N
N

N

HAL

open science

Chemically induced compaction bands: Triggering
conditions and band thickness

Ioannis Stefanou, Jean Sulem

» To cite this version:

Toannis Stefanou, Jean Sulem. Chemically induced compaction bands: Triggering conditions and band
thickness. Journal of Geophysical Research: Solid Earth, 2014, in press.

hal-00923844

HAL Id: hal-00923844
https://enpc.hal.science/hal-00923844

Submitted on 5 Jan 2014

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1002/2013JB010342 .


https://enpc.hal.science/hal-00923844
https://hal.archives-ouvertes.fr

N

© 00 N oo 01 b~ W

10
11
12
13
14

15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

31
32
33
34

1/50

Chemically induced compaction bands:

Triggering conditions and band thickness

loannis Stefanou and Jean Sulem
Université Paris-Est, Laboratoire Navier, CNRS (UBIEO5), ENPC, IFSTTAR

Corresponding author: I.Stefanou, Ecole Nationads &onts et Chaussées, 77455 Marne la

Vallée, Cedex 2, France, (ioannis.stefanou@enpc.fr)

Key points
- Compaction band instabilities due to cataclasisdissblution in rocks
- Strong chemo-poro-mechanical coupling, grain brgakend chemical softening

- Regions of instability, compaction band thicknesd periodicity

Abstract

During compaction band formation various mechanigas be involved at different scales.
Mechanical and chemical degradation of the solidletkn and grain damage are important
factors that may trigger instabilities in the fowh compaction bands. Here we explore the
conditions of compaction band formation in quartmd carbonate-based geomaterials by
considering the effect of chemical dissolution gndin breakage. As the stresses/deformations
evolve, the grains of the material break leadingato increase of their specific surface.
Consequently, their dissolution is accelerated @rmmical softening is triggered. By accounting
for (a) the mass diffusion of the system, (b) a mscopic failure criterion with dissolution
softening and (c) the reaction kinetics at the miewvel, a model is proposed and the conditions
for compaction instabilities are investigated. Digtishing the micro-scale (grain level) from the
macro-level (Representative Elementary Volume) aaodnsidering the heterogeneous
microstructure of the REV it is possible to disctiss thickness and periodicity of compaction
bands. Two case studies are investigated. Theofwstconcerns a sandstone rock reservoir which
is water flooded and the second one a carbonateimowhich CQ is injected for storage. It is
shown that compaction band instabilities are péssibboth cases. (200 words)

Index terms
STRUCTURAL GEOLOGY: Mechanics, theory and modeling
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NONLINEAR GEOPHYSICS: Bifurcations and attractor§ritical phenomena, Pattern
formation
COMPUTATIONAL GEOPHYSICS: Modeling

Keywords
Compaction band instabilities, Strain localizatiocbhemo-poro-mechanical coupling, Grain

breakage, Rocks, Reservoirs
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1. Introduction

The presence of compaction bands in nature mayidgouseful information on various
geological processes as it is an indication ofdtness state history of a geological formation.
Compaction bands are usually characterized byrafisignt reduction of the pore space, which in
most of the cases is accompanied by an importahict®n in permeability. Thus, compaction
bands are also important in reservoir mechanicsif@roduction and C@storage Qlsson et al.
2002; Holcomb et al. 2007; Rutqvist 2012]. Pore collapse, intergranular grain freo and
sliding, Hertzian cracking at grain contacts, grairushing, grain attrition, grain-matrix
debonding and matrix fracturing are often observeda less or bigger extent inside the
compacting zoneHaud et al. 2004, 2009Sternlof et al. 2005; Tondi et al, 2006;Holcomb et
al., 2007; Aydin and Ahmadqv2009;Zhu et al, 2010; Cilona et al, 2012; Rustichelli et al.
2012; Wong and Baud2012]. In parallel, it has been observed thattrea fluids play a
significant role in creep and compaction of porousks [e.g.Le Guen et a].2007;Liteanu and
Spiers 2009; Rutqvist 2012]. Generally, mechanical damage and chendiegtadation of the
solid skeleton (i.e. of the grains and matrix) ianportant factors that may trigger instabilities in
the form of compaction bands. The objective of phesent paper is to explore the possibilities
and conditions of compaction band formation duech@mo-mechanical reasons in porous

geomaterials.

In the frame of Continuum Mechanics, compactiondsacan be seen as an instability of the
underlying mathematical problem. Discrete approadhie the Discrete Element Method have
also been proposed in the literatukafsman et a).2005;Katsman and Aharono2006;Wang

et al, 2008;Marketos and Bolton2009, among others] but they are computationatignsive
and the identification of the general conditionsattHead to strain localization is not
straightforward. On the other hand a continuum @agn can reveal the conditions for
compaction band triggering given the constitutdedhavior of the materiaRudnicki and Rice
1975; Vardoulakis and Sulem1995; Rudnickj 2002]. It is commonly observed that strain
localization is favored by strain softening and tnafsthe existing theoretical studies focus on
pure mechanical reasons for compaction band foomgtnechanical softening due to grain and

matrix damage and pore collapse). Neverthelesse memently, the role of chemical softening on
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slip instabilities has been explored [eByantut and Sulem2012;Veveakis et al.2012, 2013]
showing that chemistry may play an important rabe shear band instabilities and strain
localization. Here we focus on the conditions teatl to the formation of pure compaction bands
in quartz- or carbonate-based geomaterials by deriag the effect of chemical dissolution.
Shear enhanced compaction bands are out of the s¢dpe present study and their investigation

can be a future extension of the proposed model.

The effect of chemical dissolution is importanfigid and in reservoir applications. For instance,
the experimental results of Xie et al. [2011] shdwieat the chemical dissolution of a limestone
leads to a significant increase of the porositpr(fr23% for the intact rock to 27% for the
degraded one). According to the same authors,|#stippore collapse threshold is also reduced
from about 30 to 20 MPa and the chemically degradatkrials become more collapsible and
more ductile due to the increase in porosity arddggradation of the inter-granular cementation.
This evidence is corroborated by other authors [déaya et al. 2003;Hu and Hueckel2007b;
Zinsmeister et al.2013] for a class of geomaterials and resulta tontraction of the elastic
domain only due to chemical reasons (chemical swoiftg. In parallel, in a saturated porous
geomaterial, the progressive mechanical damadeeaddlid skeleton during compaction has as a
result the increase of the interface area of thetamts (i.e. of the solution with the solid) and
consequently the acceleration of the dissolutide oh the solid phase [cRimstidt and Barngs
1980]. Thus, the solid skeleton is degraded magoedia (mass removal because of dissolution),
the overall mechanical properties of the systemirdgh (contraction of the elastic domain —
chemical softening), deformations increase and #ofid skeleton is further damaged
(intergranular fractures, debonding, breakage efpbrous network etc.). Figure 1 schematically
shows this positive feedback process, whose dtalslinot guaranteed. Actually, as it will be

shown in this paper, instabilities in the form ohgpaction bands may be triggered.

The impact of chemical phenomena and, in particuapressure solution inside deformation
bands, has been demonstrated in several casesli[et al, 2006; Tondi 2007; Liteanu and

Spiers 2009;Cilona et al, 2012;Rustichelli et al. 2012]. However, the effect of dissolution on
compaction band formation is difficult to obsermethe field and its exact role is still a subjett o

investigation. Notice that field observations arade long after the formation of compaction
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bands, where the poro-mechanical properties ofrdic& have obviously drastically changed.
Exploring the effects of dissolution prior to compan band formation is also a difficult task in
the laboratory as the reproduction of the fielddibans is not straightforward. Nevertheless,
recent experimental tests with dissolvable surmgaaterials and numerical studies with the
Discrete Element Method have shown that dissolutibgrains causes pronounced changes in
the fabric and in the intergranular force transioisghat may result in episodic microstructural
changes and to strain localizatid®dhjn 2009;Shin and Santamarin&009; Tran et al, 2012].
The aforementioned indications of chemically industrain localization instabilities provides
the motivation of the present study and justifies tonsideration of strong chemo-mechanical

couplings in models due to dissolution.

