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EXECUTIVE SUMMARY 
Geologic carbon storage (GCS) is a potentially viable strategy to reduce greenhouse emissions. 
Understanding the risks to engineered and geologic structures associated with GCS is an 
important first step towards developing practices for safe and effective storage. The widespread 
utilization of foamed cement in wells may mean that carbon dioxide (CO2)/brine/foamed cement 
reactions may occur within these GCS sites. Characterizing the difference in alteration rates as 
well as the physical and mechanical impact of CO2/brine/foamed cement is an important 
preliminary step to ensuring offshore and onshore GCS is a prudent anthropogenic CO2 
mitigation choice.  
In a typical oil and gas well, cement is placed in the annulus between the steel casing and 
formation rock for both zonal isolation and casing support. The cement must have sufficient 
strength to secure the casing in the hole and withstand the stress of drilling, perforating, and 
fracturing (e.g. API, 1997, 2010 Worldwide Cementing Practices). As such, measuring the 
mechanical and properties of cement is an important step in predicting cement behavior under 
applied downhole stresses (Nelson, 2006). Zonal isolation is the prevention of fluids migrating to 
different zones outside of the casing and is strongly impacted by the permeability of the wellbore 
cement (Nelson, 2006). Zonal isolation depends on both the mechanical behavior and 
permeability (a physical property) of the cement (Mueller and Eid, 2006; Nelson, 2006). Long-
term integrity of cement depends on the mechanical properties of the cement sheath, such as 
Young’s Modulus (Griffith et al., 2004). The cement sheath’s ability to withstand the stresses 
from changes in pressure and temperature is predominantly determined by the mechanical 
properties, including Young’s modulus, Poisson’s ratio, and tensile strength. Any geochemical 
alteration may impact both the mechanical and physical properties of the cement, thus ultimately 
impacting the structural integrity of the wellbore. 
In this study, atmospheric foamed cements were generated using a neat cement and three foam 
qualities (volume of entrained gas in the cement) - 10%, 20%, and 30 % gas volume. The 
samples were immersed in a 0.25 M NaCl brine followed by the injection of supercritical CO2 at 
28.9 MPa and 50°C. Petrophysical properties were examined for representative samples using 
computed tomography (CT) and scanning electron microscopy (SEM). CT scanning of 
representative samples across the range of reacted cements revealed macroscopic changes in 
structure due to brine/CO2/cement interactions. The high foam quality samples resulted in more 
CO2-saturated brine infiltrating radially deeper into the cement and thus were more susceptible to 
alteration. After 56 days of exposure, the 30% foam quality sample had the most reaction 
resulting in an alteration depth of 8.35 ± 0.13 mm with a calculated 34.6 ± 0.2% reacted area and 
5.76 ± 0.2% reacted pore space area. The neat sample on the other hand, had a reaction depth of 
0.31 ± 0.13 mm with a calculated 0.15 ± 0.08% reacted area and 0.57 ± 0.05% reacted pore area. 
Physical measurements of the exposed samples were consistent with this degree of alteration 
having 47.02% porosity and the highest permeability of 0.041 mD. These results indicate that the 
greater surface area provided by the increase of pore space in the higher quality foam coupled 
with carbonate diffusion reactions enabled greater alteration. 
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1. INTRODUCTION 
Offshore formations in the Gulf of Mexico (GoM) are currently being evaluated for geologic 
carbon storage (GSC) in the United States. The goal of this work is to evaluate the impact of 
injecting carbon dioxide (CO2) into existing wells that were constructed using foamed cement 
and characterize the interaction between foamed cement/CO2/brine that may be encountered 
during large scale GCS operations in both offshore and onshore wells. This research is also 
applicable for onshore CO2 injection for enhanced hydraulic fracturing or to mitigate gas 
migration issues. Foamed cement is the preferred material to case zones that are weak and 
incapable of supporting the weight of regular cement as outlined in American Petroleum Institute 
(API) RP 65 (API, 2010). Offshore wells that pass through zones of sand, with fairly high 
permeability and porosity are potential targets for GCS injections and therefore it is important to 
understand how existing foamed cement and injected CO2 will interact.  
Carbon storage is a viable strategy for reducing CO2 emissions; however, numerous studies have 
shown that in simulated downhole conditions CO2 interactions with the wellbore system—
including cement, host rock and/or casings—result in alteration and potential degradation of the 
cement that can adversely affect wellbore integrity (e.g. Kutchko et al., 2008; Barlet-Gouédard, 
2012; Huerta et al., 2013). To mitigate shallow hazards in deepwater Gulf of Mexico, foamed 
cement systems are recommended by API for zonal isolation and preventing compaction damage 
in deepwater operations (API-65 2010). Isolation of preferential flow paths is accomplished by 
pumping cement down the borehole and up into the annulus following API 65 Standard (API 
Standard 65-Part 2, 2010). Properties of foamed cement and use in cementing of fragile-
formation wells is reviewed by Harms and Febus (1985). Kutchko et al. (2014) provided the first 
assessment of the properties and structure of foamed cement used in deep offshore wells.  
The primary function of cement in wells is to provide support for the casing string and zonal 
isolation for the life of the well (Iverson et al., 2008). Zonal isolation depends on the physical 
and mechanical attributes of the cement. It is necessary that the cement used is capable of 
supporting the casing as well as preventing the migrations of subsurface fluids into and out of the 
wellbore environment. In addition, the cement must be durable to withstand attack by corrosive 
gas, brine, or in the cases of GCS the injection of acid gas (i.e. CO2). Cement failure or poor 
bonding could be a source of gas migrating to the surface.  

1.1 CARBON DIOXIDE STORAGE IN GEOLOGIC FORMATIONS 
There is no single technology that will provide emissions reductions while meeting the energy 
demands of a growing population with increasing energy consumption (IPCC, 2007). However, 
carbon capture and storage (CCS) could potentially prevent the release of 25 Gt of carbon by the 
year 2050 if used in conjunction with power generation plants (Pacala and Socolow, 2004).  
CCS is the process by which CO2 is isolated from effluent waste streams at major point sources 
(power plants, oil processing facilities, and concrete production facilities) and injected 
underground to prevent its release to the atmosphere (White, 2003). Some of the potential targets 
for CCS are depleted oil and gas reservoirs, deep unmineable coal seams, and deep brine or 
saline aquifers (Thomas, 2005; White, 2003; Benson and Surles, 2006; Gibbins and Chalmers, 
2008). Each target has distinct characteristics that are expected to influence the overall storage 
efficacy. The applicability of using deep water reservoirs in the GoM has been recognized. 
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Volume estimates for offshore the lower 48 states has the potential to sequester ~3,600 Gt of 
CO2 with most of the storage potential in saline reservoirs in the GoM (Vidas et al., 2012). 
CO2 exists in the supercritical (SC-CO2) phase when pressure and temperature conditions exceed 
a thermodynamic critical point at depths greater than 800 m and where conditions exceeding 
31.2°C and 7.4 MPa exist. In the supercritical state, CO2 is in a mixed gas/liquid phase where the 
viscosity is that of the gas phase and density similar to the liquid phase. The state and fluid 
dynamics of SC-CO2 make it highly reactive (Sengers, 1994). Supercritical CO2 can dissolve 
into fluids (e.g., brines or formation water) and is generally more reactive than the gas phase 
(Sengers, 1994). The characteristics of SC-CO2 allow it to be injected into pressurized and fluid 
saturated formations and allows for maximum CO2 mass per unit volume of rock porosity (Span 
and Wagner, 1996; Holloway, 1997).  
Efficacy of CO2 storage is impacted by: physical – porosity, permeability, pressure, temperature, 
fracture networks (Anderson and Newell, 2004); chemical – mineralogy, formation water 
chemistry, and gas chemistry; and the logistical – CO2 source, pipelines, well infrastructure – 
constraints associated with GSC operations such as creation of leakage pathways and the 
accessibility of target formations (Gasda et al., 2013; Boukhelifa et al., 2004). The permeability 
and integrity of the cement in the annulus and in the well determine how effective the seal is for 
preventing leakage. However, maintaining wellbore integrity during CO2 injection and storage is 
the biggest risk contributing to leakage of CO2 from underground storage sites (Carey et al., 
2007). The most likely route for leakage of CO2 to the surface from subsurface storage is through 
the wellbore (Gasda et al., 2013). In a typical oil and gas well, cement is placed in the annulus 
between the steel casing and formation rock to prevent leakage or communication of fluids 
zones. Abandoned or decommissioned wells are additionally sealed with cement to block the 
vertical migration of fluids within the well itself. Leakage of injected CO2 can occur through 
cracks, joints in the casing, or carbonated brine can infiltrate through the annular space and 
migrate unintended into porous non-confining rock formations. For a cement to be effective it 
must be able to maintain low permeability and resistance to dissolution over long term (>1,000 
years) exposure to high CO2 conditions at elevated temperature and pressure (Kutchko et al., 
2008). 

