31 %5 5 W :[:H_j; Jﬂi jj %‘A % j;ﬁ Vol. 31 No. 5
2025 4F 10 A JOURNAL OF GEOMECHANICS Oct. 2025

SIAwR: LRk, EWAR, XK, 5, 2025 5 20k 7 2 551 8 AL i A 3 830 0 ik D). b T g 2% %4, 31 (5) : 869-885.DOI: 10.
12090/j.issn.1006-6616.2025149
Citation: WANG Y T, WANG Y D, LIUJ X, etal., 2025. Phase-field modelling of discontinuous structures in geomaterials[J]. Journal of Geomechanics,

31 (5) : 869-885.DOI: 10.12090/j.issn.1006-6616.2025149

o A i S A5 A T AL AR SRR AU T A

Eﬁﬂé‘;" ES[E_/\, jlj%:’)ﬁﬂ\’ % 'Iﬁ/%’ % /T%

WANG Yunteng, WANG Yadong, LIU Jiaxin, KANG Xuan, WU Wei

Ay ARV S A A B RS L TR ST, A 4 gy 1180
Institute of Geotechnical Engineering, BOKU University, Vienna 1180, Austria

Phase—field modelling of discontinuous structures in geomaterials

Abstract: [Objective] This study aims to develop a thermodynamically consistent phase—field framework for modeling
the initiation and evolution of discontinuous structures in geomaterials. [Methods] Our model introduces crack driving
forces derived from the volumetric—deviatoric strain decomposition strategy, incorporating distinct tension, compression,
and shear degradation mechanisms. Inertia effects capture compaction-band formation driven by wave-like disturbances,
grain crushing, and frictional rearrangement. A monolithic algorithm ensures numerical stability and rapid convergence.
[Results] The framework reproduces tensile, shear, mixed tensile-shear, and compressive-shear failures using the
Benzeggagh—Kenane criterion. Validation against benchmark simulations—including uniaxial compression of rock-like
and triaxial compression of V-notched sandstone specimens—demonstrates accurate predictions of crack initiation stress,
localization orientation, and energy dissipation. [Conclusions] The framework provides a unified and robust numerical
tool for analyzing the spatiotemporal evolution of strain localization and fracture in geomaterials. [Significance] By
linking microscale fracture dynamics with macroscale failure within a thermodynamically consistent scheme, this study
advances predictive modeling of rock stability, slope failure, and subsurface energy systems, contributing to safer and more
sustainable geotechnical practice.
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0 Introduction

Discontinuous structures are inherent features of
geomaterials such as soils and rocks, and they play a
decisive role in controlling deformation, strength, and fluid
transport properties (Darve et al., 2004; Selvadurai and Yu,
2005; Gudehus and Karcher, 2024). Broadly, these
discontinuities can be categorized into two fundamental
types: fractures (Hoek, 1968) and deformation bands
(Rudnicki and Rice, 1975), as shown in Suppl. Fig. 1. A
fracture corresponds to the initiation and propagation of
cracks that create new free surfaces within otherwise intact
material. From a mathematical perspective, fractures
represent a “strong discontinuity” , characterized by dis-
placement jumps across the fracture plane. In contrast, a
deformation band is a narrow zone of localized inelastic
strain where grains undergo rearrangement, crushing, or
sliding without the creation of entirely new surfaces. This
behavior is typically described as a “weak discontinuity”
(Rudnicki and Rice, 1975; Vardoulakis, 1980), in which
strain, rather than displacement, is discontinuous across the
band.

Both fractures and deformation bands exhibit
systematic variations depending on the prevailing stress
conditions. Fractures are commonly classified into three
fundamental modes (Hoek, 1968; Ingraffea and Heuze,
1980): Mode 1),

perpendicular to the least compressive stress; in-plane

tensile  fractures which  open
shear fractures (Mode II), which result from sliding along
the fracture surface parallel to the maximum shear stress;
and out-of-plane shear fractures (Mode III), involving
tearing motions orthogonal to the fracture front. Similarly,
deformation bands can be grouped into three principal
types: dilation bands, where localized grain separation
increases porosity; shear bands, characterized by intense
grain sliding and shear offset; and compaction bands,
where localized pore collapse leads to densification and
permeability reduction (Fossen and Bale, 2007; Fossen et
al., 2011).

The presence of discontinuous structures exerts a

decisive influence on the mechanical response of geoma-

terials and thus plays a pivotal role in the stability and
safety of geotechnical systems. These discontinuities not
only govern deformation and strength characteristics but
also control fluid transport, energy dissipation, and failure
evolution across a wide range of engineering applications.
Owing to their inherent multiscale features, from grain-
scale defects to large-scale faults (as seen in Suppl. Fig. 2),
and their interactions with multiphysical environments
such as thermo—hydro—mechanical-chemical (THMC)
couplings, the failure behavior of discontinuities is highly
complex and remains a central challenge in geomechanics.
It can be observed from Suppl. Fig. 2 that formations of
rock fracture process zones and compaction bands are
closely related to the microstructural evolution, which can
be observed in laboratory (Fossen et al., 2011; Cheng and
Wong, 2018; Zhang and Zhou, 2022).