Two scales are distinguished in the present cheydoskhmechanical model. The first scale is
related to the macroscopic poromechanical behadfidthe geomaterial. At this level the mass
balance equation and the stress equilibrium areesgpd over the representative elementary
volume (REV). The second scale, which will be acalkere micro-scale, concerns the behavior of
a single grain of the geomaterial and its surroogadnatrix. Intergranular and matrix fracturing,
grain-matrix debonding and the dissolution reackimetics refer to this scale. The distinction of
the micro- and the macro-scale is presented sclmatiatin Figure 2. The bridging between the
macro- and the micro-scale is achieved here thrabhghempirical law of Lade [1996], which
relates the effective grain size to the mechargoakgy input to the system. In this sense, at least
part of the mechanical energy is dissipated thrahghvarious micro-mechanisms related to the
solid skeleton damage for the creation of new sedan the medium (fracturing). The advantage
of the aforementioned empirical law over other wmgechanical approaches is that it needs the
calibration of only one parameter. More sophisadagrain damage models that account for the
degradation of the inter-granular cement of rockgghtn be suitable, but the chosen
phenomenological approach is a first step for shgigome key features of chemical degradation
on compaction banding by avoiding unnecessary oexitygl Dissolution reaction kinetics at the

micro-level (i.e. at the scale of a single grairg then up-scaled to the macro-level.
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: Z;/ Solid skeleton

Chemical

. mechanical
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Figure 1. Positive feedback process due to disswiuand solid skeleton damage (e.g.
intergranular fracturing, breakage of the poroustwerk, matrix cracking, grain-matrix
debonding etc.)

As it was already mentioned, the present analysiss aat exploring the possibilities of
compaction band formation due to chemical softengfigcts only. Therefore, mechanical
softening (or hardening) induced by grain damageae collapse is not considered herein in
order to isolate the chemical effects. This mehasthe effect of grain damage and pore collapse
on the evolution of the yield surface as descrifmednstance by Das et al. [2011] is neglected.
On the other hand the effect of the damage of thid skeleton on the acceleration of chemical
reaction is taken into account by explicitly intamihg the effective specific surface of the grains
in the reaction kinetics law. Of course it is pb#sito account also for mechanical
softening/hardening due to grain damage and pdiapse but this would somewhat hide the role

of chemical effects explored here.

The first two sections of the paper are devotethéoformulation of the proposed chemo-poro-
mechanical model by distinguishing the micro- amel thacro-level behavior. At the macro-level
(section 2), the constitutive behavior of the mateis described within the frame of plasticity

theory, the mass balance equation is derived aadirtlear momentum balance is set forth in
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order to account for the different species in tl8/RAt the micro-level (section 3), the evolution
of the effective grain size due to various micrcchranisms is described and the reaction kinetics
are formulated and upscaled to the macro-leveltNiexsection 4, the possibility of compaction
band formation is discussed through a linear stglahalysis. A criterion for compaction band
instabilities is proposed and its sensitivity t@ tarious parameters of the model is explored.
Note that because of the strong chemo-poro-mechlacocipling, the application of the classical
localization criterion of Rice [1976] is not strhtfprward. Finally, in section 5 two examples of
compaction band instabilities are given for a qgiartock under water flooding conditions and
for a carbonate grainstone in relation with LCi@jection and storage. All the mathematical
calculations were performed with the symbolic laag® mathematical package Mathematica©

and they are available to the reader upon request.

Macro-scale
/| REV

Micro-scale
/ Grain

Figure 2. Schematic representation of the REV (m&cale) and of the grains (micro-scale).
The picture is an idealization of the microstruetuof a rock. The dissolution rate is
homogeneous in the REV when the size and the dilecomposition of the grains is

homogeneous. In the case of compaction bands,rdiasgbreak, their size is not necessarily
uniform in the REV and consequently the dissolutaa is not any more homogeneous.

2. Macro-scale

2.1. Constitutive behavior
Based on experimental research and theoreticalidenasions, several constitutive laws have

been proposed in the literature that relate themiesl macroscopic stresses and strains. Plasticity
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theory is a standard framework for the mathematwahulation of the underlying mechanical
problem. For a recent review of common plasticitydels used for porous rocks we refer to
Wong and Baud [2012].

Depending on the applied stress path, the bounclamgitions and the geomaterial at hand, a
strain hardening or softening response can be wbdeatue to the various mechanisms, which
take place at the microlevel, i.e. at the grairlescand are related to the evolution of the
microstructure of the solid skeleton (e.g. porelagse) and to grain damage (e.g. grain
fracturing). However, for the reasons exposed énittroduction, only chemical softening will be

considered herein.

The removal of minerals from the solid skeletonotlygh chemical processes causes the
mechanical strength of the rock to decrease ugand Hueckel2007a, 2007b]. Therefore, we
expect the mechanical strength of a rock to benation of the (residual) mass of the solid

M. (t)

skeleton after the dissolution process. Expresaing = £ (t) =0

0< ¢ <1, the ratio of the

current massM(t), of the constituents’ over its initial mass,M; =M (t=0), in the REV

before the chemical process starts (initial/refeeestate),, can be seen as a chemical softening

parameter [see also Nova et al., 2003; Hu and Hie2R07b]. Assuming compression negative,

Figure 3. describes qualitatively the strength dionof the geomaterial in the— p’ plane due
to chemical softening, i.e. for decreasigig The scalarsp’ and q are respectively the Terzaghi

effective mean stress (i.e. the difference betwhertotal mean stress and the pore pressure) and

the shearing stress intensity. The shearing sinésssity q is defined as the square root of the

second invariant of the deviatoric pag,, of the stress tensor:q= /%% s . The Einstein

summation convention is adopted. In order to prestre generality of the approach we consider

a general yield surface of the form:
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168 f=f(qp, @)=0 1)

169 where p, is a material parameter (namely the yield stresdeu isotropic loading) which is
170 assumed to decrease frogj (initial reference state) tgp; (residual yield stress once the
171 chemical reaction is completed) according to tHeeng law p. = p;—( py— H)¢* (Figure

172 3). k is an exponent that can be experimentally detexdhiior the material and the chemical
173 process at hand.

de,=pBdy,>0 q
u>0 dz,
d7, P
de, = Ady, <0 /§~L,":5\
1 ! 4 D
]
dq 1
pu=——<0 [
dp oy
1 ! L
/ 7 7
174 p Bo P

175 Figure 3. Chemical isotropic softening due to digdon of a constituent{ describes the ratio

176 of the residual mass of the constituent in the RSt its initial (reference) mass before the
177 dissolution process. Compression is taken negafiv@. corresponds to dilatancy angkO to
178 contractancy (decrease of porosity).

179
180 In the frame of a small strain theory, the stra@yrbe separated into elastic and plastic parts as
181 follows:

182 e=&+&® and y=y°+y° (2)

183 where ¢ denotes the volumetric deformation apdthe shearing strain intensity = ,/2¢,

184  with g being the deviatoric strain tensor.

185
186 The elasto-plastic incremental stress-strain k@iatiips are given by:
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6 =M i+ ¥P¢ (3)
T
s £ Meag(afj Msfgg
wherec':[ } g:( } M., = |_% M., Tz—#, 1 is the identity
q /4 (afj o9 (ﬁJ og
Zim = ZIm =
06 06 06 06

K 0
matrix andM :[O GJ the elasticity matrix(-)T denotes the transpose @f. K andG are

respectively the elastic bulk and the elastic shreaduli of the geomaterialg is the plastic
potential which can be identified to the yield swd, f , in case of associate plasticity. For a

general plastic constitutive law, we can write:

of (u) eg (B
=1l 3" (4)
oe (1) oo \1

whereg is the dilatancy angled > 0 for dilatant materials) ang is the internal friction of the

geomaterial that depend on the actual state afssttésing Eq.(4) we obtain:

ep:&[ 1 ‘ﬁ] (5)
G+ puK\-u  pu
and
iy ®
with
AT O (g ) ™)

= =—K
of op, dg  op

It is worth mentioning, that under constant loagdiegemical softening would result in the
gradual accumulation of plastic deformations, whéech controlled by the dissolution reaction

kinetics. This accumulation of deformations undenstant loading can be seen as a creep
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behavior induced by the chemical process of disswuCreep phenomena due to reactive fluids
injection are observed in laboratory tests on psrmcks Le Guen et a).2007;Liteanu and
Spiers 2009;Shin and Santamarin@009;Brantut et al, 2013;Croizet et al. 2013].

