DEM

simulation. The failure patterns (in terms of �h) for specimens with two

weak points under confining pressures of 10 MPa (left, Case XII) and

100 MPa (right, Case XIII) are shown for illustration

Fig. 16 Normalized yield stresses combining data in Figs. 12 and 15
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major principal stress direction, which is smaller than that

of the shear-enhanced compaction band (53� in Fig. 8).

The shear band angle should be even smaller if a sample

with larger aspect ratio is used, as the square size of the

specimen used in our simulation may impose a relatively

strong boundary constraint on the shear band development.

Another remarkable difference is that much more intense

concentrations of �q and N are observed in the compactive

shear band than in the (shear-enhanced) compaction bands

at a comparable global axial strain level, indicative of

significant shear-induced debonding.

Yield stresses derived from pure DEM simulations of

this RVE (type B) are shown in p–q space in Fig. 15. The

envelope could be roughly described by two straight lines

bounded by a transit pressure of p ¼ 93:2 MPa. The left-

hand side line represents a brittle regime of the sandstone,

while the right-hand side line with a negative slope denotes

a plastic, compactive regime from which the critical pres-

sure P� is estimated as 159:4 MPa (intersection with the

horizontal axis). The failure patterns for two specimens

with two weak points (Cn ¼ Ct ¼ 4:5 GPa) under 10 MPa

(Case XII) and 100 MPa (Case XIII) are illustrated in

Fig. 15 for illustration. Interestingly, the 100 MPa case

demonstrates the possible formation of compaction bands

in a dense RVE under high confining pressure. However,

the low porosity and high confinement apparently restrict

further development of the compaction bands. The initial

compaction band vanishes rapidly (from �1 ¼ 2:0% to

�1 ¼ 2:5%), and thereafter, the failure pattern is dominated

by shear band.

We further combine the results for both the loose and

the dense RVE cases in Figs. 12 and 15 using normalized

stresses by their respective critical pressure and plot them

in Fig. 16. The thresholds of p=P�, shown as vertical

dashed lines in the figure, correspond to the two lines in

Figs. 12 and 15. We observe a threshold of 0.53 for the

loose specimen and 0.58 for the dense one. The steeper

slope of the regressed line for the dense specimen implies

that it needs a higher q=P� to develop compaction bands

under the same p=P� with the loose specimen. Since the

dense RVE has a relatively more stable structure, a higher

deviatoric stress is naturally expected to cause a com-

paction failure. The macro-pores in the loose specimen

are more vulnerable to collapse and cause compaction

failure.

4 Cross-scale analyses and discussion

4.1 Microstructural characteristics of different

deformation bands

Among the unanswered questions on compaction bands,

Holcomb et al. [34] mentioned the unclear role of

microstructural attributes in the formation and devel-

opment of deformation bands. The differences in

microscopic properties among compaction bands, shear-

enhanced compaction bands and compactive shear

bands are of great importance to understand their

physical mechanisms. Eichhubl et al. [21] observed

these different deformation bands formed in the field

with scanning-electron microscope images. Char-

alampidou et al. [11, 12] investigated the microscopic

characteristics of these different deformation bands

(a) (b) (c)

Fig. 17 Comparison of different deformation bands in terms of c and �v: a compaction band (Case I), b shear-enhanced compaction band (Case

IV), c compactive shear band (Case XI). The vertical dashed line in a indicates the transition state from stage II to stage III (Fig. 6)

590 Acta Geotechnica (2018) 13:575–599

123



developed in their experiments using means of AE,

ultrasonic tomography and X-ray tomography. They

further concluded that shear-enhanced compaction

bands are more similar to compaction bands than to

compactive shear bands. The multiscale approach pro-

vides a convenient pathway to bridge the macroscopic

observations with the microscopic characteristics, as

will be demonstrated below.

4.1.1 Volumetric strain versus shear strain

The shear strain, measured by c ¼ 2j�13j and comparable to

the so-called shear offset by some, is widely adopted to

distinguish different types of deformation bands in the field

[24, 49]. Compaction band is typically characterized by a

small shear offset [49], while according to Eichhubl et al.