Therefore, a better understanding of these behaviors
is essential for advancing predictive models and
developing numerical tools for geotechnical engineering.
Some representative examples highlight the critical
relevance of discontinuities to geo-engineering practice: (i)
rock spalling and slabbing during tunnel excavation (see
Suppl. Fig. 3a), initiation and evolution of sliding surfaces
in rockslides and landslides in the extreme climate
changing environment (see Suppl. Fig. 3b), fault rupture
propagation during seismic events (see Suppl. Fig. 3¢c), and
fracture network development in hydraulic stimulation for
geothermal and energy storage projects (see Suppl. Fig.
3d). Each of these processes is inherently controlled by the
nucleation, interaction, and evolution of discontinuous
structures under complex stress and environmental
conditions. Consequently, unraveling the mechanisms that
govern the initiation, propagation, and coalescence of
fractures and deformation bands represents one of the
foremost scientific and engineering challenges in modern
geotechnical research. Tackling these challenges is
fundamental for improving hazard assessment, enhancing
the resilience of infrastructures, and enabling the safe and
sustainable exploitation of subsurface resources.

Over the past several decades, systematic laboratory
investigations have significantly advanced our under-

standing of fracture behavior in rocks subjected to diverse
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loading paths (Vajdova and Wong, 2003; Baud et al.,
2004, 2017; Huang et al., 2019; Abdallah et al., 2021;
Leuthold et al., 2021; Zhang and Zhou, 2022) . These stud-
ies have identified key micromechanical processes, includ-
ing microcrack nucleation, wing-crack growth, shear-band
localization, pore collapse, and ultimate macroscopic fault-
ing, that govern brittle and quasi-brittle failure. The ad-
vanced imaging and monitoring techniques such as acous-
tic emission, X-ray microtomography, neutron diffraction,
and digital image correlation have further revealed the spa-
tiotemporal evolution of discontinuities (Zhang and Zhou,
2022). Yet, despite these breakthroughs, laboratory obser-
vations are inherently limited by specimen size effects,
boundary conditions, testing costs, and the resolution of
diagnostic tools, making it challenging to extrapolate ex-
perimental results directly to field-scale rock masses where
multiscale interactions and geological heterogeneities
dominate.

In parallel, numerical modeling has become indis-
pensable for complementing experiments and bridging the
gap to engineering scales. A wide spectrum of computa-
tional strategies has been proposed for simulating discon-
tinuous deformation, including the discrete element meth-
od for grain-scale processes (Potyondy and Cundall, 2004;
Bertrand et al., 2008; Wautier et al., 2019; Wang et al.,
2024a), the extended finite element method for explicit
crack representation (Moé€s et al, 1999; Moés and
Belytschko, 2002; Cruz et al., 2018; Hong et al., 2024),
peridynamics for long-range interactions (Silling, 2000;
Silling and Askari, 2005; Silling et al., 2007; Wang et al.,
2016; Zhou and Wang, 2021; Wang and Wu, 2023), and
more recently, the phase—field method (Francfort and
Marigo, 1998; Bourdin et al., 2000; Miche et al., 2010;
Wu, 2017; Liu et al., 2022; Wang et al., 2023; Liu and
Wang, 2025), which offers an elegant variational frame-
work. The latter has been particularly influential, as it nat-
urally captures fracture initiation, propagation, branching,
and coalescence without requiring explicit crack tracking
or remeshing. By introducing an intrinsic length scale
parameter, the phase—field approach regularizes sharp
cracks into diffuse interfaces, while the energy minimiza-
tion principle provides a unified means of coupling dis-
placement fields with fracture evolution (Ip and Borja,
2022, 2023). Moreover, the phase—field approach is well

suited for simulating the evolution of discontinuous struc-
tures due to the inclusion of a characteristic length in the
governing equations. As shown in Suppl. Fig. 4a, discon-
tinuous structures in the phase—field formulation can be
represented as diffuse damage zones consisting of a
primary fault and surrounding microcracks. This diffuse
damage morphology is consistent with experimental obser-
vations of fracture process zones in rocks (Suppl. Fig. 4b)
and shear bands in soils (Suppl. Fig. 4c). Both laboratory
experiments and in-situ field observations indicate that
fracture process zones and shear bands exhibit a finite
thickness, which is a manifestation of nonlocal behavior
(Desrues and Chambon, 2002; Zhang and Zhou, 2022,
Wang et al., 2024b). Such discontinuous yet nonlocal phe-
nomena can be reproduced by modern numerical methods
through nonlocal parameters, specifically the characterist-
ic length in the phase—field approach.

