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The performance of structural seals overlying reservoirs targeted for CO, storage relies upon the integrity
of well-bore cements, which will be affected by interactions with CO,. Microfractures within the well-
bore cement may lead to seepage of CO, to the surface and/or fresh water aquifers. Thus, understanding
CO,-rich brine induced changes to the imperfections in cement matrix is vital for safe and effective
implementation of this new technology named Carbon Capture Utilization and Storage (CCUS).

This paper presents an experimental study that depicts the changes of the cement internal structure
due to interaction with acidic brine through a system of artificial fractures within the cement matrix dur-
ing 100 days flow through experiments. Helical computerized axial tomography and high resolution
micro-computed tomography were used to visualize several sub-volumes of flow-through cores. Further-
more, a complementary high-resolution surface profilometry allowed quantification of changes of the
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roughness of fracture walls and their impact on the fracture aperture.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

CCUS projects require capturing carbon dioxide from large point
sources such as fossil fuel power plants and other manufacturing
processes that produce CO, and storing it in the subsurface for
hundreds of years. Although CO, has been injected into geological
formations by the oil and gas industry for enhanced oil recovery
(EOR), the permanent storage of CO, is a relatively new concept.
The long-term containment of injected gas is a critical component
for effective CCUS, requiring that potential pathways for leakage be
identified, investigated and risk assessment performed. CCUS tech-
nology may involve injection without offsetting production of flu-
ids leading to potentially large pressure perturbations, particularly
during the injection phase [1].

The resulting vertical pressure gradients favor leakage into
overlying freshwater aquifers and/or the atmosphere. Existing
wellbores with a history of wellbore integrity problems and/or sus-
tained casing pressure have been identified as one of the most
likely pathway for such leakage [2].

Investigations of the long-term interactions of acidic brine
(resulting from equilibration of formation waters with injected
C0,) and wellbore cement are fundamental to understanding the
integrity of existing wellbores and their long-term durability dur-
ing CCUS operations. In the post injection stage, acidic brine with
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pH ~ 3-5 will interact with wellbore cements whose equilibrated
pore fluids have pH ~ 13.5. This significant pH change will lead to
changes in the cement matrix properties since most of the hy-
drated and unhydrated cement minerals are in equilibrium at
pH > 7. The primary objective of this experimental study is to
quantify mineralogical and microstructural changes of cements
containing fractures after they have been subjected to a flow
through regime of CO, rich brine for an extended time of 100 days
and establish the impact of these changes on hydraulic conductiv-
ity of cements when compared to 30 days exposure previously re-
ported by Yalcinkaya et al. [3].

1.1. Fractured wellbore cement

Cement has been used to provide zonal isolation (i.e., minimize
the potential for flow through wellbores that intersect important
structural seals as well as flow between different formations) in
oil, gas and geothermal wells for decades. In addition, its mechan-
ical strength enhances the geomechanical stability of the wellbore
and its low permeability provides protection for metal casings
against corrosive formation waters rich in salts and often CO,
and/or H,S. Oil, gas and geothermal wells are designed to last a
few decades; conversely, CCUS projects will require wellbore ce-
ments to perform zonal isolation for hundreds of years. The second
major difference between CCUS and traditional subsurface injec-
tion of CO, in EOR is the volume and injection pressure, both of
which will be much higher and without any production of fluids
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to offset the potential pressure buildup, especially during the injec-
tion - early stages of CCUS.

The zonal isolation provided by wellbore cements aims to pre-
vent fluid entry into wellbores except in the perforated sections
within production and injection zones. However Sustained Casing
Pressure (SCP), defined as the casing pressure caused by trapped
gas or liquid in the annulus, is recorded in the field as a direct man-
ifestation of inadequate cementing. This causes major technical
and economic problems during plugging and abandonment
(P&A). However, CCUS technology is based on injection of large
volumes of fluid therefore pressure buildup is likely to occur dur-
ing injection period and can potentially cause faster SCP manifes-
tation, resulting potentially in a rapid gas release.

Wellbore cement failures can take place both during and/or
after cementing operations. Inappropriate cement slurry design
or inadequate mud removal prior to cementing may result in weak
bonding at cement/casing and/or cement/formation interfaces.
Such conditions may result in the formation of gas channels within
cement column. The set cement is further subjected to unsteady
loads as a result of continuous pressure and temperature cycles
during production and injection operations as well as various well-
bore testing procedures [4].

