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ABSTRACT
In the United States, the implementation of [co]-storage (CO2-O2-SO2 mixtures) from oxy-fueled
combustion, coal gasification and sour gas is currently being considered in saline geologic
formations. The U.S. Department of Energy’s (DOE) National Energy Technology Laboratory
(NETL), as part of the National Risk Assessment Partnership (NRAP), was tasked to determine
the risk related to geologic carbon storage. This report addresses the potential impacts on
wellbore cement integrity following exposure to storage conditions. When plumes of injected
CO2 (or co-stored) gas come in contact with existing wells, the cement lining in the well is
vulnerable to geochemical alteration, and impact the well’s effectiveness as a barrier for
unwanted fluid migration. In this study, cured Class H cement paste, used in well construction,
was exposed to co-storage conditions, and the tensile and compressive strength were measured to
understand the effects of co-stored gas on the geomechanical properties of cement. In addition,
co-storage settings at higher formation temperatures may result in loss of cement strength under
acidic conditions, though cement integrity has not been tested under fully in situ conditions.
These observed effects have implications for the long-term effectiveness of wells using Class H
cement paste in co-storage scenarios.
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1. INTRODUCTION
1.1

CO2 STORAGE AND CHALLENGES

This study is a cross-cutting effort to aid in the safe and permanent storage of carbon dioxide
(CO2) under the National Risk Assessment Partnership (NRAP), an initiative within the U.S.
Department of Energy (DOE), Office of Fossil Energy’s Carbon Capture and Storage Program at
the National Energy Technology Laboratory (NETL). The intention of this study was to identify
changes in wellbore cement after exposure to co-storage gases dissolved in fluid by measuring
cement paste physical strength. The compressive and tensile strength of Class H cement was
examined after exposure to pure-CO2, CO2-O2-mixture, and CO2-O2-H2SO4 co-storage
environments. Geomechanical properties of Class H Portland cement subjected to selected costorage conditions were determined using both compressive and tensile strength tests. The
experimental conditions used in this study are based on Regional Carbon Storage Partnership
Phase II injection sites, which typically occur at depths from 2.29–3.35 km, pressures from 24.1–
32.0 MPa, and temperatures from 69–125°C (NATCARB, 2013).
Large quantities of CO2, a greenhouse gas, are emitted as a result of utilization of fossil energy
resources, such as coal combustion for thermoelectric generation. Injection and geologic storage
of CO2 in the subsurface is being considered to mitigate the accumulation of CO2 in the
atmosphere. Brine-bearing geologic formations are the largest volume potential target for longterm (>1,000 years) geologic storage of CO2 (e.g. Bergman and Winter, 1995; Bruant et al.,
2002; DOE, 2015). An ideal deep saline storage formation candidate will have sufficient
permeability and porosity to store large-quantities of CO2. The U.S. Environmental Protection
Agency (EPA) Underground Injection Control (UIC) program mandates that this brine greater
than 10,000 total dissolved solids (TDS) to avoid being considered as an underground source of
drinking water (Goodman et al., 2011). Such a formation will be overlain by an impermeable
caprock, typically shale, to prevent leakage or contamination into overlying receptors of concern
(including freshwater aquifers and the atmosphere) (Figure 1).

Figure 1: Geologic storage from CO2 production to CO2 injection into a reservoir with a
caprock (DOE, 2007).

It is known that supercritical CO2 (sCO2) will alter wellbore cement (as reviewed by Zhang and
Bachu, 2011), and the integrity of the wellbore seal is of concern because wellbores are the
primary potential engineered pathway for unwanted vertical migration of CO2. Wellbore cement
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is a critical component for the creation and preservation of zonal isolation, and alteration of
wellbore cement can present potential risks for seal integrity. For instance, leakage could occur
between the cement and the steel casing or the formation rock (Duguid and Scherer, 2009;
Rimmelé et al., 2008). In cases where CO2 dissolves into the brine, carbonic acid (H2CO3) is
generated and subsequently interacts with the cement. Previous studies have found that wellbore
cement exposed to pure supercritical CO2 and CO2-saturated brine at simulated downhole
conditions result in cement alteration and calcium carbonate precipitation (e.g. Duiguid et al.,
2005; Barlet-Gouédard et al., 2009; Kutchko et al., 2007, 2008, 2009). The extent of the
alteration over decadal time scales has been modeled in previous work. Kutchko et al. (2008)
conducted a study in which Class H cement was exposed to CO2-saturated brine for up to 1 year.
Monte Carlo and Elovich diffusion modeling showed that alteration depth extrapolates to ~1 mm
after 20 years of exposure to CO2. Prior work has also tied CO2 used for enhanced oil recovery
(EOR) to losses in wellbore integrity in the field. Bachu and Watson (2009) studied 79 wells in
Alberta, Canada where CO2 was used for EOR operations and acid gas (H2S and CO2 mixture).
In all cases according to the authors, converted wells failed at higher rates than wells specifically
used for injection.
1.2

CEMENT BACKGROUND

To understand the mechanisms of cement alteration under SCCO2 conditions, it is important to
characterize its initial chemistry. The major components of Portland cement are tricalcium
silicate (Ca3SiO5), dicalcium silicate (Ca2SiO3), tricalcium aluminate (Ca3Al2O6), and calcium
aluminoferrite (Ca4AlFeO5). Gypsum (CaSO4·2H2O) is added and integrated with the clinker to
prevent instantaneous flash set. Hydration products form when the components of Portland
cement are mixed with water. The primary hydration products of Portland cement form a
network of a semi-amorphous gel, calcium-silicate-hydrate (CaxSix*xH2O, abbreviated cement
nomenclature as C-S-H) and Portlandite, or calcium hydroxide (Ca(OH)2) (Reactions 1 and 2
below). The hydration reactions from Nelson (1990) in oxide notation are as follows:
2Ca3SiO5 + 6H → Ca3Si2·3H2O + 3Ca(OH)2

(1)

2Ca2SiO3 + 4H → Ca3Si2·3H2O + Ca(OH)2

(2)

