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a  b  s  t  r  a  c  t

A  modular  pore-scale  model  is  developed  to assess  the  response  of wellbore  cement  to  geological  storage
of CO2.  Numerical  formulations  for modeling  of  solute  transport  are  presented  and  a methodology  for
coupling  with  geochemical  processes  is discussed,  which  includes:  (1)  advective  and  diffusive  fluxes  of
solutes  within  the  pore  space,  (2)  aqueous  phase  speciation,  (3) mineral  dissolution–precipitation  kinet-
ics,  and  (4)  the subsequent  changes  in  pore  space  geometry.  A  Complex  Pore  Network  Model  (CPNM)  is
used to discretize  the  continuum  porous  structure  as a network  of  pore  bodies  and  pore  throats,  both  with
finite  volumes.  CPNM  allows  for  a distribution  of  pore  coordination  numbers  ranging  between  1  and  26.
This topological  property,  together  with  a geometrical  distribution  of  pore  sizes,  enables  the  microstruc-
ture of  porous  media  to be mimicked.  For  each  pore  element,  transport  of solute  is  calculated  by  solving
the governing  mass  balance  equations.  Chemical  reaction  of  the  fluid  phase  with  the  main  reactive  solid
components  (portlandite  and  calcite)  is  incorporated  through  coupling  with  a  geochemical  reactive  sim-
ulator. Average  values  and  properties  are  obtained  by  integration  over  a large  number  of  pores.  Using  this
approach,  we  investigate  how  chemical  reaction  between  water-bearing  wellbore  cement  and  supercrit-
ical CO2 can  create  a distribution  of  porosity  in  a direction  parallel  to  the CO2 concentration  gradient  and
transport  path, at 50 ◦C.  The  dynamics  of this  process  involve  interaction  between  diffusion  dominated
mass  transport  and the kinetics  of  dissolution  and  precipitation  of  portlandite  and/or  calcite.  Simulation
of  unconfined  chemical  degradation,  in a fluid  of  constant  composition,  shows  development  of  different
regions:  (1)  a zone  adjacent  to the  inlet  face,  which  is characterized  by  an  increase  in  porosity  due to

extensive  dissolution,  (2)  a carbonation  zone  with  decreased  porosity,  (3)  the carbonation  front  which
made  a thin  layer  with  the  lowest  porosity  due  to  calcium  carbonate  precipitation,  and  (4) dissolution
zone.  These  results  are  in agreement  with  laboratory  observations  under  similar  conditions.  This  provides
confidence  that  this  pore-scale  approach  can ultimately  be  applied  to  model  the progress  of coupled  CO2

transport  and  cement  degradation  at critical  points  along  the  length  of  cemented  wellbore  sections  at

CO2 storage  sites.

. Introduction

Wellbore integrity is widely regarded as one of the main poten-
ial risks regarding containment of carbon dioxide in geological
torage systems (Gasda et al., 2004; Metz, 2005; Carey et al., 2007;
ainguy et al., 2007; Hofstee et al., 2008; Viswanathan et al., 2008;

elia et al., 2009; Nicot, 2009). One of the primary concerns is that
hemical degradation of the cement used to seal wellbores may
rovide or enhance preferential pathways for CO2 escape.

Numerous laboratory studies have addressed the chemical
Please cite this article in press as: Raoof, A., et al., Pore-scale model
conditions. Int. J. Greenhouse Gas Control (2012), http://dx.doi.org/10

nteraction between cured cement and carbon dioxide (Duguid
t al., 2004; Barlet-Gouédard et al., 2007, 2009; Carey et al., 2007;
utchko et al., 2007, 2008, 2009; Garcí a-González et al., 2008;
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750-5836/$ – see front matter © 2012 Published by Elsevier Ltd.
ttp://dx.doi.org/10.1016/j.ijggc.2012.09.012
© 2012  Published  by  Elsevier  Ltd.

Rimmelé et al., 2008; Bachu and Bennion, 2009; Fabbri et al., 2009;
Regnault et al., 2009; Wigand et al., 2009; Crow et al., 2010; Liteanu
and Spiers, 2011). The process involves dissolution of CO2 in the
pore fluid, which leads to the formation and dissociation of car-
bonic acid. This acidification is buffered primarily by reaction with
portlandite (Ca(OH)2) and the calcium silicate hydrate (C S H)
phases present in cement, thereby precipitating calcium carbonate
(CaCO3) and eventually amorphous silica gel. Subsequent disso-
lution of the calcium carbonate phase (so-called “leaching” or
“bicarbonation”) can occur upon prolonged exposure (e.g. Duguid
et al., 2004; Barlet-Gouédard et al., 2006; Kutchko et al., 2008;
Zhang and Bachu, 2011). The manner in which these reactions
affect the transport properties of cement varies considerably with
ing of reactive transport in wellbore cement under CO2 storage
.1016/j.ijggc.2012.09.012

experimental conditions (Liteanu and Spiers, 2011). Under uncon-
fined conditions, where advective transport around the sample is
allowed for due to the presence of relatively large volumes of fluid,
heavy degradation of the cement is observed, with porous reaction

dx.doi.org/10.1016/j.ijggc.2012.09.012
dx.doi.org/10.1016/j.ijggc.2012.09.012
http://www.sciencedirect.com/science/journal/17505836
http://www.elsevier.com/locate/ijggc
mailto:a.raoof@uu.nl
dx.doi.org/10.1016/j.ijggc.2012.09.012
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ronts penetrating up to 1–25 mm into the cement after one year of
eaction (Duguid et al., 2004; Barlet-Gouédard et al., 2006; Kutchko
t al., 2008). By contrast, carbonation under confined conditions
pproaching those expected in situ results in a decrease in porosity
nd permeability, thereby improving sealing capacity (Bachu and
ennion, 2009; Liteanu and Spiers, 2011).