Despite this progress, the simulation of compressive
failure in rocks remains a formidable challenge. Unlike
purely tensile cracking, compression-dominated regimes
involve the coexistence and competition of tensile wing
cracks, shear faulting, compaction bands, and mixed-mode
fracture, which evolve dynamically under complex stress
conditions. The standard phase—field formulations—often
based on spectral decomposition or volumetric—deviatoric
strain  splitting—can reproduce tensile-driven fracture
(Amor et al., 2009; Lee et al., 2016; Wu, 2017) but
typically fail to capture shear-dominated rupture and
compression-induced damage. To address this, several
model extensions have emerged (Zhang et al., 2017; Wang
et al., 2020; Fei and Choo, 2021; Liu et al., 2022; Hug et
al., 2022). The stress-decomposition schemes allow diff-
erent critical energy release rates for tensile and shear
cracking, while others embed rock mechanics parameters
such as cohesion, dilation, and friction angle into the
crack-driving force, thereby aligning phase—field models
more closely with classical strength theories. Such
approaches have successfully simulated processes like
double-crack coalescence and hydraulic stimulation in
heterogeneous reservoirs ( Heider, 2021).

Recent developments have pushed this frontier
further. Dual phase—field formulations, in which
independent scalar fields represent tensile and shear
cracking (Fei and Choo, 2021; Cao et al., 2022), provide a
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more nuanced description of mixed-mode fracture.
Nonetheless, many of these models oversimplify by
treating fracture as a binary tensile—shear process, limiting
their ability to predict complex fracture networks where
tensile, shear, and compactive features interact. More
advanced formulations have begun to integrate
Mohr—Coulomb, Hoek—Brown, and unified tensile—shear
criteria within the variational phase—field framework,
representing a promising synthesis between traditional
rock mechanics theories and modern computational
fracture mechanics.

Despite these advances, several critical research gaps
remain. First, existing formulations often treat tensile—
shear degradation and compressive—shear degradation
separately, with few models capable of capturing their
simultaneous and competitive evolution. Yet in real geolo-
gical settings, such as landslide initiation, fault rupture,
and reservoir stimulation—rocks experience highly hete-
rogeneous stress fields where these mechanisms interact
across scales. Second, most phase—field models have been
developed in the context of mechanical fracture alone, with
limited integration of multiphysical couplings involving
fluid flow, heat transfer, chemical reactions, and grain-
scale breakage. These couplings are increasingly recog-
nized as critical in processes such as hydraulic fracturing,
CO, injection, geothermal stimulation, and earthquake
rupture. Third, there remains a need for rigorous
experimental calibration and validation across scales, as
the intrinsic length parameters and degradation functions
used in phase—field models are often treated pheno-
menologically.

Looking ahead, the field is moving toward the devel-
opment of unified, multiscale, and multiphysical fracture
frameworks that integrate micromechanics-based homo-
genization, nonlocal continuum theories, and digital twin
environments with advanced phase—field formulations.
Such approaches have the potential to capture the full hier-
archical nature of rock fracture, from grain rearrangement
and pore collapse to fault-scale rupture. The convergence
of high-resolution experiments, data-driven upscaling, and
robust computational methods thus represents a frontier

challenge in modern geomechanics, with far-reaching im-

plications for the stability of geotechnical structures, the

mitigation of natural hazards in environmental geotech-
nics, and the sustainable exploitation of subsurface re-

sources in energy geotechnics.

1 Phase—field methodology for brittle
fracture

Let us consider arbitrary solid computational domain
Q bounded by 0Q consisting of the sharp discontinuity I,
as shown in Fig. 1. The boundary can be classified into the
Dirichlet boundary dQ, and the Neumann boundary 9,
with 9Q=0Q,J0Q, and 0Q,[0 =2. In the
phase—field framework, sharp discontinuity can be
regularized into the more diffuse damage zone I, by the
phase—field variable d and the characteristic length of a
material .. Using the following crack surface density
function y(d,Vd), we can describe the diffuse crack

topology as follows,

1, ¢
Vd) = —d* + = |Vd|’ 1
y(d,Vd) Z&d +2| d| ey
I, ~ jgy (d,Vd)dQ (2

where d is the phase—field variable ranging from zero to
one; and £, represents the characteristic length that is a
nonlocal parameter for a material. The characteristic length
¢, also enables to measure the thickness of a fracture
process zone or a deformation band. When d=0, it
indicates that the solid material is contact. While d =1
means that the solid material is fully failed, as shown in
Fig. 1.