Other hydration products include lesser amounts of ettringite (Ca6Al2(SO4)3(OH)12·26H2O) or
monosulfoaluminate hydrate (often referred to as monosulfate) are present as a result of
tricalcium aluminate hydration in most cement types. Minor amounts of amorphous iron (III)
oxy-hydroxides [FeOOH] or hydroxide [Fe(OH)3] are present from calcium aluminoferrite
hydration (Glasser et al., 2008; Taylor, 1997). Understanding these cement phases is essential to
interpreting CO2 related reactions.
In situ wellbore cement is exposed to time and depth dependent variations in pressure and
temperature. Pressure and temperature influence the hydration process and can ultimately
influence the hydration products as well (Hewlet, 1998), which can in turn influence cement
alteration, structure, and mechanical strength of the cured cement. Hydration temperature is a
particularly important factor in the stability and morphology of the mineral products. Increasing
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the temperature (T > 23°C) increases the initial rate of hydration, thereby affecting the
microstructure and ultimately reduces the overall long-term strength of the cement paste. As
temperatures increase to >40°C, C-S-H becomes more fibrous and crystalline, and the hydrate
ultimately becomes unstable above 110°C (Le Saout et al., 2004; Nelson, 1990). At temperatures
above 160°C or pressures above 34.47 MPa, the C-S-H structure polymerizes into a crystalline
structure with increased silicate chain such as tobermorite or jaffeite (Bresson et al., 2002;
Bresson and Zanni, 1998). Although pressure alone does not greatly affect cement hydration, it is
an important contributor in combination with increasing temperatures during the curing process.
1.3

CARBONATION OF CEMENT

As described above, C-S-H and Ca(OH)2 are the primary hydration products in Portland cement.
Calcium hydroxide is stable at pH of 12–13, whereas C-S-H is stable at a pH of ~10–11
(Lecolier et al., 2006). As CO2 comes into contact with the formation fluid it will yield carbonic
acid at a pH of ~2–4. This carbonic acid will react with the cement as outlined by Kutchko et al.
(2007) and demonstrated in Figure 2.

Figure 2: Schematic displaying calcium migration and dissolution in the formation of
alteration fronts (from Kutchko et al., 2007).

The impact of continuous exposure to carbonic fluid on the cement strength is not well
understood. However, the precipitation of CaCO3 initially increases the cement's compressive
strength and reduces its permeability. Nevertheless, microfractures may form in the carbonated
zone due to volume expansion (Johannesson and Utgenannt, 2001). It is not certain if expansion
will occur under the confined stress conditions found within the wellbore as it does in
atmospheric conditions. The continuous contact of the cement with carbonic acid will eventually
cause CaCO3 to dissolve and lead to cement degradation. As the CaCO3 becomes increasingly
unstable, carbonated fluid begins to diffuse inward and Ca2+ ions diffuse outward into solution.
As the dissolution of the C-S-H takes effect, an amorphous silica gel is formed and the cement
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volume decreases, which in turn increases cement permeability (Shen, 1989). The diffusion
either stabilizes in a static system, or the cement continues to degrade with continued injection of
CO2 (Zhang and Bachu, 2011). Recent work by Hangx and van der Linden (2016) has shown
depth dependent heterogeneities in cement alteration and mechanical structure. Here, cement was
exposed to CO2 rich fluids for one to six months at 65oC and 8 MPa; brittleness and compressive
strength tests were performed, and several distinct zones within the cement were identified based
on the extent of the cement reactions. The changes in cement mechanics were found to be only
loosely related to exposure time (Hangx and van der Linden, 2016).
1.4

PRECIPITATION OF EXPANSIVE MINERALS IN CEMENT

As described previously, cement expansion can lead to microfracturing and the potential for the
creation of pathways for fluid flow through the cement matrix (Walsh et al., 2014). Precipitation
of expansive minerals within the matrix of the hardened cement—often referred to as secondary
mineral precipitation—is a concern with cement exposed to co-storage gases dissolved in
formation fluids. The formation of carbonate minerals and ettringite has been observed in
previous co-storage studies (Jacquemet et al., 2008; Moroni et al., 2008; Kutchko et al., 2011;
Verba et al., 2012a; Verba et al., 2012b; Um and Rod, 2016). Ettringite can form when calcium
and sulfate ions react with the aluminate and hydroxyl ions from the unhydrated Ca3Al2O6
(Taylor et al., 2001). In addition to the minor amounts of ettringite that naturally occur in
cement, external sources of sulfate ions can ingress into the cement matrix, and react with the
calcium compounds to form secondary ettringite. This “secondary ettringite formation” is known
to be responsible for cement and concrete degradation under atmospheric conditions (i.e. bridges
and foundations in the construction industry) (Glasser, 2001). Precipitation of expansive
minerals, such as ettringite, in the hardened cement may increase confined crystallization
pressure in the cement pores and cause spalling or fracturing (Flatt and Scherer, 2008). Studies
from Johansen et al. (1993) and Taylor (2001) suggest that as expansion occurs, opportunistic
ettringite and Ca(OH)2 will precipitate in the resulting fractures. The extent to which secondary
ettringite is responsible for cement degradation under wellbore conditions is unknown.
Both temperature and the pH of the cement pore solution play an important role in ettringite
formation. Stark and Bollard (1999) compared data published on the stability of ettringite and
concluded that the mineral is found where the local pH ranges from 9 to 13.4. For example,
Verba et al. (2012a) initially identified ettringite in cement after exposure to CO2-O2 conditions
at environmental temperatures of 50°C and 85°C. These initial studies by Verba et al. (2012a)
demonstrate that cement exposed to only CO2 did not result in any ettringite, whereas the
addition of oxygen allowed for ettringite precipitation. Within the pore solution, dissolved CO2
also lowers pH, which leaches sulfate from bound C-S-H. Thermal decomposition of ettringite or
late sulfate released from C-S-H is an example of an internal sulfate attack. This sulfate ion
release can result in damage in a sulfate-free environment (Diamond, 1996; Collepardi, 1999;
2003).
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2.
2.1

