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Abstract: Cement fractures represent preferential leakage pathways in abandoned wells upon ex-
posure to a CO2-rich fluid. Understanding fracture alteration resulting from geochemical reactions
is critical for assessing well integrity in CO2 storage. This paper describes a mathematical model
used to investigate the physical and the chemical changes in cement properties when CO2-saturated
water is injected into a wellbore. This study examines the flow of a solution of CO2-saturated water
in a two-dimensional fractured cement. In this approach, a micro-continuum equation based on the
Darcy–Brinkman–Stokes (DBS) equation is used as the momentum balance equation; in addition,
reactive transport equations are used to study the coupled processes of reactant transport and geo-
chemical reactions, and the model for cement porosity alteration and fracture enhancement. This
paper focuses on the effects of cement porosity, fracture aperture size, and surface roughness. Mineral
dissolution and precipitation mechanisms are also considered. Our simulations show that smaller
initial fracture apertures tend to a high mineral precipitation self-sealing. However, a complete
sealing of the fracture is not observed due to the continuous flow of CO2-saturated water. The calcite
precipitation mechanism of a rough fracture (random zigzag shape) differs from that of a smooth/flat
fracture surface.

Keywords: reactive transport in fracture; multiscale simulations; micro-continuum; porousMedia4Foam;
mineral dissolution; cement

1. Introduction

Studies have shown that carbon capture and storage (CCS) can significantly help to
reduce greenhouse gas emissions [1]. In many geoscience applications, CO2 is captured and
injected into geological formations for permanent storage [2]. For this to happen, the CO2
needs to be transported to the proper location, and, in some cases, expansion valves are
used to release supercritical CO2 from high-pressure containers to the selected injection site.
Due to the Joule–Thomson cooling effect, the reduction in the temperature of the released
CO2 stream might induce the thermal contraction of the injection well causing fracture
instability in the storage formation [3]. The Joule–Thomson effect may cause pressure
fluctuation, which can cause fracture.

A recent study by Khan et al. [4] indicates that using saturated water or brine with
CO2 at the surface prior to injection can change “the dominant trapping mechanism from
‘structural’ and ‘residual’ to more stable ‘solution trapping’. Importantly, the saturated brine
is often slightly denser than the virgin reservoir fluid”. The risk of the migration or leakage
of the buoyant CO2 stream through the seal or fractures is a major challenge in carbon
storage. As mentioned by Le Gallo and De Dios, the storage reservoir is sometimes in a
deep saline aquifer with natural fractured carbonates, and understanding or predicting CO2
migration in these formations is important for the safety of the operation [5]. Interestingly,
as Phuoc et al. indicate, when a fluid flows upward in such an arrangement in a well
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or a fracture, its temperature and pressure, in general, decrease [6]. The decrease in the
pressure can be attributed to the gravitational and the frictional effects, and the reduction
in the temperature can be due the gravitational effect, frictional effect, the Joule–Thomson
cooling/heating effect, and the heat loss via heat conduction to the surrounding rock
formation. This heat loss can cause thermally induced stresses large enough to cause a
significant contribution to the existing earth stresses, which can potentially fracture the
rock [7].

One of the threats of carbon capture and its storage is the potential leakage of CO2
from storage reservoirs due to the tendency of the injected fluid to migrate upward mainly
due to buoyancy. Active and abandoned wells often present geological formations such
as existing interfaces, faults, and fractures, which can become pathways for potential
leakage. Often, these preferential pathways occur on the wellbore cement used to seal the
reservoirs arising from chemical reactions or mechanical failures. Therefore, understanding
the dynamic evolution of these preferential pathways is critical for the integrity of well
cement. In general, understanding the transient multiphase flow of CO2-saturated water in
a wellbore is crucial not only for the design of wells but also for assessing the operational
risk [8]. To understand and mitigate a potential leakage of CO2 from geological carbon
storage systems, numerical modeling and experimental studies have been conducted in
recent years to investigate the flow of CO2-saturated fluid through fractured cement [9–13].