Field evidence from wellbores exposed to CO2 for more than
0 years confirms that wellbore cement can retain its integrity
ver periods of decades under in situ conditions (Carey et al.,
007; Crow et al., 2010). These field studies also demonstrate
he importance of heterogeneities and zones of higher (initial)
ermeability. For example, whereas Crow et al. (2010) observed
ood, continuous bonding between the cement and surrounding
aprock without signs of significant alteration, Carey et al. (2007)
eported on the presence of “filter cake” and a heavily carbonated
ement–caprock interface, which they attributed to poor initial
onding. Experiments also show that pore scale heterogeneities,
ue to the presence of fractures and other mechanical defects, can
rofoundly alter coupling between reaction and transport (Bachu
nd Bennion, 2009; Wigand et al., 2009; Liteanu and Spiers, 2011).
igand et al. (2009),  for example, observed a decrease in porosity

pon carbonation, while an increase in permeability of the sample
as measured because of opening of a fracture due to precipitation

f calcite within it.
In order to integrate, explain or predict the highly variable

esults on cement degradation obtained in laboratory experiments
r field situations, it is necessary to incorporate the key physical,
hemical and microstructural processes that operate into a math-
matical formulation and numerical model that can be applied
o any set of boundary conditions. Reactive transport modelings
ddress the impact of geochemical reactions induced by CO2 and its
eedback on physical properties of the system (Gaucher and Blanc,
006; Carey and Lichtner, 2006; Gaus et al., 2008; Huet et al., 2010;
eloni et al., 2011). Modeling results confirm the occurrence of the
xperimentally and on-field observed carbonation reaction that
an potentially reduce porosity and permeability of the wellbore
ement. Commonly, modeling studies consider continuum-scale
omains in which transport of chemical species is dominated by
olecular diffusion, driven by chemical gradients.
While simulations performed by Jacquemet (2006) had the pur-

ose of reproducing experiments, Carey and Lichtner (2006) and
arey et al. (2007) aimed to reproduce field sample degradation
bserved in a core of wellbore cement recovered from SACROC
nit, a CO2-enhanced oil recovery filed in West Texas. Including

he effect of compositional variation (solid solution behavior), it
as found that the width and phase distribution within reaction

ones were sensitive to porosity, tortuosity, and mineral reaction
ates. Huet et al. (2010) assumed equilibrium conditions between
ement hydrates (solid phases) and the aqueous phase, and simu-
ated experimental results of Duguid et al. (2005) conducted at pH
.7 and 25 ◦C. They revealed a diffusion-limited transport regime
nd formation of successive reaction fronts having different min-
ralogical composition and porosity values. Simulations for 30 days
f exposure showed a calcite precipitation zone at 1 mm deep into
he cement. Gherardi et al. (2012) performed numerical simula-
ions using TOUGHREACT (Xu et al., 2008) to predict the evolution of
uid chemistry and mineral alteration in the cement of an idealized
bandoned wellbore in the Paris Basin, France, where CO2 geolog-
cal disposal is currently under consideration. They have shown a
evere mineralogical alteration of the cement and the development
f a carbonated, low-porosity layer near the reservoir interface
ue to interaction with acid fluids. TOUGHREACT simulator cou-
Please cite this article in press as: Raoof, A., et al., Pore-scale model
conditions. Int. J. Greenhouse Gas Control (2012), http://dx.doi.org/10

led to TMGAS EOS (Battistelli and Marcolini, 2009) was  used by
eloni et al. (2011) to investigate the alterations driven by the injec-

ion of CO2 into a depleted gas reservoir. They have considered
inetic dissolution-precipitation processes and characterized the
 PRESS
house Gas Control xxx (2012) xxx–xxx

propagation of two distinct reactive fronts which control the dis-
tribution of porosity inside the cement matrix, dividing the cement
annular radius in three zones (Kutchko et al., 2007).

Since continuum scale models use macro-scale parameters such
as porosity, permeability, and tortuosity, they make use of constitu-
tive relations, such as, functionality of permeability and diffusivity
on porosity changes due to change in the pore geometry as a
result of carbonation (Pfingsten, 2002; Jacquemet, 2006). Choice of
constitutive relations can significantly affect the modeling results
(Huet et al., 2010; Geloni et al., 2011), however, their form is
not always constrained by experimental data (Gherardi et al.,
2012). Pore-scale modeling, however, can describe the geochem-
ical behavior at the pore-scale, and clarifying the link between
dissolution-precipitation processes and porosity permeability rela-
tions. Pore-scale models (e.g. Raoof and Hassanizadeh, 2012) pose
an interesting alternative to continuum scale models (e.g.Matthäi
et al., 2009; Nick et al., 2009), because detailed information is avail-
able at the microscopic pore scale. Using pore scale modeling it is
possible to relate concentrations and reaction rates at the macro
scale (where averaged values and parameters are used) to concen-
trations and reaction rates at the scale of individual pores, a scale at
which reaction processes are better defined (Li et al., 2006; Raoof
et al., 2010). This offers an important tool to develop constitutive
relations that are very difficult to obtain through lab experiments.
The basic strategy is to perform numerical experiments analogous
to those performed in the laboratory. However, pore-scale simu-
lation provides more versatility in choice of parameters, a greater
variety of quantitative data and frequency of observation, and more
importantly, easier design of numerical experiments. The value of
experiments then lies in validating such models.