MATERIALS AND METHODS
CEMENT AND CO2 CONDITIONS

The present study used cement samples composed of Class H Portland cement manufactured by
Lafarge. The cement samples were mixed in a 1 M brine consisting of 0.16 mol/L CaCl2, 0.02
mol/l MgCl2, and 0.82 mol/l NaCl, to represent water that would be utilized directly at the drill
site. A Bogue calculation was used to calculate approximate proportions of the primary minerals
in a cement clinker. This calculation takes the total oxide content that was used to extrapolate the
composition of the initial powder analysis of the cement (in weight percent). The majority of the
cement is Ca3SiO5. The composition was 64.5% tricalcium silicate (Ca3SiO5), 11.77% dicalcium
silicate (Ca2SiO3), 13.24% calcium aluminoferrite (4CaO∙Al2O3∙Fe2O3), 0% tricalcium aluminate
(Ca3Al2O6), 2.94% MgO, 2.8% SO42−, 0.16% total alkali content (Na2O), and 0.62% free lime.
The total volatile material lost (water bound) calculated based on oxide analysis resulted in a loss
on ignition (LOI) of 0.73. The samples had a water-cement (w/c) ratio of 0.38 based on practices
recommended by the American Petroleum Institute (API) (API, 1997).
Cement slurry was mixed according to API Recommended Practice 10b and poured into 25 mm
x 152 mm PVC-pipe forms and placed vertically into 1.2 L stainless steel (316 CrNiMo) static
autoclave vessels filled with 600 mL of brine and cured for 28 days at a hydraulic pressure of
28.9 MPa and temperatures of 50°C or 85°C. Immediately after curing, CO2 was used to displace
air and purge the autoclaves; the autoclaves were then returned to test temperature and pressure
conditions and injected with gaseous CO2 (or mixed gas). After the desired exposure period,
samples designated for strength tests were removed, cut into 25-cm slices using ethanol as
cutting fluid, and stored in vacuum-sealed Mylar® bags.
2.2

SULFURIC ACID CONDITIONS

To imitate exposure to sulfur-dioxide (SO2) dissolved in brine, a gas composition of 94.5% CO2,
4% O2, and 1.5% SO2 was first examined using the geochemical model CHIM-XPT (see
Appendix A; Reed and Palandri, 2013; Palandri, 2005). The addition of SO2 [to the CO2-O2
stream] disproportionates to sulfuric acid; the amount of H2SO4 was determined, along with the
formation of carbonic acid and excess of supercritical CO2 and O2 generated from this process.
Due to the corrosive nature of SO2 gas within the laboratory, 7% H2SO4 was used based on the
total modeled acid in a 1 M brine solution as described above as a proxy to represent hydrated
cement samples in mixed gas conditions. Cement strength was measured once the cement had
been exposed to CO2-O2 conditions for 28 days and then (42 mL) sulfuric acid solution was
injected into the system for an additional 7 days at room temperature and pressure.
2.3

SAMPLE ANALYSIS

The samples were examined using an FEI Inspect F Scanning Electron Microscope (SEM) to
obtain backscattered electron images (BSE) and energy dispersive spectroscopy (EDS) data. The
cementitious and alteration phases were identified using X-ray diffraction (XRD) collected by a
Rigaku Ultima III with a 40KV/40mA Cu k-α source and a step speed of 1°/min over a scan
angle 2θ of 5°-90° (Table 1). To control phases sensitive to desiccation, samples were removed
from respective solution and a wet grid preparation and immediate analysis was conducted. The
qualitative analysis of XRD data was performed using Jade v9.1.4 Plus software and the
International Center for Diffraction Data (ICDD) pattern databases (ICDD, 2008). Parallel Beam
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Optics, which provides excellent peak position accuracy, was used along with the Fixed
Diffracted Beam Monochromator between the sample and detector to reduce false peaks in Fe
fluorescence data errors.
2.4

STRENGTH APPLICATIONS

Tensile and compressive tests were conducted to determine whether carbonation and secondary
ettringite formation are detrimental or beneficial to wellbore cement integrity. Quantifying the
change in compressive strength could provide analytical data for any strength loss due to
secondary mineral precipitation or acid attack.
American Standard for Testing and Materials (ASTM) Standard C496 is a standard test method
for measuring tensile strength of concrete specimens (molded cylinders). Because no cement
standards are available for measuring tensile strength as a point load, a point load test was
utilized that hydraulically compresses the cement sample between two steel spheres until failure
occurs to simulate the tensile strength. A pressure gauge (gauge load) measures the applied load
and calculates the apparent tensile strength using the thickness and diameter of the cylindrical
samples. The equivalent uniaxial tensile strength was determined by applying Nigel's correction
(Logan, 1993).
Compressive strength was determined by applying an axially directed force to the point of
deformation, and failure occurred at the limit of compressive strength when the cement was
crushed. Cement strength was calculated by dividing the maximum load at failure by the load
dispersed over the cross-sectional area. Strength tests from the ASTM were used for quality
control and strength value comparison. To determine acceptable concrete and cement in-place
strength, several testing parameters must be considered. The standards for measuring
compressive strengths vary (cubic, prism, or cylindrical), which gives a variety of strength
values. For example, ASTM C 349: Compressive Strength of Hydraulic Cement Mortars (Using
Portions of Prisms Broken in Flexure) and ASTM C 873: the Standard Test Method for
Compressive Strength of Concrete Cylinders Cast in Place in Cylindrical Molds were
considered. Kim et al. (1998), using the latter method, found that 28-day-old cylindrical ordinary
Portland cement (OPC) cement at 40°C with a w/c=0.35 and cured for 7 days had a compressive
strength of 51.7 MPa. The compressive strengths determined in this study were comparable to
those obtained using the methodology of Kim et al. (1998), ASTM C 109, ASTM C 873-94 and
ASTM C 150, respectively.
To examine the potential changes to the cement under representative wellbore conditions, the
cement cylinders were encased in heat-treated polyolefin shrink jacket to simulate semi-confined
settings. The primary method to measure the physical change in the cylinders was to determine:
1) compressive strength of cement paste cylinders roughly 2.54 x 2.54 mm in size (1:1 size
ratio), and 2) tensile strength on 1.27 x 2.54 mm (1:2 size ratio) cement prior and post-exposure
to storage conditions. Three sample types were examined: 1) a marble sample for relative loads,
as representative of natural cemented limestone that has undergone higher pressure and
temperature conditions; 2) hydrated cement; and 3) hydrated cement exposed to different gas
types to replicate (co)-storage conditions. The uniaxial compressive strength can be measured by
calculating the load and stress at cement cylinder failure within the hydraulic press.
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3. RESULTS AND DISCUSSION
The precipitation of expansive minerals may cause the cement to expand slightly during
exposure (Glasser, 2001; Hewlett, 1998). In the present study, initial strength measurements are
compared to determine the impact of secondary mineral precipitation. The newly precipitated
minerals impact the structural integrity of the cement as determined by the compressive and
tensile tests.
3.1