Three different kinds of models have been developed to describe the flow and the
reactive transport in fractured cement. The continuum-scale model, which is the most
common approach, uses a porosity–permeability relationship, in the form of Darcy’s
equation, and an effective diffusion coefficient and surface area to characterize the flow
and the geochemical reactions. For example, Cao et al. used a continuum model to study
the self-healing of cement fractures under the dynamic flow of a CO2-rich brine by carrying
out a reactive flow-through experiment and developed a simplified 2-D reactive transport
model with parameters derived from experiments [9]. The model used a uniform fracture
plane, where the flow field was represented by Darcy’s equation. The fracture properties
and the conditions where fracture opening and fracture clogging occur were examined
by varying the aperture size, flow rate, and fracture length. Their results showed that the
residence time and the size of the initial fracture aperture are among the key parameters
controlling the self-healing or fracture opening behavior. They observed that a longer
residence time and small apertures promote mineral precipitation, fracture closure, and
therefore flow restriction.

Brunet et al. developed a process-based model to investigate the reactive transport
characteristics and the key parameters that control the self-sealing and the fracture opening
behavior of cement fractures exposed to carbonated water under conditions relevant to
geological carbon sequestration [12]. The model was used to predict the long-term effects
of carbonated brine leakage on the fractured cement cores by varying the initial aperture
size, the pressure gradient (initial flow rate), and the cement core length. However, Darcy-
scale models of fractured domains tend to oversimplify the flow within the fracture, and,
therefore, these models cannot capture the transport limitation in the fracture toward its
surfaces [14,15].

Recent advances in microscopic characterizations and computational capabilities have
seen the emergence of pore-scale models, where the pore network is fully resolved, and
the physics is better understood, with the interest of upscaling the results to a macroscopic
Darcy-like representation [16–23]. One of the major challenges of this approach is the
modeling of dissolution/precipitation problems, which is made difficult because of the
moving fluid/solid boundary with respect to the chemical reactions occurring at the mineral
boundaries [24].

Porous geological formations occurring in nature often have complex multiscale fea-
tures, resulting in scale-dependent properties, which limits the use of pure pore-scale
models. To account for coupled processes and parameters, hybrid-scale models have been
developed to describe systems that span multiple characteristic length scales. In that regard,
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flow and reactive transport in fractured cement can be regarded as a multiscale problem
that couples a pore-scale component in the fracture and a continuum-scale component in
the cement matrix [25,26]. Hybrid-scale models can be solved using the domain decompo-
sition technique, where the flows in the fracture and the cement matrix are governed by
two different equations, coupled together through appropriate boundary conditions, for
example, enforcing mass and momentum continuity at the interface [25,27].

Another implementation of a hybrid-scale model uses a single set of partial differen-
tial equations, the Darcy–Brinkman–Stokes (DBS) equation, in a single micro-continuum
domain [28–30]. In the pore space (fracture), terms associated with the porous media flow
become negligible, and in the porous continuum (cement matrix), the terms associated
with the pore-scale become negligible. Although the micro-continuum approach presents
several advantages in capturing the reactive transport processes through the porous and
the solid-free regions, it has been applied to only a very few studies to simulate reactive
transport in fractured media. For example, You and Lee employed the Darcy–Brinkmann–
Stokes pore-scale approach to investigate the effects of fracture surface roughness on the
acid reactive transport and the dissolution mechanisms of porous media with natural
fractures [31]. The porous media considered consisted of a single mineral, calcite. In our
calculations, fractured cement is composed of multiple minerals inert with each other.
Zhang et al. used a micro-continuum approach to study the reactive transport processes in
fractured media with emphasis on the porous altered layer bordering the fracture and their
impacts on fracture alteration [32]. Their simulations included the advection, diffusion,
and dissolution of both fast- and slow-reacting minerals.

Experimentally, Min et al. investigated the alteration of fractured foamed cement
exposed to CO2-saturated water [33]. Foam quality was varied to determine the impact
of the CO2-saturated water flowing along a fracture in the cement. Foamed cements
with 20 and 30% of air volumes were used. The study was performed to understand the
difference in the sealing behavior of foamed cement and conventional cement, the impact
of bubbles on fracture roughness or aperture, the impact of fluid flow on fracture, opening
vs. clogging, and the impact of foam quality on the fracture mechanical properties. In
the experimental setup, the cement cores were of a cylindrical shape of diameter 2.54 cm
with lengths between 3.5 and 12.5 cm, and the fracture of the initial aperture was less than
1 mm. The cement cores were placed horizontally, and a solution of CO2-saturated water
was injected into the fracture at a constant rate and room temperature. The self-sealing of
the fractures in the cement was observed at a flow rate of 0.1 mL/min and a pressure of
6.9 MPa. The authors concluded that self-sealing was likely due to the formation of CaCO3
precipitations.