The total potential energy of the continuum solid
body Q with the discontinuous structure I" is composed of
the stored elastic energy in solid and the surface energy
stemming from the initiation and propagation of the
discontinuous structure. The corresponding total potential

energy function ¥ (¢g) is formulated as
sv(g)zj wo(a)dg+j G.dr (3)
o\r r

in which ¢, (¢) is the stored elastic energy density, and G,
represents the critical energy release rate in Linear Elastic
Fracture Mechanics. The initial stored elastic energy

density ¥, (¢) can be written as

Yo (e) = %TI‘(&‘)2 +ue:e 4)
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Fig. 1 Schematic diagram of phase—field method for a diffuse damage zone with a characteristic length

Ui (ed) = [(1-d? + k] yi @ +yy (&) (8)

where y; (¢) are the tensile and compressive parts of

where A1 and pu are Lamé constants, and

1
&= (Vu+(Vu)") is the strain tensor, where u denotes
the displacement field.
To describe the total potential energy during the

evolution of the discontinuous structure I, in the solid Q,

the functional total potential energy reads

v, (&,d) = Jgg(d) Vo (£)dQ+ fggcy(d, Vd)dQ  (5)

Po(e.d) Yy (d)

where g(d) is the degradation function to describe the
remaining elastic strain energy stored in the solid (Miehe

et al., 2010; Kuhn et al., 2015) which is expressed as
g(d) = [(1-d)*+k] (6)

where k is a positive constant for avoiding numerical
instability (Miehe et al., 2010).

According to the variational principle for brittle
fracture (Francfort and Marigo, 1998; Miche et al., 2010),
the Euler-Lagrange free energy functional 77(g,I") can be
approximated as the following form in the phase—field

model.
I (&,1) =11, (&,d) = ¥, (&,d) — We (b, t,u)
=[ v @ddo+ [ Gy, vaao-
[ b7 -udo- [ 7 -uds D)
Q a0,

where b is the body force vector and f denotes the
prescribed traction vector.

In the original phase—field model (Miehe et al.,
2010), the total strain energy decomposed the elastic strain
energy into tensile and compressive parts to capture tensile

brittle fractures.
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stored energy density.
In this work, we decompose the strain tensor into the
volumetric part and deviatoric part as follows,

&= Egpn + Edev (D)
in which &g, represents the volumetric part of a strain
tensor; and &y, is the deviatoric strain tensor.

In this work, we decompose the stored energy
density function ¢, consisting of three parts: the pure
dilational part ¢, the pure compressive part ¢, and the

tensile/compressive—shear part ,.

Wi (&,d) =, (,d) + i, (e,d) + ¥, (&) (100
in which,

K 2
l//Z(-S,d)=g(d)5Tr*(-9) (11a)
wt (g’ d) = g(d),ugdev * Edev ( llb)

v, (&) = gTr‘(s)2 (11e)

Based on the volumetric and deviatoric splitting
strategy of stored energy density, we reformulate a new

Euler-Lagrange free energy functional /7 (g,I") as

K
1, e.d)= | _g(@ {2Tr+<s)2 + e edev] dQ+

Jolvr @d+u(ed)]dQ

f K eraa+ j Gy (d,Vd)dQ—
Q?2 Q

INAGYS S oty (d)aQ
_T
be-udQ—j ¢ -uds (12)
Q 0Q,
Wexi (b,t.u)

Based on the variational principle, we can find the

stationary form of this varitational problem for the
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. . . _ . 617 an
admissible displacement field and the phase—field variable oI, (ed) = 2 ou+ T 50 =0 (13)
‘ ou od
as follows, Thus, we have
_T
p— . a— T . —_ .
811, (£,d) = fﬂa : 66dQ fﬂb udQ fmtt uds +
:a?T[‘-du
1
|.6. <€d6d+€[,Vd~6Vd> d0= [ 201-a) (¥} @) + 4 (&.d) 5ddQ (14
gy
Now, we can obtain the balance of linear momentum model, the critical fracture energy release rate G, in
as follows, Griffith theory is decomposed into a mode-I fracture
Veo(e.d)+b=0 (152) energy release rate G, and a mode-Il fracture energy
B release rate Gy, as shown in Fig. 2a. On the basis of
o(&d) n=t (15b) Benzeggagh-Kenane semi-empirical failure criterion
u=1iu (15¢) (Benzeggagh and Kenane, 1996), the equivalent mixed
In the new thermodynamically consistent phase—field mode I-1I fracture energy release rate is expressed as
21H,
e ] gll(‘
g
1
E
=
— 0

b 2M, 20H, . 2UH, 2471,24(%%{#%%)
1 Ge [ gllc T Ie i
© 1 glc 1Y [] gc o
= g
g g
‘: =
T 7
3 2
— 0 o — 0E
>
| | |2
Ll Lo Ll o Ld o o=

a—IR & T Wi 2478 Bl b—T BN 240K 2l ) 7R 3 Bl 5 o—11 B0 I 248K ) g 7% B 5 d—T- 11V A 28 7 4 0K 2l g 7 7 [

=

K2 #MpERCRETER
Fig.2 Schematics of the phase-field evolution principles
(a) Mixed-mode fracture; (b) Mode-I fracture driving forces; (c) Mode-II fracture driving force; (d) Mixed mode I-1I fracture driving forces

m GO Gu®
Ge =G+ (Gue —Gre) <glrg_:hg”r) 7= Gre " Gire an
=G+ (Gue—Gro) <77-_l[> (16) and
L (H” y > (18)
gc a ’7 glc gl]c

