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Kerber Schütz a,c, Sonia C. Menezes d, Sandra M.O. Einloft a,b,c, Felipe Dalla Vecchia a,b,c,* 

a Pontifical Catholic University of Rio Grande do Sul, PUCRS. Institute of Petroleum and Natural Resources, Avenida Ipiranga, 6681, – TECNOPUC, Building 96J, 
90619-900, Porto Alegre, Brazil. 
b Pontifical Catholic University of Rio Grande do Sul, PUCRS, Graduate Program in Materials Engineering and Technology, Avenida Ipiranga, 6681– Building 32, 90619- 
900, Porto Alegre, Brazil. 
c Pontifical Catholic University of Rio Grande do Sul, PUCRS, School of Technology, Avenida Ipiranga, 6681 – Building 30, 90619-900, Porto Alegre, Brazil. 
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A B S T R A C T   

This study proposes the application of basalt powder (BP) as a supplementary cementitious material (SCM) in 
cement formulations for Carbon Capture and Storage (CCS) wells. From experimental results, we identified that 
the BP can be characterized as a filled-pozzolanic SCM, presenting low pozzolanic activity, large inert fraction, 
and particle size significantly smaller than class G cement. Formulations with low basalt powder (≤ 0.5 wt.%) 
content presented the greatest potential for application in CCS wells since they are more resistant to CO2 
degradation, showing low porosity and suitable mechanical properties, as evidenced in carbonation tests. Due to 
basalt powder characteristics, we conclude that the increase in the chemical resistance of the cement formulation 
with low BP content is due to the reduction of both the porosity and permeability as a result of filling of empty 
spaces and the refinement of the porous cement network, allied to the low reduction of the alkaline reserve of 
portlandite. The combination of these features increases the material’s resistance to fluid intrusion, reduces the 
progress of the CO2 degradation front, and preserves the cement matrix’s ability to delay the reaction of acid 
gases.   

1. Introduction 

Constant economic growth and high consumption of natural re-
sources continue to increase the demand for energy, especially that 
derived from fossil fuels (Bai et al., 2016). The intense use of energy 
resources derived from coal and oil results in considerable CO2 emis-
sions into the atmosphere contributing significantly to global warming 
(Metz et al., 2005). Carbon Capture and Storage (CCS) was proposed as a 
transition technology to decarbonize the economy, reducing the human 
ecological footprint and partially mitigating climate change (Bai et al., 
2016; Ketzer et al., 2009; Koukouzas et al., 2017; Tiong et al., 2019). 
From this approach, it is expected that after being widely implemented, 
CCS can store approximately 5 billion tons of CO2 per year (Tiong et al., 

2019). 
CCS technologies have been studied from conceptual assessments to 

implementation in large-scale projects, as a technology to permanently 
store CO2 in geological formations such as coal seams, depleted oil and 
gas fields and deep saline aquifers (Abid et al., 2018; Iglesias et al., 2015; 
Metz et al., 2005; Tiong et al., 2019). In this process, an essential step to 
access the deep geological formations is carrying out drilling and well 
completion (Carroll et al., 2016; Torsæter et al., 2015; Wakeel et al., 
2019). In wellbore construction, cementation is a key step of successful 
CCS operations. The cement sheath protects the steel casing, stabilizes 
the geological formation and generates the hydraulic seal that prevents 
the uncontrolled flow of fluids in the storage site through a tight bond 
between the formation-cement-casing system (Jobard et al., 2018; 
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Tremosa et al., 2017). However, the same structures used for CO2 in-
jection into the reservoirs can constitute potential paths for gas leakage 
into shallow geological structures, or back to the atmosphere (Abid 
et al., 2018; Carroll et al., 2016; Dong et al., 2020). Thus, ensuring the 
wellbore integrity throughout its life cycle (construction, injection, 
monitoring and abandonment) is a key issue for CCS projects (Kiran 
et al., 2017; Omosebi et al., 2017; Postma et al., 2019). 

In CCS storage sites, the presence of acid gases, such as supercritical 
CO2, creates additional problems related to cement degradation and 
steel casing corrosion (Kiran et al., 2017; Postma et al., 2019; Torsæter 
et al., 2015; Wakeel et al., 2019). Thus, it is necessary to ensure that all 
materials used in the wellbore construction are able to withstand 
geological conditions for long periods, ensuring the quality of the hy-
draulic seal and preventing uncontrolled fluids circulation along the 
reservoir (Dong et al., 2020; Omosebi et al., 2017). Among materials 
used in the wellbore construction, cement has been receiving special 
attention from the academic community and Oil & Gas companies, since 
its components are not stable in CO2-rich environments (Teodoriu and 
Bello, 2020; Wang et al., 2017). From laboratory scale studies to field 
sampling, it is widely documented that cement is susceptible to signif-
icant changes when exposed to supercritical CO2, so compromising the 
wellbore integrity and the permanent carbon storage (Abid et al., 2020, 
2018; Carey et al., 2007; Szabó-Krausz et al., 2020; Teodoriu and Bello, 
2020). 

API cement formulations (A-H) meet poor specific CCS design re-
quirements and show no adequate chemical stability in CO2-rich envi-
ronments. Thus, Oil & Gas companies are constantly searching for an 
adequate solution to increase well integrity in CO2-rich environments 
(Tiong et al., 2019). The use of supplementary cementitious materials 
(SCM) (Abid et al., 2020; Ledesma et al., 2020; Schütz et al., 2019; Sedić 
et al., 2020), nanomaterials (Abid et al., 2020; Mahmoud and Elkatatny, 
2019; Tiong et al., 2019), polymers (Baldissera et al., 2017b, 2017a; 
Schütz et al., 2019) and composites (SCM reinforced polymers) (Schütz 
et al., 2019, 2018) has been highlighted as possible alternative to 
improve cement chemical resistance. However, it is required further 
studies to evaluate the performance of these materials in representative 
conditions of CCS storage sites. 