Two widely used approaches for pore scale modeling, based
on pore space discretization, are Pore Network Modeling (PNM)
and the Lattice Boltzman Method (LBM). Using Pore Network Mod-
els, a computational node is usually taken either a pore channel
(narrow opening) or a pore intersection (larger opening). Indeed,
numerical discretization in PNM is based on the physical structure
of porous media. Because of this discretization method, PNMs do
not explicitly capture sub-pore-scale gradients. Under such con-
ditions one may  use the so-called upscaled form of parameters
within these models (Raoof and Hassanizadeh, 2010). On the other
hand, using a simplified description of the porous structure, these
models allow simulation of reactive transport processes over larger
domain sizes. This makes it possible to scale up from pore scale to
the scale of an REV (Representative Elementary Volume), resulting
in statistically meaningful averages and parameter values. Using
LBM, explicit description of the micro-scale structure of a natural
porous medium is possible, allowing determination of the effect of
sub-pore scale heterogeneities. However, such simulations are still
computationally expensive and, consequently, most applications
have been limited to single pore realizations (King et al., 2010).

The pore-network approach for modeling multiphase flow prop-
erties has been employed extensively in the petroleum engineering
literature (Reeves and Celia, 1996; Joekar-Niasar et al., 2010;
Raoof and Hassanizadeh, 2012). In recent years, the pore-network
approach has been also explored in fields as diverse as hydrology
and soil physics (Ferrand and Celia, 1992; Berkowitz and Balberg,
1993; Ewing and Gupta, 1993a,b), upscaling of reactive/adsorptive
transport (Acharya et al., 2005; Raoof et al., 2010; Kohne et al.,
2011), and microbial growth in porous media (Gharasoo and
Centler, Thullner, 2012; Thullner and Baveye, 2008).

The goal of this paper is to analyze, by means of Pore Network
Modeling, the dynamics of reactive solute transport and pore struc-
ing of reactive transport in wellbore cement under CO2 storage
.1016/j.ijggc.2012.09.012

ture evolution in wellbore cement. We  study cement degradation
reactions and the evolution of material properties and structure,
when cement is exposed to CO2 at temperatures similar to those
expected in CO2 storage sites. To achieve this, a Complex Pore

dx.doi.org/10.1016/j.ijggc.2012.09.012
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Fig. 1. Schematic of a network consisting of three pore bodies in each direction (i.e.,
Ni = 3, Nj = 3, Nk = 3). Numbers inside squares denote all possible throat directions
and plain numbers are pore body numbers. To keep the figure less crowded, only
t
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Table 1
Statistical properties of the present pore network.

Property Value

Number of pore bodies 9384
Number of pore throats 23,659
Average coordination number 5.04
Minimum pore throats radius 0.82 × 10−4 mm
Maximum pore throats radius 0.10 × 10−2 mm
Mean pore throats radius 3.40 × 10−4 mm
Porosity 0.11

−6 2
hroats which are connecting bore body 14 to its neighboring bore bodies are shown.

fter Raoof and Hassanizadeh (2009).

etwork Model (CPNM) is employed. This model benefits from uti-
izing a Multi-Directional Pore-Network (MDPN) generator which
eproduces the microstructure of real porous media, and calcu-
ates solute concentration values for both pore bodies and pore
hroats within the pore network. For reactive transport calcula-
ions, CPNM is coupled with a Biogeochemical Reaction Network
imulator (BRNS) (Regnier et al., 2002, 2003). BRNS is capable of
andling a comprehensive suite of multi-component complexa-
ion and mineral precipitation and dissolution reactions as well as
eaction networks characterized by multiple kinetic pathways.

. Pore-network modeling

The properties of porous media, such as permeability and solute
ispersivity, are complex functions of many variables at the pore
cale, including pore size distribution and pore space connectiv-
ty. In this section, a brief description of CPNM, including the pore
etwork generator and the flow and transport calculations, is pre-
ented. This is followed by detailed information on the reactive
etwork and the pore network realization used in this study.

.1. Coordination number distribution in MDPN

Pore coordination number, z, is defined as the number of pore
hroats connected to an individual pore body. Most pore-network

odels have a regular network with a fixed coordination number of
ix for all pore bodies (except those at the boundaries). This means
hat any given pore body is connected to six neighboring nodes
ia tubes that are oriented along the lattice axes in three princi-
al directions (directions number 1–3 in Fig. 1). However, there is
verwhelming evidence that a wide range of coordination num-
ers exists in a given porous medium (Øren et al., 1998). One of the
ain features of our network is that pore throats can be oriented in

3 different directions, allowing a maximum coordination number
f 26, as shown in Fig. 1. This enables us to produce pore network
ealizations, with a desired coordination number distribution, by
ollowing an elimination procedure to rule out some of the connec-
ions. The elimination procedure is such that a pre-specified mean
oordination number can be obtained. A coordination number of
ero means that the pore body is eliminated from the network, so
Please cite this article in press as: Raoof, A., et al., Pore-scale model
conditions. Int. J. Greenhouse Gas Control (2012), http://dx.doi.org/10

here is no pore body located at that lattice point. This network
eneration method was  employed to develop networks mimicking
eal porous media, such as sandstones, using information on real
oordination number distributions for such materials. The detail
Pore reactive area 5.00 × 10 m
Permeability 1.19 × 10−19 m2

of the network generation method can be found in Raoof and
Hassanizadeh (2009).

2.2. Model configuration

A three-dimensional pore network domain with a size of
0.5 mm × 0.5 mm × 40 mm,  generated by MDPN, is employed here
to study cement degradation reactions during exposure to CO2. The
distribution of coordination number together with a representative
domain of the pore network used in this study are given in Fig. 2.
Pore body size distribution is taken from a log-normal distribu-
tion, with no spatial correlation. The size of pore throats is then
related to the size of pore bodies connected to them. Properties
of the pore network are given in Table 1. The solid phase consists
of both reactive (e.g., portlandite and calcite) and (relatively) non-
reactive phases. As a part of initial conditions we need to fix the
amount (or volume) of reactive phases. We  assumed that initially
reactive phases are present in all the pores, however with a limited
volume in each pore.