2.2. Massbalance

The dissolution of minerals is described by appetprchemical reactions. According to the
reaction’s stoichiometry the minerals of a rock neydegraded and transformed to amorphous
solid or liquid. For example the dissolution/pret@pon of quartz in water is described by the

following chemical equation:
(R1) SiO, (solid)+2H, O(liquid}= H, SiQ (aqueous saturt)

At equilibrium the silicic acid K,SiO,) is dissolved in the water with a concentrationttos

order of few ppm. Another example is the dissolutid calcite with water that is saturated with

carbon dioxide:

(R2) CaCQ, (solid)+H CQ (aqueous solutiocey  Ca HQQO queous solutior

This equation represents a set of consecutiveiogacthat take place and are responsible for the

dissolution of carbonate rock&igic, 2011].
Here we consider any dissolution process of thefor
(R3) solid +solvent=solutiol
©) @ (2
The reaction kinetics of this general equation élanalyzed in the next section.

At the macro-scale, the REV can be seen as a patedaim. The mass of the solid phasédvig
(e.g. SIO,) and the mass of the fluid phaseNs, =M, + M,, where M, is the mass of the

solvent (e.gH,O) and M, the mass of the dissolution product (d4SiO,).
Following the notation of Coussy [2004] the madssubee equations hold:
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d'™M, d .
dt L :a(pflnldgt) = lN-2 th (8)
d'™M d . .
dt 2 = a(pf ZnZdQl) = ( I’qu—}— rZASJth (9)
d°*™M, d .
" 3 = a[ps (1— n) th] = 35200, (10)

d* . . L . . . . . .
wherea is the particle derivativep, is the density anah, is the Eulerian porosity referring to
particle  (f for fluid and s for solid species)r -, represents the rate of mass gf

transformed tgy and dQ, is the material volume in the current configuratiBy definition:
P+ Pi N, = pe N (11)

where p, is the density of the solution, which depends lo& teactant’s concentrations, the

pressurep, and the temperature. Equations (8) and (9) lead to

f

d .
E( pNAQ, ) = 253 dQ, (12)
Considering isothermal conditions and constant iderfigr the solid phase, Egs.(10) and (12)
become:

_%+vxvs VL (V) =t (13)

Ps

op, O 0
on, 10p 0P 10p oW

1 1.
+—V WV, +Vy (Wi )=—T 14
o p; op; Ot pr OW, Ot py X(pf) f X( f) Psi o -

where the Nabla operator refers to the initial @pition (X is the position vector of the solid

particles in the initial configuration), andV, are respectively the velocities of the solid phase
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M
and fluid particles,p, the fluid pressure ands’ :M_Z the average dissolution product to fluid
f

mass fraction over the REV (macro-scale). Adding.E3) and (14) and using the chain rule,
the pore pressure diffusion-generation equatiafbiained:
p; 2 1 de oW,

—=C,VxPi———-C, j—= 15
8t hy pr ﬂ* 8t p, ch at ( )

)
where ¢, is the hydraulic diffusivity ang3™ = ng, with g, :iaﬁ is the compressibility of

Pt OP;

the fluid [see als@habezloo and Suler@008]. For plastic incompressibility of the sopilase
and of the fluid, 5° :%. For the derivation of the pore pressure diffusgemeration equation,

the Darcy law was assumed and the gradient of émsity of the fluid was ignored as being

negligible compared to the other terms of the éqnafrhe deformation of the solid skeleton, i.e.
the termV, V, :%, is responsible for the hydro-mechanical couplinghe right hand side of

the equation the last term expresses the poreyeeshange due to dissolution/precipitation

process anct, ., is the chemical pressurization coefficient, whagpends on the evolution of

the fluid density because of the reaction processein, we neglect this effect as it does not

affect the stability of the system and generalfy iiifluence is limited $tefanou and Sulem
2013]. Finally, for small strain¥ =V, , whereX is the position vector of the solid particles in

the current configuration.

2.3. Momentum balance under oedometric conditions

Under oedometric conditions the stress equilibnsiexpressed as follows:

o, . =0 (16)

2 2
-— &, £=€

\/éqi yz_ﬁ 7z

=¢,, =0 (for axisymmetric conditions). Using Eq.(3) we aibt

where o, =0/ - p g, 9

; is the Kronecker deltac,,=p

zz?

822:u22 8”’
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&, - C(Aéz#iéj (17)
¢
2 2 2 K
1+ﬁj[1+,uj —=—-p=
where A =K [ ‘/52 K\/é and c=‘/"_3—|i3 . CA expresses the change of the
- _ R l+ -
\/§ B G Bu G

. : . o . : .
effective vertical stress due to compaction aﬂaf;g its change due to chemical degradation.

3. Micro-scale

3.1. Cataclasis, solid skeleton damage and evolution of the effective grain size

A rock can be seen as an assemblage of bonded gwndirch during deformation may break into
smaller grains with rupture of bonds. Following kaet al. [1996] the grain size reduction is
related to the total energy input. In this sensdgast part of the mechanical energy is dissipated
through various micro-mechanisms for the creatiénnew surfaces in the medium (grain
fracturing). “Hertzian cracks” at the grain congaintergranular fracturing, grain crushing, grain
attrition etc.), “microcracking” of the cementitisumatrix Aydin and Ahmadg\w2009;Cilona et

al., 2012] and grain debondin@éstellanza and Noy&004] are some important mechanisms
that lead to the reduction of the effective graire f the geomaterial and consequently to the

increase of the dissolution front.

Under this framework, it is convenient to define effective grain size D, whose evolution

reflects the effect of grain damage. According tdé et al. [1996], for a given grain size
distribution, this effective grain size is commonmdken equal td,, (10% of the system weight
consists of grains below, , diameter). Generally, the choice of the approprettective grain
size depends on the exact grain size distributiwhthe material at hand. For instance in the case
of shear bands created in the laboratbyy seems a good measure for the effective grain size
reduction El Bied et al, 2002]. On the other hand, in the case of compadiands observed in

the field, D,, seems a better choidgifona et al, 2012].
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Lade et al. [1996] proposed the following expressior the evolution of grain crushing of a

granular material in terms of the mechanical wohui:

a
D=D0[a+Erj (18)

where D, is the effective grain size of the initial gradatiand E; is the total energy input per

specimen unit volume (including the energy duestiiropic compression and shearing).is a
fitting parameter, which will be called here grdiamage sensitivity parameter that expresses the
extent of the grain size change due to energy irfpurtlarge values of parametgras compared

to Er, the grain size is constant. As discussed by leadé [1996], the total energy seems to be a
more relevant parameter for describing grain brgak@mpared to the effective mean stress or
the void ratio. As an example, for Cambria sand 0.747MPe [Lade et al. 1996]. For a rock,

the parametera should also depend on the grain size distribufcdn Cheung et aj). 2012].
Considering that the specific effective surfaceaofjrain S (effective grain surface area to
volume ratio) is inversely proportional to the graiameter, it is natural to assume the same type

of relationship:
S= %(1+ 5] (19)
a

It is worth emphasizing that the grains of rocke aften cemented together and that the
consideration of the rock as a granular materigh well-defined grain to pore fluid interactions
Is rather an idealization of reality. Neverthelessjt was mentioned above, the dissipation during
mechanical loading is mainly attributed to interfradtion mechanisms (reorganization of grains,
grain dislocation/disclination) and microcracking laoth the grains and of the cementitious
matrix (Hertzian cracking, microcracking, debondgtg.). In this sense, Eq.(19), could also be
used in order to describe the increase of the pecirface of the grains of a cemented granular
material like a porous rock. Parametar may be calibrated either through appropriate
micromechanical models that take into account theraycracking of the matrix and grain
breakage [e.gDas et al, 2011] or through adequate experimental tests.eMecifically, the

value of the grain damage parameter may be detednexperimentally through acoustic



316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338

339

340
341
342

16/50

emissions, X-ray tomography or other experimergahniques\[Vong and Baud2012] that will
correlate the effective grain size due to grain @genand the mechanical energy input.