Thus, once the drilling of the well progresses to deeper reservoirs, 
with more adverse pressure and temperature conditions, it is necessary 
to develop new cement formulations that can meet design requirements 
and are able to resist a long-term exposure to CO2 (Iyer et al., 2018; 
Omosebi et al., 2016; Postma et al., 2019; Wang et al., 2017). Among the 
most common strategies for changing cement properties is the use of 
SCM in paste formulations, which alter the composition of the cement 
minerals, its porous structure, and the material’s chemical and me-
chanical resistance (Abid et al., 2020; Ghafari et al., 2016; Ledesma 
et al., 2020; Lothenbach et al., 2011; Paris et al., 2016; Tiong et al., 
2019; Yin et al., 2018). These novel formulations must be studied under 
appropriate conditions, similar to those found in the CCS storage site, in 
order to assess the extent of the CO2 degradation process and guarantee 
the wellbore integrity throughout its life cycle, thereby avoiding or 
delaying the need for workover operations (Abid et al., 2020; Costa 
et al., 2019; Dong et al., 2020; Szabó-Krausz et al., 2020; Teodoriu and 
Bello, 2020). 

So far, there is no definitive solution to increase well integrity in CO2- 
rich environments. Research on evaluating the chemical and mechanical 
properties of cement formulations modified by SCM against degradation 
due to CO2 is limited, and only a few SCMs have been evaluated (Abid 
et al., 2020; Ledesma et al., 2020; Yin et al., 2018). However, it is 
recognized that even a small amount of SCM can result in a change in the 
amount and type of hydration products formed in the cement matrix, 
and can promote a refinement of the porous structure, which could delay 
the carbonation process and improve the wellbore integrity (Ghafari 
et al., 2016; Lothenbach et al., 2011; Paris et al., 2016; Yin et al., 2018). 
Furthermore, there is no consensus solution on the use of SCM (con-
ventional or unconventional) in cement formulations to reduce the 

effect of acid gases (Tiong et al., 2019). Thus, there are many issues to be 
addressed about the type and quantity of SCM that must be added to 
adjust the properties of the cement paste for application in CO2-rich 
environment. Therefore, an adequate understanding of the cement 
carbonation process can allow to obtain properties of the new formu-
lations to be adjusted to the requirements of the future CCS projects 
(Teodoriu and Bello, 2020). 

In this context, basalt powder (BP), a natural SCM, could be added to 
cement formulations in order to improve the material’s resistance 
against long-term exposure to CO2 (Abid et al., 2020; Dobiszewska and 
Beycioğlu, 2017; El-Didamony et al., 2015; Laibao et al., 2013; Saraya, 
2014; Shapakidze et al., 2017; Zhang et al., 2018). Basalt is described as 
igneous rock that can be used as an SCM with low pozzolanic activity, as 
a replacement for the cement powder or as an additive to the cement 
paste in new cement formulations (El-Didamony et al., 2015; Hassaan, 
2001; Laibao et al., 2013; Saraya, 2014). Basalt powder is a by-product 
from the mining process and its use in cement paste for wells can 
represent an environmental and financial gain, since the cost of the raw 
material is lower and part of the CO2 emission, from clinker processing, 
is avoided (Dobiszewska and Beycioğlu, 2017; Laibao et al., 2013; 
Shapakidze et al., 2017; Zhang et al., 2018). Basalt powder is readily 
available and has characteristics that recommend its use as an SCM, so 
making it a potential candidate to serve as an SCM on a commercial 
scale. 

Previously, Jadid and Okandan (2011) evaluated the chemical 
resistance of cement paste formulations with the addition of basalt at a 
concentration of 0%, 6%, 9% and 13%. Despite obtaining positive re-
sults, the work based its conclusions on only four cement specimens (one 
per formulation), which underwent a degradation process in brine so-
lution under mild experimental conditions (65◦C and 75.8 bar CO2). 
Furthermore, a complete characterization of the cement formulations 
after exposure to CO2 was not performed, due to the compromise of 
some specimens after the degradation test. Thus, the present work 
proposes the first comprehensive study on the use of basalt powder as 
SCM in well cement formulations to improve the material performance 
in supercritical CO2-environment. The BP was added in different con-
centrations to the API class G cement, and the cement paste carbonation 
was carried out simulating CCS reservoir conditions. The new formu-
lations were studied to evaluate the effect of the adding basalt powder 
on the properties of the cement paste, to define the ideal mixture 
composition, and indicating which one presents the best chem-
ical/mechanical performance. The evaluation of the chemical and me-
chanical performance of new materials when exposed to supercritical 
CO2 was carried out by a comprehensive experimental characterization. 
Thus, from the addition of natural SCM, we aim to propose new cement 
formulations capable of increasing the wellbore integrity in CCS oper-
ations and present a low-cost solution to improve cement paste stability 
in CO2-rich environment. 

2. Materials and Methods 

The present work evaluates the integrity of cement paste formula-
tions prepared from the mixture of API class G cement and BP as an SCM. 
The new formulations, prepared from the addition of BP contents at 0.25 
to 5% by weight, were subjected to wet carbonation under CO2 super-
critical conditions, simulating the CCS storage environment. Formula-
tions were evaluated by a series of analytical methods before and after 
undergoing the CO2 degradation process. 

2.1. Materials 

The chemicals: calcium oxide (Êxodo, 95%), hydrochloric acid 
(Química Moderna, 37%), saccharose (Synth, analytical grade) and 
phenolphthalein (Química Moderna, analytical grade) were used 
without further purification. The cement used in this study was an API 
class G cement (Lafarge Holcim), the composition of which is shown in 
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Table 1. 
Basalt was donated from local suppliers in the form of a coarse 

aggregate for civil construction, and the BP was obtained through ball 
milling and material sieving. Thus, BP was obtained by grinding 500 
grams of coarse aggregate in the De Leo 0907 ball mill, for 60 hours, 
with a rotation of 150 rpm in an external 17.8 × 17.8 cm cylinder. The 
load of grinding steel balls was: Ø50 mm balls (5 units), Ø40 mm balls (5 
units), Ø32 mm balls (5 units), Ø15 mm balls (5 units), Ø25 mm balls (24 
units), Ø19 mm balls (15 units) and Ø10 mm balls (21 units). After 
grinding, the powder was sieved manually from mesh #200, followed by 
#230, #270 and #325 mesh sieve. Thus, only the powder passed 
through the #325 mesh sieve were used in this work as SCM. Further-
more, the financial assessment of the basalt powder addition to wellbore 
cement formulations was carried out and the results will be presented 
later. 