1.2 DEGRADATION OF CEMENT SYSTEMS IN THE PRESENCE OF CO2 
When Portland cement is mixed with water its compounds form hydration products (Table 1). 
The main hydration products formed are calcium silicate hydrate gel (C-S-H) and calcium 
hydroxide (Ca(OH)2). C-S-H is a semi-amorphous, gel-like material that makes up nearly 70% of 
the cement and is the primary binding material. Ca(OH)2 is the crystalline component and 
comprises 15–20 wt% of the hydrated cement (Nelson and Guillot, 2006). The mechanical 
properties of the cement are determined by many factors, including its mineralogical content 
(Table 1), degree of hydration, and density (Huerta et al., 2013). Cement systems exposed to CO2 
injection must maintain long-term structural integrity. Portland cement is commonly used in 
subterranean cementing applications. 
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Table 1: Composition of typical Class H Portland cement 

Cement Compound Weight Percent (%) Chemical Formula 

Tricalcium silicate 50 Ca3SiO5 or 3CaO.SiO2 

Dicalcium silicate 25 Ca2SiO4 or 2CaO.SiO2 

Tricalcium aluminate 10 Ca3Al2O6 or 3CaO.Al2O3 

Tetracalcium aluminoferrite 10 Ca4Al2FeO10 or 4CaO.Al2O3
.Fe2O3 

Gypsum 5 CaSO4
.H2O 

 
Conventional Portland cement based systems are thermodynamically unstable in CO2-rich 
environments and tend to degrade more rapidly when exposed to acid/sour gas (Randhol et al., 
2007). Carbonic acid may be naturally present in a subterranean formation, or it may occur by 
the reaction of subterranean water and CO2, when the latter has been introduced into the wellbore 
environment during GCS. The amount of CO2 diffused into cement is related to the permeability 
and porosity of the cement. As CO2 laden fluids diffuse into the cement matrix, and dissociation 
products, specifically carbonic acid (H2CO3), are free to react with calcium hydroxide and 
calcium silicate hydrate in the cured cement. The soluble reaction products (e.g., Ca2+, (OH-)2, 
CO32-, or HCO3-) migrate out of the cement matrix leading to a decrease in compressive strength 
and an increase in permeability (Thaulow et al., 2001). In addition, chloride and hydrogen sulfide 
ions, present in subsurface fluids, can penetrate the cement sheath and adversely affect or react 
with the steel casing (Kutchko et al., 2011). Degradation of the cement and casing increases the 
risk for interzonal communication of fluids and loss in zonal isolation.  
Alteration of Portland cement and cement/steel casing by CO2 have been studied extensively 
(Carey et al., 2007; Kutchko et al., 2008; Newell and Carey, 2013; Nasvi et al., 2014). Cement- 
CO2 equilibrium is a complex set of reactions–as CO2 dissolves into solution and subsequently 
diffuses into the cement paste, the pH of the cement is reduced from 12.4 to 6.3-10.3 (e.g. 
Thaulow et al., 2001). The reduction in alkalinity results in less protection against acid attack to 
the cement matrix or steel casing. In cases where a low-density foamed cement is in use, such as 
a well, carbonation may be turned into an advantage for strengthening and reducing the 
permeability of the cement system. Cement additives (e.g., pozzolan) offer some reduction in 
carbonation by the pozzolan reacting with the calcium hydroxide that is formed by the hydration 
of the cement (Kutchko et al., 2009). This reaction forms calcium aluminosilicates that offer 
some resistance to degradation by CO2. Reinforcing materials, or sections of casing in proximity 
to cement where the pH is lower, are not as well protected from corrosion as materials in contact 
with cement that is at a higher pH. The penetration of CO2 into the cement results in a change of 
pH creating a carbonation front. The proposed mechanism of alteration of Portland cement by 
CO2 is shown in the following reactions: 
 

CO2 + H2O  H2CO3      (1) 
H2CO3 + C-S-H  silica gel + CaCO3   (2) 
H2CO3 + Ca(OH)2  CaCO3 + 2H2O   (3) 
H2CO3 + CaCO3  Ca(HCO3)2    (4) 
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Leakage due to chemical diffusion by SC-CO2 through neat cement is not a significant concern 
as shown in previous studies (Kutchko et al., 2008). These studies used cured cement samples 
partially immersed in NaCl-brine inside a vessel pressurized with CO2; the authors showed that 
curing conditions (e.g., high temperature and high pressure) resulted in a change in the 
microstructure. Cement cured at 50°C and 30.3 MPa, representing geologic storage conditions, 
was more resistant to carbonic acid attack than cement cured under atmospheric conditions (e.g., 
22°C and 0.1 MPa). In these laboratory studies Kutchko et al. (2008) performed SEM analysis of 
cement exposed to CO2 saturated brine under storage conditions. The study results revealed three 
distinct zones of alteration: 1) an outer porous zone; 2) an intermediate precipitation zone; and 3) 
an inner zone leached of calcium hydroxide. Alteration of the cement has been shown to occur 
through matrix diffusion or diffusion through preexisting gaps or fractures (Kutchko et al., 
2008). Carbonation within the inner precipitation zone serves as a gap filling process that 
precipitates calcite within the pores and matrix leading to decrease in permeability and strength 
(Kutchko et al., 2008). Other studies agree with the conclusion that well cement alteration can 
occur under storage conditions. Scherer et al. (2011) analyzed cores retrieved from the Teapot 
Dome, a 19-year old well. Their results indicate that significant modification of the well cement 
occurred and that the cement of existing wells considered for CO2 injection and storage should 
be scrutinized in order to address the implications of pre-injected alteration. Experimental data 
indicate that coupled flow and reaction pathways lead to conditions that favor precipitation-
induced fracture sealing which possibly leads to a reduced leak rate over time (Huerta et al., 
2016). Acid gas and co-storage experiments by Kutchko et al. (2011) show that H2S is 
detrimental to cement, however less so when CO2 is present. 