[21], the shear offset in shear-enhanced compaction bands

(a)

(b)

(c)

Fig. 18 The local material responses extracted from RVE for the points inside and outside the deformation band. a Compaction band (Case I, �1
up to 4.5%), b shear-enhanced compaction band (Case IV), c compactive shear band (Case XI)
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is around 1/10 of the band thickness (i.e., c � 0:1) and it is

much larger for compactive shear bands in the field. We

select two Gauss points, one inside (marked by white cross)

and one outside (marked by black cross) of the band, as

indicated in Figs. 7, 11 and in Fig. 14 for the different

deformation bands, to compare the evolutions of c and �v.

The results are presented in Fig. 17, showing the following

observations:

(1) In the case of compaction band formed in an initially

heterogeneous specimen under r3 ¼ 10 MPa, c for

both points (marked in Fig. 7c, middle) remains

negligibly small (\0.005) before entering stage III

shown in Fig. 6. �v inside the band increases dramat-

ically when the specimen enters stage II (Fig. 6),

whereas �v outside the band remains largely constant.

(2) For the shear-enhanced compaction band developed

in the nearly homogeneous specimen with two weak

points (marked in Fig. 11b, left) under r3 ¼ 1 MPa, c
inside the band increases to a relatively large value

around 0.015. The responses for c outside the band

and �v at both points are similar to those in the

compaction band case.

(3) For the case of compactive shear band developed in

the initially homogeneous specimen with a low

porosity (chosen points marked in Fig. 14 left), the

magnitude of c inside the band increases remarkably

to about 0.03. Meanwhile, �v at the two points are

smaller than that in the previous two cases.

In summary, the compaction bands are characterized by

small shear strain but relatively large volumetric strain,

whereas the compactive shear bands exhibit large shear

strain but relatively small volumetric strain. The shear

strain is moderate in the shear-enhanced compaction band

as an intermediate case between the other two.

4.1.2 Comparison of the local responses

The hierarchical multiscale approach offers direct linking

of the macro-observations with their local material

responses and underlying microstructural mechanisms at

the RVE level. To demonstrate this, we present in Fig. 18

the stress path in the p–q space, the evolution of q and �v
with �q at the two selected Gauss points (one inside and one

outside band) for the three different deformation bands as

discussed in Sect. 4.1.1, from which the following obser-

vations are made:

(1) Prior to the inception of localization, the local

responses at both selected points are almost identical

in all three cases, showing an almost linear, elastic

behavior. When deformation bands occur, the stress

paths become rather complicated in all cases.

(2) When pure compaction bands occur (Fig. 18a), it is

interesting to observe that the material point outside

the band shows a decrease in p but an increase in q

(with apparent fluctuations) and a dilative behavior

(decrease in �v) with increased �q, a phenomenon not

found in other deformation band cases. For the point

inside the band, both p and q undergo a first decrease

before increase. Meanwhile, the post-bifurcation

compaction is accelerated in the sample, manifested

by an increasing slope of �v in �v–�q diagram than the

elastic stage, due largely to the collapse of pores.

(3) The point outside the band for both cases of shear-

enhanced compaction band and compactive shear

band depicts a nearly elastic unloading process after

localization occurs.

(4) For the point inside the shear-enhanced compaction

band, both p and q decrease slightly with some

fluctuations in the post-bifurcation state, and the

compaction of the sample slows down as compared to

the elastic stage, with a slightly decreased slope of �v
in �v–�q diagram. As for the compactive shear band

case, both p and q for the point inside the band drop

dramatically before become steady with certain

fluctuations during the post-bifurcation stage. The

overall density of the specimen becomes steady too

(albeit with fluctuations).