2.2. Sample preparation 

All formulations were prepared following the recommendations of 
API 10A and 10B standards (API Specification, 2010, 2000). The mixing 
water was calculated based only on the dry cement fraction (water-ce-
ment ratio of 0.44) and the BP content was not compensated. Thus, 
prepared well cement formulations have a water-to-solids ratio (W/S) 
ranging from 0.440 (class G neat cement) to 0.419 (5% basalt powder 
formulation). To prepare the cement paste, dry blending of cement and 
BP was previously performed, and the mixtures were prepared by adding 
water in a Chandler Engineering mixer (Model 3260) for 15 s at 4,000 
rpm and 35 s at 12,000 rpm. Then, the cement pastes were poured into 
PVC molds, as shown in the Supplementary Material (Figure S1), fol-
lowed by curing in a thermostatic bath (65◦C and atmospheric pressure) 
for 14 days. After the wet thermostatic cure, the cement specimens were 
cut, using a low-speed cutter (Isomet), to the dimensions of 22 mm in 
diameter x 44 mm in height. Thus, a portion of the specimens (non--
carbonated samples) were reserved in a calcium hydroxide solution, 
while the other specimens (carbonated samples) were used for the CO2 
degradation experiments. 

2.3. CO2 degradation experiments 

CO2 degradation experiments were conducted in a HPHT (high 
pressure-high temperature) pressure vessel, as shown in Figure S2 
(Supplementary Material). Cement specimens were exposed to a su-
percritical CO2-deionized water system at 65◦C, 15 MPa for 7 days. The 
applied quasi-static environment is reported as the most appropriate 
model to simulate the well dynamics in a CCS storage site (Bagheri et al., 
2018; Teodoriu and Bello, 2020), since no continuous fluid channels 
seem to be widespread in these geological formations (Lavrov, 2018). At 
the end of the experiments, chemical and physical evaluations were 

performed, the results being compared to the respective non-carbonated 
samples. 

2.3.1. Cement paste carbonation reactions 
CO2 dissolution in water results in the production of H2CO3 (l), HCO3

−

(l) and/or CO3
2−

(1), depending on the medium pH (Bai et al., 2015; 
Duguid et al., 2011; Kiran et al., 2017). These reactions are represented 
by Equation 1. 

CO2(g) + H2O(l) ↔ H2CO3(l) ↔ HCO −
3 (l) + H+

(l) ↔ CO 2−
3 (l) + 2H+

(l) (1) 

Cement is a complex matrix, composed of a series of hydrated 
products, which can react with carbon species in aqueous solution 
(H2CO3, HCO3

− and /or CO3
2− ) (Lorek et al., 2016). According to the 

literature, the main reactions result in the consumption of Ca(OH)2 or 
portlandite (CH) and calcium silicate hydrate (C-S-H) phases to produce 
different calcium carbonate (CaCO3) polymorphs, such as calcite, 
aragonite and vaterite (Duguid et al., 2011; Koukouzas et al., 2017; 
Tiong et al., 2019). These reactions are represented by Equations 2-7. 

Ca(OH)2(s) + CO 2−
3 (l) + 2H+

(l)→ CaCO3(s) + 2H2O(l) (2)  

Ca(OH)2(s) + HCO −
3 (l) + H+

(l)→ CaCO3(s) + 2H2O(l) (3)  

C − S − H(s) + CO 2−
3 (l) + 2H+

(l)→ CaCO3(s) + SiOxOHx(s) (4)  

C − S − H(s) + HCO −
3 (l) + H+

(l)→ CaCO3(s) + SiOxOHx(s) (5)  

CaCO3 (s) + CO2 (g) + H2O(l) ↔ Ca2+ + HCO −
3 (l) (6)  

CaCO3 (s) + 2H+
(l) ↔ CO2 (g) + H2O(l) + Ca2+ (7)  

2.4. Sample characterization 

In the present work, pozzolanic activity analysis (modified Chapelle 
test), surface area analysis (Brunauer–Emmett–Teller and Langmuir), 
mineral composition estimation by X-ray diffraction (XRD) analysis, and 
microscopy analysis by scanning electron microscopy with energy 
dispersive spectroscopy (SEM-EDS) were applied to characterize the 
basalt powder, while SEM-EDS, carbonation test (phenolphthalein 
cement indicator), carbonated layer analysis, compressive strength 
analysis, and X-ray microtomography analysis (MicroCT) were carried 
out to analyze the non-carbonated and carbonated cement specimens. 

2.4.1. Pozzolanic activity analysis 
To assess the basalt powder pozzolanic activity, the modified 

Chapelle method was applied following the recommendations of the 
Brazilian standard (NBR 15895) (ABNT, 2010). The SCM pozzolanic 
activity is estimated from the calcium hydroxide content fixed by the 
Chapelle method, expressed in milligrams (mg) of Ca(OH)2 consumed 
per gram (g) of mineral. As defined by Raverdy et al. (1980), 330 mg Ca 
(OH)2 is a threshold value for an SCM to be considered as a pozzolanic 
material with high activity. 

2.4.2. Specific surface area analysis 
The analysis of cement and basalt powder specific surface areas by 

BET (Brunauer, Emmett and Teller) and Langmuir isotherms were per-
formed in the TriStar II Plus surface area and porosity analyzer. The 
samples were previously submitted to a high vacuum degassing system 
for 3 h to 24 h and the adsorption analysis was carried out using liquid 
N2 (-195.85◦C). 

2.4.3. X-ray diffraction analysis 
X-ray diffraction analysis was carried out using a diffractometer from 

Shimadzu (XRD 700) at voltage of 40 kV, current of 30 mA with Cu-Kα 
radiation and a scanning step size 0.02◦ in the θ-2θ ranging from 2 to 

Table 1 
Class G Portland cement chemical composition and specific sur-
face area.  