The normalized brittle fracture driving force can be

H,
where G. is the normalized driving force for the purely

formulated as, e
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tensile fractures caused by volumetric dilation, whereas

gt is the normalized driving force for the fractures
Ilc

induced by deviatoric deformation. n is the corrected

parameter to prevent instabilities, which is expressed as

— H (glzrgllc)
7 gc (Htgh: + Hngllc)

To prevent crack healing and ensure the energy

ay

conservation, the modified crack evolution equation with

the new crack driving forces reaches the following form:

(1-d) (H”g(i’d) ¥ H’g(zd)) n+ %V%i— 2%41 =0
Q0
The normalized mixed-mode fracture driving forces
read
H, = L”;'-l + L’H QD
" gh: " gllc '
where

Ho(e.d) =max {y; (e.d)}

1
:max{zgsph :C: ssph,dc} Tr(e) >0 (22a)

0<1<T

H,(e,d)=0 Tr(e)<0 (22b)

H,(e,d) = max{y, (¢,d)} = max { %sdev :C: edev,dc}
22)

The schematic diagram of relationship between
stored strain energy densities and occurrence of different
types of fracture is depicted in Figs. 2b—2d.

The phase—field model is commonly solved within
finite element (FE) framework (Liu et al., 2022). To begin
FE approximation, the phase—field model aims to find an
admissible displacement field u and an admissible
phase—field d that satisfies the minimization of the total

Euler—Lagrange free energy functional.

{u(x),d(x)} = argmin/l, (e(u),d) (23)

ueS, deS,

where S, and S, are the admissible displacement field
space and admissible phase—field space, respectively.

In the fully monolithic solution strategy, the trial
displacement and phase—fields can be computed by the

following linear system of equations.
’Cuu ]Cud Su Ru
o e[ ]-[%]ew

The external loads are applied in a stepwise manner.

For the time interval [z,7+ 1], the following linear system

of equations reads

qu IC;m IC;ld -1 Ru,Hl
[ d;ﬂ } = [ JCdu  jCdd ] [ R;I"” ] (25)

2 Phase—field approach for strain
localization
In the phase—field approach, the surface of

discontinuity may include fractures (strong discontinuities)
and deformation bands (weak discontinuities), as shown in

Figs. 3a and 3b), and is represented by the expression
Iy= frds - jQy(d, Vd)dQ (26)

where y(d,Vd) denotes the discontinuous surface density
function, whose distribution is given in terms of an internal
characteristic length ¢, as

1

d.Vd) =
y(d.Vd) =77

L.
&+ E‘|Vd|2 Q7D

Let ¥ (&, @) be the total free energy function in Q,
where the ¢ is the infinitesimal strain tensor and « is the
vector of strain-like plastic internal variables. In the
presence of a deformation band, the regularized form of
¥, denoted as ¥,, may be developed by introducing the
phase—field variable d and its gradient Vd as follows
(Braathen et al., 2020)

¥, (e,,d,Vd) =¥, (e,a,d) + ¥;(d,Vd)

=L2% (6,a,d)dQ+ th/n- d,Vd)dQ
(28)

in which, ¥, and ¥, are the total free energies “outside”
and “inside” the band, respectively.

Based on the assumption of elastic energy depending
only on the elastic strains and the plastic energy depending
only on the plastic strains (Collins and Houlsby, 1997), the
free energy density i, can be decomposed into the

following form:
Y, (& a,d) =y (&, d)+y (&, a.d) 29

where ¢ and y* denote the elastic and plastic parts of ¢,
respectively. For isothermal process, the second law of
thermodynamics can then be stated in the form of the
Clausius—Planck inequality and the dissipation function

can be written as
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Fig.3 Phase—field schematics of strain localization

(a) Sharp topology of localization zones; (b) The relevant phase—field regularized deformation bands; (c) Schematics of flow directions at

different confining pressures and the general return mapping geometric interpretation

&= >0and D’ = J +y; > (300
in which  represents the plastic dissipation in the bulk
volume whereas ; represents the plastic dissipation due to
the formation and propagation of the deformation band.

Now, the Helmholtz free energy density in the
computational domain can be decomposed into three parts

as
Y=yl rnd)+yl (e a,d)+y,;(d,Vd) 3D

The elastic strain rate is further decomposed into

volumetric and deviatoric parts:

E=&+¢f (32a)
&=+, (32h)
&= i, (32¢)

where &, and &, are the volumetric and deviatoric parts,
respectively.
Taking the purely volumetric dilatational part ¢,

vol »

purely volumetric compressive part and mixed

v;l’
tensile-compressive-shear deformation part ¢, into
consideration, the stored elastic energy density is then

written as

Yo, r,d) = i (€, r,d) + Y., (&, 1, d) + ¢, (€, 1,d)

vol

(33)
where
e+ K* + 2
(&5 nd) =g (d,V)TTT (&) (34a)
Yooy (€5, 1,d) = 81 (d, 1) L8, © €4y (34b)

Yo rd) =g (d, r)@%Tr’(e)z +(1-6) %Tr’(s)z
(34¢)