4.1.3 Fabric anisotropy and pore collapse

Fabric has been frequently used to characterize the

microstructural attributes in a granular material. We

employ the widely accepted contact normal-based fabric

tensor defined by Oda [52]. As the interparticle cohesion

allows a contact to sustain both compressive and tensile

forces, these two types of contacts are treated separately

/� ¼
Z

H
E Hð Þn�c � n�c dH ¼ 1

N�

c

X

N�

c

n�c � n�c ð7Þ

where the superscript ‘�’ denotes c for compressive

contact or t for tensile contact. N�

c is the number of

compressive or tensile contacts within the packing. n�c is

the unit vector in the outward normal direction of a contact.

H is the orientation of n�c in the global coordinate system.

‘�’ denotes the dyadic operator between two vectors. The

distribution function E Hð Þ can be approximated by a

second-order Fourier expansion:

E Hð Þ ¼ 1

2p
1þ F�

a : n�c �n�c
� �� �

ð8Þ

where the deviatoric tensor F�

a quantifies the fabric

anisotropy

592 Acta Geotechnica (2018) 13:575–599

123



F�

a ¼ 4 /� � 1

2
d

� �

ð9Þ

where d is the Kronecker delta. The anisotropy intensity

could be measured by

F�

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

2
F�

a : F�

a

r

ð10Þ

The evolutions of Ft
a and Fc

a at the two selected Gauss

points (one inside and one outside band) for the three

different deformation bands discussed in Sect. 4.1.1 are

illustrated in Fig. 19, based on which the following general

observations are made:

(1) The anisotropy of compressive contacts Fc
a is gener-

ally much smaller than that of the tensile contacts Ft
a

in all three cases.

(2) Among the three cases, the anisotropy intensities are

the largest in the compactive shear band case and the

smallest in the pure compaction band case.

(3) In all three cases, Ft
a at the point outside the band

increases steadily with the external load to a relatively

steady (albeit with fluctuations) value, while Ft
a for

the point inside the band reaches a peak before

decreasing in both cases of shear-enhanced

compaction band and compactive shear band due to

significant increase in debonding of the tensile

contacts within the band (bottom row of Fig. 19).

Indeed, there is a sudden drop of Ft
a for the

compactive shear band case at around 3.2% axial

strain due apparently to a dramatic surge of debond-

ing (see the debonding figure at the bottom row).

(4) Interestingly, in the pure compaction band case as

shown in Fig. 19a, Ft
a inside the band first experi-

ences a sharp drop and then steadily builds up its

value again. The dramatic drop is due apparently to a

sudden burst of debonding events within the band at

an axial strain between 1.8 and 2%. The steady

buildup stage of Ft
a is associated with a calm plateau

period in debonding both inside and outside of the

band between 2 and 4.4% of axial strain. During this

plateau stage, no major debonding occurs, while the

entire sample experience excessive volume reduction,

which leads to steadily increased contacts both in

compression and tension.

(5) The evolution of Fc
a is generally similar to Ft

a in the

cases of compaction band and shear-enhanced com-

paction band. In the compactive shear band case, it is

interesting to observe that both Fc
a and Ft

a outside the

(a) (b) (c)

Fig. 19 Evolution of anisotropy and debonding number with �1 in different cases: a compaction band (Case I), b shear-enhanced compaction

band (Case IV), c compactive shear band (Case XI). The vertical dashed line in a indicates the transition state from stage II to stage III (in Fig. 6)
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band experience much less fluctuations than the other

two cases. The drop of Fc
a at �1 ¼ 3:2% is due to the

unloading after the localization.

(6) For the point outside the band, the debonding number

shows a surge in the pure compaction band case at

around 4.5% axial strain, whereas it is negligibly

small or stays almost zero for the other two cases.

This is consistent with the observation in Fig. 7d that

the compaction bands propagate and penetrate the

whole specimen, while the other two bands are more

localized within confined regions.

(7) Regarding the debonding at the point inside the band,

the pure compaction band case shows a relatively

long calm plateau of debonding number which is

followed by the accelerating increase after 4.5% axial

strain. In the case of shear-enhanced compaction

band, there are two plateau stages of debonding

appears, the first one being brief and the second long

and sustaining. The debonding number in compactive

shear band case increases drastically after 3.2% axial

stain without showing any plateau stage.