Finally, it should be mentioned that grain crushiegults in a reduction of porosity and generally
to a reduction of permeabilityNalsh and Bracel984;Sulem and Ouffroukt2006]. Moreover,
due to dissolution, the specific area of the grainthe microscale is increased and the existing
microcracks propagate further (subcritical grovetiness corrosion cracking). Therefore, the grain
crushing sensitivity parameteg, is not necessarily constant in time and may depsn the
reaction kinetics, the stress level and the natdirhe saturating fluid. However, in the linear
stability analysis presented in the next sectiba,germeability change due to porosity reduction
is of second order and can be neglected for thetaofsstrain localization. Nevertheless, for
performing numerical simulations of rocks with gr®@posed chemo-poro-mechanical model it is
possible to determine the evolution of these patarsebased on empirical and/or theoretical

models.

3.2. Reaction kinetics

According to Rimstidt and Barnes [1980] the rateezction between the fluid and solid phase
during quartz dissolution (or precipitation, R1)dsectly proportional to the interfacial area
between the solid and the liquid phase. The dissolurate is commonly assumed to be
proportional to the mineral surface area exposeti¢caqueous solutioiClibillas et al, 2005].
Here we generalize this idea for any dissolutiarcess of the form of R3. The rate of production
(or consumption) of moles of the dissolution prddiscconsidered to obey the following rate
equation:

on, B
i Ak(l Q) (20)

where n, is the number of moles of the product of the digsm process (e.g. thel,SiO, or the
Ca( HCQ,),), A the available interfacial area of the solid wikie tsolution,k the dissolution

rate constant per unit area of the interface @nid the degree of saturation.df = 1 the reaction
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is at equilibrium, if Q <1 dissolution takes place and ¢ >1 precipitation happensQ is

expressed in terms of the reaction quoti€nt, and the equilibrium constark,_,, as follows:

eq’

0=—" (21)

€q

It is worth mentioning that in order to account fbe intergranular dissolution-diffusion micro-
mechanisms that take place in the thin agueoustfilm is developed at the grain contacts, a
chemical potential that depends on the stress istatiéen considered (pressure soluti®uiter,
1983]). As a result, the reaction kinetics (i.e. E2p), equilibrium constant, reaction rate) might
be functions of the stress state. However, interegaclasis (stress induced cracking, grain
breakage, microcracking, debonding etc.) is ofteseoved inside the zone of deformation bands
[Baud et al. 2009;Cilona et al, 2012]. Therefore, in the stability analysis peried in the next
section, the reaction kinetics will not directlypgad on the stress state, but will be a function of
the available interaction surface of the reactddissolution of grains), which depends on the

stress state because of grain damage.

Assuming that the reaction activity coefficients the reactants are close to unity and that

W, <1, Eq.(20) and (21) give (Appendix A.1):

M e —S(l—ﬂ] (22)

where K’ =&k, e=1L is the void ratio andv;® the mass fraction of dissolution product to
P —-n

the fluid mass at chemical equilibrium. It shoule &nphasized that Eq.(22) is written at the
microscale and thaw,, S and e represent local quantities, which are not nec#gsa
homogeneous over the REV (Figure 2). On the otlaadhthe constitutive law and the mass

balance represent quantities defined over the RBY therefore the aforementioned local

quantities have to be upscaled from the microhéormacro-level.
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3.3. Chemical softening and upscaling

At the macroscale the rate of the chemical sofgepi@rameter; holds for w, <1 (Appendix

A.2):

a_g — _&ﬁeé’M

(23)
ot My Ps ot

The average mass fraction of the dissolution produer the REV (macro-level) is related to the

local mass fractiorw, (Figure 2) as follows:

= j w,dV (24)

TvT
Assuming thatw, = w,(z t) (oedometric conditions) is a function that canexpanded into
Taylor series up to the second orderzin

1252 w(z

2" 87 (25)

w (7.0 w(z g 220

where z is the coordinate in a local coordinate systenmwiigins at the center of the REY,

injecting equation (25) to equation (24) and in&tigng over the REV we obtain:

R
V\I'ZVI =W, + f(z: 8222 (26)

where (= / o, /i = % appears as a characteristic internal length @gpdis the size of the

REV in the z direction. Note that if the mass fraction is homogous all over the REV, then

W' = w,.
4. Compaction band formation

Equations (15), (16) and (22) describe the evatutbthe system under oedometric conditions,

while equation (26) links the macro- and micro-scéitroducing the dimensionless quantities:



M) o A A
ng):V\é ’ bf:&’ Aij:_“! b:_p, a:_q1 Er:E’ Aa:_a1 ﬂ*:ﬁ*an
Keq n Gn O-n Gn O-n O-n
386 u L P t T
G- =L, s-sip, p=L, Ll -
I Dgo Do50 Ij Px PH,0 T b (Dgo)2 b
387 (27)
KquSO
388 with D° the median grain diameter in the reference/initate and choosing =—2—2- as
389 characteristic time, the aforementioned equati@t®ine:
390 0,,=0 (28)
afjf A~ aZ"f 10 . 8\7\/'\"
391 — = -———=-C = 29
X v Bot P oot (29)
awz _1] & ~
392 p =e'§(1- W) (30)
~ ~ "2 82\7\/2
393 W'~ W, + 02 (31)

07°

394 In the following the hats over the variables wii tropped in order to simplify the notations.
395

396 It has to be mentioned that the application ofwle#i-known localization (bifurcation) criterion
397 of Issen & Rudnicki Rudnicki and Ricel975; see alsRice 1976;Bigoni and Hueckel1991;
398 Issen and Rudnicki2000] is not straightforward in the present cageere a chemo-poro-
399 mechanical coupling takes place. For this reastinear stability analysis is performed in the
400 next section.

401

402 4.1. Linear stability analysis

403 Let u}, p} and w) be the solutions of the above equations that eachomogeneous

404 deformation in space an]ii(z, t), P; (z, t) and wz(z, t) perturbations such that:
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UZ(Z’t):LE"'Uz( ZD
p(zt)=d+n(2z) (32)
w,(zt)=w+ Ww(z)

The spatial dependence of the perturbations isrdposed into Fourier modes with wavelength

A . Assuming zero fluid flux and no reaction evaduatiat the boundaries of the model:
- t - Z ~ t V4 ~ t z
0,(zt)=Ue sm(zj , Pr(zt)= P€ CO{ZJ andw,(z t)= Wé CO{ZJ (33)

where A=27/=L/N, N is equal to an integer satisfying the zero fluigkfand reaction
evolution at the boundaryz=+1L1/2, and s is the growth coefficient of the perturbation

(Lyapunov exponent)s>0 means local instability.