The concentrations of chemical components at the left (inlet)
boundary of the model domain are set in equilibrium with a con-
stant CO2 molar concentration equal to 2.0 M at 50 ◦C, while the
other model domain boundaries are assigned zero flux. This set
of boundary conditions corresponds to the situation where any
leachate solutes that diffuse out from the cement pore fluid into the
solution surrounding the core (outside the Pore Network Model)
are removed/diluted effectively, thereby not allowing for the accu-
mulation and subsequent saturation of the inlet fluid. Initially, all
concentrations within the model domain are in equilibrium with
the portlandite, resulting in a highly alkaline solution phase.

2.3. Simulating flow and transport within the pore network

2.3.1. Flow simulation
To obtain the change in permeability of the cement at different

degradation levels we establish fluid flow across the pore network.
This is done though a separate set of simulations (independent
of simulation of cement degradation), so that the fluid flow does
not cause any change in chemical concentrations or pore sizes
within the network. Flow across the pore network is established
by applying a pressure gradient between the two opposing verti-
cal boundaries of the network. All other boundaries of the network
parallel to the overall flow direction are treated as no-flow bound-
aries. We  assume that the discharge through a given pore throat
(Fig. 3) can be described by the Hagen–Poiseuille equation:

qij = gij(pj − pi), (1)

where q is the total volumetric flow rate through pore throat ij, g is
ing of reactive transport in wellbore cement under CO2 storage
.1016/j.ijggc.2012.09.012

ij ij
conductance of pore throat ij, and pi and pj are the fluid pressures in
pore bodies i and j, respectively. Eq. (1) is valid for laminar flow over
a wide range of Reynolds numbers and is assumed to be appropriate

dx.doi.org/10.1016/j.ijggc.2012.09.012
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ig. 2. (a) Pore coordination number distribution within the MDPN. Most of the po
b)  Representative domain of the pore network.

or describing flow in pores. The conductance, gij, for a pore throat
ith cylindrical cross section is:

ij =
�R4

ij

8�lij
, (2)

here Rij is pore throat radius, � is the fluid dynamic viscosity,
nd lij is length of the pore throat. In addition, for incompressible,
teady-state flow, the sum of discharges of pore throats connected
o a pore body must be zero (Vasilyev et al., 2012):

zi

j=1

qij = 0; j = 1, 2, . . . , zi, (3)

here zi is the coordination number of the pore body i. Eq. (3) is
pplied to all pore bodies except those on the two flow boundaries
here pressures are specified. Combination of Eqs. (1) and (3) for

ll pores results in a linear system of equations, with a sparse, sym-
etric and positive-definite coefficient matrix, to be solved for pore

ody pressures. The flow velocity in all pore throats can be calcu-
ated using Eq. (1).  Considering the network as an REV, the average
ore velocity v is given,

 = QtL

Vf
, (4)

here Qt, the total discharge through the network, is the sum of
uxes through all pore throats at the inlet or outlet boundary of the
etwork, L is the network length, and Vf is the total fluid volume.

Knowing the total discharge through the network, we can cal-
ulate the permeability of the pore network at a given time by
Please cite this article in press as: Raoof, A., et al., Pore-scale model
conditions. Int. J. Greenhouse Gas Control (2012), http://dx.doi.org/10

earranging Darcy’s law to give

 = �Qt

A �P/L
(5)

ig. 3. An example of interconnected pore bodies and pore throats. Flow direction
s  from pore body j, the upstream node, into pore body i, through pore throat ij.
ave four connections, and the maximum pore coordination number is equal to 15.

where � is the viscosity, k is the intrinsic permeability, A is the
network cross-sectional area, and �P  is the pressure difference
between inflow and outflow reservoirs.

During the simulation, the radius of the pore throats (that affect
permeability) and pore bodies (which affect the storage of chemical
products, so indirectly the upscaled diffusion) is changed at each
time step due to the dissolution-precipitation processes. Having
the dissolved/precipitated mass of solid-phases calculated at each
time step, the change in pore volumes is calculated for each pore
using density of each solid phases. Then, the radius of each pore
is updated accordingly. The above procedure is repeated for each
time increment to calculate the evolution of cement permeability
during the degradation process.

2.3.2. Solute transport (including advection and diffusion)
In this section, solute transport through the pore network is

described for the general case including both advection and dif-
fusion processes. Calculations are done by considering each pore
element, i.e. a pore body or a pore throat, as a control volume.
Backward Euler method for the temporal resolution and first-order
upwind and central schemes, respectively, for spatial discretization
of advection and diffusion terms are employed. Fig. 3 shows a
schematic example of pore bodies interconnected by means of
pore throats within the network, assuming flow from pore body
j towards pore body i, through pore throat ij. For a given pore body
i, we  can write the following mass balance equation for the kth
chemical component:

Vi
d

dt
(ck,i) =

Nthroat
in∑
j=1

qijck,ij − Qick,i +
zi∑

j=1

D0Aij

(c
k,ij

− c
k,i

)

lij
− Rk,i, (6)

where Vi, Qi, and ci are the volume, volumetric flow rate, and solute
concentration applying to pore body i, respectively. D0 is the molec-
ular diffusion coefficient and Aij is the cross section of tube ij. Nthroat

in
is the number of pore throats with flow towards pore body i, and Zi
is the total number of pore throats connected to bore body i (i.e., the
coordination number). The first term on the right hand side (r.h.s.)
of this equation is representing the mass flux into pore body i. The
second r.h.s. term shows the mass leaving the pore body. The third
term expresses the diffusive mass flux between pore body i and all
pore throats connected to it, and the last term, Rk,i, represents the
change in concentration due to reaction of ck with other chemical
ing of reactive transport in wellbore cement under CO2 storage
.1016/j.ijggc.2012.09.012

components in pore body i.
Similarly, the mass balance equation for kth chemical compo-

nent in pore throat ij (assuming that pore body j is the upstream
node) may  be written as,

dx.doi.org/10.1016/j.ijggc.2012.09.012
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Table 2
Equilibrium constants and enthalpies of reaction at 25 ◦C.