1.3 FOAMED CEMENT SYSTEMS  
Foamed cement is a “system” containing cement, foam stabilizer, gas, and water. Foamed 
cement is created when a gas, typically nitrogen, is stabilized as microscopic bubbles in the 
cement matrix (Harms and Febus, 1985; Nelson and Guillot, 2006). The entrained gas bubbles in 
the cement create a network of void spaces and give the cement more elasticity than 
conventional cement. The use of foamed cement in isolating problem geologic formations in the 
GoM is well documented in the literature (Kutchko et al., 2014; Benge and Poole, 2005; Harlan 
et al., 2001; White et al., 2000; Kopp et al., 2000; Frisch et al., 1999; Benge et al., 1996; Thayer 
et al., 1993; Harms and Febus, 1985). Major technological improvements in cement production, 
including development of more stable surfactants and foaming agents, and methods for cement 
delivery have led to the widespread use of foamed cement as the primary material for casing 
support and zonal isolation in deepwater wells (see Kutchko et al., 2014; Benge and Poole, 2005; 
Benge et al., 1996; Harlan et al., 2001; Rae and Lullo, 2004). Low-density foamed cement is 
more ductile than conventional cement and can tolerate expansion, shrinking, and displacement 
without losing its sealing capabilities (Spielman et al., 2006). In addition to its light-weight 
property, foamed cement has excellent resistance to temperature and fluid-induced stresses (e.g. 
Dusterhoft, 2003).  
Foamed cement cured under laboratory controlled carbonation conditions has shown accelerated 
carbonation via the hydration of tricalcium silicate (C3S) and dicalcium silicate (C2S) when 
reacted with CO2, potentially resulting in improved cement strength via the hydration of C3S and 
C2S (Chen et al., 2011). Sulaiman et al. (2011) investigated the permeability and carbonation of 
foamed concrete with varying foam qualities. In laboratory experiments the rate of carbonation 
was inversely proportional to the square root of the density of the cement system (Sulaiman et 
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al., 2011). It is unclear whether foamed cements would have a similar relationship between 
degradation and carbonation given the contrasting initial physical properties of cement versus 
concrete. Knowledge of carbonation rates of different foamed concrete qualities (gas volume) are 
limited. Jones and McCarthy (2005) showed that lower density concrete carbonates at a higher 
rate than traditional cement. Carbonation rates for foamed cement reported by Brady (2001) were 
reported to be 5.7 mm/year and at least 50% higher than reported by Bamforth (1998) for normal 
weight concrete having the same cement content. The carbonation resistance of relatively high 
strength, foamed concrete is much lower than that of normal weight concrete. Dhir and Jones 
(1999) discovered over an approximate 3-month period the depth of carbonation in a foamed 
cement/sand mix, having a density of 1,400 kg/m3, was in excess of 20 mm. The much higher 
resistance of the denser foamed concrete was attributed to its structure and higher cement 
content.  

1.4 BUBBLE SIZE DISTRIBUTIONS, MECHANICAL, AND PHYSICAL 
PROPERTIES OF FOAMED CEMENT 

Foamed cement is generated at the surface of a well pad or rig and is then pumped into a well 
through high pressure treating lines. The process of generating and placing foamed cement in an 
annulus may affect the final properties and performance of the cement (Kutchko et. al., 2015). 
API RP 10B-4 is the current industry standard for ensuring the stability of the foamed cement 
before it is pumped down the well. The properties and stability of the foamed cement are 
believed to be greatly affected by temperature, pressure, and strain rate.  
A stable, laboratory generated foamed cement should have a uniform distribution of spherical 
and discreet bubbles to ensure that gas will not break out of the slurry (Nelson, 2006; Griffith et 
al., 2004). An unstable foamed cement may contain non-spherical and/or interconnected voids, 
which can result in poorly contained sections, channeling in the well and density inconsistencies 
across the column (Nelson, 2006; de Rozieres and Ferriere, 1991). These foamed cements may 
have lower compressive strength and higher permeability than stable foamed cements (Nelson, 
2006).  
Analysis of laboratory generated foamed cement was preformed using CT imaging to visualize 
and conduct statistical analysis of bubble size distributions (BSD; Kutchko et al., 2013). CT 
images were used to calculate air volume (pores) values which were consistent with the indicated 
foam quality; Kutchko et al. (2013) and Gill et al. (2014) demonstrated the merit in using CT 
scanning and image analysis to assess the stability of foamed cement systems. Atmospherically-
generated foamed cement were found to linearly decrease in compressive strength as the volume 
of entrained air increased and become more elastic (lower Young’s modulus). Specifically, a 
40% foamed cement decrease in compressive strength and Young’s modulus by at least 60% as 
compared to the 10% foam quality sample (Kutchko et al., 2014). 
The permeability of atmospheric-generated foamed cement appears to correlate with porosity, 
the BSD, and connectivity of the bubbles and matrix pore spaces (Spaulding, 2015). Several 
processes can occur during cement curing, including bubble coalescence and segregation. 
Coalescence or coarsening of bubbles in the cement matrix can lead to a reduction in stability of 
the cement. Bubbles might also migrate to the surface of the cement sheath before the cement 
hardens. This is one of the mechanisms that is tested for in the API RP10-b (API, 1997) and 
denotes the cement as unstable and unusable in the wellbore. 
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2. METHODS 

2.1 CEMENT SLURRY-SAMPLE PREPARATION 
The cement slurries were prepared using a Class H Portland cement provided by Lafarge with a 
base slurry density of 16.5 lbm/gal (1.97 g/cm3) and a water to cement ratio (W/C) of 0.38. 
Foamed cement samples were prepared according to API RP 10B-4 using an Ametek (Chandler 
Engineering) constant speed mixer (model 30-60). Once the base slurry was mixed, it was 
poured into a stainless steel, screw-top blender with a stacked blade assembly to provide the 
proper amount of shear (Galiana et al., 1991). Atmospheric foamed cements contain predefined 
amounts of air, as a percentage of the total cement volume. One group of Class H neat cement, 
which does not have added entrained gas, was created to use as a control for comparison. 
Foamed cements of 10%, 20%, and 30% entrained air fractions were mixed using industry 
standard foaming agents (provided by industry collaborators). Once mixed, the slurries were 
poured into prepared 25.4-cm diameter cylindrical molds and allowed to cure for 3 days under 
atmospheric pressure at 50°C. The samples were removed after 3 days and placed into a water 
bath to continue curing for 25 more days (28 days total). After curing, the samples were removed 
from the bath, labeled, and weighed. Samples that were to be analyzed with CT and SEM were 
placed in plastic bottles and submerged in the same (deionized) water used for the initial curing. 
Samples for porosity/permeability measurements were put in a desiccator to dry. Subsequent 
measurements of weight were taken until the weights remained consistent over time (~14–21 
days), thus ensuring the samples were sufficiently dry for gas permeability measurements (per 
methods of Mindess and Young, 1981). All samples were dried at atmospheric pressure and 
temperature to avoid damaging them by thermally stressing or over desiccating (Nelson and 
Guillot, 2006).  

2.2 POROSITY, PERMEABILITY, AND VELOCITY MEASUREMENTS 

2.2.1 Helium Porosimetry 
Sample diameters and lengths were measured using an electronic caliper and the results recorded 
digitally. The samples were placed into a Helium porosimeter (HP 401, TEMCO, Inc.) and the 
Smartporosity computer program was used to determine porosity. The HP 401 is able to measure 
porosity levels as low as 1% with relative precision.  

2.2.2 Permeability 
Nitrogen permeability was measured using a constant flow permeameter: Temco UltraPerm 500 
Permeameter with a Corelab WinPerm computer program. The permeability was estimated using 
Darcy’s Law (Equation 1):         
 

𝑲𝑲 = 𝑸𝑸𝑸𝑸𝑸𝑸
𝑺𝑺∆𝒑𝒑

       (1) 

 
Where n is the viscosity of nitrogen at atmospheric conditions (0.017631 cP), l is the sample 
length, and S is the cross-sectional area of the cement sample. Due to gas slippage, a 
Klinkenburg correction was applied for permeability measurements. 
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Pulse decay permeability (PDP) was also measured using a CoreLab PDP-200. This technique 
establishes a set pore pressure throughout a core, then sends a differential pressure pulse through 
the length of the sample. The computer program records the change in pressure across the 
sample, the pressure downstream, and the time it takes to travel the length of the core and uses 
these parameters to determine permeability. 

2.2.3 Ultrasonic-Waveforms and Velocity Measurements 
All velocity measurements were made using the New England Research Group (NER) AutoLab 
1500 device. This device is capable of triaxial compression and temperature control, allowing the 
user to control the confining, pore, and effective pressures as well as the temperature exposed to 
the cement samples (specification are in the Appendix). In addition, the AutoLab 1500 also has 
two ultrasonic wave transducers, which generate ultrasonic P and S waves in one end of the core 
and records the arrival of the waves at the other end. The device also records sampling 
frequency, wave velocity, and physical characteristics like Young’s modulus and Poisson’s ratio. 
All samples were subjected to 1 cycle (ramped up and then down) of effective pressures ranging 
from 8.2 MPa to 40.2 MPa, with Young’s modulus and Poisson’s ratio measurements being 
taken every 4 MPa step. 
Young’s modulus and Poisson’s ratio values were determined from shear and compressional 
wave velocities using Equations 2 and 3 where E = Young’s Modulus, ρ = Bulk density, Vs = 
Shear wave velocity, Vp = Compression wave velocity, ν = Poisson’s Ratio (Murayama et al., 
2013). 