Introducing the above perturbations to Eqs.(28)-@@d neglecting the higher order terms we

obtain the system:

G, .=0 (34)

L A -— 35
ot Yo B ot (39)
W, 1-wW s S . )
- S—F[Hn (1- W) | w (36)
WM ~ W 2 82V~V2
b =Wy + [ 7 (37)
where n" :&(H e“&J. The superscripth’ denotes the homogeneous state of the sysf?sm.
H, Ps

represents the perturbation of the specific surfa@eause of the perturbations introduced in
Eq.(32) and because of EQ.(19). All the above dtiestare dimensionless (the hats were

dropped for simplicity).
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423
424  Substituting Egs.(33) in the above equations, wiinbthe following system of equations in

425 matrix form:

426 A-X=0 (38)
A LA K
2 2
¢ ¢ ¢ ¢
427 whereA=| > 1 s+i2y 0 :
Lp ¢
——A328h 0 s+ S'p

(5.5
\/§ G ﬂ hh% 1-w

W

s Ag=————— e A= '
K K, 87 pu ae’
1+ — 1+ — si2
Gﬂu Gﬂu
U
429 go:ih[lm“(l—w“)] and X =| P |.
e
W

430

431 The system has non trivial solutions when the deiteant of A is zero, i.e.Det[A]=0, or

432 equivalently:

433 sS+CGs+ G=0 (39)

oA AL (1—@
A -1 and

435 cl=s“¢+Lf“yi2+ S“%(l—g—zj.
AS 10 Ap -1 ¢

S"B'c
434 with C, = i —

436
437 If the real part of a root of the above quadratiaaion (characteristic polynomial) is positive

438 then the system is unstable.
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4.2. Conditionsfor instability

The rootss, and s, of the above quadratic equation satisfy:

s$$=Gands+s=-G (40)

Therefore ifC, <0 then at least one root with positive real parsexiFor A; <0 and w® <1

(start of the reaction)C, <0 gives:

oA+ AlsAjz(l—i—g) >0 (41)
or
%gh (1-%} <C, (42)
where C, =—%ZS—2 and = = 1;2'}1 . This expression accounts for chemical softening to
= Ff

dissolution and includes the characteristic lergftithe REV. When dissolution occurs)” <1

and =>0. Moreover, in compressiore? = de? <0 and therefore < 0. ConsequentlyA is

positive andC_, is negative.A expresses the increase of the effective compeesstess

because of compaction (see Eq.(lg)a.(gi)< 0 expresses the contraction of the elastic domain

(chemical softening) because of dissolutighrepresents the effect of dissolution on the stgbil
of the system due to grain damage. The bigger @heevof = is (i.e., high effect of dissolution
due to grain damage) the more unstable the sysémonies, as the instability condition (42) is

satisfied for a larger spectrum @f and g values (the instability region in th@— P plane is

larger). The role o will be explored in the next paragraph

3 e

In the special case whefe, =0 (u = S or = —73 leading toA =0), Eq. (42) becomes:
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of 2

and the system is unstable/it> /.. In other words, the instability travels in spadéh a finite

wavelength ¢ > 27/ =1.2 o) resulting in a compaction band of finite thickee$his will be

further investigated in the next paragraphs. Noticd in the absence of mechanical softening

3

and internal length4_ =0) the above condition for compaction band instaedi (« = 5 or

p= —g) coincides with the condition derived by Issen &dRicki [2000].

Finally, the above sufficient condition for insthtlyi should be completed with the following
condition in order to avoid the consideration ottér instabilities, which are characterized by the

fact that the roots of the characteristic polyndrhave an imaginary part:
C?-4C,>0 (44)

The reason for excluding this kind of oscillatongtiabilities (blowing-up oscillations) is that they

seem unphysical for the chemo-mechanical problemaad.

4.3. Regions of stability and parameters sensitivity

As an example of a cap yield surface we considerodified Cam-clay yield surface with an
associate flow rule. Certainly, modified Cam-claythwassociate flow rule is not the best
constitutive model for rocks and in order to obtquantitative results an extensive experimental
research has to be conducted. Nevertheless, ¥pisceed, that a general cap model, (Figure 3)
will be overall appropriateBaud et al. 2006; Wong and Baud2012]. Herein, we choose the
modified Cam-clay plasticity model with associdter rule due to its relatively simple form (i.e.

elliptic yield cap). In particular the adopted dalurface is (Figure 4):
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f=g?+M?p(pP-p)=0 (45)

Figure 4. Modified Cam-clay model with chemicaltening. Compression negative. CSL stands
for the critical state line, which is assumed canst

In this way the qualitative behavior of the systemay be studied pointing out the effects of

chemical softening to compaction band formationt e example at hand we consider the

following dimensionless parameterg; =—-1, p;=-0.2, p, =04, M =1, x =1, K=G=100

, S=1, ¢, =6x10, &:0.6, ﬁ=O.4. In this paragraph we assume tifat= 0, or in other

Hy Ps
words we consider that the rock microstructure @nbgeneous (see section 3.3). This
assumption does not influence the conditions ferahset of the compaction band formation (see
Eqgs. (42) or (43)), which is the purpose of therewntr paragraph. In the next paragraph the
heterogeneity of the REV will be considered and imtdluence to compaction bands

thickness/periodicity will be explored.

According to Eq.(42) compaction band triggering elegs on= , which represents the tendency
of the system for compaction band formation. Wiidjhler values of= , the region of instability
in q— P plane becomes larger. Figure 5 and Figure 6 shewdépendency of on the grain
fracturing coefficienta for n=0.25 and on the porosity for a = 0.1 respectively. Notice that

when the solution is saturatedj =1 (i.e. the dissolution process stops), compactamds can

V3 V3

be triggered only ifﬁ:—7 or ,u=—7. This is consistent with the Issen and Rudnicki

condition for compaction bandssgen and Rudnicki2000]. The same holds when no grain

damage occursa— o) or when the medium is not porous-& 0), as no reaction takes place
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503 and chemical softening is impossible. According-tgure 6, in the case of layered materials,
504 compaction bands would preferentially develop mmfiore porous layers.

505

506 Figure 7, Figure 8 and Figure 9 show the regionnefability in the g— p plane for various

507 values of the grain damage coefficieat, for w) =0 and for n=0.25. If at a certain time the

508 stress state in thegpp plane is inside this instability region then comipan bands instabilities are
509 triggered. Notice that because of the strong chemohanical coupling of the proposed model,
510 the instability manifold is larger than the instapimanifold defined by the Issen & Rudnicki
511 [2000] compaction band criterion (see Figure 7 igufe 9) and its size depends on the grain
512 damage parametea. Moreover, compaction bands can be triggered efuenﬁ+y>—\/§.
513 Figure 10 shows the growth coefficienas a function of the wavelength of the perturbrafar
514 a=10°,w=0,n=0.25 p=1.2,q=0.4and¢ =1. s is positive and the system is unstable.
515

—
—

(R g
——m e — - — == =

R

i I e
1
1
1
1
1
1
1
1
1
L
1

- —— ===

4

516 0.0 0.2 0.4 0.6

=
]
—
[

517 Figure 5. Tendency for compaction bands fot 0.25. The more crushable the grains are, i.e.
518 a small, the bigger the coefficieft and the larger the region of instability is qp— p plane.
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Figure 6. Tendency for compaction bands ot 0.1. The more porous the geomaterial is, the
bigger the coefficienE and the larger the region of instability m— p plane are.

Figure 7. Instability region (shaded) for compactioands under oedometric conditions for

a=10° (£=200). The points (in blue) represent the Issen & Rekirgriterion for compaction
band instabilities. Different yield surfaces areadmn for different levels of chemical degradation

.
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531 Figure 8. Instability region (shaded) for compactioands under oedometric conditions for

532 a=10? (E=20). The points (in blue) represent the Issen & Rucky criterion for
533 compaction band instabilities. Different yield saaés are drawn for different levels of chemical
534 degradationd .

535

p y 4 g 4 g Y
536 -1.4 -1z -1.0 -0.5 -0 —-0.4 -0z

537 Figure 9. Instability region (shaded) for compactioands under oedometric conditions foe1
538 (2 =2). The points (in blue) represent the Issen & Radky criterion for compaction bands.
539 Different yield surfaces are drawn for differentéé¢s of chemical degradatiodi .
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541  Figure 10. Instability growth coefficierst in terms of the perturbation wavelengthfor ¢/, = 0.
542 The growth coefficient is positive and the systeomstable.

543
544 4.4. \Wavelength sdlection
545 Figure 10 shows that the perturbation that travaltest (maximum growth coefficient -

546 dominant wave length) has zero wavelength. In otheds, the dominant wavelength,.,,, is
547 zero. This means that the deformation would belied in a zone of an infinitesimal thickness
548 as time increases (see EQ.(33)) or equivalentiyt tine compaction bands would be
549 infinitesimally close to each othesgacing= 4, = L/ N=0 and so for giverL =L, N — ).