No. Equilbrium K25◦C �H0 (kJ/mol)

1 H2O � H+ + OH− 1.007 × 10−14a

2 CO2(aq) � H2CO∗
3 3.390 × 10−2b −20.37c

3 H2CO∗
3 � H+ + HCO−

3 4.446 × 10−7b 7.7c

4 HCO−
3 � H+ + CO2−

3 4.688 × 10−11b 14.9c

5 CaCO3� Ca2+ + CO2−
3 3.360 × 10−9a −10.63a

6 Ca2+ + HCO−
3 � CaHCO+

3 10.0b 25.82d

7 Ca(OH)2� Ca2+ + 2OH− 5.020 × 10−6a −16.94a

8 Ca2+ + OH− � CaOH+ 19.95b 7.23e

a Data from Baysinger (2012).
b Data from Koutsoukos and Kontoyannis (1984).
c Data from Benjamin (2002) in Kutchko et al. (2007) supporting information.
d Data are calculated from equilibrium constants at 50 ◦C taken directly from
ARTICLEJGGC-721; No. of Pages 11
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ij
d

dt
(ck,ij) = qijck,j − qijcij + D0Aij

(ck,j − ck,ij)
lij

+ D0Aij
(ck,i − ck,ij)

lij
− Rk,ij, (7)

here Vij, qij, and cij are the volume, volumetric flow rate,
nd concentration of pore throat ij, respectively. Rk,ij, represents
oncentration change due to reactions with other chemical com-
onents.

To solve Eqs. (6) and (7),  we make use of a sequential non-
terative approach (Steefel and MacQuarrie, 1996), which consists
f solving first the transport (without the reaction source/sink
erm) and then the reaction term in sequence for a time incre-

ent (Xu et al., 1999; Aguilera et al., 2005). In order to increase
he numerical efficiency, we combine discretized form of Eqs. (6)
nd (7) as introduced by Raoof et al. (2010).  In this study only diffu-
ive transport was considered. For the accuracy of the scheme, the
ime step was chosen on the basis of residence times,

t  ≤ min

{
l2

4D0

}
, (8)

here l is the length of a pore throat. Since, in this study, diffu-
ion coefficient is summed to be the same for all solutes, smallest
ore within the pore network domain determines the time step
ize according to the quadratic dependence of Eq. (8) on pore size.

Having calculated concentrations of different species due to
dvection and diffusion processes, concentration values in each
ore are updated for chemical reactions using BRNS. For more
etailed description of the method, see Regnier et al. (2003).  After
btaining concentrations of different solute species at each time
tep, profiles of average concentrations are obtained by integrating
olutions over the network cross-section at successive longitudinal
ositions.

.4. Reactions and rate laws

In the following, we  present the system of reactions incorpo-
ated in the model, after a brief discussion of its applicability. The
quilibrium and kinetic parameters and values used in this study
re also given in this section.

.4.1. Rationale for a simplified cement chemistry
Cement degradation commences with the progressive con-

umption of portlandite and C S H. Together, these phases can
e regarded as the main reactive compounds, constituting some
0–85% of cement (Taylor, 1997). In principle, both portlandite and

 S H should therefore be included in the reaction scheme. How-
ver, due to the complex reaction chemistry and variable nature of

 S H, it is very difficult to obtain data on the kinetics of reactions
etween this cement phase and CO2. For this reason, we decided to
ocus on the reaction between CO2 and portlandite, and subsequent
recipitation of calcium carbonates.

While caution should be taken, as leaving out C S H renders
he cement chemistry incomplete, such a simplified, portlandite-
ased reaction scheme may  still yield valuable insights regarding
he coupling between reaction and transport. Assuming a reac-
ion stoichiometry as given in Fabbri et al. (2012),  and taking the

olar volumes presented in Lothenbach et al. (2008),  it can be
hown that the relative solid volume change associated with the
ecalcification and disintegration of C S H into amorphous sil-
Please cite this article in press as: Raoof, A., et al., Pore-scale model
conditions. Int. J. Greenhouse Gas Control (2012), http://dx.doi.org/10

ca and calcium carbonates is comparable to that occurring during
ortlandite carbonation. Using this similarity, one may  estimate
hanges in porosity and permeability on the basis of portlandite
arbonation alone.
literature. K50◦C = 22.4 (Jacobson and Langmuir, 1974).
e Data are calculated from equilibrium constants at 50 ◦C taken directly from

literature. K50◦C = 25 (Bates et al., 1959).

The precipitating carbonate phases are represented in the model
by calcite, as this is the thermodynamically most stable calcium
carbonate polymorph and the phase observed to form from cal-
cium hydroxide suspensions at 50 ◦C (Kitamura et al., 2002). At
higher temperatures however, one should also consider the effects
of aragonite precipitation.

2.4.2. Reaction kinetics and equilibria
The reaction scheme consists of eight reactions (Table 2). Those

six involving only aqueous species are treated as attaining equi-
librium, whereas the dissolution–precipitation reactions of calcite
and portlandite are incorporated in the model in the form of kinetic
processes.

Values for the relevant constants at 50 ◦C were obtained via
the Van ’t Hoff equation using the data in Table 2. Values for
the solubility product of calcite calculated this way  are in good
agreement with experimental work by Plummer and Busenberg
(1982) on calcite solubility at temperatures between 0 and 90 ◦C.
Most enthalpies of reaction were taken directly from literature,
while those for reactions no. 6 and 8 were calculated from values
for the equilibrium constants at 50 ◦C; K50◦C = 22.4 (Jacobson and
Langmuir, 1974) and K50◦C = 25 (Bates et al., 1959), respectively.