The objective of this work is to investigate the impact of CO2-saturated water flow-
ing along a fracture in cement using a micro-continuum approach. For a recent review
of the many existing approaches to the formulation and simulation of CO2 flow in frac-
tures, we refer to the review report by Tafen et al. [34]. We focus on the effects of cement
porosity, fracture aperture size, and surface roughness. Mineral dissolution and precip-
itation reactions are assumed to take place in the cement. The difference from previous
models (for example, Brunet et al. [12]) is that we use a hybrid-scale model instead of a
continuum-scale approach to model the flow and the transport in the system, and we also
consider surface roughness. The fractured cement is represented by a two-dimensional
rectangular domain, with a fracture embedded in the rectangle (Figure 1). The cement
matrix is modeled as a porous medium composed of minerals. In the hydrated class H
cement, the major components are semi-amorphous calcium silicate hydrate gel (C−S−H)
and crystalline portlandite (Ca(OH)2). They occupy more than 70% of the total hydrated
cement volume [35–37]. Therefore, the minerals that compose our porous medium can be
limited to C-S-H and Ca(OH)2. We use a micro-continuum approach, where the flow in the
fracture is represented by the Navier–Stokes equations, and the cement matrix is modeled
as a porous medium, where the flow is governed by Darcy’s equation. Throughout the
manuscript, the fluid refers to CO2-saturated water.
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Figure 1. The physical setup of a fracture embedded in a reactive porous medium. The porous
medium is a cement composed of minerals. The injection fluid is a solution of CO2-sarurated water.
The fluid is injected from left to right.

2. Materials and Methods

This section provides the governing equations and the simulation setup.

2.1. Governing Equations

Rather than treating the fluid and the cement matrix as two separate subdomains, one
can consider a single domain, where the fluid/solid interfaces are not explicitly resolved. In
this approach, the flow is described by the Darcy–Brinkman–Stokes equation, also referred
to as the micro-continuum approach by Soulaine and Tchelepi [29].

The micro-continuum approach is based on the volume averaging of the governing
equations over each control volume [38,39]. The fluid/solid interface is tracked in terms
of the volume of fluid (which is also the pore or the void space that can be occupied by
the fluid), Vf, and the solid phase, Vs, in each control volume V, and their volume fraction
ε f = Vf /V and εs = 1− ε f . For ε f = 1, we have only fluid, and, when ε f = 0, we have only
solid (no pore space; hence, no fluid flow can take place). ε f also defines the local porosity
field of the medium. At the fluid/solid interface, 0 < ε f < 1. In each control volume,
all the physical variables are volume averages, and the flow in the fractured cement can
be described using the single field balance of the momentum equation arising from the
integration of the Navier–Stokes equation [40–45]:

1
ε f

(
∂ρ f u

∂t
+∇·

(
ρ f

ε f
uu

))
= −∇p +∇·

(
µ f

ε f

(
∇u +∇ut))− µ f k−1u, (1)

where ρ f and µ f are the CO2-saturated water density and viscosity, respectively, and k is
the local or the cell permeability. The pressure field, p, and the velocity field, u, are the
unknowns of the system. The second term on the right-hand side represents the dissipative
viscous forces, where∇ut is the transpose of∇u. The last term, the drag force or the Darcy
resistance term (µ f k−1u), is due to the momentum exchange between the fluid and the
cement [46]. This term is dominant in the cement matrix, where the permeability is low,
and it vanishes in the fracture (solid-free zone), where the permeability is very large or
infinite. We assume the local permeability field k to be a function of the local porosity ε f
based on the Kozeny–Carman relationship,

k = k0

(
ε f

ε f ,0

)α(
1− ε f ,0

1− ε f

)β

, (2)
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where k0 and ε f ,0 are the initial permeability and the porosity of the porous medium,
respectively. We also assume that the CO2-saturated water viscosity is constant. In general,
µ f can depend on time, temperature, pressure, and other quantities.