ETTRINGITE FROM CO2-O2 REACTIONS

In the CO2-O2 exposed cement paste samples, XRD showed an increase of total cement alteration
of ettringite after exposure to supercritical storage gases as compared to unexposed cement
(Verba et al., 2012a) in Table 1. Typically, ettringite does not precipitate because Class H
Portland cement has little or no calcium-aluminate content and Al3+ is fairly immobile in
Ca4AlFeO5. In addition, the only source of sulfur is from the original gypsum mixed in that was
tied into the C-S-H structure during hydration.
Table 1: XRD analyses of CO2 and CO2-O2 exposure comparing the semi-quantified
concentrations of minerals present due to gas and temperature differences in weight percent
(modified from Verba et al., 2012a)
Pure CO2 (50oC)
Minerals

96% CO2-4% O2 (85oC)

96% CO2-4% O2 (50oC)

84 days

28 days

53 days

28 days

56 days

Portlandite Ca(OH)2

24.2±4.2

10.5±1.8

11.2±2.1

19.5±1.2

12±2.1

Brownmillerite Ca2FeAlO5

8.8±1.5

8.3±1.2

8.3±1.8

12.4±1.8

5.3±0.9

Hatrurite Calcium Silicate Ca3SiO5

17±2.1

6.3±1.2

13.8±3.9

12.1±2.1

10±2.4

16.6±4.8

13.4±3.9

13.5±3.9

9.5+0.3

2.7±1.5

Ettringite Ca6(Al(OH)6)2(SO4)3(H2O)25.7

0

3.9±0.9

7.5±2.1

9.6±2.1

12±2.4

Hydrotalcite Mg6Al2(CO3)(OH)16*4H2O

trace

2.3±0.9

2.3±1.2

4.2±1.2

3.5±0.9

Total CaCO3 (Calcite, Vaterite,
Aragonite)

22.5±3.9

54.6±3.3

54.2±1.9

26.7±1.2

23.2±2

Amorphous

1.9±0.9

0.6±0.3

2.2±4.2

6±0.3

30.7±4.2

Larnite Ca2(SiO4)

Error = reported error x3, Materials Data Inc., Jade

Reexamination of the Class H Portland cement samples from Verba et al. (2012a) prior to
strength tests in SEM showed that ettringite was not present in the carbonated exterior in contact
with the acidic fluid, but rather was present in the adjacent zone in the cement paste. SEM
analysis showed pores filled with ettringite needles with 0.5–3 µm-wide microfractures
propagating toward the least resistant pathway around the mineral grains (Figure 3). These
fractures are not interpreted as an artifact of sample preparation as this is a rough surface. Slow
depressurization cannot be eliminated as a possible source of fractures. The presence of these
fractures may compromise the cement integrity as they provide a pathway for acidic fluid to
travel.
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Figure 3: SEM backscatter electron (BSE) image. Close up of cement paste pore space filled
with secondary ettringite needles with fractures after exposure to high PCO2-O2 and
temperature. Scale bar is 20 µm.

3.2

ALTERATION FROM SULFURIC ACID

To study cement strength in contact with conventional sour gas stream (SO2) or acid-waste
stream in storage settings, cement was exposed to high pressure and temperature CO2-O2 for 28
days, followed by the injection a 7% (42 mL) sulfuric acid solution for an additional 7 days at
atmospheric conditions. Figure 4 shows the cement paste after exposure to sulfuric acid with the
precipitation of different sulfate minerals (gypsum, bassanite, and anhydrite) with electron
microscopy and confirmed by wet preparation XRD analysis.

Figure 4: Alteration of hydrated Portland cement exposed to CO2-O2 under storage conditions for 28
days and then atmospheric conditions with 7% sulfuric acid for 7 days. A) Degradation of cement paste
core cured with minor gypsum precipitation at 85°C. B) Crystalline precipitation of gypsum on
Portland cement cured at 50°C.
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Higher temperature was observed to increase the extent of alteration. The cement cured at 85°C
and exposed to sulfuric acid resulted in spalled material, whereas cement cured at 50°C did not
result in loss of cement. The cement cured at the higher temperature (85°C) lost 2 mm (4-mm
diameter) on the sides of the cylinders and formed non-cohesive gypsum in the bottom of the
glass beaker. Cement spalling is likely due to a higher hydration temperature, which resulted in a
more crystalline C-S-H, such as tobermorite as determined with XRD analysis. Once combined
with acidic fluids, and Ca(OH)2 was replaced by calcite as seen in Figure 5, the adjacent zone
began to lose calcium from the C-S-H structure.

Figure 5: SEM BSE image of cement paste prior to exposure to sulfuric acid. Red arrows
indicated the adjacent Zone 3 to the carbonated (Zone 2) where calcium has been leached.
Zone 1 is the exterior of the sample in contact with acidic fluids.

Conversely, the cement sample exposed to the lower curing temperature (50°C) precipitated pure
crystalline gypsum with a growth of ~4 mm in diameter and 5.5 mm in length (Figure 4B). It can
be speculated that environmental factors such as temperature play an essential role in cement
stability in co-storage setting. Lower temperatures allow the precipitation of expansive sulfate
minerals. High hydration temperature and mixed gases may degrade the cement structure to the
point it is completely unstable for storage purposes, as simulated with 7% H2SO4 cured at 85°C.
3.3

TENSILE POINT LOAD TESTS

Point load tests (Table 2) were performed on the following Portland cement samples cured for 28
days: 1) [10] in M(Ca-Mg-Na-Cl) brine Portland, but not exposed to any gases; 2) [6] exposed to
CO2; 3) [5] exposed to CO2-O2; and 4) [4] exposed to CO2-O2 and immersion in sulfuric acid. A
marble sample, which is representative of natural cemented limestone that has undergone higher
pressure and temperature conditions, was tested to compare its tensile strength to that of the
hydrated cement; the tensile strength of the marble sample was 5.67 MPa.
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Table 2: Point load test data to determine tensile strength of: 1) marble, cement paste cured
in 1 M NaCl, CaCl2, and MgCl2, brine (no exposure to gas); 2) CO2; 3) CO2-O2 exposed
cement; and then 4) submerged in H2SO4. Nigel’s Correction to equivalent Uniaxial Tensile
Strength was used to standardize the point test.
Sample
ID