To visualize the microstructural change in the local

material point, a RVE packing inside the pure compaction

band is selected. Its force–chain systems before and after

the burst of pore collapse (at �1 ¼ 1:8& 2:0%, marked in

Fig. 19a) are plotted in Fig. 20a, b. Two spots with

apparent macro-pore collapse are identified in the fig-

ure (shown as two dashed ellipsoids). For comparison, the

force–chain system of the point outside the band at �1 ¼
2:0% is illustrated in Fig. 20c, which shows no apparent

pore collapses.

Figure 21 shows rose diagrams for the contact normal

distributions for both tensile and compressive contacts.

Clearly, the anisotropy of tensile contacts decreases

noticeably after pore collapse, whereas its change in the

compressive contacts is vanishingly small. These obser-

vations are consistent with those shown in Fig. 19a.

4.1.4 Average particle rotation

Particle rotation is another important signature character-

izing different deformation bands [29, 76]. In this study, we

use the average particle rotation defined by
�h ¼

P

Np
hp=Np, where Np is the number of particles within

the packing, hp is the accumulated rotation of individual

particles. Anticlockwise rotation is treated as positive.

The contours of �h for different types of deformation

bands are illustrated in Fig. 22. The distribution of �h in the

initially heterogeneous specimen (Case I, c.f. Fig. 7c),

which develops the discrete compaction bands, is relatively

scattered (Fig. 22a). For the single compaction band

developed in the nearly homogeneous specimen with two

weak points under r3 ¼ 10 MPa (Case VIII) and the shear-

enhanced compaction band developed in the same speci-

men but under a lower confining pressure (Case IV,

Fig. 20 RVE structure of point inside the compaction band a before and b after pore collapses and c the structure of the point outside the bands
at �1 ¼ 2:0%. Color interpretation: red for compressive contacts and blue for tensile contacts (color figure online)

Fig. 21 Fourier approximations of the contact normal distributions

for the point inside the compaction band
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r3 ¼ 1MPa), similar localized bands are observed from the

particle rotation contours. Nevertheless, the magnitude of �h
is generally small in these cases. Zhao and Guo [76] con-

firmed a close correlation between the particle rotation and

shear deformation in shear band in sand. Interestingly,

macro-observations of compaction band may lead to mis-

leading impression that a compaction band contains only

volumetric contraction. But our multiscale results extracted

from the RVE and microscale information suggest that

both noticeable particle rotations (see Fig. 22) and signif-

icant shear deformation (see Figs. 7, 11, middle) occur

within a compaction band. Indeed, all four indicative

quantities used in our study, �v; �q;N and �h, as shown in

these figures, collectively show intensely localized defor-

mation patterns almost perpendicular to the direction of r1,
a signature feature of compaction bands.

In contrast, the compactive shear band developed in the

homogeneous specimen with a low porosity (Case XI)

depicts much larger �h (3–4 times larger) compared with the

previous cases. From the observations shown in Figs. 17,

18, 19 and Fig. 22, it is evident that shear-enhanced

compaction bands are more similar to compaction bands in

terms of their microscopic characteristics, whereas com-

pactive shear bands differ from the two distinctively. The

observations are consistent with Eichhubl et al. [21] and

Charalampidou et al. [11, 12].

4.2 Mesh dependency

Our multiscale FEM solutions do show certain mesh

dependency when modeling the strain localization prob-

lems due to the lack of an intrinsic length scale in our local

material model. This problem could possibly be solved

with a nonlocal scheme (e.g., [42]), but is beyond the scope

of this study. Nevertheless, to examine the influence of

mesh density on the compaction bands in the multiscale

approach, an additional test on the initially heterogeneous

specimen ( �Cn ¼ �Ct ¼ 5GPa, cv ¼ 0:05) under r3 ¼
10MPa with a finer mesh (28928 quadrilateral elements,

exact the same spatial distribution of cohesion strength

(a) (b)

(c) (d)

Fig. 22 Average particle rotation for a discrete compaction bands (Case I), b single compaction band (Case VIII), c shear-enhanced compaction

band (Case IV) and d compactive shear band (Case XI)
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with Case I) is conducted. The comparisons between the

coarse mesh (14914 elements, Case I) results and the

current ones are shown in Figs. 23 and 24. Their global

stress–strain responses depict only slight differences. By

comparing Fig. 24 with Fig. 7c, the contours of �v; �q and

N are also rather similar in terms of the overall patterns and

the positions of the deformation bands. Hence, it is safe to

conclude that the influence of mesh density is not exces-

sively significant in the current multiscale study.