550 However, experimental evidence shows that thisaigllly the case. Due to the heterogeneous

551 microstructure of geomaterials, compaction is lizeal to a thin band of finite thickness (several

552 grains). Consequently, the evolution of the reactiannot be homogeneous over the REV (
553 /.#0, Eq.(26)). For example, assuming, that the REVaaie of/ .., =20 (twenty grains),

554 then ¢/ =4. The size of the REV is rather a statistical gipr@ind depends on the material at
555 hand. For the aforementioned characteristic lentd,linear stability analysis shows that the

556 perturbation that travels fastest has a wave leegflel to approximatelyl , =160 grains
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(Figure 11) leading to a thickness of 80 grains tfue compaction band%:%Dgo) or

equivalently to a finite minimum compaction bandaspg (spacing= 4., = L/ N for given
L=L,). The derived compaction band thickness refersti® compressive part of the

perturbation which is half of the wavelength. A’ = 0.1mm the thickness of the band is 8

mm.

In the literature, field and laboratory observasi@mow that the thickness of deformation bands is
variable. Tondi [2007] presents the example of iegihick compactive shear band of the order
of 300 grains. On the contrary, in Baud et al. 0Q@he thickness of the compaction band
observed is of the order of two grains. In the @nésanalysis the compaction band thickness
depends on the chemo-mechanical properties of terial and of the heterogeneity of the
microstructure. However, it should be mentioned tha present model should not be considered
as predictive and that the calculated compactiord lihickness has only a qualitative character.
In particular, the derived compaction band thickne®rresponds to the thickness of the
compacting zone at the onset of the localizatidris process zone may decrease further during
compaction. For example, strain softening becatigeain crushing/fracturing and pore collapse,
which was excluded here in order to isolate theat$f of dissolution, can decrease further the
compaction band thickness. In order to simulateeti@ution of the compaction band thickness,

a post-bifurcation analysis is necessary which edse¢he scope of the present paper.

The dominant wavelengthi, .., depends on the hydraulic diffusivity of the rotk.Figure 12

we trace the Lyapunov exponestyersus the wavelength for different orders of magnitude of

the hydraulic diffusivity. The lowest consideredusof the dimensionless hydraulic diffusivity

c,, is 6x10° and the highest i§x10°. These values correspond to permeability valueging

from 10 to 10*°n?. Figure 12 shows that a lower permeability of thaterial leads to a
smaller dominant wavelength. In other words, thespnt model leads to thinner compaction
bands for more impermeable materials. From the ipaly®oint of view, at the onset of the
instability, chemical dissolution leads locally 4o abrupt increase of the plastic deformations

and an abrupt reduction of the effective verticedss. In oedometric conditions, this drop of the
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vertical effective stress leads to a fast increddbe pore pressure inside the compaction band in
order to equilibrate the total applied verticaéss, which is assumed constant. Therefore, the role
of hydraulic diffusivity is crucial, as a more perable material would need a larger zone in order
for the pore pressure to rapidly increase and #qate the constant total vertical stress. On the
contrary, in a less permeable material, this zoilebe narrower leading to thinner compaction
bands. Moreover, the faster the dissolution readBpthe more rapidly the pore pressure has to
build-up in order to equilibrate the total verticdtess. Consequently, for a given value of the
hydraulic diffusivity parameter, the chemical softeg rate controls the thickness of the

localization zone.

The chemical softening rate depends on the gramada parametea and on the dissolution

rate k™. Figure 13 shows the dependency of the compab@amal thickness on the grain damage
parameter for the numerical example presented enptievious section. As expected, stronger
grain damage (i.e. lower values of paramet¢ieads to thinner bands (a higher specific surface
leads to a higher chemical softening rate). It &hdwe emphasized, though, that this is only a
chemical softening effect and that the possibleoduction of additional mechanical softening
through grain breakage would enhance this trenchil&ly, in Figure 14 we present the
dominant wavelength in terms of the grain damagamater for various orders of magnitude of

the dissolution rate coefficient. We observe thataster reaction rate leads to a narrower

compaction band at the onset of the localizatidnis Ts due to the fact that higher valueskof
increase the chemical softening rate (Eq.(22) a2@®))( Alternatively, the impact of the
dissolution rate to strain localization can be stigated through the non-dimensional expression
of the hydraulic diffusivity parameter. According ¢quation (27) by increasing the dissolution
rate (faster reaction) the non-dimensional hydcadiffusivity decreases, which leads to thinner

compaction bands as discussed above (Figure 12).

These mathematical results have to be experimgntatified. In absence of experimental

evidence, one could however remark that it is ctest with what is observed for shear bands
where the localization zone decreases with inangasnechanical or chemical softening

[Vardoulakis and Suleml995; Sulem et a).2011; Brantut and Sulem2012; Veveakis et al.

2012, 2013]. In the present case, the dissolutioreases the chemical softening of the material.
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617 The deformation rate is linked to the dissolutiaterso that a faster dissolution induces a higher

618 softening rate.
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620 Figure 11. Growth coefficienss, in terms of the perturbation wave length #0102 and
621 (_=4.The dominant wave length corresponds to the wvailu for which the growth

622 coefficient is maximum. The thickness of the cotigraband is proportional to the dominant
623 wave length.
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Figure 12. Influence of hydraulic diffusivity oretdominant wavelength far=102 and /, = 4.

The red dots represent the maximum value of thpunya exponent for a given hydraulic
diffusivity. The more impermeable the medium igniibee localized the compaction instability
becomes (smaller wavelength).
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Figure 13. Dominant wave length (wave length selagtin terms of the grain damage
644 parametera. As the grains become less crushabdle, tends to infinity and therefore the

643

formation of compaction bands is less likely.

645
646
647

Figure 14. Dominant wave length (wave length selagtin terms of the grain damage
649 parametera for various values of the dissolution rate’ (in m/s). The faster the reaction is the

648

narrower the compaction band zone is.

650
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5. Casestudies

5.1. Compaction banding of a sandstone reservoir

The scenario of water flooding of a sandstone weseat 4km depth is studied in this paragraph.
This example could reflect the conditions of enle@hoil recovery by injecting water into the

reservoir to maintain the pore pressure. In offshgperations the injected water is commonly
seawater, which is different from the formation evatThe injection of water can trigger the

dissolution of the quartz-based rock (R1) whicluim may trigger compaction band instabilities.

At this depth it is assumed that the water pressuie = 40MPa and the total vertical stress is

o, =100MPa. Some typical values for sandstone are given lnlela.

Table 1. Indicative material properties of the sstathe.

Dimensionless

Quantity Value

value
Hydraulic diffusivity, c,, 210°m?s?! 6.25 10*
Grain diameterD° 0.1 mm 1
Effective grain surface area to 50 mmil 1
volume ratio,S
Bulk modulus,K 10 GPa 100
Shear modulus(s 7.5 GPa 75
Porosity, n 0,20 -
CSL slope,m 1 -
Initial yield stress, 60 MPa 0.60
Residual yield stressp; 15 MPa 0.15
Chemical Softening exponerx, 2 -
Grain damage paramete, 0.5 MPa 0.005
Haf 1y 0,6 -
Fluid density, p, 1gcm’ 1
Solid density, o, 2.65 g crit 2.65

10%mol s* m*

Dissolution rate k (K = 102 m /s)

Before the reaction takes place the stress statpresented by the point A in tlgg- p plane

(Figure 15). Elastic loading under oedometric ctads is assumed for the initial stress state, i.e.
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point A (stress path line no. 1) ard, =—o,=-100MPa. At time t =0 the reservoir is flooded

with water. The water injected in the reservoircantinuously renewed in such a way that

practically open flow conditions holdn (t>0) = 0). As a result the system is not in chemical

equilibrium and dissolution occurs. Consequentig material is progressively degraded due to

chemical softening and the chemical softening patanmdecreases from its initial valdg =1.