The cement matrix has different thermal expansion and elastic-
ity coefficients than the casing and adjacent rock formations. Var-
iable expansion rates of the above materials may lead to formation
of a microannulus between the casing/rock and the cement as well
as create fracture networks within set cement [5].

1.2. Cement - acidic brine chemistry

Calcium and silica are the two major elements of Portland ce-
ment, which consists of four main crystalline components: Trical-
cium Silicate (Ca3SiOs—C3S), Dicalcium Silicate (Ca,Si04-C,S),
Tricalcium Aluminate (CasAl,0g-C3A) and Tetracalcium Alumino-
ferrite (CazAl;Fe;010-C4AF). As a result of hydration, Calcium Sili-
cate Hydrates (C-S-H) and Portlandite (Ca(OH),) are formed.
Furthermore, the hydration process forms other minerals such as
Ettrlnglte ((CaO)G(Alzog)(SO3)332 Hzo) [6]

When the cement matrix is exposed to CO,-saturated brine, the
following chemical reactions occur [7].

CO, + H,0 — H,C0; (1)
H,CO0; + Ca(OH), — CaC0; + H,0 )
H,CO0; + CaC0; — Ca(HCO;), 3)
Ca(HCO;), + Ca(OH), — 2CaC0; + 2H,0 (4)

Once consumption of all the major Ca-containing minerals
(mainly portlandite and traces of calcite) occurs, C-S-H will start
leaching Ca?*, leading to a formation of an amorphous silica rich
gel-like material, which has a deleterious effect on the mechanical
properties of the cement and more importantly an increase in
porosity [6,8].

In this study we investigated stability of fully hydrated Portland
cement in contact with low pH fluids under dynamic conditions.
However, some of unhydrated cement clinker minerals can still ex-
ist and therefore need to be introduced, as they also can contribute
for example as a source of Ca once portlandite is depleted. The sec-
ond set of characteristic typical for cement that is of importance in
cement-fluid interaction is porosity and permeability. Chemically
unaltered cement has low permeability, primarily due to the nat-
ure of fully hydrated cement which is dominated by C-S-H and
its nanoporosity. In addition porosity and permeability can be im-
pacted by hydrostatic pressure applied to cement in the field as
well as various admixtures commonly used in the field, such as flu-

ids loss control material, weighting agents, and contaminations. Ca
leaching of hydrated Portland cement is associated with an in-
creased total porosity and expected increase in permeability [2].

2. Methodology
2.1. Flow through apparatus

The experimental set-up reported in detail by Yalcinkaya et al.
[3] was used for the current study. It consisted of a Hassler cell,
syringe pump, hydraulic pump, data acquisition system, filters
and pressure gauges. The Hassler cell was oriented vertically to
simulate the upward flow of CO, saturated brine through a verti-
cally fractured cement system. To maintain continuous flow of
brine, a dual syringe pump system, with a maximum capacity of
507 ml, was adjusted to single-pump auto-refill mode during the
experimental period. A 100-day flow-through experiment was car-
ried out [3].

2.2. Cement core

Class H cement, as specified by American Petroleum Institute
(API) cement classification was used, as it is a most commonly used
type of wellbore cement in the United States, to form the cylindri-
cal, 1-in x 12-in (2.54 cm x 30.48 cm) cement core. Following the
recommendations from API (API 10B - Recommended Practice for
Testing Well Cements), a water to cement ratio of 0.38 was used
for the cement slurry, utilizing deionized water. Trapped air was
removed from the cement using a vacuum pump before pouring
cement slurry into teflon molds. Cement slurry was poured into
custom made teflon molds to cast two halves and de-molded after
24 h. The cement core halves were cured in water bath pH ~ 13 for
30 days at room temperature.

Upon hydration and curing the cement halves were glued using
epoxy along the edges to obtain a 1-in x 12-in (2.54 cm
x 30.48 cm) cylindrical shape with the channel in the middle. This
design provided a parallel-plate-like channel along the length of
the cement core. Though this design is a somewhat simplified rep-
resentation of real fractures in well-bore cements, which are likely
to have rough fracture walls, it provides a controlled initial fracture
geometry, which allows for unambiguous observation and quanti-
fication of fracture-surface alterations as an evidence for dissolu-
tion/precipitation. Sample preparation methods are described
and documented in Yalcinkaya’s master thesis [9].