Chemical composition Percentage [%] 

SiO2 29.25 
Al2O3 3.95 
Fe2O3 4.57 
CaO 65.07 
MgO 2.32 
SO3 2.27 
Na2O 0.25 
K2O 0.33  

Class G Characterization Surface area [m2⋅g− 1] 

BET specific surface area 0.77 
Langmuir specific surface area 2.69 
aAverage particle size (Å) 78,103.0  

a Estimated based on the specific surface area analysis. 
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80◦. 

2.4.4. Microscopy analysis 
Microscopy analysis by SEM-EDS was performed in the Inspect F50 - 

FEI microscope to: (A) characterize the morphological structure of BP 
and evaluate the chemical composition of some microconstituents, (B) 
characterize the structure of the cement paste, (C) evaluate the extent of 
the degraded layer in the cement specimens after the reaction with su-
percritical CO2 and (D) analyze the elemental profile of the cement 
specimens after the carbonation process (linear and mapping EDS 
scanning). 

2.4.5. Carbonation test 
For the carbonated layer analysis, specimens were cut longitudinally 

with a low-speed cutter and diamond cutting disc. Then, phenolphtha-
lein in ethyl alcohol-water solution (2%) (48:50 v%) was sprayed on the 
samples to assess the extent of the cement carbonation reaction. The 
carbonation test used is based on the interaction of the phenolphthalein 
solution with the cement alkaline reserve (portlandite). Thus, the indi-
cator highlights the boundary between the non-carbonated area of the 
cement specimens (pink fraction) and the degraded layer (non-pig-
mented carbonated fraction). 

2.4.6. Carbonated layer analysis 
The estimation of cement carbonated layer thicknesses was carried 

out by using image processing software based on the phenolphthalein 
sprayed images. For each formulation, three cement specimens with 
several measurements were used to obtain the average carbonated layer 
thickness. 

2.4.7. Compressive strength analysis 
Compressive strength analysis was performed on the cement speci-

mens using a Universal Testing Machine (UTM) from Shimadzu (300 
kN). The compression tests parameters, such as speed of analysis, di-
mensions of the cement specimens and number of replications, meet the 
specifications described by the ASTM C39 standard (ASTM Interna-
tional, 2018). 

2.4.8. X-ray microtomography analysis (MicroCT) 
X-ray microtomography analyses were performed on the cement 

specimens using the Skyscan 1173 X-Ray Microtomograph (Bruker) 
following the manufacturer’s recommendations. From the MicroCT 
data, the carbonated volume and porosity were estimated. 

2.5. Data analysis 

Univariate statistical methods are sometimes inefficient to evaluate 
the data derived from complex systems such as the cement carbonation 
under a reservoir environment. Thus, the data analysis of the present 
work was carried out by the Principal Component Analysis (PCA), Hi-
erarchical Clustering Analysis (HCA) and Correlation Analysis (CA) 
using the Solo+MIA software (Eigenvector Research). PCA and HCA are 
exploratory analysis tools applied to represent large datasets in a small 
dimensional space, while the CA performs the evaluation of the linear 
relationship between all the evaluated parameters. From this approach, 
it is possible to evaluate the cause/effect relationship of adding BP into 
well cement formulations. Since the parameters are measured in 
different units, it is necessary to autoscale and mean center the data 
before the PCA analysis to ensure that all variables have the same weight 
in the multivariate analysis. 

3. Results and Discussion 

3.1. Basalt powder characterization 

Basalt powder was used as an SCM in well cement formulations, 

being initially characterized by means of SEM and specific surface area 
analyses to evaluate the morphological, rheological, and physical effects 
in the cement–BP formulations. The basalt powder SEM image is shown 
in Fig. 1, while the specific surface area results are shown in Table 2. 

Basalt powder (Fig. 1) presented different particle sizes with irreg-
ular shape, rough surface and varied granulometry. While the larger 
particles show undefined rounded edges, which may be related to the 
basic fragmentation mechanism of abrasion after the ball milling process 
(Moosakazemi et al., 2017), the smaller particles show irregular shapes, 
rough surface and sharper edges, which may be associated with the 
different cleavage planes due to the diversified mineralogical composi-
tion of the basalt (Laibao et al., 2013). 

When comparing the BET specific surface area of basalt powder (5.41 
m2⋅g− 1 - Table 2) with class G cement (0.77 m2⋅g− 1 - Table 1) we observe 
that the BP has higher specific surface area and smaller particle size. 
Thus, it is expected that the BP particle morphological and surface 
characteristics are relevant to the mechanical and rheological properties 
of the cement paste (Laibao et al., 2013; Liu et al., 2018; Ouyang et al., 
2018). While the irregular shapes of the smaller particles confer a high 
relative specific surface area, contributing to the decrease of the cement 
paste hydration and to the reduction of pore size and permeability of the 
cured material (Liu et al., 2018), the slightly rounded edges of the bigger 
particles improve the flowability of the cement paste and reduce the 
material stress concentration, making the specimens harder to crack 
(Laibao et al., 2013; Ouyang et al., 2018). Furthermore, particles with 
sharper edges usually create more resistance to the mixture rheology 
and increase the water demand for cement hydration due to increased 
specific surface area (Laibao et al., 2013). The small BP content added to 
the proposed cement formulation resulted in a slight difference from the 
cement without BP addition. 

After identifying the morphological and surface characteristics of the 
basalt powder, the mineral composition of the raw material was char-
acterized by means of XRD (Table 2 and Figure S3). The mineral 
composition of SCM defines its reactivity during the hydration process, 
the role performed by the additive in the cement formulation, and in-
dicates which are the mineral phases that will be generated after the 
curing process (Lothenbach et al., 2011; Paris et al., 2016; Yin et al., 
2018). 