The mass conservation equation for the CO2-saturated water can be written as

∂ε f ρ f

∂t
+∇·

(
ρ f u

)
=

.
m, (3)

where
.

m is the mass transfer rate of the fluid/cement. If minerals from the cement are
transferred into the fluid (e.g., during dissolution processes), this quantity is positive. It
is negative during precipitation processes and equals 0 if no precipitation or dissolution
occurs. Assuming that more than one type of mineral in the foamed cement is reacting, the
evolution of the volume fraction of the cement in a control volume will be governed by the
following mass balance equations [29]:

∂ωs,jρs,j

∂t
= − .

ms,j with j = 1, . . . , Ns, (4)

where ρs,j is the density of mineral j,
.

ms,j is the mass exchange term of mineral j with the
fluid, Ns is the total number of minerals in the foamed cement, and ωs,j is the volume
fraction of mineral j and obeys the following relation:

εs =
Ns

∑
j=1

ωs,j. (5)

The summation of Equation (4) over all the minerals in the cement matrix gives

.
m =

Ns

∑
j=1

.
ms,j. (6)

The transport of CO2-saturated water is described by the mass balance equation
averaged over the control volume [45]:

∂ε f c f

∂t
+∇·

(
uc f

)
−∇·

(
ε f D∗f ·∇c f

)
= −R f , (7)

where D∗f is an effective diffusion tensor of the fluid. The quantities c f and R f are the
concentration of the CO2-saturated water and the changes in the concentration of the
CO2-saturated water due to reactions with minerals, respectively. We assumed that the
foamed cement is composed of Ns-reacting minerals; thus, R f = c f ∑

j
As,jrj, where As,j is

the reactive surface area of mineral j in the cement, and rj is the constant of the reaction of
the CO2-saturated water with mineral j. For a given mineral, rj can be obtained through
the transition state theory rate law [47].

During the dissolution/precipitation process, the volume fraction of the minerals
changes. The change in the volume fraction of the minerals in the cement evolves according
to the following equation:

∂ωs,j

∂t
= −As, f rjVm,jc f , (8)

where Vm,j is the molar volume (molecular weight/density) of the reacting mineral j [48].
Making use of Equation (5), the porosity of the foamed cement evolves according to the
following:

ε f = 1−
Ns

∑
j=1

ωs,j (9)
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The permeability of the cement is updated at every time step according to Equation (2).
The reactive surface areas As,j of all minerals are updated according to a power law model

As,j = A0,j
(
ωs,j
)n, (10)

where A0,j is the initial reactive surface area of the minerals, ωs,j is the volume fraction of
the minerals, and n is a user-defined exponent [49,50].

The fracture is differentiated from the porous medium by assigning different values to
the porosity field, ε f , and to the permeability, k. In Figure 1, the blue color corresponds to
the fracture (ε f = 1), where the flow is governed by the Stokes equations (k−1 = 0 m−2), and
the peach color refers to the foamed cement matrix, which is modeled as a porous medium
with porosity field 0 < ε f < 1 and initial permeability. A solution of the CO2-saturated water
is continuously injected through the inlet (left-hand side boundary) at a constant flow rate
throughout the simulation period,

u|x=0 = Uinj (11)

The top and bottom walls of the fractured cement are set as non-slip boundary conditions,

u|y=0, y=h = 0 (12)

At the inlet, the concentration of the CO2-saturated water is assumed to be constant

c f

∣∣∣
x=0

= c f 0 (13)

Across the top and bottom boundary walls, the mass transfer is assumed to be zero.
Therefore,

∂c f

∂n

∣∣∣∣
y=0, y=h

= 0 (14)

At the outlet, we use a fixed pressure boundary condition, and no concentration
gradients is allowed:

p|x=L = Pout (15)

∂c f

∂n

∣∣∣∣
x=L

= 0 (16)

The effective diffusion tensor of the fluid in Equation (7), D∗f , combines diffusion
and dispersion and can be written as a sum of molecular diffusion D f and hydrodynamic
dispersion αL according to the following expression [51] (pp. 579–663):

D∗f =
(

ε f

)η
D f

(
1 +

αL
D f
|u|
)

, (17)

where η is the cementation factor that accounts for the tortuosity of the cement matrix, D f
is the molecular diffusion coefficient of the CO2 in the water, and αL is the hydrodynamic
dispersion coefficient. In our simulations, we assume that αL = 0 and η = 1/3. For a
summary of the variables to be calculated, see Table 1.
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Table 1. Summary of the unknown variables and the governing equations along with the initial and
the boundary conditions.