Several studies have addressed the dissolution–precipitation
behavior of calcite (e.g. Plummer et al., 1978; Koutsoukos and
Kontoyannis, 1984; Chou et al., 1989; Spanos and Koutsoukos,
1998; Pokrovsky et al., 2009). Following the approach of Li et al.
(2008), we  describe the rate of calcite dissolution and precipitation
by a Transition State Theory (TST) rate law based on the three par-
allel reactions as identified by Plummer et al. (1978) and Chou et al.
(1989):

Rate = Ac(k1aH+ + k2aH2CO∗
3

+ k3)

(
1 −

aCa2+ aCO2−
3

Keq

)
(9)

where Ac is the reactive surface area of calcite, k1, k2 and k3 are
experimentally determined rate constants, aH+ , aH2CO∗

3
, aCa2+ and

aCO2−
3

are the activities of the subscripted species and Keq is the

solubility product for calcite (Table 2, No. 5). The values of k1, k2
and k3 at 50 ◦C are calculated assuming an Arrhenius type relation,
using the values at 25 ◦C from Chou et al. (1989) and the apparent
activation energies for the three separate reaction paths as given in
Plummer et al. (1978).

On the experimental (continuum) scale, the rate of portlandite
dissolution is generally observed to be controlled by transport
ing of reactive transport in wellbore cement under CO2 storage
.1016/j.ijggc.2012.09.012

(Giles et al., 1993; Wang et al., 1998; Johannsen and Rademacher,
1999; Shih et al., 1999; Galan et al., 2011). In the BRNS reactor how-
ever, surface reaction controlled kinetics are required, since pore
scale diffusive and advective transport is already explicitly taken

dx.doi.org/10.1016/j.ijggc.2012.09.012
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Fig. 4. pH and molar chemical concentration profiles for differen

nto account in the MDPN part of the model. Rotating disc type dis-
olution experiments provide transport independent portlandite
issolution rates (kp) of about 5.5 × 10−4 mol  m−2 s−1 at 25 ◦C (Giles
t al., 1993; Wang et al., 1998). Unfortunately, to our knowledge
ll apparent activation energies published were obtained under
ransport controlled conditions and thus include the temperature
ependence of diffusion. The temperature dependence of port-

andite dissolution was therefore included using an Ea of 75 kJ/mol,
he apparent activation energy associated with the (surface chem-
stry controlled) rate of portlandite crystal growth as reported by
adros et al. (1976).  Given the reaction mechanism suggested by
iles et al. (1993) and Wang et al. (1998) the TST rate law for
ortlandite dissolution and precipitation becomes:

ate = Apkp

(
1 − aCa2+ (aOH− )2

Keq

)
(10)

here Ap is the reactive surface area of portlandite, kp is a rate
onstant (about 5.5 × 10−3 mol  m−2 s−1 at 50 ◦C, assuming an Ea

f 75 kJ/mol), aCa2+ and aOH− are the activities of the subscripted
pecies and Keq is the solubility product for portlandite (Table 2,
o. 7).

The reactive surface areas, Ap and Ac, were considered to be con-
tant for all the pores within the pore network, with their values
eing equal to 5.0 × 10−6 m2. In fact, measurements on the total
urface area are rare, and, in addition, interaction with the minerals
s generally expected to occur only at selective sites at the surface
Please cite this article in press as: Raoof, A., et al., Pore-scale model
conditions. Int. J. Greenhouse Gas Control (2012), http://dx.doi.org/10

due to the presence of grain coatings) and the difference between
otal surface area and reactive surface area can be between 1 and

 orders of magnitude (White and Peterson, 1990). Also, alterna-
ive methods to estimate the surface of the minerals (e.g., utilizing
onate components at 4 different times (1, 6, 12 and 60 months).

average grain diameters) generally does not give realistic values
since particle surfaces are rough, disrupted and porous, especially
for the case of cement type porous media. Considering these dif-
ficulties, together with fact that, in this study, we  are not trying
to reconstruct a specific cement sample pore structure, we  have
assumed a constant surface area of the reactions.

3. Results and discussions

3.1. Cement carbonation and low pH solution attack

To explore the dynamics of reactive solute transport and alter-
ation of the pore structures of cement, while it is exposed to CO2, we
performed a 5-year reactive transport simulation using the 3D pore
scale model. Notice that diffusion is the only transport mechanism.
Figs. 4 and 5 show concentration profiles obtained for different
chemical components within the cement at 1, 6, 12 and 60 months
after the onset of CO2 exposure. The inlet boundary is located at
the left hand side for each of the graphs, where the horizontal
axes denotes distance into the body of the cement. Since the pore
network is three-dimensional (i.e., ck = ck(x, y, z, t)), the concentra-
tion values are integrated over successive network cross sections
to provide 1D average concentration, ck(x, t).

Initially, the composition of the pore fluid within the cement is in
equilibrium with portlandite and characterized by an alkaline pH of
about 12.3. In contrast, the CO2-bearing solution which is imposed
at the boundary has a pH of around 3.8 due to the formation of car-
ing of reactive transport in wellbore cement under CO2 storage
.1016/j.ijggc.2012.09.012

bonic acid. Beginning at the inlet, this leads to an acidification of the
pore fluid and subsequent dissolution of portlandite which gradu-
ally buffers the pH. This wide range of pH greatly affects carbonate
speciation as a function of position in the cement, as shown in Fig. 4.

dx.doi.org/10.1016/j.ijggc.2012.09.012
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ig. 5. Profiles of molar chemical concentrations for different components at 4 dif
xes)  are in mol dm−3 pore water (M).

he H2CO3 component with the maximum concentration value of
.036 M appears at the exposed surface where the pH is very low.
urther into the cement, where the pH is higher, HCO−

3 is the dom-
nant species. There is less gradient in pH values in this region. The
O2−

3 concentration is dominant where pH values increase abruptly
rom about 8 to 12.3, its value in unaltered cement.