From the XRD pattern results (Table 2), it was identified that BP is 
mostly composed of Andesine (37.8%), Augite (27.9%), Orthoclase 
(11.4%) and Quartz (9.9%), while it also presented minority mineral 
phases composed of Sanidine (5.4%), Magnetite (3.1%), Ilmenite 
(2.5%), Forsterite iron (1.6%) and Goethite (0.3%). All identified min-
erals have been previously reported in basalt powders applied as SCM in 
cement and concrete formulations (Hassaan, 2001; Labbaci et al., 2017; 
Laibao et al., 2013; Saraya, 2014), and indicate that BP may have a 
slightly pozzolanic activity throughout the hydration process so 
consuming cement portlandite and increasing the production of C-S-H 
phases (Laibao et al., 2013; Saraya, 2014), and/or presenting a filler 
effect due to the smaller particle size, reducing the cement porosity 
when occupying the empty spaces of the cured material (El-Didamony 
et al., 2015; Zhang et al., 2018). 

To complement the morphological, mineralogical, and surface area 
analyzes, the pozzolanic activity (Table 2) of the basalt powder was 
evaluated using Chapelle’s method. Chapelle’s analysis assesses the 
pozzolanic activity of SCM based on the indirect measurement of por-
tlandite consumption throughout the hydration process, so it is possible 
to verify the role that BP will play in the cement paste formulation. The 
higher the consumption of portlandite, the greater the formation of 
secondary mineral phases in the cementitious matrix (Ismail et al., 2020; 
Lothenbach et al., 2011). These reactions influence the chemical and 
physical properties of the cement paste, reducing porosity, increasing 
compressive strength and reducing chemical degradation by CO2 
(Ismail et al., 2020; Ledesma et al., 2020). 

Based on the pozzolanic activity, BP consumed 180.2 mg Ca(OH)2 
during the Chapelle test, which is less than the 330 mg Ca(OH)2 that is 
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defined by Raverdy et al. (1980) as a threshold value for a SCM to be 
considered as a pozzolanic material with high activity. Although BP has 
a large amount of minerals rich in silica and alumina, the low pozzolanic 
activity has been previously identified (El-Didamony et al., 2015; Lai-
bao et al., 2013; Saraya, 2014), and is explained due to the lack of vit-
reous phases and the presence of high crystallized minerals (Benezet and 

Benhassaine, 1999; Snellings et al., 2012). Thus, based on the charac-
terization results (Table 2), basalt powder can be used as 
filled-pozzolanic material, being partially consumed in the cement hy-
dration process, and occupying the porous spaces of the material. 

It is known that curing conditions (temperature and pressure) can 
influence the properties of the cement sheath. To prevent strength 
retrogression in wells operating at temperatures above 110◦C, 35% to 
40% of crystalline silica is added in relation to the weight of the cement 
(BWOC) (Bjørge et al., 2019). Unlike crystalline silica, an additive with 
high pozzolanic activity (Kuzielová et al., 2018), BP has low reactivity 
and large inert mineral fraction. Thus, due to low pozzolanic activity of 
the basalt powder, it is unlikely that BP can be used to replace crystalline 
silica as an additive in high-temperature well cement formulations. 
Therefore, future work should evaluate the feasibility of using mixtures 
of crystalline silica and basalt powder in high-temperature CCS well-
bores cement, as well as studying the effect of CO2 on the chemical and 
mechanical resistance of these formulations. 

3.2. Chemical resistance of cement formulations 

After characterizing the basalt powder and preparing the cement 
formulations, the CO2 degradation tests were performed to evaluate the 
chemical resistance of the cement specimens. Fig. 2 shows images ob-
tained from the BP 0.00 (neat cement paste) and BP 0.25 (cement paste 
containing BP 0.25 wt.%) samples after exposure to CO2-saturated water 
at 15 MPa and 65◦C for 7 days, illustrating the chemically altered layer 

Fig. 1. SEM image showing different shapes of basalt powder with magnification of (A) 500x, (B) 2000x with large and small BP particles indicated, (C) 15000x of 
larger BP particle and (D) 16000x of small BP particle. 

Table 2 
Mineral composition, specific surface area and pozzolanic activity of basalt 
powder.  

XRD Mineral Composition Abbreviation Value 

Quartz [wt.%] Q 9.9 
Andesine [wt.%] A 37.8 
Sanidine [wt.%] S 5.4 
Augite [wt.%] Px 27.9 
Forsterite iron [wt.%] F 1.6 
Ilmenite [wt.%] I 2.5 
Goethite [wt.%] G 0.3 
Orthoclase [wt.%] O 11.4 
Magnetite [wt.%] M 3.1  

Basalt Powder Characterization Abbreviation Value 

BET specific surface area [m2⋅g− 1] BET 5.41 
Langmuir specific surface area [m2⋅g− 1] LSA 51.22 
Pozzolanic Activity Index [mg Ca(OH)2] ICa(OH)2 180.2 
a Average particle size (Å) APS 11,097.3  

a Estimated based on the specific surface area analysis. 

G.G.D. Ponzi et al.                                                                                                                                                                                                                             



International Journal of Greenhouse Gas Control 109 (2021) 103337

6

depth which is highlighted using phenolphthalein solution. 
From the carbonation results, typical behavior of CO2 degradation to 

the cement matrix was noticed from the reduction of the pink area and 
an increase of the carbonated grey area, highlighting the degraded 
fraction of the material (Ashraf, 2016; Costa et al., 2019; de Sena Costa 
et al., 2018; Qin and Gao, 2019; Zha et al., 2019). The pink color, 
observed in the central portion of the cement specimens, is associated 
with the interaction of the phenolphthalein solution with the alkaline 
reserve of the cement paste, which is mainly due to the preservation of 
the portlandite (CH) fraction indicating an absence of the CO2 degra-
dation process. Otherwise, the grey portion at the edges of the cement 
specimens demonstrates that there is high consumption of CH, indi-
cating the neutralization of pH and the formation of calcium carbonates 
(CaCO3) (Ashraf, 2016; Costa et al., 2019; de Sena Costa et al., 2018; 
Qin and Gao, 2019; Zha et al., 2019). 