Next, we can write about the plastic energy density

yy as

P =P +g2(d)wgev (35)

o = Pvol
where g, (d) = (1 —d)*is another degradation function for
describing the plastic-driven dissipation due to grain
friction and grain arrangement during the deformation
mathematical

band processes. The expression  of

volumetric and deviatoric parts can be expressed as

t
P _ . @l
vol — joa . 8voldT

(36a)

t
Vi = [ 0+ Ehud (36b)

Then, we derive the evolution of the phase—field
variable d from the regularized total potential energy given

by the expression

H[L=¥/[(+Y+]C—W (37)
where ¥, is the total free energy, Y is the work done by
the viscous forceR in forming and propagating the band,

IC is the kinetic energy. The total free energy can be

written as
v, = [ Worpda= [ (wo+yl+u)da (3B

Taking the stationary point of 7, with respect to d
and localizing gives the evolution equation becomes

o1, d oy, G

e LN*d-C. = — =z
A iy v

Zd (39)

in which,

Uz
ad

= =201 =y [r (W35 + Yooy +0035) ] - 201 -y,
(40)

Now, the strong form of the phase—field evolution

for localized failure at any material point can then be

written as
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{d:Heq(g,sp,a/,d)—(d—ffvzd) 41D
which is subjected to the following constraints.
d(x,0)€[0,1];d (x,1) > 0; H (e, ", a,d) >0  (42)
In the phase—field formulation for localized plastic

deformation, we adopt a stress decomposition based on
thermodynamic consistency.
c=&(+y (43)
where & is the shift and y denotes the dissipative
stress tensors to Ziegler’s orthogonality hypothesis
(Ziegler, 2012) In our phase—field model for localized

deformation bands in geological media, the shift and

dissipative stress tensor can be stress tensor can be written

as follows,
_ h., (&.@) oWl (e @)
§=gnd)—" e (44a)
— 6wgev (817, a) 6w€01 (gp, 0’)
X =8 (d) o + o (44b)

The corresponding shift pressure p and dissipative

pressures 7 are defined as
1 1
p=—3Tr@n=—3Tr (x) (45)

which results in the effective pressure and the deviatoric

stress invariant as follows
P=p+nQ="2 (x) (46)

where Q is the von Mises dissipative stress and the
effective pressure P in compression is regarded as
positive.

Considering degradation due to brittle-like grain
crushing, we can write the evolution of shift pressure for
describing the porosity collapse as follows,

A_l 0 8501 1-gi(d)
P—ZYPceXP(AC +T

“4n

where A, is the plastic compressibility and P? denotes the
initial preconsolidation pressure.
The local yield surface F (7, Q) in the dissipative

stress space (, Q) is adopted as

}'(ﬂ,Q)=\/%+%—lso (48)

where A and B are coefficients defining the shape of the

yield surface, which are given by the expressions.

A=(1—y)73+%y73(. (49a)

B=u [(1—Q)P+éay776} (49h)

The driving force for the evolution of localized

failure bands is defined as
H (e, &’ a,d) =H (&, r,d)+H" (&', a,d) (50)
where the elastic and plastic contributions are given by
He (g, r,d) =Hy (&, r,d) + Hg,, (€5, 1,d) + Hiy, (65, 1,d)

vol dev
=max {o-(s”,d) : [8” + 198”‘] +0(&,d): 8fiev}
(51a)

0<i<T vol vol

HP (&, a,d) =HD (8", a,d) + HE,, (&, @, d)

vol dev

:fo [6(&.d): (&)y+&,)]dr  (51b)

3  Numerical simulations of rock brittle
fracture processes

To show the performance of our model, several
fissured rock-like samples in the uniaxial compression
tests are simulated. There are two kinds of fissured
samples with dimensions of 76 mm X152 mm, including
one with a single preexisting fissure, and the other one
containing three preexisting fissures, as shown in Fig. 4.
The bottom boundary conditions are fixed, and a
prescribed displacement field is applied on the top one.
Following Xu and Li (2019), the rock-like material
properties are chosen as follows: Young’s modulus
E =30.0 MPa, Poisson’s ratio v =0.3, mode-I fracture
energy release rate G, =5.0 J/m2 and mode-II fracture
energy release rate Gj.=13.0 J/m2. The numerical
samples are discretized into irregular triangular elements
with the minimum size of &,,;, = 0.5 mm and the maximum
size of hn. =0.5 mm. The characteristic length in this
phase—field modelling is adopted as ¢, = 1.0 mm.