E =  ρVS
2�3VP

2−4VS
2�

VP
2−VS

2       (2) 

ν = 1−2(VS/VP)2

2[1−(VS/VP)2] 
      (3) 

 

Additionally, shear modulus (μ), bulk modulus (K), and the first Lame′ parameter (λ) were 
calculated using the formulas (4–6) below for isotrophic material (De Beer and Maina, 2008).  
 

µ = 𝐸𝐸
2+2𝜈𝜈

       (4) 

K = 𝐸𝐸
3(1−2𝜈𝜈)

       (5) 

λ =  𝐸𝐸𝐸𝐸
(1+𝜈𝜈)(1−2𝜈𝜈)

      (6) 

 

2.3 CEMENT SAMPLE EXPOSURE TO CO2-BRINE 
The cement samples were exposed using equipment in the High Pressure Immersion and 
Reactive Transport Laboratory at NETL’s Albany site. The equipment used was a system 
consisting of four Parr standing stirred autoclaves. Four different cement formulations were 
used: Neat, 10%, 20%, and 30% foam quality. Five samples of each formulation were generated 
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for this study for a total of twenty samples. The samples were stored in 1 L of deionized water 
(from the curing step) before exposure. One sample of each formulation was placed within an 
autoclave, now referred to as reacted samples, and one sample was set aside as a control, an 
unreacted sample. The target exposure conditions for the experiment were pressure and 
temperature at 28.9 MPa and 50°C respectively. The experiment conditions for each autoclave 
are shown in Table 2. Briefly, the cement samples were submerged in a 0.25 M NaCl brine 
saturated with CO2. At the end of each exposure time the samples were removed from the 
autoclave. The pH of the brine was measured immediately. An additional 50 mL of brine was 
collected for chemical analysis. The reacted cores were placed in a 1 L plastic bottle with the 
remaining brine and stored at room temperature until analysis.  
 

Table 2: Autoclave conditions during exposure with the standard deviation (S.D.) of conditions 

 Time Temperature (oC) Pressure (MPa) 

Autoclave ID 
Exposure Duration 

(days) 
Sample ID 

(days) Average S.D. Average S.D. 

AC1 55.84 56 49.9 2.0 28.6 2.2 

AC2 27.78 28 51.0 1.2 28.7 2.2 

AC3 13.78 14 49.7 4.1 28.4 3.0 

AC4 6.83 7 49.8 2.8 29.0 0.6 

 

2.4 COMPUTED TOMOGRAPHY  
All of the different foam quality samples that experienced 56 days of exposure to SC-CO2/brine 
at the conditions described above were non-destructively imaged before and after reaction at 
NETL’s CT scanning facility in Morgantown, West Virginia. A North Star Imaging M-5000 
system was used to scan each 17.5 cm (3 in.) long sample in five sections. Scanning smaller 
sections of the core was performed to achieve the higher resolution of 15.2 µm/voxel. This 
resolution of the imaging does not have the fidelity to discern the porosity within the cement 
matrix, but did enable characterization of reacted zones, larger trapped bubbles (greater than  
~10 µm), and features of interest within the cores.  
Samples were scanned at an energy of 185 kV, 200 mA, and 1,440 radiographs were obtained 
prior to reconstructing the two-dimensional (2D) X-ray images into a three-dimensional (3D) 
volume using the North Star Imaging EFX-CT software. No beam hardening or imaging filters 
were used. All post processing was performed with programs ImageJ (Rasband, 2016) and Ilastik 
(Sommer et al., 2011). After scanning samples were sent to NETL Pittsburgh for further analysis. 
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2.5 SCANNING ELECTRON MICROSCOPY AND X-RAY MICROANALYSIS 

2.5.1 Sample Preparation 
The unreacted and reacted cement cores were dried in a desiccator purged with nitrogen. Two 1-
cm thick slices were cut from the bottom of each of the unreacted and reacted cores (see Figure 
1) using a tile saw lubricated with 99% pure isopropanol (IPA). Material leftover from cutting 
was removed from the sample by rinsing and soaking the sample with IPA. Cleaned samples 
were dried in a N2 desiccator and stored under N2 atmosphere. Dried samples were photographed 
using a Nikon, cut for XRD (bottommost piece) and prepared for electron microscopy. The 1 in. 
diameter samples were mounted in 1.25 in. holders with cold-press epoxy 5:1 (epoxy to 
hardener). The bottom of the holder was filled with enough epoxy (~2 mL) to hold the cement 
sample in the center of the base of the mount. The remaining epoxy (~10 mL) was poured slowly 
and in a circular fashion around the edges of the cement sample to minimize turbidity during 
delivery of the epoxy and keep the sample from floating off the base of the mount. The epoxy 
mount was degassed in a vacuum chamber. The epoxy cured overnight at ambient laboratory 
conditions and then was placed in the nitrogen atmosphere desiccator until fully cured (~24 hrs).  
The mounted sample was manually ground in sequential steps using a Secotom Grinder Polisher 
with 80, 220, 400, 500, 600, 1,200-grit diamond discs. IPA was used as a lubricant during all 
grinding/polishing steps, to clean the grinding discs between samples, and to remove grinding 
waste from the sample. After grinding, the samples were pre-polished in three steps using 6-
micron, 4-micron, and 1-micron silica polishing beads in IPA. A 0.05-micron Al polish was used 
for the final polish. The polished samples were soaked in IPA for 10 min then lapped with an 
IPA saturated Chem-Met polishing pad. All samples were stored in a nitrogen atmosphere 
desiccator until needed.  

2.5.2 SEM and Microanalysis 
Polished samples were electro-coated with a ~10 nm of Pt prior to SEM analysis. Backscattered 
electron (BSE) images were collected using a FEI Inspect V field emission electron microscope 
equipped with an Oxford INCA X-ray detector. All imaging and X-ray analysis were done at 15 
keV. Backscattered electron images and X-ray spectra were collected for each sample (up to 
4088 fields of view per 1-in. diameter core) and montaged using the INCA AutoMate software 
extension. Montaged images from INCA were post processed using FIJI software (Rasband, 
2016). Micrographs were converted to single or stacked 8-bit tiff images using FIJI. Pore space 
areas were segmented by thresholding and noise was reduced by using tools to despeckle and 
removing outliers (radius 5.0 pixels/threshold 20%). Elemental maps were overlain on SEM-
BSE images using FIJI or the INCA-Cameo function. Cameo was used to generate elemental 
maps where different hues in the image represent the acquired X-ray spectra from each element 
of interest.  
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3. OBSERVATIONS 

3.1 FOAMED CEMENT ALTERATION 
Foamed cement cylinders with different foam qualities, neat, 10%, 20%, and 30% gas volume, 
were exposed to SC-CO2 at 50°C and 28.9 MPa for up to 56 days. Photographs of unreacted and 
reacted cores are shown in Figure 1.  
 

 
Figure 1: Photograph of 25.4-mm diameter samples cut from unreacted and reacted 
laboratory generated neat and foamed cement cores (bottom portion of core). Shown are the 
unreacted cores with different foam qualities (top row) and post reaction cores after 7, 14, 28, 
and 56 days (subsequent rows).  