Unknown Variables Equation Numbers Initial Conditions Boundary
Conditions

p, u (1) Uinj
u = 0 at walls
p|x=L = Pout

c f (7) c f ,0
∂c f
∂n = 0

ωs,j (8) ωs,0j

The reactive transport problem is solved using the open-source solver porousMe-
dia4Foam developed by Soulaine et al. and implemented in the open-source computational
fluid dynamics (CFD) platform OpenFoam (https://www.openfoam.com, accessed on
8 August 2023) [45]. The flow model is discretized using the finite-volume method and
solved sequentially. The pressure–velocity coupling is handled using a predictor–corrector
strategy based on the PIMPLE algorithm, which is a combination of PISO (Pressure Implicit
with Splitting of Operator, Issa, 1985) and SIMPLE (Semi-Implicit Method for Pressure
Linked Equations, Patankar, 1980), as implemented in OpenFoam [52,53]. The advection–
diffusion–reaction equation for the transport of the CO2-staurated water is discretized
on the computational grid using the finite-volume method and solved implicitly. The
geochemistry part of porousMedia4Foam is exclusively handled using PHREEQC to solve
the geochemical interactions [54]. Essential information such as the concentration of the
species and the minerals between the flow solver and the geochemical solver PHREEQC is
transferred through the module PhreeqcRM [55]. The multiscale capabilities of porousMe-
dia4Foam are demonstrated in References [45,56].

2.2. Numerical Setup

Simplified 2-D reactive transport is developed to represent the flow of CO2-saturated
water in a fractured cement (Figure 1). We use a domain size of 12 cm × 2.54 cm with
an initial fracture aperture size of 12 µm. These parameters are chosen to be consistent
with the available experiments [33]. The domain is discretized into (100 × 25) grid blocks.
Smaller grids are used along the fracture width direction (perpendicular to the main flow
direction) with a resolution of 2.4 µm. The physical and geochemical conditions of the
experiment are used in the model, including the average fracture aperture size, CO2-
staurated water concentration and pH value, and flow conditions. For the simulations,
we use a cement composition of 16% portlandite and 62% C-S-H in volume with an initial
porosity of 22% based on previous work [12,57,58]. A solution of CO2-saturated water at
pH 3.0 is continuously injected from the inlet boundary at a constant rate of 0.1 mL/min.
The initial conditions and a description of the primary components continuously injected
into the system are provided in Table 2. The initial permeability of the cement is taken
from Min et al. and is k0 = 9.4 × 10−15 m2 [33]. The reactive surface areas (A0) of
the C-S-H, portlandite, and calcite are taken from Davila et al. and are 20,000, 300, and
50 m2/m3

mineral [59]. The rates of the reactions are calculated from the reaction network
in Table 3, which includes both thermodynamic-controlled aqueous reactions and kinetic-
controlled mineral dissolution and precipitation reactions. The diffusion coefficient of the
CO2-saturated water is taken to be ~10−9 m2/s, as in Brunet et al. [12], and it varies as a
function of porosity according to Equation (17).

https://www.openfoam.com
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Table 2. Initial conditions and the description of the primary components injected in the fractured
cement.

Primary
Components Units Initial Condition Injected Solution

pH - 13 3
CO3

2− mol/kgw 1.5 1.5
Ca2+ mol/kgw 0.001 10−20

Si mol/kgw - 10−20

Table 3. Chemical reactions of CO2–cement interactions, reaction thermodynamics, and kinetics [60–62].

Reaction log Keq k (mol/m2/s)

Solid-phase reactions
Ca(OH)2(s) + 2H+ ↔ Ca2+ + 2H2O 22.81 7.08 × 10−8

C-S-H(s) + 3.6H+ ↔ 1.8Ca2+ + 7H2O + SiO2(am) 32.60 7.94 × 10−11

CaCO3(s)↔ Ca2+ + CO3
2− −8.48 4.57 × 10−7

SiO2(am)↔ SiO2(aq) −2.71 1.00 × 10−10

Aqueous-phase reactions
H2O↔ H+ + OH− −14.00 -

CO2(aq) + H2O↔ H+ + HCO3
− −6.35 -

HCO3
− ↔ H+ + CO3

2− −10.33 -
CaCO3(aq)↔ Ca2+ + CO3

2− −3.22 -
CaHCO3

+ ↔ Ca2+ + HCO3
− −1.11 -

CaOH+ ↔ Ca2+ + OH− −1.22 -

3. Results and Discussion

In this section, we provide the results of our numerical simulations.