The reference cement paste (BP 0.00 - Fig. 2A) shows an extended 
degraded layer in comparison with BP 0.25 (Fig. 2B). These results 
suggest that the addition of the mineral filler improved the cement 
chemical performance when exposed to the corrosive medium with su-
percritical CO2. Moreover, it can be assumed that the addition of basalt 
powder reduced the permeability of the sample, making the cement 
paste more resistant to CO2 intrusion. 

The chemical resistance of the cement formulations was evaluated by 
measuring the carbonated layer (CL) and carbonated volume (CV) of the 
specimens. Results are shown in Table 3. Since the degradation fronts do 
not advance homogeneously along the specimen, the CV was also esti-
mated to obtain a more accurate measurement of the degraded fraction 
of the cement specimens. 

Table 3 shows that, from the addition of BP in the cement, there is an 
initial reduction of the carbonated layer in relation to the reference (BP 

0.00) and the best result was obtained for the formulation containing 
0.25 wt.% of basalt powder (BP 0.25). Then, the extent of the carbonated 
volume increases from the BP 0.50 to BP 5.00, demonstrating that small 
additions of SCM are able to increase the material resistance against CO2 
chemical degradation, while higher basalt powder contents reduce the 
chemical resistance of the cement formulations. Furthermore, cement 
formulations with higher water-to-solids ratio, BP 0.25 (W/S = 0.439) 
and BP 0.50 (W/S = 0.438), have greater resistance to carbonation than 
samples with higher density: BP 1.00 (W/S = 0.436), BP 2.50 (W/S =
0.429) and BP 5.00 (W/S = 0.419). From these results, we found that 
cement formulations with low basalt powder content (≤ 0.50 wt.%) 
shows the best chemical resistance to CO2, confirming the literature 
statement that even small SCM additions can significantly alter the 
properties of the cement paste (Ghafari et al., 2016; Lothenbach et al., 
2011; Paris et al., 2016; Yin et al., 2018). However, the literature argues 
that cement formulations with higher density are expected to have 
greater resistance to carbonation (Costa et al., 2019; Torsaeter et al., 
2013). This change may be related to the basalt powder characteristics 
and will be addressed throughout the work. 

3.2.1. Cement paste microstructure analysis 
After evaluating the extent of the carbonation process in cement 

formulations, the samples were analyzed by SEM-EDS to assess the in-
fluence of the BP addition on the microstructure of the cement paste. 
Thus, from a longitudinal section, an SEM-EDS linear scan analysis was 
carried out (Fig. 3). 

The cement paste degradation process by carbonic acid is charac-
terized by different chemical reactions and multiple degradation zones 
with unique characteristics, due to several reactions that establish 
chemical equilibrium, through the dissolution and precipitation of 
different mineral phases Duguid et al., 2011; Koukouzas et al., 2017; 
Rochelle et al., 2004; Tiong et al., 2019). As soon as CO2 turns into 
carbonic acid (Equation 1) and flows into the cement matrix, the first 
response of the cement paste to the pH change is the leaching of the 
calcium and hydroxyl ions from portlandite into the pores’ water, 
forming a dissolution zone (Bai et al., 2015; Duguid et al., 2011; 
Rochelle et al., 2004). This region can be easily discerned in the SEM 
image of the BP 0.00 (Fig. 3A) and BP 0.25 (Fig. 3B) specimens by the 
presence of a highly porous area between unaltered cement paste and a 
high-density carbonated zone, characterized by the formation of cal-
cium carbonate (CaCO3) within the cement pores (Equations 2-(5), 
acting as an expansive pore blocking agent (Borges et al., 2010). 

Initially, the calcium carbonate formation is considered beneficial, 
reducing the degradation kinetics, increasing the cement compressive 

Fig. 2. Carbonated layer obtained after 7 days exposure to CO2-water environment at 65 ◦C and 15 MPa: (A) BP 0.00 and (B) BP 0.25.  

Table 3 
Chemically altered layer of cement specimens caused by the CO2 degradation 
process during 7 days under 15 MPa and 65◦C.  

Sample BP [wt.%] W/S CLa [mm] CVb [mm3 %] 

BP 0.00 0.00 0.440 1.25 ± 0.58 20.40 
BP 0.25 0.25 0.439 0.86 ± 0.11 15.91 
BP 0.50 0.50 0.438 1.17 ± 0.17 19.73 
BP 1.00 1.00 0.436 1.21 ± 0.23 20.65 
BP 2.50 2.50 0.429 1.21 ± 0.18 32.83 
BP 5.00 5.00 0.419 1.06 ± 0.05 30.15 

BP - Basalt Powder; W/S – Water-to-Solids Ratio; CL - Carbonated Layer; CV - 
Carbonated Volume. 

a estimated by the phenolphthalein test. 
b estimated by MicroCT analysis. 
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strength, decreasing the porosity and delaying the CO2 diffusion (Borges 
et al., 2010). However, as the degradation process evolves, the por-
tlandite reserve is depleted and pH of the pore solution is reduced so 
showing an acid characteristic. Then, at this degradation stage, the 
calcium carbonate can be transformed into highly leachable calcium 
bicarbonates (Equation 6), increasing the porosity and leading to an 
increase in the material pore pressure (Kutchko et al., 2008, 2007). In 
addition to CaCO3 dissolution (Equation 7), the reduced pH allows the 
degradation of cement anhydrous phases, such as C2S and C3S, and of 
calcium silicate hydrate (C-S-H) by CO2-rich fluids (Bertos et al., 2004; 
Kutchko et al., 2007; Mosleh et al., 2017). Then, after consuming the 
alkaline reserve of the cement, the C-S-H transformation process into 
calcium carbonate and amorphous silica occurs by leaching Ca2+ from 
the C-S-H structure, so decreasing the Ca/Si ratio and increasing the 
porosity of the cement paste. Although the degradation of C-S-H cannot 
be clearly seen in Fig. 3A and Fig. 3B, a downward trend in the Ca/Si 
ratio can be observed in Fig. 3C and Fig. 3D. Thus, the formation of 
calcium-rich (with a high content of calcium carbonate) and silicon-rich 
(with a high concentration of amorphous silica) phases can be clearly 
seen through SEM-EDS elementary mapping (Fig. 4). 