2.3. Reactive fluid

The brine (2% salt solution) used for the flow-through experi-
ment consisted of distilled water mixed with NaCl and KCI salts
at concentrations of 0.3455M and 0.0046 M, respectively. The
influent brine was equilibrated with CO, by bubbling CO, through
the solution. The pH of the CO,-equilibrated brine ranged from 4.9
to 5.2 and was continuously measured daily prior to entering flow-
through experiment.

2.4. Experimental conditions

The experiment was performed at atmospheric pressure (14.7
psi, 0.1 MPa) and room temperature (21 °C, 70 F) conditions. The
flow-through experiment lasted for 100 days. CO, saturated brine
flow rate was 2 ml/min. The confining stress of 600 psi
(4.14 MPa) was applied to the rubber sleeve containing the cement
core in order to create linear flow only through the cement fracture
preventing any radial flow of reactive fluids. At the end of 100 days,
the pressure was gradually reduced and the cement core was re-
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Fig. 1. Helical CT image of the inlet section of the reacted cement sample after 100 days of flow through with CO,-rich brine. Longitudinal scan on the left shows reacted
region (lower density due to Ca loss) present along the entire length of the main fracture wall. Cross-sectional view shown on the right depicts presence of secondary fracture
initiated perpendicular to the main fracture wall. The secondary fracture wall has the highest level of Ca leaching at the fracture opening and it is reduced towards the fracture
tip, suggesting the leaching region is depent on the width of the fracture. (The sample is 3 in. long and 1 in. wide.)

moved from the Hassler cell to perform material characterization
analyses of the sample. Pressure increase at the start of the exper-
iment and de-pressurization at the end of the experiment were
performed in incremental steps over 24 h in order to avoid fractur-
ing and rapid mineral precipitation induced by rapid pressure
difference.

2.5. Material characterization

The cement core was subjected to material characterization be-
fore and after the flow-through experiment. The following materi-
als characterization techniques were employed: Helical
computerized axial tomography (Helical CT); high-resolution mi-
cro-computed tomography (microCT); x-ray diffraction (XRD);
mercury intrusion porosimetry (MIP); and profilometry of the frac-
ture surfaces. All these analyses required different sample size/
morphology from cement core. In order to carry out these analyses,
the cement core was cut into several sections and side micro-cores
were drilled from the fracture surface into the interior part of ce-
ment for micro-CT scans.

XRD analyses were conducted in the LSU Geology Department
using a Siemens Kristalloflex D5000 X-Ray diffractometer. The data
acquisition was carried out within the range of well-known ce-
ment minerals 2-70 degrees at a grade of 0.02-degree increments
with Cu Koy; radiation.

For Helical CT analysis cement core samples were scanned at
120 KV using 2006 Toshiba Acquilion 64 slice scanner. The actual
output of the scanner is in video format. High-resolution X-ray
tomography images were obtained at the Louisiana State Univer-
sity Center for Advanced Microstructures and Devices (CAMD)
Tomography beam line. Mini cement cores (3 mm diameter by
5 mm length), were obtained by drilling through sections of re-
acted cement core (focusing on inlet and outlet sections) and
scanned at 2.5 pm spatial resolution at 34 keV monochromatic
X-ray energy. After scanning process, images of the slices of the
mini cement core were reconstructed using a MatLab check spell-
ing program.

Topographic mapping of fracture surfaces was carried out using
an optical surface profilometer (Nanovea ST-400), at Civil and Envi-

ronmental Engineering Department of The University of California,
Irvine. The profilometer measures the mean elevation of 12 m-
diameter spots on the surface of the sample with a reported accu-
racy of £2 m. For the scans reported here we used an x-y spacing of
20 m.

3. Results and discussions
3.1. Helical computerized axial tomography (helical CT)

Helical CT was utilized to analyze two sections of the core: a 3-
inch long section taken from the inlet end of the core and a 6-inch
long section taken from the outlet end of the main cement core.
Screen shots from the video output can be seen in Figs. 1 and 2. Lat-
eral views can be seen on the left part of the figures and axial
views, corresponding to the cross-section identified by the red'
lines on the lateral views, on the right part of the figures. The most
important observation in each of the sections is that in addition to
the main fracture, which was part of the sample design, there appear
to be present entire network of fractures at the outlet and one sec-
ondary fracture at the inlet section. No secondary fractures were ob-
served at 30 days as reported in Yalcinkaya et al. [3].