3.1. Reactive Transport in Fractured Cement

Figure 2 shows the evolution of the calcite volume fraction along the fracture length at
various time intervals ranging from 1 h to 72 h. As the CO2-saturated water is introduced
into the fractured cement, it accelerates the dissolution of portlandite and the release of
calcium. The calcium then reacts with carbonate to form calcite. After an hour, we observe
the formation of calcite in the fracture starting at 40 mm to the end of the domain. Calcite
precipitation is also observed experimentally along the flow path from the middle region
to the end of the core [33]. As the CO2-saturated water continues to be injected into the
system, calcite precipitation moves toward the outlet, with a starting point at 70, 80, 94, and
100 mm after 12, 24, 48, and 72 h, respectively. As the time increases, the volume fraction of
calcite in the fracture also increases and reaches ~40% at the outlet after 12 h, and then it
starts to decrease. This decrease can be attributed to a redissolution of calcite that prevents
a complete clogging of the fracture. The supply of fresh CO2-saturated water does not
decrease during fracture sealing since our simulations are performed under constant flow
rate conditions. Thus, self-sealing due to the precipitation of CaCO3 would not lead to the
complete sealing of the fracture [33]. The injection of the acidic solution into the fracture
leads to portlandite dissolution and calcite precipitation. The pH in the fracture increases
with calcite precipitation to more than 12 at the outlet. As the solution continues to be
injected, the pH decreases over time and remains close to that of the inlet fluid between
4.0 and 5.0, with the calcite zone migrating away from the inlet. The decrease in the pH
is due to the redissolution of the precipitated calcite. Similar results were obtained by
Brunet et al. [12]. They obtained pH profiles that were relatively flat (between 3.4 and 4.0)
and decreased over time due to the faster replenishment of the acidic water with higher
flow rates. The initial fracture apertures, flow rates, and cement lengths were similar
to ours.

The porosity in the fracture mirrors the calcite volume fraction trend (Figure 2b). As
the calcite precipitates, the fracture porosity decreases. The rate of the calcite precipitation
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equals the rate of the porosity decrease. The lowest porosity is attained toward the fracture
outlet. At the inlet, the porosity remains at 100%. The decrease in fracture porosity due to
calcite precipitation will lead to a decrease in fracture permeability.
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Figure 2d shows the spatial profiles of the calcite volume fraction evolution over time
in a fractured cement. It also shows the extent of the dissolution of portlandite in the
system. After an hour, calcite already begins to precipitate. As the acidic solution continues
to be injected at a constant rate in the system, calcite precipitation increases due to the
dissolution of portlandite, especially around the fracture, resulting in the formation of an
altered porous layer. In multimineral systems with varied reactivities, it has been observed
that the preferential dissolution of fast-reacting minerals often results in the development
of an altered porous layer bordering the fracture, thereby affecting their dynamics and
morphology [63,64]. In these figures, the average is over the transverse direction of the
flow. The calcite volume % in Figure 2 is chosen for the initial width of the fracture, which
is 12 µm. At the collected time, the volume % of calcite in the fracture at the inlet is zero.
However, portlandite dissolution leads to calcite precipitation along the whole fracture, as
shown in Figure 2d.

The introduction of the CO2-saturated water solution into the cement matrix leads to a
decrease in the pH of the cement (Figure 3d). The initial pH of the cement is chosen to be 13
due to portlandite and other alkalis. As the acidic solution permeates through the cement
matrix, portlandite is dissolved (Figure 3c). The dissolution of portlandite is accompanied
by an increase in the cement porosity and a release of Ca2+ from the cement matrix. The
diffusion of Ca2+ out of the cement matrix combined with the inward diffusion of the
acidic solution leads to the formation of calcite in the fracture (Figure 2a). The increased
porosity can lead to negative volume changes, which is not discussed in this paper. The
dissolution process is more pronounced at the inlet, which is evidenced by the results in
Figure 3. The cement near the inlet is directly exposed to fresh CO2-saturated water with
the highest acidity and lowest pH values, leading to higher cement degradation rates. As
time increases from 1 to 72 h, the reactive surface area decreases, the calcite volume fraction
increases, the portlandite volume fraction decreases, the pH decreases, and the porosity
increases. We also observe an increase in matrix permeability. This increase in permeability
is due to an increase in the available pore space for the solution to diffuse into the cement
matrix. This increase is more significant near the inlet front and close to the fracture.
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3.2. Effects of Cement Porosity

To investigate the effect of cement porosity on the reactive transport of CO2-saturated
water, we vary the cement porosity, while the remaining parameters and initial conditions
stay the same. In this case, the cement is represented by 13 vol % of portlandite and
72 vol % C-S-H, with an initial cement porosity of 15%, based on batch experiments [37].
The results after 48 h are collected and presented in Figures 4 and 5. We observe from our
results that a change in the cement porosity has a small effect on the fracture properties.
That effect is seen in the calcite precipitation and fracture porosity at the outlet (Figure 4).
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Porosity (e); Permeability (f).