 
The alteration zones previously described by Kutchko et al. (2008) consisting of an outer 
amorphous silica zone, a well crystallized CaCO3 band, and a Ca-depleted zone were observed to 
some degree in all samples in SEM observations (Figure 3). Based on the experimental work 
done here, the transport of CO2 is controlled by diffusion and sorption; the foam quality appears 
to be a primary factor in controlling the carbonation depth of the cement. The local diffusivity is 
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dependent on the overall porosity and the geometry of the pore spaces (e.g. size, shape, 
connectivity). Ultimately, CO2 sorption onto the pore walls appear to alter pore geometry and 
thus impact the total alteration. Neat cement has much smaller intergranular porosity and pore 
throats which limits the ingress of CO2 molecules and subsequent carbonation reactions; the 30% 
foam quality had an increase in pore volume up to 47% (Table 3) which could facilitate more 
reactions. This is consistent with previous studies that found higher foam quality samples had 
larger void spaces and potentially higher permeability (e.g. Kutchko et al., 2013; Crandall et al., 
2014; Glosser et al., 2016). Covariation of pore geometry with foam quality may be a driving 
factor in the diffusion of species in foamed cement, as well as the observed differences in 
alteration between foam qualities. The greater amount of surface area provided by the pore 
spaces in higher quality foams creates more surface area for both sorption and diffusivity of 
chemical species. Ultimately, this increased surface area provides more material for these cement 
carbonation reactions, and subsequent alteration of the samples; however, the matrix pores tend 
to be small and poorly connected. As such, void volume itself is not a primary control on 
alteration as the neat cement would also exhibit substantial alteration if this were the case. 
 

Table 3: Measured properties of experimental neat and foamed cement after exposure to SC-
CO2 for 56 days with standard deviation (S.D.) 

Cement Property Neat 10% 20% 30% 

Alteration Zone  

2D SEM Average total alteration depth (mm) 0.31±0.13 0.10±0.02 5.3±0.17 8.35±0.13 

2D SEM Segmented alteration (% area) 0.15±0.08 0.004±0.001 20.2±0.23 34.6±0.19 

CT Whole Core 3D Alteration Zone Volume (%) 6.48 25.78 43.18 46.11 

CT Reacted (Blue in Figure 10) 6.48 17.25 26.75 18.2 

CT Intermediate (Purple in Figure 10) 0.00 8.53 16.43 27.91 

SEM Calculated Pore Space  

2D Segmented pore space, unreacted (% area) 0.30±0.13 0.22±0.03 2.54±0.07 7.91±0.0 

2D Segmented pore space, reacted (% area) 0.57±0.05 0.23±0.09 2.51±0.09 5.76±0.2 

Geomechanical  

Porosity (%) 19.51 30.84 43.25 47.02 

Permeability (mD) 0.002 0.004 0.029 0.041 

 
The scope of the study was to determine if the integrity of wells completed with foamed cement 
could be impacted by the injection of CO2. The development and spatial spread of the CO2-
induced alteration is minimal in the neat cement sample as compared to total alteration in the 
30% foamed cement sample (Table 3). The 30% sample has approximately 27 times more 
alteration as compared to the neat cement. The 20% foam quality had nearly 17 times the 
alteration of the neat cement sample. Conversely, the 10% foam quality displayed nearly 
comparable alteration to the neat sample with an average alteration of 0.10 ± 0.02 mm. 
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Figure 2: SEM backscatter image with of unreacted and reacted foamed cement of variable 
foam qualities (neat, 10%, 20%, and 30%) overlain with elemental maps [Ca- blue, Si 
green]. Scale bar is 3 mm. Cracks are likely due to sample prep. 

 

The reaction of SC-CO2 with the 30% foam quality cement resulted in the highest degree of 
alteration out of all the samples (Figure 2). Secondary mineralization is important to understand 
as it impacts the cement porosity and permeability of acidic fluid, and thus carbonation. A 
secondary mineral chemically consistent with (Mg,Ca)CaCO3 formed at the edge of the 
carbonation front as magnesium (originally from MgO) was pushed into the sample. This reflects 
the stability of first vaterite, calcite, and then magnesite or dolomite.  
SEM images of cement and pore spaces (10 and 20% foam quality) after 56-day exposure period 
(Figure 3, top and bottom left) show the alteration zone, cement matrix, and pore space. Empty 
pore space appears black and pores filled with secondary minerals appear in grey. Pore bubbles 
in the alteration zone are filled with various calcite polymorphs with a general composition of 
9% Ca, 26% C and 65% O (atm %). The morphology of pore filling carbonates ranges from thin 
needles and cubes (top right) to euhedral crystals (bottom right). Secondary carbonate minerals 
(e.g., calcite and aragonite) are found in the pore spaces of all reacted foamed cement samples 
analyzed. 
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Figure 3: SEM images of reacted foamed cement samples with 10% (A–C) and 20% (D–F) 
foam quality exhibiting the changes in pore space. 

 
The 10% foam quality sample showed evidence for alteration after 7 days (Figures 2 and 4). 
SEM images and elemental maps show the alteration zone and evidence for redistribution of Ca, 
Na, Si, and Cl along the outer edge of the cement core (Figure 4). Most obvious is the infiltration 
and segregation of Na and Cl into the reaction zone along the outer ~3 mm of the core. Elemental 
maps show the detrital outer silica rind as other cations are pulled into solution, carbonation 
zone, and a Ca-leached zone. The results shown in Figure 3 depict the transport and fate of ions 
from the brine solution into the cement and cement matrix. Further work on the diffusion and 
transport of ions into the cement matrix could help better resolve the fluid mechanics and ion 
partitions in the cement during initial contact between the cement and the fluid (e.g., subsurface 
brine or formation waters) during the initial stages of reaction. This could ultimately be 
important to modeling the transport of ions in and out of the cement matrix under different 
conditions.  
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Figure 4: SEM images of 10% unreacted (top row) and 7-day reacted (bottom row) cement. 
Center and right images in each row show the distribution of Ca, Na, Si, and Cl in the cement.  

 

This study also demonstrates that the presence of brine plays a role in the diffusion of chemical 
species into the cement matrix (Figure 5) and precipitation, specifically Friedel’s salts 
(Ca2Al(OH)6(Cl, OH) 2 H2O) and halite (NaCl), in the 20% and 30% foam quality (Figure 4). 
Portland cement has chloride binding properties where chloride chemically bonds to the gel-like 
C-S-H during hydration of Ca3SiO6 (e.g. Beaudoin et al., 1990). SEM-EDS petrography showed 
the chloride bonding became more prominent after CO2 injection. It appears that the cement 
continued to hydrate with time and that the bonded chloride provided sites to form micro-halite 
crystals. Halite formation may be attributed to experimental depressurization, although the 
kinetic rates are too rapid for halite to precipitate large crystals. In addition, Carey et al. (2007) 
documented the presence of salts in the wellbore in the Scurry Area Canyon Reef Operators 
Committee (SACROC) West Texas Enhanced Oil Recovery (EOR) operations and Pruess and 
Muller (2009) determined that the injection of CO2 into saline aquifers may cause formation 
“dry-out” and precipitation of NaCl near the injection well.  
The primary mechanisms may include brine displacement away from the injection well, 
dissolution/evaporation of brine into the injected CO2 plume, upflow of CO2 due to buoyancy 
effects, backflow of brine, and/or molecular diffusion of dissolved salt. This study expects that a 
similar mechanism may have contributed to the deposits of NaCl on the surface of the cement 
samples along with the continuation of cement hydration, dehydrating the cement pores. Halite 
precipitation requires higher dissolved salt concentrations in the pores than is available in the 
brine itself. Cement hydration would enable the solubility to increase in the pore space and allow 
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halite to precipitate. Fluid properties, parameters of displacement, and fraction of pore space 
must be considered; however, further studies are required to examine if salts impact wellbore 
integrity.  

Figure 5: Qualitative SEM stitched cameo map showing the phase distribution of the 30% 
foam quality cement sample 56 days post-CO2 injection. Colors are represented by blue = 
NaCl; orange= Mg, CaCO3; and green= Ca-phases (e.g. CaCaCO3, C-S-H, and calcium 
silicates). 

 
Macroscopic measurements of the alteration area in samples exposed for 56 days were made. 
Figure 6 shows photographs of the 20 and 30% foam quality cement samples (left) and the post 
processing segmented area (right) used to calculate the total areal alteration. The alteration area 
was calculated for all samples (Table 3) though only the results for the 20 and 30% foam quality 
are shown. The area of alteration for the 20 and 30% foam quality samples was 20.2% and 
34.6% respectively. 
 

CaCO3, C-S-H, and Ca-Silicates 

NaCl Mg,CaCO3 
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Figure 6: Image analysis of area of alteration zone using thresholding and segmentation and 
then quantified in the image program FIJI. 