The secondary fractures also appear to have highly leached ce-
ment regions (shown by darker color), which suggests that these
fractures developed during flow through experiments and were
not result of depressurization of the sample. Both figures show
consistent alterations in the vicinity of the secondary fracture sur-
faces while at the main fracture walls (channel in the center of the
core). These alterations are represented by the darker shades of
grey in similar regions. This indicates density reduction along the
secondary fractures wall surfaces due to leaching of chemical
components with higher atomic mass, in this case Ca, Fe. The
mechanism appears to be different from one reported after 30 days
flow through experiment, where only widening of the main frac-
ture aperture was evident, Yalcinkaya et al. [3].

! For interpretation of color in Figs. 1, 2 and 7, the reader is referred to the web
version of this article.
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Fig. 2. Helical CT image of the outlet section of the reacted cement sample after 100 days of flow through with CO,-rich brine. Longitudinal scan on the left shows reacted
region (lower density due to Ca loss) present along the entire length of the main fracture wall. Cross-sectional view shown on the right depicts presence of secondary fracture
initiated perpendicular to the main fracture wall. The secondary fracture wall has the highest level of Ca leaching at the fracture opening and it is reduced towards the fracture
tip, suggesting the leaching region is dependent on the width of the fracture. (The sample is 6 in. long and 1 in. wide.)

The second notable observation is that the secondary fracturing
is more frequent at the outlet than inlet section, and although inlet
section is shorter there is only one secondary fracture present
along 3 in. section. Finally, it is worth examining the orientation
of the secondary fractures, as they are always initiated perpendic-
ular to the main fracture. The aperture of secondary fractures is al-
most identical to the width of the primary fracture (channel)
manufactured in the center of the core during sample assemblage.

3.2. High resolution micro-computed tomography

Given the 2.5 pm voxel size of the microCT images, it is only
capable of recognizing features that are 5 um or larger. Two sub
volumes were selected for reacted samples; one in region A and
one in region B for both inlet and outlet sample sections. These sec-
tions are shown in Fig. 3. Increased slice number indicates that
images are taken closer to the fracture surface and lower slice
numbers are further from cement-fluid interaction region and clo-
ser to the edge of cement core. As it can be observed, top two
images display almost uniform density and only peripheral signs
of reactivity at the edge of the core, which is most likely an artifact
due to the beam curving effect. The bottom two images taken from
the opposite end of the micro-core and at the fracture wall show
also a uniform low density, as these regions were primarily leached
of Ca, whose main source was calcium hydroxide (portlandite). The
result is higher porosity (originally occupied by large hexagonal
plates of portlandite) and overall lower atomic density of remain-
ing phases, such as C-S-H. In the middle section of the core disso-
lution of portlandite is not uniform and the images are showing
partial loss of Ca (region A). The spatial distribution of two regions
is not uniform, suggesting that dissolution takes place in preferen-
tial directions, it does not have previously reported ring-like zonal
appearance typical for diffusion driven reaction. Finally, comparing
inlet (left column) to the outlet (right column) images, there is not
a major difference in alterations, they are very similar in the type of
density present as well as distribution of reacted vs unreacted re-
gions. Therefore it seems that the difference present at the larger

scale shown in previous section is not evident at the microscale ac-
quired in MicroCT.

Fig. 4 represents the density change in the z-direction from frac-
ture surface to the inner part of the cement core (cross-sectional
view). The black-white color in CT images represent low-high
density of the phases present respectively, where 100% black
represents void space (porosity). Different degrees of grey are rep-
resenting variation in chemical composition, primarily Ca/Si ratio,
and bright (white) areas are depicting Fe-rich minerals as the high-
est density components in hydrated cement.

3.3. Image based calculated porosity

The grayscale images were transferred to binary images (solid
and void) using a simple thresholding algorithm in Image] pro-
gram. After identifying the solid and void phases, the porosity
was determined by calculating the volume fraction of each phase.
The porosity values were found for inlet section 0.029% and 0.018%
in regions A and B, for the threshold values 75 and 45 respectively.
Similar porosity reduction was observed for outlet section with
porosity values of 0.039 and 0.032 in regions A and B, for the
threshold values 65 and 30 respectively. Table 2 tabulates the cal-
culated image-based porosity values obtained from high-resolu-
tion X-ray tomography scans. For image based analysis, porosity
was defined as the volume fraction of void space that contains
pores on the order of 5 pm or larger. As it can be seen from Table 1,
in region A which is in direct contact with low pH brine, there is an
evident increase of porosity, in both inlet and outlet section of ce-
ment core, when compared to unreacted region B, located further
from cement-fluid contact.