The effect of the cement porosity is mostly seen in the cement matrix. A higher porosity
means that there is more empty volume for the solution to flow through the matrix. The
effective reactive surface area for the 22% porosity decreases rapidly compared to the 15%
porosity at a ratio of ~1.11. This decrease is due to the rapid dissolution of portlandite in
the 22% porosity, as shown in Figure 5c, where we plotted the portlandite depletion index
(PDI), which is the ratio of the total portlandite volume fraction over the initial portlandite
volume fraction [12]. The lower the PDI, the higher the dissolution. Correspondingly,
the calcite precipitation rate, the porosity profile, and the relative permeability profile are
significantly higher in the 22% porosity than in the 15%. This increase ultimately increases
the conducting capability of the flow in the cement matrix.

3.3. Effects of Initial Fracture Aperture Size

The fracture aperture size is one of the key characteristics for fracture opening or
clogging. In this section, we vary the aperture size from 12 µm to 96 µm and compare the
simulation results for three cases under similar flow conditions. For the three initial fracture
aperture sizes of 12, 48, and 96 µm, the injection velocities are 5.47, 1.37, and 0.684 mm/s,
producing a constant flow rate of 0.1 mL/min. Different responses of cement fracture
conductivity have been observed when the initial fracture aperture sizes are different [65].
The amount of precipitation can increase depending on the fluid speed t through the
fracture [66].

Figures 2 and 6 show that the calcite volume fraction in the fracture decreases as the
fracture aperture size increases under similar flow conditions, resulting in an increase in
porosity. The present results suggest that self-sealing decreases as the fracture aperture
size increases. In smaller apertures, the fracture volume and, therefore, the total volume
of the acidic solution are smaller, which induces higher concentrations of dissolution
products that eventually lead to faster precipitation [9]. Our results also show that the
calcite precipitation formation zone remains the same as the aperture size increases. The
zone spans from approximately 40 mm to the outlet. This is because, under the same flow
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rate, the velocities are lower in the larger apertures. The effect of the aperture size on the
pH is negligible, as shown in Figures 2 and 6.
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The variation in the initial fracture aperture sizes has limited to no influence on
the cement matrix properties during the 48 h of the continuous injection of the CO2-
saturated water solution (Figure 7). For example, the calcite volume fraction formation,
the portlandite dissolution, and the pH vary in the same way, except for at the inlet front
and at the outlet, where a difference is noticeable. For the smallest aperture size, 12 µm,
we observe a rapid/slow dissolution of portlandite at the inlet front/outlet, resulting in a
higher/lower calcite concentration at the inlet front/outlet and a decrease in the reactive
surface area at the inlet front compared to the other two apertures. Consequently, the
cement matrix pH for the 12 µm drops to ~ 9.5 at the inlet front but remains above 11 at the
outlet. For the larger apertures, the pH drops but remains between 10.25 and 10.5 along
the domain length. The effects of varying the aperture size on the cement porosity and the
permeability averaged over the transverse direction of the main flow are minimal along the
domain.

The low impact of the fracture aperture on the flow behavior in the matrix is likely
due to the dominance of diffusion over advection. The Péclet number can be used to
characterize the flow behavior, i.e., whether it corresponds to an advection-dominated
regime or a diffusion-dominated regime. For a given characteristic length L (cement matrix
width in this case), the Péclet number Pe is estimated in this work via Pe = Umat L

D , where
Umat is the average velocity of the acidic solution in the matrix, and D is the diffusion.
The estimated Pe values for the matrix of cement with fracture apertures of 12, 48, and
96 µm are 2, 0.19, and 0.05, respectively. These values suggest the dominance of a diffusive
transport process in the matrix.
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3.4. Effects of Fracture Surface Roughness