From Fig. 4, the formation of different phases throughout the 
degradation process may be seen in the carbonated layers. Both BP 0.00 
and BP 0.25 cement specimens show degradation zones with signs of 
descaling, indicating calcium loss along the carbonation layer and with 
the formation of CaCO3 and amorphous silica. Thus, changes in the 
cement paste microstructure due to amorphous silica precipitation may 

occur and are considered the most critical concerns in terms of wellbore 
integrity, since the high porosity material resulting from these processes 
may allow CO2 leakage from the reservoir into the atmosphere. 

3.2.2. Cement paste X-Ray porosity and permeability analyses 
X-ray Microtomography analysis (MicroCT) was performed to eval-

uate the role of BP as an SCM in the macroscopic cement paste prop-
erties, before and after the carbonation process caused by the 
degradation experiments. X-ray microtomography analysis allows the 
differentiation of cement microconstituents based on the density dif-
ference between phases. Denser mineral portions, such as calcium car-
bonate, are identified as brighter spots, while lighter microconstituents, 
such as incorporated air or aqueous solution in the pores, are repre-
sented as darker spots (Han et al., 2013). MicroCT images from the 
non-carbonated and carbonated cement specimens are presented in 
Fig. 5. 

From Fig. 5, it can be seen that a low content of basalt powder in-
duces the reduction of specimens’ macroporosity and reduces the 
amount of air incorporated in the material. In the BP 0.25 (Fig. 5B) 
image, no less-dense spots (darker spots) can be seen, whereas in the BP 
0.00 (Fig. 5A) image, there are signs consistent with the presence of 
large pores, confirming that the addition of BP can reduce the overall 
porosity of the cement paste. Thus, the reduction in the macroporosity 
observed in BP 0.25 (Fig. 5B) when compared to the reference (BP 0.00 - 
Fig. 5A) confirms that the addition of BP refines the porous structure of 
the cement, increasing the material resistance against the intrusion of 

Fig. 3. SEM-EDS analysis of carbonated cement specimens: (A) BP 0.00, (B) BP 0.25, (C) EDS linear scan analysis of BP 0.00 and (D) EDS linear scan analysis of 
BP 0.25. 

Fig. 4. Elemental distribution in the carbonated layer, dissolution zone and unaltered cement of (A) BP 0.00 (Ca and Si), (B) BP 0.25 (Ca) and (C) BP 0.25 (Si). Ca in 
red and Si in light green color. 
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acidic fluids such as CO2. For comparison purposes, the MicroCT anal-
ysis was performed on the same cement specimens after exposure to CO2 
degradation and the results are also show in Fig. 5C-F. 

According to Han et al. (2013), the higher density area (bright grey) 
is formed after carbonation as a result of portlandite and C-S-H gel 
transformation into CaCO3, decreasing the permeability by the increase 
of solid volume and pore filling. From the MicroCT image (Fig. 5C-F), it 
is possible to notice the effect of carbonation on the cement matrix after 
the degradation test. The presence of a bright phase on the edge of the 
cement specimens (not seen in Fig. 5A and 5B) indicates the formation of 
a denser carbonated layer, resulting from the reaction between CO2 and 
cement minerals as the degradation front advances. The extension of the 
area with higher density (carbonated zone) is more evident in the BP 
0.00 specimen than in BP 0.25, indicating that even a small amount of 
basalt powder can significantly reduce the material’s porosity and 
permeability and increase the cement resistance to CO2 degradation, as 
seen in Fig. 5C-F. Therefore, to evaluate these results from different 

analyses, the carbonated layer thickness estimated by phenolphthalein 
test, and the carbonated volume measured by the MicroCT analysis, 
were conducted and the results are shown in Fig. 6. 

Fig. 6 shows that the extent of carbonation estimated by both the 
phenolphthalein method and MicroCT analysis present a reasonable 
agreement. The microtomography results (Fig. 5) corroborate the 
phenolphthalein test profiles (Fig. 2), in which the cement pastes with 
low contents of BP (≤ 0.50 wt.%) present a better performance. The 
formulations BP 0.25 and BP 0.50 show superior results in terms of 
resistance against CO2 degradation when compared to formulations with 
neat cement paste (BP 0.00) and those formulations with higher BP 
contents (BP 1.0, BP 2.50, and BP 5.00). Such improvement in the 
properties of porosity, permeability and chemical resistance to CO2 is 
attributed to small additions of BP, since the cement formulations with 
higher water-to-solids ratio, BP 0.25 (W/S = 0.439) and BP 0.50 (W/S =
0.438), have greater resistance to carbonation than samples with higher 
density: BP 1.00 (W/S = 0.436), BP 2.50 (W/S = 0.429) and BP 5.00 (W/ 

Fig. 5. MicroCT images of cement specimen’s cross section before carbonation tests (A) BP 0.00 and (B) BP 0.25, cross section after carbonation tests (C) BP 0.00 and 
(D) BP 0.25 and longitudinal section after carbonation tests (E) BP 0.00 and (F) BP 0.25. 

Fig. 6. Carbonated layer thickness (from phenolphthalein test) and carbonated volume (from MicroCT test) of the cement specimens after CO2 degradation test.  
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S = 0.419). MicroCT results reinforce the conclusion that the addition of 
basalt powder at low contents increases the cement paste resistance to 
the CO2-rich medium by refining the porous structure and reducing the 
cement sheath permeability. Thus, to confirm these statements, the 
porosities of the initial (non-carbonated) and final (carbonated) cement 
specimens were estimated from the MicroCT data processing and the 
results are presented in Table 4. 