3.4. Surface profilometry

Surface profilometry measurements provided a detailed map of
changes in the surface topography of the fracture wall caused by
dissolution/precipitation of mineral phases as a result of cement/
flowing brine interaction. Fig. 5 shows surface elevation maps of
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Fig. 3. Micro-CT Images (axial slices) of Reacted Cores for Inlet and Outlet Sections. (There are two distinct regions marked as A and B. Regions A have darker color indications
lower atomic density. Regions B are brighter color showing unreacted regions of cement sample with minimal or no alteration due to cement-fluid interaction.)

a fracture surface before the flow-through experiment (a) and a
segment of the core taken from the inflow end after the flow-
through experiment (b). There are regions of significant erosion ob-
served in the post-experiment surface, including the apparent for-
mation of a connected region of relatively low elevation oriented
along the length of the core. This low elevation region is indicative
of a growth of a dissolution channel similar to those observed in

simpler systems involving reactive transport through fractures
[10].

Prior to the experiment, the surface roughness ranged over less
than 50 m and was characterized by shallow (<20 m) grooves
resulting from the polishing of the surfaces and a long wavelength
trend perpendicular to the axis of the core. After the experiment,
surface roughness ranged over more than 1000 m and included
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Fig. 4. Cross-sectional View of Micro-CT Image along the Length of Mini-core
drilled from the inlet section. (Region I (darker color) indicates reacted regions close
to the fracture wall and region II (brighter color) indicates that further from the
fluid contact cement appears to be intact, no leaching of Ca.) (The width of the
sample is 3 mm, and the length of the sample is 5 mm.)

Table 1
Cement sample’s image based porosity values from high resolution micro-computed
tomography.

Un-reacted Reacted inlet Reacted outlet
Porosity Porosity Porosity Porosity Porosity
region A region B region A region B
0.25% 2.9% 1.8% 3.9% 3.2%
Table 2

Total porosity values of unreacted and middle, and outlet section of the reacted
samples derived from MIP measurements.

Sample identification Total porosity (%)

Unreacted 26.33
Reacted middle section 25.77
Reacted outlet section 19.54

regions (in red in Fig. 5) where little alteration occurred and re-
gions along what was likely the primary flow path (in blue/green
in Fig. 5) where significant erosion occurred. The surface profilom-
etry data on this section of the core did not provide any evidence of
the self-healing properties of the fracture. Furthermore, surface
profilometry does not depict preferential sites for secondary frac-
ture initiations.

3.5. Mercury intrusion porosimetry

For MIP analysis two samples were taken, one from the middle
section and one from the outlet section of the core. The sample ta-
ken from middle section had a measured porosity value of 26%. It is
observed that during the flow through experiment, the porosity of

the core reduced to 20% at outlet section of the core. Table 2 tabu-
lates the porosity values of reacted and unreacted cement core
samples.

Similar porosity values were reported by Yalcinkaya’s study for
a total of 30 days flow through on multiple experiments. He re-
ported an average of 20.5% porosity for inlet and 20.426% for outlet
section of the cement core. He observed a decrease in total porosity
from 26% to 20% after 30 days flow through experiment [3]. MIP
standard provided the pore throat size distribution ranging from
0.0018 to 70 um. Porosity values were plotted against pore throat
sizes shown in Fig. 6.

Fig. 6 presents the total pore throat size distribution (size range
0.0018-70 pm). The reduction in total porosity was observed in the
range from 0.035 pum to 0.5 um, which coincides with the highest
porosity within the unreacted cement matrix.

Smallest pore throats (0.0018-0.1 um) showed a reduction as
well. However, the pore throats larger than 0.1 um did not show
a distinct alteration from unreacted to reacted cement.

When focusing on the pore throats between 0.1 pm and 0.5 pm,
the porosity of the middle section was higher than the unreacted
sample. However, the measured porosity values were nearly iden-
tical for the outlet section of the core and the unreacted sample
(control sample).