5 Conclusions

A multiscale approach has been employed to model and

analyze compaction bands in high-porosity sandstones.

Based on coupled FEM/DEM and without assuming

phenomenological constitutive assumption of the material,

the approach has been shown to successfully reproduce the

onset and the development of different deformation bands

in porous sandstones, including the discrete compaction

bands, the compaction fronts, the shear-enhanced com-

paction bands and the compactive shear bands. The for-

mation of different deformation bands depends crucially on

the sample porosity, heterogeneity and applied pressure

level. In the absence of particle crushing, the formation of

compaction bands and shear-enhanced compaction bands is

found attributable to the significant porosity reduction

caused by debonding and subsequent pore collapse. The

global stress–strain responses of the specimen developing

compaction bands are consistent with the triaxial test

results on Castlegate and Bentheim sandstones. Their

debonding processes also resemble the so-called ‘‘p-type’’

AE activity.

High porosity and high confining pressure are identified

as two major factors favoring the formation of compaction

bands. While a higher confining pressure renders a sand-

stone more ductile, higher porosity makes it more vulner-

able to pore collapse. With the decrease in confining

pressure and/or the decrease in porosity, a deformation

band pattern may transit from a compaction band to a

shear-enhanced compaction band which may further

evolve to a compactive shear band. Discrete compaction

bands are found more likely to develop in heterogeneous

specimens, where the local weak points may act as nuclei

for the initiation of compaction bands. Compaction fronts

are more likely to occur in a homogeneous specimen due

partially to the boundary constraint.

Our multiscale results show that compactive shear bands

commonly accompany large shear strain but small volu-

metric strain, whereas pure compaction bands have large

Fig. 23 Sensitivity of the stress–strain relationship to mesh density

Fig. 24 Contours of �v; �q and N of the specimen with fine mesh at �1 ¼ 2:5%
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volumetric strain but little shear strain. The shear strain in

the shear-enhanced compaction band is intermediate. Fur-

ther cross-scale analyses indicate that the fabric aniso-

tropies for both tensile and compressive contacts inside the

shear bands are much larger than those in compaction

bands and shear-enhanced compaction bands. The average

particle rotation in shear bands is also the largest. These

observations confirm that shear-enhanced compaction

bands are more similar to pure compaction bands, whereas

compactive shear bands differ essentially from either of the

two compaction band patterns [11, 12, 21].

The current study can be further extended in the future

for more realistic multiscale modeling of compaction

bands. First, all simulations in the study have been per-

formed in 2D scenarios, while the formation and devel-

opment of compaction bands may have been caused by

complicated 3D loading conditions [36]. Second, the dual-

porosity structure considered in the study is oversimplified.

More realistic pore/particle structures of sandstones based

on experimental imaging, along with possible particle

crushing, need to be carefully considered to generate

realistic RVE for the multiscale modeling. Third, the

heterogeneity considered in the study is fully random,

whereas certain spatial correlations have been observed in

the field for various material properties. Last, since the

formation of compaction band is widely concerned in

reservoir engineering and oil industry, a fully coupled

hydro-mechanical problem needs to be considered in the

presence of water/oil [30, 69] wherein the influence of pore

water pressure can be examined. All these aspects will be

addressed in a future study.
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8. Bésuelle P (2001) Compacting and dilating shear bands in porous

rock: theoretical and experimental conditions. J Geophys Res

Solid Earth 106(B7):13435–13442. doi:10.1029/2001JB900011
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