 
Montaged SEM images of unreacted controls and 56-day reacted samples were used to calculate 
the area and distribution of unfilled pore space in the samples. Figure 7 shows the results of 2D 
pore space segmentation for the 20 and 30% foam quality samples. The complete results are 
shown in Table 3. Pore space area in the samples remained relatively the same between the 
unreacted and reacted samples with neat, 10 and 20% foam quality. However, there was a 25% 
decrease in the pore area in the 30% foam samples reacted for 56 days. The segmentation results 
provide an image of how the distribution of unfilled pores changes after exposure to CO2-NaCl. 
In the unreacted samples there is a fairly even distribution of unfilled pore spaces throughout the 
cement core. After reaction for 56 days, pore space is reduced in the alteration zone; pore space 
is more discrete and forms a concentric zone within the Ca leached zone of the cement.  
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Figure 7: 2D segmentation of pore space (in white) in montaged SEM images comparing 
unreacted and reacted 20% and 30% foamed cement samples. The diameter of the cores is 
~25.4 mm. The large fracture (in white) shown on the 30%, reacted core (bottom right) was 
not included in the final measurement of pore area. 

 

3.2 COMPUTED TOMOGRAPHY OF WHOLE CORES 
The 56-day reacted samples were scanned using NETL’s North Star Imaging M-5000 industrial 
CT scanner to non-destructively obtain 3D digital representations of the cores with a voxel 
resolution of 15.2 microns. Each sample was scanned in five discrete sections to obtain this 
fidelity of imaging. After reconstructing the radiographs from scanning, each section was 
exported as a stack of approximately 1,800 2D 16-bit greyscale TIF images using North Star 
Imaging’s EFX software with no beam hardening or other corrections applied to the images. The 
approximately 9,000 images per core were analyzed and combined with ImageJ (Rasband, 2106) 
and Ilastik (Sommer et al., 2011) to obtain the following insights.  
An initial observation on the macroscopic variation of the reacted portion of the cement samples 
is shown in Figure 8, where the bottom of each sample was observed to have a larger reacted 
zone. The area of reacted cement is clearly visible in the greyscale images of Figure 8 for the 10, 
20, and 30% samples as a light grey zone radiating into the core, adjacent to a ring of darker 
material. As was illustrated in Section 3.1, the zone adjacent to the edge of the core is assumed to 
be an amorphous silica zone while the darker band of material is a crystallized CaCO3 band. CT 
imaging did not provide the level of detail to confirm this, but the associated SEM analysis 
presented does suggest this. Qualitatively, the volume of cement that has been reacted in the 
higher foam quality samples (20 and 30%) does appear greater in the cross-sections shown in 
Figure 8 as well.  

 
 



Foamed Cement Interactions with CO2 

19 

 
Figure 8: CT montage: XY view of each core section after 56 days of exposure for neat, 10%, 
20%, and 30% cores. 

 
By stitching together the approximately 9,000 2D images associated with the full scan of these 
cores, the mid-plane of the cores can be visualized and is shown in Figure 9. These are labeled as 
planes through the core in the XZ direction, assuming Z is along the length of the core. Slight 
variations in the greyscale can be observed due to slightly different atmospheric and material 
properties of each section scanned; these have been compensated for by contrast and brightness 
modifications in ImageJ (Rasband, 2016) to provide a qualitative view of the reacted zones 
within the sample. The reacted zone at the base of the 10, 20, and 30% foamed cement samples 
are shown to have experienced a significantly greater amount of alteration due to CO2/brine 
exposure than the top of these samples, suggesting that the tops of the samples were in a SC-CO2 
environment as opposed to a SC-CO2/brine environment; this difference in reaction penetration 
rate and mechanisms are well described in Kutchko et al. (2011). In addition, the increase in 
penetration of the reaction within the higher quality (20 and 30%) cement samples are clear from 
these cross-sectional views.   
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Figure 9: Stitched CT core montage on the XZ direction for neat, 10%, 20% and 30% cores. 

 
Quantitative measurement of the reacted volume from the CT images is difficult and subjective 
to image processing. To reduce the subjectivity of manual isolation of features, the thresholding 
program Ilastik (Sommer et al., 2011) was used to train machine learning algorithms to isolate 
and segment the reacted zones from the 3D volume. A 300 slice (4.56-mm thick) cylinder in the 
center of the “mid-bottom” scan (see Figure 8) was selected for each sample. Each of these 
sections are shown in Figure 10 with the total reacted volume highlighted. The light blue reacted 
zones on the outside of the core is segmented from the intermediate zone as well. The neat 
cement had no intermediate reacted zone, discernable at the resolution of the CT scans, at the 
location measured. These reacted volumes were summed and are presented in Table 3. The total 
altered volume encompassed 46% of the volume for the 30% foam quality cement, with a similar 
percentage of reacted volume (43%) measured in the 20% foam quality sample. The 10% quality 
sample had only 26% reacted volume and the neat cement only has a small reaction rind 
comprising 6.5% of the cement volume. The relatively similar, and large, volume of reacted 
cement observed in the 20 and 30% foam quality samples suggest that above a certain gas 
fraction the SC-CO2/brine is able to penetrate into the cement volume more readily. The lower 
amount of reacted cement observed in the 10% and neat samples suggest that the matrix porosity, 
with much smaller gas voids, restricts fluid invasion into the cement and highly restricts the 
penetration of the reaction front.  
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Figure 10: CT segmented 3D front and angled views of alteration zone. 

 
To further illustrate the influence of larger voids enabling fluid penetration into the matrix, 
several slices of the 20% quality sample, after 56 days of exposure are shown in Figure 11. As 
was shown in Figure 9 (XZ cross-sections of the core) some larger voids within the cement 
matrix existed near the top of the sample and adjacent to the edge of the core. These large voids 
appear to have enabled the SC-CO2 reaction to penetrate further into the core. Slices though the 
entire core are shown in Figure 11 that are approximately 3 mm apart, starting from the left, 
above the large void features, and bisecting the voids and reacted zones. The lighter grey reacted 
zone is observed to be a narrow rind on the outside of the core far away from the large voids, but 
then penetrates farther into the matrix surrounding the open areas. This ability of the external 
fluid to more readily interact with the cement due to migration pathways created by the voids is 
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likely the reason the higher quality samples exhibited a larger reacted volume, and is shown here 
on a larger scale visible via CT scanning.  
 

 
Figure 11: XY slices of the 20% quality sample after 56-day exposure with large void in 
cement. 

 

3.3 PHYSICAL AND GEOMECHANICAL RESULTS AND OBSERVATIONS 
The physical characteristics of the unreacted samples show that both permeability and porosity 
values increase with foam quality (Table 4). This result was expected based on previous work 
(Kutchko et al., 2014; Spaulding, 2015) and ensures sample quality. However, upon exposure to 
SC-CO2, this correlation no longer is valid (Table 5). All samples, except for the 30% foam 
quality, become slightly less permeable after 7 days of being exposed to SC-CO2 (Figure 12). 
This could be the result of having a larger surface area to be affected by the CO2 attacking the 
cement as mentioned earlier (Section 1.2). After 14 days of exposure, all of the samples became 
less permeable once again, this time including the 30%. This may be the result of mineral 
precipitation in the connected pore throats, thereby closing the flow pathway and lowering the 
values. However, when looking at the 28-day exposed cements, the permeability of the neat, 
20%, and 30% all increase. For the 56-day exposure, the permeability of the neat, 10%, and 30% 
decrease while the 20% increases slightly. The erratic nature of these values over the course of 
the experiment can conceivably be attributed to several possibilities: the nature of the 
precipitation/dissolution events that occur during the carbonation and/or bicarbonation process, 
or due to fluctuations within the error of the machine used for testing. It is important to note that 
all measurements are based off of a single post reacted sample; the unreacted samples were 
averaged from two measurements per sample. Further experiments and measurements are 
forthcoming to determine the statistical accuracy of these measurements. However, given the 
excellent correlation between the “pre-exposed” cement samples and the previous work 
generated using the same foam qualities (Spaulding et al., 2015; Kutchko et al., 2015), there is a 
measure of confidence in these results. 
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Table 4: Unreacted cement samples physical and mechanical properties with the averages 
highlighted 