When ¢ =¢, =0.9 the material yields, plastic strains are accurediand grain damage occurs

(Eq.(19)). By neglecting in this phase the influeraf the dissolution on the increase of the
specific area of the grains of the rock (i.e. éffecgrain surface area to grain volume raff,is
assumed quasi-constant) an estimation of the tmeeed for yielding is possible. Equations (22)

and (23) are combined to give, for sub-sphericaing:

t, zﬂ&%ln ¢! ~ 3.5 months (46)
M Ps S

It should be mentioned that if closed flow condisowere consideredw,(t=0)=0,
w, (t>0)=0) then the dissolution would be slower and sevémpction cycles would be
needed for yielding as the solution saturates quitekly (equilibrium constanttogK,, =-3.15
at 80°C) without provoking significant chemical wwfing.

After reaching point A, the yield surface contindescontract due to dissolution and the stress
state evolves until point B. At point B the systdémcomes unstable and compaction band

instabilities are triggered. The minimum thicknedsthe compaction bands is equal @

(Eq.(42)), but this can be larger depending on d@Ract stress path, the chemo-mechanical
parameters (paragraph 4.4) and the nonlinear ba&haWithe system in the post bifurcation
regime. Contrary to the post bifurcation regimeeventhe deformations are abruptly localized
and the conditions can be considered undrainetheattaonditions can be assumed from point A
to point B if we consider that the time scale of fhore fluid diffusion is much faster than the
time scale of the chemical softening process. Therewe can admit that the stress path after

yielding follows Path 2 (Figure 15). This path isrided from the fact that the vertical stress is

kept constantr,, = —o, under oedometric conditions (see Eq.(16)).
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The instability happens whegi = ¢; = 0.85. From point A to point B the specific surface bét
grains is smoothly increased as microcracking, ddimg and grain crushing take place
(homogeneous accumulation of plastic deformatidf,(19)). Assuming for simplicity that
S = §, the time needed for instability{ — ¢, ) is of the order t; =5 months After this

point the deformations are localized into a zonérofe thickness (Eq.(42)) and excessive grain

damage occurs (onset of instability — compactiamdifarmation).
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Figure 15. Instability region (shaded) for compactibands under oedometric conditions for a
sandstone at 4 km depth. Different yield surfacesdaawn for different levels of chemical
degradation,{ . The stress path 1 represents the elastic loadfrige material under

oedometric conditions, while the stress path 2 @epnts the path that the material follows after
yielding.

5.2. Compaction banding induced by CO, injection in carbonate grainstones

The formation of compaction bands in carbonate saskhardly evidenced both in field and in
laboratory Baud et al. 2009]. Nevertheless, more recently, Cilona et[2012] observed
compaction bands in porous carbonate grainstondls ioo field and in laboratory. Their
observations extend the previous evidence of cotiggabands in porous carbonate rocks by
Baxevanis et Papamichos [2006] and Tondi et alD§20n the aforementioned works, Hertzian
cracks at grain contacts, microcracking, debonding pore collapse that result in an overall

effective grain size reduction were shown to develoside compaction bands. As it was
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mentioned in paragraph 3.2, these mechanisms seatesdly taken into account in the proposed
model through the hyperbolic fit of the evolutiohtbe effective grain size with the mechanical

energy input into the system (Egs. (18), (19)).

In this paragraph we attempt to explore the po#sibof compaction bands formation in
carbonate grainstones because of, @(ection at 1.8 km depth. The set of reactiorat tlake
place because of the G@njection are summarized through the stoichiomefrgquation R2. In
Table 2 we present some typical values for the cherachanical parameters of a porous

carbonate rock. At this depth, we assume that taempressure i, =18MPa and the total

vertical stress iso, = 45MPa. The instability region, the elastic and plastedometric stress

paths as well as the initial stress state (Pointa®s) shown in Figure 16. Following the same
reasoning as in the previous case study, a €lution is injected in the rock mass. The rock

dissolves and its mechanical strength diminisheperfo fluid flow conditions). When
¢ =¢, =0.9 the rock starts to yield and a homogeneous plastin field is developed. This
phase of deformation under constant applied loadiieg the overburden) corresponds to the
creep behavior that is observed due to, @Gection |Le Guen et a).2007;Liteanu and Spiers
2009; Rutgvist 2012]. At point B (Figure 16),( =¢, =0.63, the system bifurcates and
compaction bands are formed. Again the minimumktieéss (or spacing) of the compaction
bands is equal tor/, (Eq.(42)), but this can be different dependingtbe stress path, the

chemo-mechanical parameters and the nonlinear lwehaivthe system in the post bifurcation

regime (mechanical softening).

Under open flow conditions, an estimation for timeet needed for reaching point Btis~ 5 days

(Eqg.(46) assuming a constant value fruntil the instability and sub-spherical grainsptise,
that this period of time is far smaller as compat@dhe previous example due to the faster

dissolution rate of calcite.

For CQ, injection open flow conditions would correspondatzone outside the gas plume where

the formation fluid is saturated with G(but is not in chemical equilibrium with the rosé that
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carbonate dissolution occurs continuously, € w;*). Rohmer and Seyedi [2010], using an

hydro-mechanical model on a reservoir case stutyyvghat the dissolution front might extend

few kilometers around the injection well after J€ays of continuous injection.

Table 2. Indicative material properties of a cadiergrainstone.

Dimensionless

Quantity Value

value
Hydraulic diffusivity, ¢, 10°m?s? 310
Grain diameter Dy’ 0.2 mm 1
Effective grain surface area to 25 mmit 1
volume ratio, S
Bulk modulus,K 5 GPa 110
Shear modulus(s 5 GPa 110
Porosity, n 0.25 -
CSL slope,m 0.9 -
Initial yield stress,p), 30 MPa 0.67
Residual yield stresspy 0 MPa 0
Chemical Softening exponerx, 1 -
Grain crushing parametea, 1 MPa 0.011
Haf 1y 0.62 }
Fluid density, p, 1gcmd 1
Solid density, p, 2.65 g cnf 2.65

10°mol s* m*

Dissolution rate k (k' =1.6 10% mis)
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Figure 16. Instability region (shaded) for compactibands under oedometric conditions for a
carbonate grainstone at 1.8 km depth. Differenidyseirfaces are drawn for different levels of
chemical degradationg . The stress path line no. 1 represents the elésdiding of the material

under oedometric conditions, while the stress fiathno. 2 represents the path that the material
follows after yielding.

6. Conclusions

Grain fracturing and attrition, “microcracking” ¢fie cementitious matrix, debonding and pore
collapse are some important micro-mechanisms #aat to the reduction of the effective grain
size of a geomaterial and consequently to the a&sereof the dissolution front in reactive
environments. The proposed chemo-poro-mechanicalemaccounts for the aforementioned
mechanisms. Part of the mechanical energy supfi¢de system is dissipated through various
micro-mechanisms for the creation of new surfageshie microstructure. In this sense, a
phenomenological approach based on the work of eadé [1996] is used to relate the effective
grain specific surface and the total energy inpet gpecimen unit volume. Following this
approach, which describes the above dissipativehamems through a single parameter, and in
the frame of dissolution process, the chemo-porohaeical model presented herein provides a

strong coupling between mechanics and reactiortiggmé-igure 1).

The purpose of the present paper was to explorpdbgibility of chemically induced compaction

band instabilities. Therefore, in order to isolahe chemical effects, mechanical softening
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induced by grain damage was not considered in tbgept form of the proposed chemo-poro-
mechanical model. The stability of the system usligd through a linear stability analysis, which
revealed the critical parameters for which compacbands may occur in quartz- and carbonate-
based rocks. Porosity and grain damage sensi{jpdyametera) are important parameters that
considerably influence the triggering of compacthmand instabilities due to dissolution. For a
specific rock, the determination of the exact vabtiehe grain damage sensitivity parameter is
possible and may include classical mechanical ,tgstsn-size analyses and/or microstructural
observations and measurements (e.g. X-ray tomograpboustic emissions). The other
parameters of the model (elastic constants, yietthse, chemical softening factor and reaction

kinetics) can also be determined experimentally.