Between 0.5 pm and 3 pm pore throat size, the porosity was
higher in the unreacted sample, suggesting that these pores might
have been restricted to flow or reduced as a result of experiment.
However, comparing reacted regions the sample from the middle
section of the cement core had higher porosity than the sample
from outlet section of the cement core, which could be due to pre-
cipitation of secondary deposits from perhaps more saturated fluid
once it reached the outlet. Another possible explanation is the re-
moval of fine particles and fragments by flowing fluid and accumu-
lation of these fines and/or amorphous matter at the outlet which
has been also reported by Agbasimalo et al. [11].

MIP analysis suggested that there were no pore throats larger
than 62 pm. The largest measured pore throat was 62 pm. There
was an increase in the porosity of the middle range pore throat
size, approximately between 10 pm and 30 pum. The porosity of
the unreacted sample was higher than the porosity of middle sec-
tion of the reacted core and the outlet section for the pore size
range from 30 pm to 62 pm.

3.6. X-ray diffraction

Qualitative XRD analysis was conducted in order to detect min-
eralogical alterations as a result of brine/cement interaction using
a semi-quantitative approach by comparing the peak ratios of rel-
evant diffractograms; portlandite peaks obtained before and after
the flow-through experiments, and intensity ratios of carbonate
minerals were of primary interest. XRD analysis was performed
on the section which was cut directly from fracture surfaces, pro-
viding altered material for analysis. Since XRD is a bulk technique
averaging the amount of existing minerals in the sample (the
detection level of 2 wt% of mineral present), it does not provide

¥, .
- .
¥ » - |

(b)

Fig. 5. Profilometry scans of 1.2-cm wide sections along the axis of the core for an unreacted fracture surface. (a) And a portion of fracture surface from the inflow end of the
core after the flow-through experiment (b). The color scale (black-blue-green-yellow-red) ranges from 950 to 1000 m in (a) and from 0 to 1000 m in (b). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Pore throat size distribution range from 0.0018 um to 70 pm for the inlet section.

sensitivity for minute alterations. Furthermore, poorly crystalline
and amorphous phases cannot be characterized, which limits
detection accuracy of reaction products such as silica gel since they
are non-crystalline phases. In order to have mineralogical identifi-
cation localized to specific areas, we directly examined a fraction of
cement taken from the fracture surface. However, calcite and port-
landite are good indicators of cement reactivity for two reactions:
cement carbonation and acid-attack that results in Ca-leaching.
The intensity of XRD peaks from reacted/unreacted samples is
shown in Fig. 7. Diffractogram from the unreacted sample (blue,
top of the figure) identifies Portlandite (P) as a main peak at ~34 de-
grees and calcite (CC) with a main peak at ~29 degrees. The trace
from the reacted sample (bottom line, red color), has no peak for
portlandite, suggesting total dissolution of portlandite. However,
the amount of calcite increased to approximately 7 times its origi-
nal value based on the peak ratios. Furthermore, there is a new
group of peaks at 12 degrees which was not resolved due to high
background, suggesting precipitation of poorly crystalline material,
most likely silica-rich semi-crystalline material reported in other
studies, however we did not observe a brown-red deposits typically
reported in other studies on cement-acid brine reactivity [1].
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- 2 12 22 2 a2 52 62 72
S ss0
o
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£ 3
= 300 b
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Fig. 7. XRD plot showing mineralogical alterations. (CC and P represent Calcite and
Portlandite respectively).

4. Conclusions

Effects of CO, saturated brine on well cements under dynamic
(flow through) conditions were investigated The experiment was
run for 100 days as a follow up for a set of experiments carried
for 30 days in order to establish the impact of time on cement-
low pH brine reaction kinetics and their impact on fracture behav-
ior [3].

The most notable difference between 30 and 100 days experi-
mental results was development of secondary fracture network,
not observed at 30 days. Secondary fractures suggest that the frac-
ture width is correlated to the width of reacted cement adjacent to
the fracture wall. At the tip of the fracture (narrower fracture aper-
ture) cement was less affected by Ca leaching.

These density alterations along the fracture surfaces were iden-
tified by Helical CT scans. Images show alterations in the vicinity of
the fracture wall-surfaces. The development of a region with char-
acteristic darker shades of grey characterizes these alterations.
Darker shades point out a reduction in density along the fracture
surfaces due to dissolution of chemical components having higher
atomic mass. It appears that the altered zone has increased in
thickness when compared to 30 days experiments [3].