Lastly, we investigate the effect of the fracture shape on the flow of CO2-saturated
water in fractured cement. The roughness of the fracture is characterized by a random
zigzag shape with an average aperture of 96 µm. We compare the results of the rough
fracture surface (zigzag shape) with those of a smooth fracture surface with an initial
average aperture size of 96 µm under similar flow conditions (Figure 8). The calcite
precipitation patterns for the rough surface differ from those for the smooth surface. After
1 h, calcite precipitates up to a 10% volume fraction between 40 and 90 mm of the domain
length in the rough-surface fracture in contrast to the smooth fracture, where calcite starts
forming at 45 mm and extends to the outlet. As time progresses, the calcite formation in
the rough fracture moves toward the outlet with a starting point at 52, 60, and 70 mm
compared to at 74, 85, and 94 mm in the smooth fracture after 12, 24, and 45 h, respectively
(Figure 8b,e). In the smooth fracture, the calcite distribution spans a smaller distance with a
higher concentration, whereas, in the rough fracture, it spans a longer distance but with
a lower concentration. The effect of the fracture shape is also reflected in the fracture
porosity, which mirrors the calcite volume fraction. The lowest porosity among the two
fractures is observed at the outlet of the smooth fracture and is about 82.5%. Overall, the
roughness influences mineral dissolution rates by affecting the flow and the transport in
the near-surface regions. It can also influence them by increasing the surface area available
for reactions. Surface roughness gives rise to concentration gradients that, in general, do
not develop in flat-surface geometries [15]. These local concentration gradients that result
from flow and transport processes in rough-surface fractures generally limit the increase in
the reaction rate.
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The effect of surface tortuosity is also observed on the pH profile after 1h of fluid
injection [67]. The pH at the inlet of the smooth fracture falls to ~4 before increasing to ~7
close to 90 mm of the domain, and then it jumps to ~12 between 90 and 100 mm and remains
constant toward the outlet. In the rough-surface fracture, the jump happens between 70
and 80 mm of the domain, and the pH remains nearly constant from 80 mm to the end of
the domain. As time progresses, the pH profiles of both fractures exhibit similarities.

Figure 9 compares the horizontal Ux and the vertical Uy velocities of the flow in the
smooth and the rough fractures at various times. There is a large contrast between the flows
in the two fractures. In the smooth fracture, the horizontal flow velocity remains close to its
maximum after 24 h. As time passes, after 45 h, Ux decreases to its minimum value close
to the inlet; then, it increases as the flow moves away from the inlet and asymptotically
approaches its maximum value toward the outlet. The flow in the vertical direction is
almost constant and close to 0, except for at the calcite precipitation zone, where we see
an increase in Uy. As for the rough fracture, the horizontal velocity after 24 h remains
close to the injection velocity at 0.684 mm/s in the first 10 cm of the domain from the
inlet, and then it increases sharply and reaches a maximum between 10 and 40 cm before
decreasing to a value close to the injection velocity and remaining constant toward the
outlet. After 45 h, Ux decreases in the first 10 cm from the inlet before increasing and
reaching a maximum with a lower value than that after 24 h. Our results show that the flow
in the vertical direction is very significant compared with the velocity of the same order of
magnitude as Ux (Figure 9d). An increase in the velocity can indicate a transition from a
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transport-controlled reaction rate to a surface reaction rate, where reaction rates depend on
the surface area.
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4. Conclusions

In this paper, we develop a model to study the flow of a CO2-saturated water solution
in a fractured cement. We employ a multiscale micro-continuum model based on the DBS
equation, as implemented in porousMedia4Foam; this allows for the modeling of the flow
and transport in fluid regions and porous regions in a single framework. The fractured
domain is composed of a multimineral system, which consists of a fast-reacting mineral,
portlandite, and a slow-reacting mineral, CSH. In our simulations, flow, diffusion, and
reactions are explicitly considered in the fracture and the cement matrix, allowing for an
accurate depiction of mass transfer within and across domains. We investigate the impacts
of cement porosity, fracture aperture size, and fracture surface roughness.

In our simulations, we use a constant flow rate of 0.1 mL/min. Our results show
that smaller initial fracture apertures tend to a high mineral precipitation self-sealing.
A complete sealing of the fracture is not observed. With the continuous flow of CO2-
saturated water, portlandite at the inlet and around the fractures is consumed, and the
dissolution zone propagates toward the cement matrix. The CaCO3 initially formed could
be redissolved, preventing a complete sealing of the fractures. The cement porosity has
a minimal effect on fracture properties, which differs from the cement matrix. In higher-
porosity cement, the reactive surface area decreases rapidly due to the rapid dissolution of
the fast-reacting mineral. This decrease leads to a higher precipitation of the calcite in the
altered layer.

Our simulation results show that surface roughness affects mineral dissolution and
precipitation processes. For rough surfaces, calcite precipitation spans a longer distance
toward the outlet in contrast to flat surfaces. Overall, fracture evolution is affected by the
initial fracture geometry. In this paper, we only examine a constant injection rate, and we
do not examine the effect of pressure on fracture porosity; this is an important point that is
to be considered in our next study.
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