Due to the existing heterogeneity of the microgtrtee (e.g. different grain sizes and constituents
in the REV) the dissolution rate may not be homegets over the REV. The size of the REV is
a finite statistical quantity that depends upon fge®material at hand. Therefore, a rock is
characterized by at least one characteristic lengicch by appropriately up-scaling the micro-
level to the macro-level (separation of scales avetaging) can be adequately expressed at the
macroscale, i.e. incorporated into the proposedmohkgoro-mechanical model. The linear
stability analysis shows that because of this atarstic length, the deformation is localized into
narrow bands of finite thickness and that thesalbame periodically distributed in space. This is
in accordance with many field and laboratory obagtons where there is evidence that
compaction bands are localized into a thin bandefsg grains thickness) and are quasi-
periodically arranged in space. In field and labamaobservations, the thickness of compaction
bands is variable. In the present analysis the eotign band thickness depends on the chemo-
poro-mechanical properties of the material and Heterogeneity of the microstructure.
According to the present model, the thickness aederiodicity of compaction bands are related
to the grain damage parameter, the hydraulic difftysand the dissolution rate. The more
crushable the grains are, the lower the permegldiand the higher the dissolution rate is, the
narrower the compaction band is. Nevertheless,résalts presented here have a qualitative
character. The study of the precise evolution efdfistem and of the compaction band thickness

after the onset of localization (post-bifurcati@ygime) exceeds the scope of the present paper
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and will be pursued further in a future work byeigitating the non-linear chemo-poro-mechanical

system of equations.

Finally, two scenarios of chemically induced contpac band instabilities were investigated.
The first one concerns the water flooding of a tmiarrock reservoir, while the second one
concerns a carbonate grainstone in which g €@ution is injected. The effect of open and
closed flow conditions was discussed, the instgbilegions were determined and a rough
estimation of the critical time for compaction batrijgering was made. Two phases are
distinguished. The first phase is characterizedabgreep behavior of the rock, while in the
second phase compaction band instabilities argeregl. The present study focused on pure
compaction bands, but the concept of the presemtemean be extended to other types of
deformation bands, such as shear bands. The famatideformation bands in reservoirs due to
chemical processes and other non-linearities caelbted to important changes in permeability,
to the creation of reinforced zones (compactiveagi) or, in the contrary, to the creation of
new faults and fractures (shear behavior). Howeawmesrder to quantify the implications of such
phenomena to the sustainability of reservoir pitsjelarge scale simulations are necessary that

will take into account the aforementioned phenoneerthe precise injection characteristics.
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8. Appendix

8.1. Reaction kineticsin terms of mass fraction and specific area
At the microscale the mass fraction is:
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W, =

n, (A1)

3|3
Q
=
|

where m, is the mass of the fluid phase ang is the mass of the dissolution product at the

microscale. Assuming that,, <1 or equivalently that the density of the fluig, , remains
practically constant during the reaction processpbtain that:

o, _pi gy, om

A2
xS a N (A2)

Furthermore, assuming that the activity coefficsefdr the reactants are close to unity the

reaction quotient is expressed in terms of theti@aactivities of the reactants as follows:

n,

0~2 orQ~2 (A3)
3 n,

Assuming again thatv, <1, we obtain:

Qw2 (A4)

Ha

Consequently the mass fraction at equilibrium liateel to the equilibrium constant as follows:

ws 22K (A5)
H
Using the above expressions, Eq.(20) yields:
My M S W (A6)
ot pPi € W

where we seS= \TA

S
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8.2. Chemical softening parameter and mass fraction

By definition ¢ = Il\\/lllz and using the stoichiometry of the dissolutiorcties we obtain:

S

o _ 1My pon (A7)
ot M? ot M? ot

Using Eq.(A2) at the macroscale (REV) we getfigl <1 :

e AP B Bt TR e RS- B (A8)

or

S (A9)
ot My Ps ot
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List of Captions

Figure 1. Positive feedback process due to digsoluand solid skeleton damage (e.g.
intergranular fracturing, breakage of the porougwoek, matrix cracking, grain-matrix
debONAING 1C.) .o 6
Figure 2. Schematic representation of the REV (macale) and of the grains (micro-scale). The
picture is an idealization of the microstructureaafock. The dissolution rate is homogeneous in
the REV when the size and the chemical composiiotie grains is homogeneous. In the case
of compaction bands, the grains break, their sizaat necessarily uniform in the REV and
consequently the dissolution rate is not any MOMAAGENEOUS. ........ccoeeeiieeiiiiieieeeeesemmmemenanens 7
Figure 3. Chemical isotropic softening due to disson of a constituent, describes the ratio
of the residual mass of the constituent in the Ri&*r its initial (reference) mass before the
dissolution process. Compression is taken negafiv@. corresponds to dilatancy afig0 to
contractancy (decrease Of POrOSILY).......ouuuueerii i 9
Figure 4. Modified Cam-clay model with chemicalteoing. Compression negative. CSL stands
for the critical state line, which is assumed cantt...............ooooo 24
Figure 5. Tendency for compaction bandstios 0.25. The more crushable the grains are, &e.

small, the bigger the coefficie@® and the larger the region of instability isdr- p plane. .....25
Figure 6. Tendency for compaction bands & 0.1. The more porous the geomaterial is, the
bigger the coefficienE and the larger the region of instability g p plane are..................... 26
Figure 7. Instability region (shaded) for compagtibands under oedometric conditions for

a=10"° (Z=200). The points (in blue) represent the Issen & Rekirgriterion for compaction

band instabilities. Different yield surfaces arawln for different levels of chemical degradation

Figure 8. Instability region (shaded) for compagtibands under oedometric conditions for
a=10° (£=20) . The points (in blue) represent the Issen & Rucky criterion for
compaction band instabilities. Different yield swoés are drawn for different levels of chemical
(o[ =T =1 1 o] o g PP PPPPPPPP 27
Figure 9. Instability region (shaded) for compactimnds under oedometric conditions &1

(2 =2). The points (in blue) represent the Issen & Rndky criterion for compaction bands.

Different yield surfaces are drawn for differentdés of chemical degradatiafi...................... 27
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Figure 10. Instability growth coefficierg in terms of the perturbation wavelengthfor /_=0.

The growth coefficient is positive and the systesmnstable. ...............ccccoiiceceeecinns 28
Figure 11. Growth coefficients, in terms of the perturbation wave length fa=107 and

¢{.=4. The dominant wave length corresponds to the vafiel for which the growth

coefficient is maximum. The thickness of the contjmacband is proportional to the dominant

WAVE BNGLN. <. 31

Figure 12. Influence of hydraulic diffusivity onefdominant wavelength far=107 and 7, = 4.

The red dots represent the maximum value of theplwyav exponent for a given hydraulic
diffusivity. The more impermeable the medium is there localized the compaction instability
becomes (smaller wavelength). ... 32
Figure 13. Dominant wave length (wave length sa&egtin terms of the grain damage

parametera. As the grains become less crushablg,, tends to infinity and therefore the

formation of compaction bands iS 1€SS lIKelY..............uuueiiiiiiiiiiiii e 33
Figure 14. Dominant wave length (wave length s@agtin terms of the grain damage parameter
a for various values of the dissolution rate’ (in m/s). The faster the reaction is the narrower
the compaction DANA ZONE IS. .....uuuiiiiiiiieieeeee e 33
Figure 15. Instability region (shaded) for compactbands under oedometric conditions for a
sandstone at 4 km depth. Different yield surfaces drawn for different levels of chemical
degradation/ . The stress path 1 represents the elastic loaditige material under oedometric
conditions, while the stress path 2 representpdtie that the material follows after yielding36.
Figure 16. Instability region (shaded) for compactbands under oedometric conditions for a
carbonate grainstone at 1.8 km depth. Differenidyseirfaces are drawn for different levels of
chemical degradation; . The stress path line no. 1 represents the elasiiting of the material
under oedometric conditions, while the stress pathno. 2 represents the path that the material
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