Furthermore, it was observed that overall these secondary set of
fractures developed perpendicular to the original channel-fracture.
This network of fractures provided an increase in hydraulic con-
ductivity as well as enhancing total cement dissolution rates. Un-
like the single fracture experiment where the total volume of
cement impacted by dissolution was limited to the near fracture
region, secondary fracture network allows larger volume of cement
to be leached as it provides ingress of reactive fluid further into ce-
ment matrix. This can potentially have an impact on rapid deteri-
oration of segments of wellbore cement, as the cement sheath is
only 2-4 cm thick in most wellbores.

This fracture/fluid effect was also observed by MicroCT along
the length of the micro-core drilled from fracture surface towards
inner parts of the cement core. It has been observed that regions in
direct contact with acidic brine had higher porosity compared to
regions which are not in the direct contact with reactive fluid.
The contact area was increased by secondary fracture network.

Similar behavior was reported by Yalcinkaya’s study for 30 days
flow through experiments; although the degree of alteration and
the overall porosity change was lower. The porosity of the reacted
and unreacted portions was observed as 1.39% and 0.45% respec-
tively at 30 days, compared to porosity values for reacted portions
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close to 3% after 100 days. However no secondary fracturing was
observed at 30 days [3].

The data obtained in this study clearly indicates acidic brine
negative effect on porosity of cement under dynamic conditions
can greatly be impacted by time, and this is of great importance
to the CCS technology which requires long term stability of ce-
ment. The next step would be to observe such changes over 6
and 12 months and based on 4 distinct data points a predictive
modeling can be designed and validated.

Profilometry analysis identified regions with lower topography
compared to unreacted surfaces. The presence of such regions indi-
cates a growth of a dissolution channel parallel to flow also ob-
served in experiments with reactive transport through fractures.
At this stage it is not clear if this preferential dissolution is caused
by chemical parameters or is it influenced by fluid flow regime -
physical in nature, although since it is parallel to the fluid flow, it
could be result of the fluid flow regime [12]. This can be deter-
mined by applying different flow rates, and observe if flow rate im-
pacts the nature of preferential dissolution. Similar effects were
also observed in 30 days experiments, although they were ob-
served primarily using electron microscopy.

A reduction of porosity is observed in MIP data, possibly caused
by secondary deposits inside the pores and/or the plugging of pore
throats. To differentiate between the two a spatial imaging
would be required at nanoscale, such as transmission electron
microscopy (TEM). However, the overall reduction of density
observed in the microCT images suggests that secondary deposits
can also be attributed to Si-gel type of materials, since Ca-rich
minerals should result in a higher density (brighter images).
However, bulk analysis reported by XRD does show an increase
in calcite and reduction of portlandite, which can be attributed to
carbonation.

First of all, leaching of Ca, which takes place when cement is ex-
posed to a pH < 13, causes porosity to increase, as observed in inlet
sections of cement core flow through experiments in this study and
as reported by Yalcinkaya 2010. Contrary to this, the increase of the
amount of calcite and total displacement of portlandite were the
major observation in XRD analysis. Once the carbonation is fully
complete, the pH of the pore fluid within the hydrated cement
paste reduces from ~13 to 8 with CaCO3 occupying more volume
than portlandite, causing a total porosity decrease. These processes
may cause the permeability of the cement to decrease due to
obstruction of macropores caused by carbonation [8,12-14].

MIP is a commonly used method to characterize the distribu-
tion of pore size distribution in porous materials. It is a straightfor-
ward and fast indirect method, but it has its limitations when
applied to materials with irregular pore geometry. The number of
pores is counted with the assumption that all pores have similar
spherical shapes [15]. In spite of these limitations MIP is a valuable
technique for comparing pore throats size distribution before and
after acid attack on cement, especially for the pore size range that
can contribute to reaction mechanisms as it is evident from the
date reported that not all pores are affected by flow through exper-
imental conditions.

Flow of acidic brine through cement core resulted in reduction
of total porosity. It has been reported by numerous researchers
that the reduction in porosity may be caused by two possible
mechanisms: mineral precipitation inside the pores and the plug-
ging of pore throats connecting the large pores, therefore prevent-
ing access to these larger pore volumes [6].
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