Sample Porosity (%) 
Bulk Density 

(g/cc) 
Permeability 

(mD) 
Young’s 

Modulus (GPa) Poisson’s ratio 

CO2-F-N-0-1 22.5 1.77 0.00271 20.0 0.208 

CO2-F-N-0-2 23.4 1.75 0.00478 19.6 0.201 

NEAT Averages 23.0 1.76 0.00374 19.8 0.204 

CO2-F-10-0-1 43.4 1.33 0.0199 9.56 0.188 

CO2-F-10-0-2 40.8 1.39 0.00919 10.8 0.193 

10% Averages 42.1 1.36 0.0146 10.2 0.191 

CO2-F-20-0-1 46.3 1.24 0.0143 8.82 0.196 

CO2-F-20-0-2 49.0 1.17 0.0408 7.56 0.185 

20% Averages 47.7 1.20 0.0276 8.19 0.190 

CO2-F-30-0-1 50.4 1.14 0.0252 7.52 0.202 

CO2-F-30-0-2 51.2 1.12 0.0623 6.97 0.188 

30% Averages 50.8 1.13 0.0438 7.25 0.195 

 
Table 5: Reacted cement samples physical and mechanical properties. Sample identification 
is annotated by CO2 foamed cement; foam quality; duration. Samples that broke and 
measurements for Young’s modulus and Poisson’s ratio are highlighted.  

Sample Porosity (%) 
Bulk Density 

(g/cc) 
Permeability 

(mD) 
Young’s 

Modulus (GPa) Poisson’s ratio 

CO2-F-N-7 22.1 1.79 0.00579 19.9 0.212 

CO2-F-10-7 37.6 1.47 0.0102 12.4 0.208 

CO2-F-20-7 45.0 1.28 0.0221 No Data 

CO2-F-30-7 51.5 1.67 0.0646 10.8 0.183 

CO2-F-N-14 21.0 1.79 0.00313 20.8 0.217 

CO2-F-10-14 39.7 1.42 0.00893 12.0 0.209 

CO2-F-20-14 47.8 1.24 0.0195 9.06 0.193 

CO2-F-30-14 50.6 1.18 0.0593 7.92 0.190 

CO2-F-N-28 21.3 1.82 0.00370 No Data 

CO2-F-10-28 35.4 1.52 0.00850 13.5 0.209 

CO2-F-20-28 46.2 1.29 0.0284 9.84 0.207 

CO2-F-30-28 50.5 1.20 0.0911 7.86 0.165 

CO2-F-N-56 19.5 1.81 0.00190 20.5 0.221 

CO2-F-10-56 30.8 1.51 0.00419 No Data 

CO2-F-20-56 43.2 1.31 0.0289 9.84 0.205 

CO2-F-30-56 47.0 1.25 0.0415 8.57 0.172 
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The permeability of the cement exposed to SC-CO2 for 56 days decreased by 5.2, 71.22, and 
49.22% for foam qualities of 30%, 10%, and neat respectively. The 20% foam quality sample 
had an increase of 4.71%. The increase in the 20% or the significant decrease in the 10% will 
require further study to determine if these are statistical changes.  
The overall porosity trends show a more stable array of measurements over the entire exposure 
time. The samples in this study showed that porosity decreases over the length of the experiment 
for each foam quality. The porosity for the foamed cements decreases by 7.42%, 9.37%, 26.75%, 
and 15.03% for the 30%, 20%, 10%, and neat cement, respectively (Figure 12). Additional 
porosity measurements will be forthcoming in the future for a more robust dataset. 
 

 
Figure 12: Permeability and porosity measurements of neat, 10%, 20%, and 30% foam quality 
cement over a period of exposure time. 

 
The mechanical characteristics of these cements show little definitive information. Young’s 
modulus is a measure of the stiffness of a material (i.e. how brittle or ductile a material is); a 
higher Young’s modulus indicates a more brittle material, whereas a lower Young’s modulus 
describes a more ductile material. Young’s modulus can be used to predict the elongation or 
compression of a material (Craig, 2011). The unreacted cement samples show a decrease in 
Young’s modulus with increasing amounts of entrained air (foam quality). This is consistent with 
previous studies (Spaulding et al., 2015; Kutchko et al., 2015). Comparatively, the Young’s 
modulus for all reacted samples increased slightly over the course of the 56 days of SC-CO2 
exposure: the neat, 20%, and 30% increased roughly 3.48%, 20.29%, and 18.34% respectively 
(Figure 13; Appendix Tables A1, A2). The 10% shows an increase of roughly 32.35% after 28 
days; however, after exposure for 56 days to CO2 the 10% foam quality sample experienced a 
complete loss of structural integrity during the PDP measurements, so no mechanical property 
measurements were able to be recorded in AutoLab. This loss of integrity also occurred to the 
20% exposed for 7 days and the neat cement exposed for 28 days. 
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Figure 13: Young’s module and Poisson’s ratio measurements of neat, 10%, 20%, and 30% 
foam quality cement over varying periods of exposure time. 

 
Previous experiments have shown that Young’s modulus has a linear relationship with 
compressive strength (Spaulding et al., 2015). However, compressive strength tests have not yet 
been conducted on these samples. As mentioned above, some of the samples lost their structural 
integrity when placed under a confining pressure of roughly 3.89 MPa in the PDP core holder 
(annotated in Appendix Table A2). Several of the reacted samples lost their structural integrity 
within the AutoLab, either during measurements or during depressurization, where the stress 
may have exceeded the longitudinal strain. It appears that the area most likely to fail during these 
mechanical tests is very similar to the reaction rings shown earlier in this paper; this is likely due 
to differences in the material property interface creating a zone of structural weakness. 
During the compression of a material in one direction, expansion may occur perpendicular to the 
direction of the compression. This occurrence is known as the Poisson effect and is measured by 
Poisson’s ratio. Poisson’s ratio is the negative ratio of transverse to axial strain (Craig, 2011). 
Most isotropic materials have Poisson’s ratio values ranging between 0.0 and 0.5. The less 
compressible the material, the higher the Poisson’s ratio—a material with a Poisson’s ratio of 0.5 
is considered incompressible. Conventional cements have a Poisson’s ratio of about 0.15 
(Nelson, 2006). Poisson’s ratio is consistent for all unreacted foam qualities and is similar to that 
of the neat cement. When looking at the reacted cements, all foam qualities but the 30% increase 
in lateral strain with exposure time. When compared to the unreacted cement samples, the 56-day 
exposed neat and the 20% had an increase of 8.2 and 7.7% respectively. While the 10% was 
unable to be measured at 56-day exposure, it still showed an increase in Poisson’s ratio by about 
9.5% by 28 days of exposure. The 30% foam quality appears to have a decrease in Poisson’s 
ratio by about 12% (Figure 13). This suggests that while being exposed to SC-CO2, the 30% 
foam quality cement becomes less likely to expand perpendicularly when compressed while the 
other qualities are more prone to this expansion. Attempts to correlate the physical and 
mechanical data over the exposure times have proven to be difficult (Appendix Tables A3–A4). 
In terms of the Poisson’s ratio with time, there appears to be a moderate correlation (0.55–0.70) 
while porosity with time has a moderate to strong correlation (0.57–0.90). Young’s modulus with 
time has a weak correlation of the neat and 30% cement (0.29 and 0.001), whereas the 10% and 
20% have moderate correlation (0.77 and 0.74). The permeability followed a similar trend to the 
variability seen in Young’s modulus values where the neat and 10% had moderate to strong 
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correlation (0.51 and 0.85), whereas the 20% and 30% had weak correlation (0.24 and 0.007). 
However, more data points are required to be able to correlate these parameters with confidence.  
Further studies should be undertaken to see how much the CO2 exposure time can affect the 
compressive strength of these types of foamed cements. As it stands now, the geomechanical 
data presented in this paper shows that the 30% foam quality is the most likely to be affected by 
CO2 storage techniques. However, more testing is necessary to determine just what the extent 
this effect will have on the wellbore stability and integrity. 