Numerical results of the single fissured rock-like
sample subjected to the uniaxial compressive loads are
plotted in Fig. 5, which describes the progressive failure
process of rock-like sample containing one single
preexisting fissure with an inclination angle of a =45°.
The evolutions of crack growth paths and the maximum
principal stress distribution are plotted in Figs. 5a and 5b,
respectively. The tensile wing cracks driven by the
maximum principal stress and the compressive-shear
secondary cracks can be successfully reproduced. For
validation, the current phase—field modelling results are
compared with the previous experimental data (Xu and Li,

2019), as shown in Fig. 5c. The predicted fracture pattern
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Fig.4 Geometry and boundary conditions of fissured rock-like specimens in the uniaxial compression tests: a single preexisting fissure and

three preexisting fissures

agrees well with that observed in laboratory tests. The

axial load—axial displacement curve obtained from

simulations also show a reasonable agreement with that

measured from laboratory experiments.
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Fig. 5 Progressive failure process of a fissured rock-like sample consisting of a single fissure in the uniaxial compression test

(a) Crack growth paths; (b) Maximum principal stress; (¢) Compression with laboratory experiments (Xu and Li, 2019)

Fig. 6a shows the progressive failure process of the
rock-like sample-II containing three preexisting fissures
with the identical incline angles of 45°. As observed in
Figs. 6a-1 and 6a-2, wing cracks are initiated from tips of
the preexisting fissures, and propagate along the axial
direction. With the increase of axial loading, wing cracks
coalesce with secondary cracks in the rock bridge regions,
as shown in Figs. 6a-3 and 6a-4. The spatiotemporal
distribution of oy in Fig. 6b indicates that wing cracks are
driven by tensile stress, while the initiation and
propagation of secondary cracks are caused by the

concentrations of shear stresses. The comparison between

numerical and experimental results (Xu and Li, 2019) of
crack coalescence patterns with corresponding axial load
versus axial displacement curves in Fig. 6¢c implies the

robust and reliability of our phase—field model.

of

localization in high-porosity rocks

4 Numerical simulations strain

The numerical model replicates the geometry of the
triaxial compression test on Bentheim sandstone, including

two symmetric V-shaped notches to induce strain

localization, as illustrated in Fig. 7. The material
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(a) Crack growth paths; (b) Maximum principal stress; (¢) Compression with laboratory experiments (Xu and Li, 2019)

parameters used in the simulation (Tembe et al., 2006, v = 1.0. The computational time step was At =1.0x 107" s

2008; Ip and Borja, 2022) are summarized in Table 1. The and the length scale parameters was ¢=0.6mm. A

following parameters for the plasticity model were confining pressure of 250 MPa was applied, followed by
assumed: P=420 MPa, &, ., =0.1, u=1.5, «=0.5 and axial loading at 2 pm/s to replicate the experimental setup.
bbb
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Fig. 7 Geometric and boundary conditions of sandstone samples

(a) V-shaped notched high-porosity sandstone sample; (b) Intact high-porosity sandstone sample containing one centered weak point in triaxial

compression tests

R ZHESBRUNMRSEK

Table 1 Material parameters for the triaxial compression simulation

Parameter Symbol Value Unit
Mass density p 2540 kg/m’
Young’s modulus E 19.2 GPa
Poisson’s ratio v 0.268 -
Critical fracture energy release rate Ge 1.0 J/m?
Viscosity coefficient ratio I'e 0.1 -
Plastic viscosity n 5.0x107 Pa™
Plastic compressibility Ac 1.5x107° -

Crushing potential [4 0.1 -
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The calculated vertical displacement u, and
phase—field variable d are displayed in Figs. 8a and 8b,
respectively. We observe that the compaction band first
initiates at the tip of the two V-shape notches and
propagates horizontally towards the center. The result is a
thin compaction band oriented perpendicular to the major
compressive stress, as shown in Figs. 8a and 8b. Six
representative points corresponding to the snapshots
shown in Figs. 8a and 8b are labeled in the stress—strain
curve shown in Fig. 8c. Both simulations predicted an
initially hardening response with comparable peak
strengths. However, substantial softening is observed in
the current simulation. Compared with the simulation of Ip
and Borja (2022), the current simulation predicts a more

pronounced re-hardening response after the compaction

-3
00 TN Y
375} * A\ a0
350

325 ¢

Vertical stress/MPa

300 ¢

275+ A =/ Ip and borja (2022)
—— Dynamic simulations
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Fig. 8 Numerical results of compaction bands formation

0.5 1.0 1.5 2.0 2.5

band has formed, like that observed in the laboratory
experiments. Fig. 8d plots the initial yield stress predicted
by the phase—field simulation on the deviatoric stress
versus mean normal stress plane against the experimental
data reported by Vajdova and Wong (2003) and the results
of a theoretical analysis conducted by Tembe et al. (2006)
employing linear elastic fracture mechanics (LEFM). The
initial yield stress predicted by the phase—field simulation
lies within the region defined by the experimental and
theoretical curves. In addition, the insert in Fig. 8d also
the failure

indicates that initiation pattern during

compaction band formation agrees well with both
macroscopic and microscopic observations (Vajdova and

Wong, 2003; Tembe et al., 2006).
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(a) Vertical displacement field (unit: m); (b) Compaction band formation; (c) Comparison of the simulated stress—strain response with the

simulation result of Ip and Borja (2022); (d) Initial yield stress for the notched Bentheim sandstone samples obtained from the phase—field

simulation, laboratory tests (Vajdova and Wong, 2003) and LEFM theoretical analysis (Tembe et al., 2006)
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We also conducted a series of hypothetical numerical
simulations on Bentheim sandstone samples to further
demonstrate the capability and performance of the
phase—field model. All simulations were conducted under
2D plane strain conditions on a rectangular sample having
a width of 50 mm and a height of 100 mm, as seen in Fig.
7b. The boundary conditions and mechanical parameters
can be found in Wang et al. (2023).