Core
Diameter
(in)

Thickness
(in)

Load (lbs)
on Failure

K- Geometry
factor

Tensile
Strength
(psi)

Nigels
Correction

Marble

0.98

0.58

504

1.18

1039

823

Average Tensile
(psi)
(MPa)
653

5.67

752

5.18±
.55

840

5.79±
0.93

600

4.14±
.57

724

4.99±
0.45

Brine (surrogate) cured cement pre-exposure
1

1.03

0.47

310

1.53

977

774

2

1.04

0.48

271

1.51

823

652

3

1.04

0.43

271

1.69

1031

817

4

1.02

0.46

279

1.56

938

743

5

1.04

0.50

349

1.47

995

789

6

1.03

0.44

295

1.62

1042

825

7

0.98

0.47

319

1.47

1032

818

8

1.03

0.43

194

1.67

728

577

9

1.05

0.46

287

1.60

956

758

10

1.02

0.52

372

1.38

964

764

Brine (surrogate) cured cement CO2 exposure
1B

1.03

0.37

124

1.93

1008

799

1

2B

1.04

0.28

775

2.63

7122

5645

3B

1.06

0.31

136

2.40

999

792

4B

1.04

0.32

124

2.25

833

660

5B

1.02

0.50

450

1.42

1247

988

6B

1.03

0.48

399

1.50

1213

961

Brine cured, CO2-O2 gas exposed
1A

1.02

0.52

271

1.38

707

561

2A

1.02

0.54

252

1.32

600

475

3A

1.01

0.42

202

1.68

798

632

4A

1.02

0.47

271

1.51

851

674

5A

1.01

0.44

229

1.62

829

657

Brine cured cement, CO2-O2 H2SO4 exposure
1 (50oC)

1.06

0.50

343

1.49

971

770

2 (50oC)

1.16

0.67

550

1.21

855

677

3 (85oC)

1.21

0.70

504

1.21

711

563

4 (85 C)

1.01

0.50

191

1.41

527

418

o

Excluded from data (sample did not fail)

1

11

490

3.38±
0.71
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The average tensile strength of the cement after curing in brine was 5.18 MPa, and the CO2
exposed samples had an average tensile strength of 5.79 ±0.9 MPa (Table 2). The average tensile
strength for samples exposed to CO2-O2 cured at 50°C was 4.14 ±0.57 MPa. The sulfuric acid
leached samples averaged a tensile strength of 4.99 ±0.45 MPa at 50°C and 3.38 ±0.71 MPa at
85°C. The cement exposed to pure CO2 gas had a slightly higher tensile strength than the
unexposed (brine cured) samples by an average of 11.7%. The deviation in strength falls within
the range of cured cement strength indicating that carbonation may or may not affect cement
paste strength. The change in strength, if any, appears to be relatively small. Regardless, CO2-O2
samples exposed to mixed gas were weaker than both the unexposed and CO2-exposed cement,
as Figure 6 displays.

Figure 6: Average tensile strength for cured Portland cement samples exposed to CO2; cured
cement samples exposed to CO2-O2; CO2-O2 and sulfuric acid leach, and a marble sample used
for high pressure and natural temperature. Error bars represent standard deviation.

These test results indicate that CO2-O2 may decrease the tensile strength of cement with a 95%
confidence level. The cement paste strength decreased by 1 MPa (20% loss) at 50°C, which
could be due to secondary ettringite precipitation and cement carbonation. As stated earlier, SEM
analysis confirms that the presence of ettringite in all samples with CO2-O2 could play a role in
decreased strength. Furthermore, SEM elemental mapping depicts the distribution of sulfur from
gypsum bonded to the C-S-H prior to exposure to any gases. The sulfur appears to have acted as
a nucleation site for the ettringite to precipitate after exposure to the oxygen gas.
Alternatively, cement paste exposed to CO2-O2 in the higher 85°C and then submerged in
sulfuric acid displayed a ~2 MPa (34.7%) strength loss, on average for the two cases studied.
This strength loss is likely due to both the influence of hydration temperature, as well as
secondary mineral precipitation as seen in SEM analysis (Figure 3–5). However, the number of
measurements taken (2) means that the difference in strengths between hydrated cement paste
and cement paste exposed to H2SO4 cannot be distinguished with any statistical significance. At
50°C, the cement paste after H2SO4 immersion had a 3.7% loss compared to the hydrated cement
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paste, which is well within the standard deviation of the unaltered hydrated cement paste. The
addition of sulfur to the system after the exposure to CO2-O2 gas appears to have “maintained”
the strength at lower temperatures. While the sample may have contained ettringite, the infilling
of gypsum in pore space or fractures appears to have modified the tensile strength of the cement
cylinder. The mechanical properties of gypsum may have contributed to the total strength of the
cement at 50°C. Ambient tensile strength of gypsum has been reported in a range of 1.0–4.1 MPa
(Clancy, 1999; Padevět et al., 2011). However, it is unclear if longer exposure, beyond 7 days, to
sulfuric acid would impact the final strength at the lower temperature.
3.4

COMPRESSION TESTS

Compressive strength values for 28-day cured cement paste, CO2-O2-exposed, and CO2-O2-gas
and sulfuric acid leach are presented Table 3 and Figure 7. Samples exposed to pure CO2 were
not analyzed for compressive strength because there were not enough samples to determine
statistical significance. This study shows a clear reduction in the cement paste’s compressive
strength when subjected to high PCO2 co-stored gases as compared to that of unaltered hydrated
cement.
Table 3: Compressive tests on hydrated Portland cement cured in a 1 M NaCl, CaCl2, and
MgCl2, brine, then cement samples exposed to CO2-O2 at 50°C and 85°C, and then samples
submerged in sulfuric acid at 50°C and 85°C.
Sample

Compressive Strength1 (psi)

Compressive Strength (MPa)

Hydrated cement 1

4,720

32.54

Hydrated cement 2

4,872

33.59

Hydrated cement 3

4,817

33.21

Hydrated cement 4

5,420

37.37

CO2-O2 1 (50oC)

4,033

27.81

CO2-O2 2 (50oC)

4,226

29.14

CO2-O2 3 (85oC)

3,206

22.11

CO2-O2 4 (85oC)

3,676

25.34

H2SO4 (50oC)

3,704

25.54

H2SO4 (85oC)

2,946

20.31

1factored

to cross sectional area
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Figure 7: Compressive strength of cement samples comparing cured cement at 50°C, co-stored
simulated, CO2-O2 mixed gas for 56 days at both 50°C and 85°C, and sulfuric acid submerged
cement cured at both 50°C and 85°C.