Fig. 5 shows the profiles of average concentrations for other
hemical components as a function of position within the Pore Net-
ork Model. Reaction of portlandite releases Ca2+ into the solution
hase, while calcite precipitation consumes calcium and carbonate
Please cite this article in press as: Raoof, A., et al., Pore-scale model
conditions. Int. J. Greenhouse Gas Control (2012), http://dx.doi.org/10

ons, giving rise to local gradients in concentration. Simultaneously,
iffusive transport of these reaction products tends to dampen
radients in their concentrations. The interplay between diffusive
ass transport and chemical reactions/dissolution–precipitation
 times (1, 6, 12 and 60 months). Units for solute and solid concentrations (vertical

results in the formation of different zones. Fig. 6 reveals develop-
ment of these zones within the cement together with migration of
chemical components among them, after one year. Close to the low
pH inlet boundary (where portlandite is dissolved the most), the
CO2−

3 concentration is very low, and Ca2+ diffuses out of the cement
matrix before the solubility product of calcite is reached, leading to
a zone of increased porosity (Zone 1). Further away from the inlet
into the cement, the pore fluid is effectively buffered to higher
pH by portlandite dissolution. In this pH range, low concentra-
tions of carbonate exist but the much higher solubility of Ca(OH)2
ing of reactive transport in wellbore cement under CO2 storage
.1016/j.ijggc.2012.09.012

substantially increases the concentration of Ca2+, so that precip-
itation of CaCO3 occurs, causing a decrease in porosity. Although
the Ca2+ concentration in this zone is at its maximum value, calcite
precipitation is limited by low concentration of CO2−

3 . This region

dx.doi.org/10.1016/j.ijggc.2012.09.012
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decreases and subsequently the carbonation front traverses further
into the cement revealing transition to a diffusion controlled regime
(Fig. 7).
ig. 6. Porosity, pH profiles and carbonate speciation after 1 year of CO2 invasio
oncentrations are normalized by their maximum values.

f decreased porosity has also been observed in laboratory experi-
ents (e.g., Kutchko et al., 2007) and is designated here as Zone 2.

urther into the sample, where the CO2-bearing solution is in con-
act with unreacted cement, a sharp transition of pH is observed
here the CO2−

3 component dominates (see Fig. 4). High carbonate
on concentration, together with the Ca2+ released by portlandite
issolution leads to rapid calcite precipitation (Eq. (9))  and the for-
ation of a low porosity region (Zone 3) which in the experimental

iterature is referred to as the carbonation front (Rimmelé et al.,
008). Ahead of this carbonation front a dissolution front develops
Zone 4) characterized by higher porosity due to the dissolution
f portlandite. The increased concentration of Ca2+ in Zone 4 will
iffuse backward into the Zone 3 where the concentration of this
omponent is lower due to CaCO3 precipitation.

The mass transport of Ca2+ within the cement sample is clearly
ather complex. It can be seen in Figs. 5 and 6 that the diffusive mass
ransport of Ca2+ ensuing from the Ca2+ concentration gradient is
overned by both solid–fluid reaction and the inlet boundary con-
ition. In Zone 1, Ca2+ leaches out of the cement sample towards
he inlet boundary where its concentration is lower. However, the
iffusive flux of the Ca2+ component from Zones 2 and 4 into Zone

 is due to the high precipitation rate of calcite resulting in a lower
oncentration of Ca2+ in Zone 3.

.2. Carbonation progress

To examine the dynamics of propagation of the carbonation
ront, the penetration depth, here defined as the position of the
arbonation front, is plotted as a function of the square root of
ime in Fig. 7. This shows that penetration depth is proportional
o the square root of time at early times, indicating that diffu-
Please cite this article in press as: Raoof, A., et al., Pore-scale model
conditions. Int. J. Greenhouse Gas Control (2012), http://dx.doi.org/10

ion is the main transport mechanism at this stage. However, at
ater times the slope deceases, which indicates that the reaction
ecomes the controlling process. At this point, the penetration
epth reaches an almost constant value as the low pH solution
o the portlandite cement and creation of low and high permeability zones. The

is neutralized by reaction with the cement matrix throughout the
region behind the carbonation front. Such a change in slope of the
penetration depth versus square root of time curve has observed
in batch experiments in which diffusion was  the only transport
mechanism for CO2 invasion of the sample (e.g., Kutchko et al.,
2008; Matteo and Scherer, in press). On the other hand, Matteo
and Scherer (in press) observed that for the case of flow-through
experiments the penetration depth versus square root of time curve
was almost linear, indicating that reaction was diffusion controlled
throughout the experiment. Our results show that after deple-
tion of portlandite within the reacting part of the cement, pH
ing of reactive transport in wellbore cement under CO2 storage
.1016/j.ijggc.2012.09.012

Fig. 7. Plot of penetration depth versus square root of time during CO2 attack,
revealing different reactive transport regimes.

dx.doi.org/10.1016/j.ijggc.2012.09.012
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Such a model configuration simulates the boundary conditions that
ig. 8. Porosity evolution due to CO2 invasion into the portlandite cement and
reation of carbonation and dissolution zones.