To investigate the effect of confining pressure on the
dynamic strain localization and mechanical responses, we
simulate six intact Bentheim sandstone samples in plane
strain compression with different ;. The confining
pressure o3 is changed from 10 MPa to 60 MPa in
increments of 10 MPa. Fig. 10 shows the resulting
localized deformation band patterns, suggesting that the
confining pressure plays a critical role in the dynamic
strain localization. When o3 increases from 10.0 MPa to
60.0 MPa, the localized deformation band pattern first
changes from a dilation shear band with a high orientation
angle (Figs. 9a and 9b) to a shear-enhanced compaction
band with a medium inclination angle (Figs. 9c and 9d),
towards a pure compaction band with a low inclination
angle (Figs. 9e and 9f). The slightly curved shape of shear-
enhanced compaction bands is caused by the combined

compressive normal and shear stresses. These results

0,=10 MPa

,=20 MPa
b

,=30 MPa

o kg RS RE T E N o3 R EHRER
WA W R
Fig. 9 Effect of o3 on the localized deformation band patterns in

the plane strain compression tests

indicate that our model can capture the transition from
dilatant to compactive strain localization, which agrees
with results from breakage mechanics theory.

Fig. 10a shows the relevant macro-mechanical axial
stress versus axial strain curves for these six simulations.
Fig. 10b performs the deviatoric stress Q = o, — 03 versus
axial strain at the different confining pressures. We
observe that the confining pressure increases the localized
deformation pattern transforms from a shear band type
with significant strain softening, to shear-enhanced
compaction band with moderate strain softening, to pure
compaction band with pronounced strain hardening. This
interesting phenomenon can be also illustrated by the
graphic diagram of relationships between loading stress
paths and the initial yield surface, as seen in Fig. 10c. The
predicted &, —é&; curves are plotted in Fig. 10d. When the
deformation band changes from a shear-band type to a
pure compaction band, the minimum value of volumetric
strain decreases. At the onset of localized deformation, we
observe that the volumetric strain first decreases
significantly due to grain crushing. At low confining
pressures, the sample dilates at the post-failure stage due to
grain friction and rearrangement. However, at high
confining pressures the sample compacts, indicating that
pore collapse and porosity reduction continue during the

development of pure compaction bands.

5 Conclusions and future perspectives

In this work, we state a phase—field framework to
simulate the evolution of discontinuous structures in geo-
materials, including fracture and deformation bands. For
the brittle fracture, our phase—field framework has the ro-
bust capability of capturing the different pure tensile, pure
shear and mixed tensile/compressive—shear cracks, simul-
taneously. The crack coalescence patterns in rock materi-
als can be successfully captured, which is helpful to better
understand their underlying mechanisms. In new future,
we will extend our phase—field framework to explore the
behind mechanisms of anisotropic brittle fracture and su-
pershear ruptures in geomechanics and geophysics. For the
localized deformation bands, our phase—field model can
separate degradation mechanisms of brittle-like fracture

and plastic-like dissipation at the microscale. This numer-
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Fig. 10 Effect of o3 on mechanical behavior

(a) a1-¢; curves; (b) Q-¢; curves; (c) Relations between loading stress paths and the initial yield surface; (d) eyo — &1 curves

ical model can successfully capture the transition between
dilation shear bands and pure compaction bands. However,
the current version of our phase—field model cannot con-
sider complex multiphysics mechanisms, such as (i) chem-
ically reactive transport and mineral alteration (dissolu-
tion—precipitation, cementation, damage healing); (ii) fully
coupled non-isothermal two-phase flow with phase change
(evaporation—condensation, freezing—thawing, hydrate dis-
sociation) and capillary hysteresis; (iii) non-Darcy/Forch-
heimer flow and fluid inertia at high pore-Reynolds num-
bers; (iv) strong, history-dependent permeability aniso-
tropy tied to fabric reorientation, dilation/compaction
bands, and grain-scale rearrangement; (v) grain crushing
and particle rotations (micropolar/Cosserat effects); (vi)
rate-dependent  viscoelastic—viscoplastic and thermal
creep; and (vii) fully dynamic rupture with high-frequency
wave effects, including supershear propagation. Incorpor-
ating these processes would require additional species/

phase balance equations, rate-dependent constitutive laws

with appropriate internal variables, micro-rotation kin-
ematics, and explicit inertia with wave-speed constraints;
these are outside the present scope and are left for future
work.

B A Ak RS P R R R AL, e S i A
F T, FELRAT A ML https://journal.geomech.ac.cn/cn/
article/doi/10.12090/j.issn.1006-6616.2025149
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