All hydrated cement samples cured in 1 M mixed brine for 28 days had an average compressive
strength of 34.18 ±2.17 MPa. In addition, petrography analysis showed that much of the paste
remained unhydrated. In this study, all values for the hydrated cement paste were lower than
those found by Kim et al. (1998) of 51.7 MPa at 40°C w/c=0.35 for 7 days and aged 28 days.
However, the measurements do indicate moderate strength after curing as they exceed the
minimum 20.7 MPa strength as defined by the Portland Cement Association (Kosmatka et al.,
2002).
Initial compressive strength results indicate all cement samples after exposure to mixed gases
deviate from the values of the cured cement paste. Cement paste samples exposed to only CO2O2 mixed gas for 56 days at 50°C had an average compressive strength of 28.5±0.94 MPa at
50°C and 23.73±2.29 MPa at 85°C. After submersion in sulfuric acid, the cement showed
reduced strength of 25.5 MPa at 50°C and 20.3 MPa at 85°C.
One significant observation was the influence of temperature on compressive strength. All
cement samples cured at 85°C showed a clear reduction in compressive strength when immersed
in acidic fluids. As stated earlier, it is evident by the results in this study that the physical
development and chemical characteristics of the cement paste are dependent on the pressure and
temperature conditions at which the cement is cured. Specifically, the high curing temperature
increases the initial rate of hydration of the cement, and the C-S-H gel becomes more crystalline,
compressive strength develops earlier, and ultimately lowers compressive strength (Nelson,
1990). These studies confirm that curing wellbore cement under high temperature (85°C) in-situ
conditions results in a more crystalline C-S-H structure, leading to reduction of cement paste
strength; the addition of the gases further exacerbated and weakened the cement cured.
It is also important to note that the present study examined only two samples under the influence
of sulfuric acid, and therefore more experimental analysis is required to obtain results that are
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statistically significant. These results showed that the cement paste sample with gypsum crystals
cured at 50°C had a slightly higher compressive strength than that of the sample cured at 85°C.
Cement samples exposed to CO2-O2 conditions and then submerged in sulfuric acid had a 10 to
15 MPa decrease in strength in comparison to the cured hydrated cement. It is inferred that the
impact of the secondary minerals played a key role in the strength integrity. Furthermore,
temperature appears to accelerate the loss of cement strength based on these initial tests.
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4. CONCLUSIONS
This study sought to improve the understanding of the impact of co-storage on wellbore cement
integrity, and to determine if secondary mineral precipitation influences the strength of cement
paste. Pressure and temperature are shown to influence the hydration of cement, which is vital
for cement strength and durability.
In this study, (co)-storage of CO2, CO2-O2, and exposure to sulfuric acid precipitated secondary
minerals, specifically calcium carbonate, ettringite or gypsum, which appears to generally impact
the cement paste. While the tensile strength of cement increased slightly after exposure to CO2, it
is statistically insignificant indicating carbonation may have little impact on the cement. The
addition of O2 to the gas injection appears to have weakened the cement. This likely resulted
from secondary development of ettringite and cement expansion. In addition, geochemical
modeling predicts that the dissolution of SO2 gas in formation water results in sulfuric acid,
which reacts with the cement to form gypsum, and appears to weaken cement’s compressive
strength. Furthermore, the combination of higher temperature (85°C) during hydration and gas
exposure appears to be damaging, evident by the material spalled during the test. However, it is
important to note that sample strength measurements were conducted after the samples were
removed from the reaction conditions to ambient temperature and pressure rather than under in
situ confined conditions. To better gauge whether well cement exposed to CO2 and co-storage
gases can maintain its structural integrity and viability as a seal to unwanted fluid migration,
further studies should be conducted to address their performance under confined conditions.
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APPENDIX: CHIM-XPT GEOCHEMICAL MODELING
Summary: Surrogate Brine Solution + gas phases 95.5% CO2 + 4% O2 + 1.5% SO2
To simulate CO2-O2-SO2 gas immersion experiments, a set amount of initial gas mixture (95.5%
CO2, 1.5 SO2 and 4% O2) was added to a specific volume of surrogate brine and Class H
Portland cement, in this experiment at simulated downhole expected conditions were 50°C and
28.6 MPa. The initial surrogate brine composition consisted of 0.16 mole/L CaCl2, 0.02 mole/l
MgCl2, and 0.82 mole/L NaCl.
The geochemical model CHIM-XPT had the capability to reach a gas saturation ~23 MPa before
the program failed to converge. The expected content should be similar as it will not significantly
change to the expected pressure of 28.6 MPa.
The final molality of SO32- is 0.64665E-02; CaSO4 (aq) is 0.30199E-02; HSO4- is 0.11819E-04. The
total sulfate molality is 0.0095 M. A one normal (1 N) sulfuric acid solution is ~1 m in sulfate
and ~2 m in hydrogen ion (as normality is “per liter of solution,” not per kg of solvent water).
One could calculate that in a 600 mL liquid volume (given experimental volume) would result in
a 0.0095 m sulfate solution [0.6 L x .0095 moles of sulfate = 0.0057 moles of sulfate]. Given that
for a 1 N acid concentration of sulfuric acid, 1 mL contains 0.001 mole of sulfate [0.0057/.001 =
5.7 mL] there is an expected amount of 5.7 mL of 1 N sulfuric acid to make the desired sulfate
concentration in 600 mL of solution.
Based on the geochemical modeling, there is a final excess of 31% O2; this excess oxygen
indicates that all H2S from SO2 disporportionation is oxidized to sulfate, thus no H2S needs to be
added to the sulfuric acid or gas mixture. The calculation shows that the gaseous SO2 has a total
mole fraction of 10-46, which implies there would be no SO2 remaining in the experimental head
space. Any additional injection of SO2 gas in the headspace would resupply sulfur ions to react
with the solution and the cement at these conditions. The expected pH of the solution at
experimental condition is 4.34, which would initiate a range of reactions as the system
equilibrates. Figure A1 displays the change in pH and the precipitation of brucite (Mg(OH)2) that
is first replaced by calcite (CaCO3), and then replaced by gypsum (CaSO4*2H2O). Furthermore,
the geochemical model indicates additional reactions with sulfuric acid would likely precipitate
additional gypsum and stable forms of anhydrite, stable form of calcite, and/or dolomite. Based
on the geochemical modeling, the final gas composition consists of 67% CO2-31%O2 (minus 2%
H2O vapor), which can be added to the pressure vessel with 5.7 mL of sulfuric acid to simulate
the desired conditions of co-stored gases.
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Figure A1: At simulated downhole expected conditions of 50°C and 28.6 MPa with the
surrogate brine reacted with a gas mixture of 95.5% CO2, 1.5 SO2 and 4% O2. As the reactant
is consumed, the pH decreases, Brucite precipitates and is initially stable, dissolving at pH=
8.79 whereby calcite precipitates until dissolution at pH 5.10, and finally gypsum precipitates
at a pH of 4.34 and is stable to a pH of 1.82.