.3. Porosity distribution and permeability evolution

Dissolution-precipitation processes can result in a net change
n pore body and pore throat sizes, changing local porosity values.
efore CO2 exposure in the present study, the porosity of Portland
ement was almost uniform and taken as equal to 0.11. Fig. 8 clearly
hows development of heterogeneous porosity (with sharp local
orosity gradients) varying from the exposed surface to the inner
art of the sample due to the CO2 attack. The lowest porosity corre-
ponds to Zone 3, where there is an increase in calcite precipitation
ate.

Change in pore sizes affects the permeability of cement. This is
specially the case for change in pore throat sizes, since, due to their
maller size, they apply more resistance to the fluid flow and have
ore control on permeability (Eq. (2)). At various degradation lev-

ls, the average permeability of the cement along the sample was
easured. Fig. 9 shows the change in the pore throat sizes due to

issolution-precipitation, together with change in average perme-
bility of the network during the simulation. Note that, although,
egradation created zones of higher porosity (Zones 1 and 4), the
evelopment of other zones with lower porosity (Zones 2 and 3)
auses a net decrease in permeability of the cement across the
ample. This is due to the fact that the permeability across the
hole sample is approximately equal to the harmonic average of

he permeabilities of the different zones. Since Zones 2 and 3 have a
ermeability lower than that of the unaltered cement, the average
ermeability decreases due to the bottle neck effect of these zones.
Please cite this article in press as: Raoof, A., et al., Pore-scale model
conditions. Int. J. Greenhouse Gas Control (2012), http://dx.doi.org/10

ig. 9 shows the largest decrease in permeability when the carbon-
tion front (Zone 2) starts to develop, since this zone corresponds
o the region where pore throat sizes are lowest due to CaCO3 pre-

Fig. 9. Change in pore throat sizes and average permeability due to the carbona
 PRESS
house Gas Control xxx (2012) xxx–xxx 9

cipitation. Decrease in permeability causes a significant increase
in cement hardness in carbonation zones as compared with the
unaltered cement (Kutchko et al., 2007).

3.4. Effect of topology of the pore network

The dynamics of cement degradation is determined by the inter-
play between the kinetics of reactions and the fluxes of aqueous
species which determine their availability for reactions. Dissolution
of portlandite causes local increase in concentration of Ca2+ within
the solution phase. This increase, on the one hand, initiates precip-
itation of calcium carbonate, but, on the other hand, increases the
diffusive flux of Ca2+ to adjacent regions with lower Ca2+ concentra-
tions. If the time scale associated with the precipitation reaction is
smaller than the time scale of diffusion, Ca2+ will rapidly precipitate
in form of calcium carbonate, and further precipitation will depend
on diffusive flux of this component for surrounding zones into Zone
3. The time scale of reaction decreases with increase in the reac-
tion rate constant as well as available reactive surface area. The time
scale of diffusion depends on the diffusion coefficient as well as on
the tortuosity of the pore space. The diffusion time scale is larger for
a more tortuous pore structure, and, therefore, diffusive flux of Ca2+

controls participation of this component in precipitation reaction.
In a multi-directional pore network, random connections in dif-

ferent directions create twisted pathways with more tortuosity
compared to the pore networks with regular connections. This is
because in a regular pore network with coordination number of 6,
pores located along each principal direction always form a continu-
ous pathway (i.e. less tortuosity) along that direction. This decrease
in tortuosity causes an increase in diffusive flux. Simulations using a
network with regular connections (results not shown here) showed
slightly higher precipitation of calcium carbonate at Zone 3 com-
pared to the present MDPN model. This is due to the decrease in
tortuosity and subsequent increase in the diffusive flux of Ca2+ into
Zone 3.

4. Summary and conclusions

In the present study we have developed a reactive pore-scale
model to assess the effect of carbon dioxide on wellbore cement,
and applied it to simulate a body of cement which is exposed to a
CO2-bearing solution of constant composition at one free surface,
while the other model domain boundaries are assigned zero flux.
ing of reactive transport in wellbore cement under CO2 storage
.1016/j.ijggc.2012.09.012

are imposed on a cement sample in the laboratory, when chemical
reaction experiments are conducted under unconfined conditions.
A key feature of the model is that it assumes that the main reacting

tion of cement. Pore throat sizes are normalized using their initial values.

dx.doi.org/10.1016/j.ijggc.2012.09.012
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hase in the cement is portlandite, providing a source of calcium
hat leads to precipitation of calcite upon carbonation. Using the
hosen set of conditions, we performed a 5-year reactive transport
imulation. We  found that:

Chemical reactions resulted in the development of four regions
of distinct porosity parallel to the CO2 concentration gradient
and transport path, namely: (1) a zone of increased porosity
directly adjacent to the inlet face; (2) a “carbonation zone” of
decreased porosity due to precipitation of calcium carbonates;
(3) a thin “carbonation front” where the reduction in porosity
is most prominent; and (4) a region dominated by portlandite
dissolution and consequently with enhanced porosity.
The slope of a plot of the penetration depth of the carbonation
zone versus the square root of time showed diffusion domi-
nated behavior during the early stages of the degradation process,
followed by reaction controlled transport, during which the pen-
etration depth remained almost constant.
The carbonated zone and carbonation front (Zones 2 and 3) are
associated with precipitation of CaCO3 within the pore spaces.
This precipitation causes a decrease in average permeability of
the cement in a direction parallel to the CO2 concentration gra-
dient and transport path.
The observed behavior closely resembles that seen in experi-
ments where wellbore cement samples are exposed to water plus
supercritical CO2 under open system conditions.

ur results demonstrate that we have built a model that allows the
ain aspects of behavior seen in experiments on cement degra-

ation to be reproduced. This provides confidence that our pore
etwork modeling approach can ultimately be applied to model
he progress of coupled CO2 transport and wellbore cement degra-
ation under in situ conditions, though further validation versus

aboratory experiments is clearly needed.
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