3.4 CONCLUSIONS 
The primary mechanism of cement carbonation and alteration under supercritical CO2 conditions 
has been previously studied and the majority of publications conclude that the transport of CO2 is 
controlled by diffusion and sorption. However, this is the first study in which foamed cement 
was studied in a supercritical CO2 environment. Foamed cement is significant in that it is 
commonly used in the Gulf of Mexico and that the microstructure (e.g. BSD) could highly 
impact the rate of diffusion and sorption. This study shows that the overall foam quality plays a 
role in the degree of alteration and is most likely mediated by intra-foam quality differences in 
pore size and structure, both initially and subsequent to exposure to SC-CO2 conditions. It is 
important to note that all of these results were based on atmospheric-generated foamed cements.  

• For atmospheric-generated foamed cements, the higher quality foamed cements (i.e. 20% 
and 30%) tend to have larger initial pore sizes and greater interconnectivity than the 
lower quality foams (i.e. neat and 10%). This results in more cement material initially 
available for reactivity with the CO2.  

• Subsequent to exposure, higher foam quality cements displayed a greater degree of 
alteration as compared to lower foam quality cements. The alteration zones consist of an 
outer amorphous silica zone, a well crystallized CaCO3 band, and a Ca-depleted zone 
which were observed to some degree in all samples in SEM observations. This 
mechanism of alteration is consistent with other studies. 

• Total alteration depths in the neat, 10%, 20% and 30% samples were 0.31, 0.10, 5.39, and 
8.35 mm respectively.  

• Ultimately, CO2 sorption onto the pore walls appears to alter pore geometry and thus 
impacts the total alteration area. Following 56-day exposure, the 30% foam quality 
cement showed a 25% decrease in pore area and is the most discrete in the alteration 
zone. The change in pore area is a result of secondary mineralization in these samples, 
which is evidence that the initial pore structure in these samples influences the degree of 
alteration by way of providing more cement material for these geochemical 
transformations.  

• Potential next steps: 
o Modeling at supercritical CO2 well conditions and determining how the model 

compares to experimental studies at pore level or continuum-scale. 
o Experimental: 1) A short term experiment (within the first 7 days of exposure) to 

better constrain the initial fluid movement with respect to the original unaltered 
pore connectivity; 2) Long term exposure cement for 6 months or 1 year. 
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APPENDIX  
Table A1: Complete physical and mechanical properties of all cement samples of unreacted cement samples. Sample identification is 
annotated by CO2 foamed cement; foam quality; duration. Samples that broke and measurements for Young’s modulus and Poisson’s 
ratio are highlighted in light blue. 

 

Sample 
Length 
(mm) 

Diameter 
(mm) 

Mass 
(g) 

Porosity 
(%) 

Bulk 
Density 
(g/cc) 

Grain 
Density 
(g/cc) 

Pore 
Vol 
(cc) 

Permeability 
(mD) 

Young’s 
Modulus 

(GPa) 
Poisson's 

ratio 

1st 
Lame 

(λ) 
(GPa) 

Bulk 
Modulus 

(GPa) 

Shear 
Modulus 
(μ) (GPa) 

CO2-F-N-0 (1) 45.1 25.3 40.3 22.5 1.77 2.29 5.11 0.00271 20.0 0.208 5.9 11.4 8.28 

CO2-F-N-0 (2) 44.3 25.3 39.1 23.4 1.75 2.29 5.20 0.00478 19.6 0.201 5.48 10.9 8.16 

NEAT Averages   23.0 1.76 2.29   0.00374 19.8 0.204 5.69 11.2 8.22 

CO2-F-10-0 (1) 44.3 25.2 29.2 43.4 1.33 2.35 9.55 0.0199 9.56 0.188 2.43 5.11 4.02 

CO2-F-10-0-(2) 44.5 25.0 30.4 40.8 1.39 2.35 8.89 0.00919 10.8 0.193 2.85 5.86 4.52 

10% Averages       42.1 1.36 2.35   0.0146 10.2 0.191 2.64 5.49 4.27 

CO2-F-20-0 (1) 44.0 25.2 27.1 46.3 1.24 2.3 10.2 0.0143 8.82 0.196 2.37 4.83 3.69 

CO2-F-20-0 (2) 44.9 25.5 26.8 49.0 1.17 2.29 11.2 0.0408 7.56 0.185 1.87 4 3.19 

20% Averages   47.7 1.2 2.3   0.0276 8.19 0.19 2.12 4.42 3.44 

CO2-F-30-0 (1) 44.2 25.2 25.1 50.4 1.14 2.29 11.1 0.0252 7.52 0.202 2.12 4.21 3.13 

CO2-F-30-0 (2) 44.5 25.0 24.5 51.2 1.12 2.29 11.2 0.0623 6.97 0.188 1.78 3.73 2.93 

30% Averages   50.8 1.13 2.29   0.0438 7.25 0.195 1.95 3.97 3.03 

CO2-F-N-7 75.8 25.3 68.4 22.1 1.79 2.3 8.43 0.00579 19.9 0.212 6.08 11.6 8.22 

CO2-F-10-7 77.3 24.9 55.3 37.6 1.47 2.36 14.1 0.0102 12.4 0.208 3.65 7.08 5.14 
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Table A2: Complete physical and mechanical properties of the cement samples exposed to SC-CO2 

Sample 
Length 
(mm) 

Diameter 
(mm) 

Mass 
(g) 

Porosity 
(%) 

Bulk 
Density 
(g/cc) 

Grain 
Density 
(g/cc) 

Pore 
Vol 
(cc) 

Permeability 
(mD) 

Young’s 
Modulus 

(GPa) 
Poisson's 

ratio 

1st 
Lame 

(λ) 
(GPa) 

Bulk 
Modulus 

(GPa) 

Shear 
Modulus 
(μ) (GPa) 

CO2-F-20-7 75.0 25 47 45.0 1.28 2.32 16.6 0.0221 No data  

CO2-F-30-7 76.0 25.1 44 51.5 1.67 2.4 19.4 0.0646 10.8 0.183 2.65 5.71 4.58 

CO2-F-N-14 55.6 25.1 49.3 21.0 1.79 2.26 5.77 0.00313 20.8 0.217 6.56 12.2 8.54 

CO2-F-10-14 75.0 25.3 53.6 39.7 1.42 2.35 15 0.00893 12.0 0.209 3.56 6.86 4.94 

CO2-F-20-14 76.0 25.2 46.9 47.8 1.24 2.38 18.1 0.0195 9.06 0.193 2.39 4.92 3.8 

CO2-F-30-14 75.0 25.3 44.6 50.6 1.18 2.4 19.1 0.0593 7.92 0.19 2.05 4.27 3.33 

CO2-F-N-28 74.9 25.3 68.4 21.3 1.82 2.31 8.00 0.0037 No data  

CO2-F-10-28 73.7 25.1 55.4 35.4 1.52 2.35 12.9 0.0085 13.5 0.209 4.00 7.71 5.57 

CO2-F-20-28 74.0 24.9 46.7 46.2 1.29 2.4 16.7 0.0284 9.84 0.207 2.89 5.6 4.08 

CO2-F-30-28 73.0 25.1 43.1 50.5 1.2 2.41 18.2 0.0911 7.86 0.165 1.66 3.91 3.37 

CO2-F-N-56 73.7 25.4 67.4 19.5 1.81 2.25 7.28 0.0019 20.5 0.221 6.66 12.3 8.39 

CO2-F-10-56 54.9 25.0 40.8 30.8 1.51 2.18 8.32 0.00419 No data  

CO2-F-20-56 66.3 25.5 44.3 43.2 1.31 2.31 14.6 0.0289 9.84 0.205 2.84 5.56 4.08 

CO2-F-30-56 70.7 25.0 43.3 47.0 1.25 2.35 16.3 0.0415 8.57 0.172 1.92 4.36 3.66 
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Figure A1: Correlation of A) porosity to time; B) permeability to time of reacted cement sample. 
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Table A2: Correlation of A) Poisson’s ratio to time; B) Young’s Modulus to time of reacted samples. 
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