Geochemical Model: CHIM-XPT Output File
The geochemical model CHIM-XPT uses text input files that are based on partial equilibrations
using Formula Translating System (Fortran) to program computational fluid mineral equilibria.
CHIM-XPT was utilized as it can distinguish saturation indices of carbonate minerals and
cementitious minerals (Reed and Palandri, 2013). The geochemical system attempts to come into
equilibrium in steps that can reach a loop limit and fail to converge, or reach equilibrium within
the given data parameters. The loop is the maximum allowed number of Newton-Raphson
iterations in the convergence calculation. If the system fails to converge, all aqueous species,
gases, and minerals at the set temperature, pressure, or total liquid water have not summed to
reach equilibrium. In this run of mixed gases, brine, and cement, the gas composition reached
saturation at 25 iterations (25 loops), reaching a maximum of 23 MPa gas saturation. Due to the
high chloride content, the geochemical reaction had to include a charge balance for all species of
1.1x101. The details for the input data for CHIM-XPT are listed below in Tables A1–A4. The
titration for added reactants (cement) is 0.01 g, which resulted in 40.6399 g reactant consumed
within 1035.4 g of solution. This gave a water/rock ratio of 25.48 (log=-1.4062). There were no
solid products that replaced original rock value.
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Table A1: Input data of the initial composition of reactance gas in weight percent of 95.5%
CO2, 1.5 SO2 and 4% O2 reacting with cement in surrogate brine at 50°C and 28.6 MPa to
accommodate ionic strength and ionic charge balance with chloride.
Initial Composition of Reactant Gas (wt%):
CO2 gas 95.50 SO2 gas 1.500
O2 gas 4.000 0.000
[The CHIM results at 230.7 are not valid for gas properties; use 230.0389.]
Temperature = 50.00 C
Pressure = 28.6 MPa
Water: Moles liquid = 0.5453E+02 kg liquid = 0.9824E+00
Moles total = 0.5369E+02 kg total = 0.9673E+00 Activity = 0.9661
Stoichiometric ionic strength =0 .1632332E+01
True ionic strength =0 .1049589E+01
Chg. balance for total moles = -0.8601E-05 Max. difference allowed = 0.9183E-04
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Table A2: Output file displaying the chemical species, their respective molality, activity, and
activity coefficient of cement reacting with surrogate brine in a gas saturation of 95.5% CO2,
1.5% SO2 and 4% O2 at 50°C and 28.6 MPa.
Species (n)

Molality

Log Molality

Activity

Log Activity

Gamma

Log Gamma

1

H+

6.27E-05

-4.2026

2

H2O

4.48E-05

4.3484

7.15E-01

-0.1459

9.66E-01

-0.0150

9.66E-01

-0.0150

3

Cl-

8.75E-01

-0.0580

5.80E-01

-0.2367

6.63E-01

-0.1786

4

SO4--

6.47E-03

-2.1893

1.05E-03

-2.9793

1.62E-01

-0.7900

5

HCO3-

2.04E-02

-1.6901

1.32E-02

-1.8785

6.48E-01

-0.1884

6

HS-

5.81E-132

-131.2357

3.84E-132

-131.4156

6.61E-01

-0.1799

7

Ca++

1.19E-01

-0.9234

1.91E-02

-1.7181

1.60E-01

-0.7948

8

Mg++

1.55E-02

-1.8100

2.60E-03

-2.5852

1.68E-01

-0.7752

9

Na+

6.20E-01

-0.2076

4.04E-01

-0.3938

6.51E-01

-0.1861

10

Sr++

2.01E-05

-4.6967

3.19E-06

-5.4968

1.58E-01

-0.8001

16

CO2,aq

8.52E-01

-0.0695

8.61E-01

-0.0651

1.01E+00

0.0044

17

CO3-2

1.70E-07

-6.7693

2.79E-08

-7.5540

1.64E-01

-0.7847

18

CaCO3,aq

1.83E-06

-5.7385

1.83E-06

-5.7385

1.00E+00

0.0000

19

Ca(HCO3)+

4.84E-03

-2.3155

3.08E-03

-2.5115

6.37E-01

-0.1960

20

CaCl+

1.13E-02

-1.9464

7.20E-03

-2.1425

6.37E-01

-0.1960

21

CaCl2,aq

1.19E-03

-2.9232

1.19E-03

-2.9232

1.00E+00

0.0000

22

CaOH+

9.92E-10

-9.0033

6.32E-10

-9.1994

6.37E-01

-0.1960

23

CaSO4,aq

3.02E-03

-2.5200

3.02E-03

-2.5200

1.00E+00

0.0000

24

HCl,aq

5.09E-06

-5.2931

5.09E-06

-5.2931

1.00E+00

0.0000

25

HClO,aq

8.51E-13

-12.0703

8.51E-13

-12.0703

1.00E+00

0.0000

26

ClO-

1.57E-15

-14.8044

1.04E-15

-14.983

6.63E-01

-0.1786

29

MgCO3,aq

8.84E-08

-7.0533

8.84E-08

-7.0533

1.00E+00

0.0000

30

Mg(HCO3)+

6.55E-04

-3.1836

4.17E-04

-3.3796

6.37E-01

-0.1960

31

MgCl+

1.86E-03

-2.7297

1.19E-03

-2.9257

6.37E-01

-0.1960

32

MgOH+

1.27E-09

-8.8976

8.06E-10

-9.0937

6.37E-01

-0.1960

33

NaCl,aq

4.43E-02

-1.3540

4.43E-02

-1.3540

1.00E+00

0.0000

34

NaOH,aq

3.46E-10

-9.4604

3.46E-10

-9.4604

1.00E+00

0.0000

35

O2,aq

4.58E-02

-1.3388

4.63E-02

-1.3343

1.01E+00

0.0044

36

OH-

2.07E-09

-8.6849

1.45E-09

-8.8373

7.04E-01

-0.1525

38

H2O2,aq

1.08E-16

-15.9653

1.08E-16

-15.9653

1.00E+00

0.0000

47

HSO4-

1.18E-05

-4.9274

7.56E-06

-5.1213

6.40E-01

-0.1939

61

SrCO3,aq

1.14E-10

-9.9422

1.14E-10

-9.9422

1.00E+00

0.0000

62

Sr(HCO3)+

2.20E-06

-5.6581

1.40E-06

-5.8542

6.37E-01

-0.1960

63

SrCl+

2.10E-06

-5.6782

1.34E-06

-5.8743

6.37E-01

-0.1960

64

SrOH+

6.46E-14

-13.1899

4.11E-14

-13.3859

6.37E-01

-0.1960
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Table A2 displays the molar concentrations of species after the reaction of the brine with the gas
mixture; the most critical species is the total SO4= 0.9498E-2 (molality) is equivalent to 0.0095
m. It can be extrapolated that all sulfate from the injection of SO2 will result in the precipitation
of crystallized gypsum; this gypsum may be stable in experimental conditions, specifically if the
brine provides enough calcium cations for reaction and furthermore by any reaction with the
presence of Class H cement. The SO2 gas conversion is to mineral form, which indicates there is
no risk of H2S forming as verified by the remaining gas mixture as seen in Tables A3 and A4.
Table A3: The gas composition after cement paste has reacted with surrogate brine 95.5%
CO2, 1.5% SO2 and 4% O2 at 50°C and 28.6 MPa. The gas composition given here (CO2-O2
(minus the vaporous H2O)) is the composition to mix with the liquid to simulate the desired
experimental conditions.
Gas

Mole
Fraction

phi

Fugacity

Partial
P(bar)

H2O,gas

2.10E-02

0.0297

1.43E-01

4.83E+00

CO2,gas

6.70E-01

0.4163

6.42E+01

1.54E+02

CH4,gas

3.26E-136

1.3588

1.02E-133

7.50E-134

H2,gas

1.12E-41

1.1504

2.96E-39

2.57E-39

H2S,gas

2.30E-130

0.3493

1.85E-128

5.30E-128

CO,gas

2.01E-43

1.0000

4.61E-41

4.61E-41

SO2,gas

1.80E-47

1.0000

4.13E-45

4.13E-45

S2,gas

7.86E-205

1.0000

1.80E-202

1.80E-202

SO3,gas

1.74E-35

1.0000

4.00E-33

4.00E-33

O2,gas

3.09E-01

1.0000

7.10E+01

7.10E+01
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Table A4: The following gases and minerals are presently excluded from the matrix. This
includes the saturation or likelihood of precipitation of mineral and presence of gases. If log
Q/K< 0, the reaction or precipitation has yet to reach saturation. If log Q/K = 0, the reaction
is at equilibrium. If log Q/K > 0 than the phase has reached saturation and exists as a free
phase. Gases and minerals with log(Q/K) less than -5 are not listed below. Log fugacity is only
relevant to gaseous species in pressures to determine the chemical equilibrium.
Gas or Mineral

Log K

Log Q

Log(Q/K)

Log(Q/K)/S

Affinity

Log Fugacity

H2O, gas

3.29

-0.01

-3.3

-3.3

4.88E+03

-0.844

CO2, gas

-5.56

-6.21

-0.65

-0.216

9.60E+02

1.807

CH4, gas

5.12

-130.33

-135.45

-33.862

2.00E+05

-132.992

H2, gas

9.95

-31.04

-40.99

-23.42

6.06E+04

-38.529

H2S, gas

-5.57

-135.76

-130.19

-65.095

1.93E+05

-127.733

CO, gas

5.56

-37.23

-42.79

-13.167

6.33E+04

-40.336

SO2, gas

4.16

-42.68

-46.84

-12.491

6.93E+04

-44.384

S2, gas

-5.25

-209.45

-204.2

-31.415

3.02E+05

-201.743

SO3, gas

23.19

-11.66

-34.85

-8.714

5.15E+04

-32.398

O2, gas

62.65

62.04

-0.6

-0.403

8.94E+02

1.852

Anhydrite

-4.4

-4.7

-0.3

-0.15

4.45E+02

-

Aragonite

1.71

0.75

-0.95

-0.318

1.41E+03

-

Calcite

1.58

0.75

-0.83

-0.276

1.22E+03

-

Celestite

-5.61

-8.48

-2.87

-1.435

4.25E+03

-

Dolomite, ord

2.56

0.64

-1.93

-0.321

2.85E+03

-

Dolomite, dis

3.28

0.64

-2.64

-0.44

3.90E+03

-

Gypsum

-4.47

-4.73

-0.26

-0.065

3.87E+02

-

Halite

1.66

-0.63

-2.29

-1.144

3.38E+03

-

Magnesite

1.78

-0.12

-1.9

-0.632

2.80E+03

-

Strontianite

-0.3

-3.03

-2.73

-0.91

4.04E+03

-
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