Considering that basalt powder presents slight pozzolanic activity, 
the decrease in CO2 degradation resistance shown by specimens with 
higher levels of BP may be related to increased porosity, reduced alka-
line reserve, and increased amount of air incorporated in the cement 
paste (Uysal and Yilmaz, 2011). Thus, the same characteristics that helps 
to improve the cement paste performance in formulations with low BP 
contents (≤ 0.50 wt.%), such as filler character and pore blocking effect, 
results in an increased porosity and permeability of the cement when it 
is in high concentrations (≥ 1.00 wt.%). In this way, the low pozzolanic 
reactivity and the high inert fraction of the basalt powder can lead to a 
delay in the hydration process, resulting in a fraction of unreacted BP, 
changing the spacing of the cement matrix and increasing the porosity 
and permeability of the cement. Furthermore, these characteristics may 
be influenced by the lower availability of water in formulations with 
higher basalt powder contents (BP 1.00 - W/S = 0.436; BP 2.50 - W/S =
0.429; BP 5.00 - W/S = 0.419), which should be evaluated in future 
studies. 

From Table 4 it is possible to observe that the porosity of the non- 
carbonated samples (IP) ranged from 0.08 to 1.06 mm3 %, while the 
porosity of the carbonated samples (FP) ranged from 0.08 to 1.28 mm3 

%. As previously discussed, for both samples (carbonated and non- 
carbonated) there is an initial tendency to reduce porosity, which can 
be attributed to the basalt powder filler behavior, the pore blocking 
effect and the consequent refinement of the porous structure of the 
cement. This characteristic is observed from the reference sample (BP 
0.00 – 0.49 mm3 %) to the BP 0.50 cement specimens (0.08 mm3 %), 
which has the lowest initial porosity value among the evaluated for-
mulations. Otherwise, as the BP content increases from BP 0.50 (0.08 
mm3 %) to BP 5.00 (0.35 mm3 %), the porosity of the cement begins to 
increase, with a maximum at BP 2.50 cement specimens (1.06 mm3 %), 
reflecting the low reactivity of the basalt powder. Regarding the varia-
tion in porosity resulting from the carbonation process, a general ten-
dency to reduce the total pore volume is observed. Such a reduction is 
explained by the pores filling with calcium carbonate resulting from the 
reaction between CO2 and portlandite. In this process, CaCO3 acts as an 
expansive agent, filling the empty space and reducing the porosity and 
permeability of the cement. 

3.3. Mechanical resistance of cement formulations 

The influence of basalt powder addition on the mechanical strength 
of the cement formulations was evaluated both before and after the 
carbonation process. Compressive strength after carbonation process is 
an important property to be measured, since calcium carbonate pre-
cipitation can positively influence the cement paste porosity at the 
beginning of the degradation process (Bertos et al., 2004; Kutchko et al., 

2007; Ledesma et al., 2020; Rochelle et al., 2004). The results of 
compressive strength are detailed in Table 5. 

From Table 5 it can be seen that the compressive strength of the non- 
carbonated samples ranged from 23.7 to 57.7 MPa, while the 
compressive strength of the carbonated samples ranged from 33.7 to 
52.7 MPa. In addition, it is well known that porosity can influence both 
the microscopic (in this case study, CO2 diffusivity) and macroscopic 
properties, such as the compressive strength of a cementitious material. 
Thus, to improve data interpretation, mechanical resistance results were 
plotted together with porosity data of the cement specimens and the 
results are shown in Fig. 7. The results of the mechanical and micro-
tomography tests were obtained from cement specimens from the same 
batch, being the samples (carbonated and non-carbonated) prepared at 
the same time. 

From Fig. 7, it is possible to observe a positive effect of basalt powder 
on the initial compressive strength of cement specimens with high BP 
contents (≥ 0.50 wt.%), despite the increase in porosity. For both 
samples (non-carbonated and carbonated) there is an initial increase in 
compressive strength, with the maximum being obtained for the sample 
with 0.50 wt.% of basalt powder (BP 0.50). This is followed by a reversal 
in the trend for the cement specimens with high BP contents and low 
water-to solids ratios (BP 1.00 - W/S = 0.436; BP 2.50 - W/S = 0.429; BP 
5.00 - W/S = 0.419). Regarding the influence of carbonation on the 
cement’s mechanical properties, only for samples with low basalt 
powder content and high water-to solids ratios (BP 0.25 - W/S = 0.439; 
BP 0.50 - W/S = 0.438) the final compressive strength (carbonated 
samples) was higher than that initially measured (non-carbonated 
samples). Otherwise, the loss in the mechanical strength is clearly seen 
for samples with high contents of basalt powder (BP 1.00, BP 2.50, and 
BP 5.00), since the final compressive strength is lower than that 
measured before the carbonation process. As previously discussed, the 
low pozzolanic reactivity and the high inert fraction of the basalt pow-
der can lead to a delay in the hydration process, resulting in unreacted 
BP fraction, changing the spacing of the cement matrix and resulting on 
an increased porosity and permeability of the cement formulations with 
high contents of basalt powder (BP 1.00, BP 2.50, and BP 5.00). These 
modifications in the cement structure increase degradation by CO2 and 
reduce mechanical properties of the cement after carbonation. 
Furthermore, these characteristics may be influenced by the low avail-
ability of water in formulations with high basalt powder content (BP 
1.00 - W/S = 0.436; BP 2.50 - W/S = 0.429; BP 5.00 - W/S = 0.419), 
which should be evaluated in future studies. 

Even though BP 0.25 has the greater carbonation resistance (Fig. 6), 
it presents a similar behavior of compressive strength, both before and 
after carbonation, to that obtained for the reference sample (BP 0.00). 
For both specimens (BP 0.00 and BP 0.25), after carbonation, the in-
crease in compressive strength is accompanied by a reduction in the 
porosity. Furthermore, BP 0.50 has the highest compressive strength, 
which is slightly compromised by the carbonation process, and the 
lowest porosity value, that is practically unchanged by the degradation 
process. Thus, it can be concluded that low basalt content in the cement 
paste can modify the cement’s microstructural properties, such as 
porosity, for example. However, these changes are not enough to 

Table 4 
Porosity of cement formulations with basalt powder, before (initial) and after 
(final) carbonation.  

Sample BP [wt.%] W/S IP [mm3 %] FP [mm3 %] 

BP 0.00 0.00 0.440 0.49 0.40 
BP 0.25 0.25 0.439 0.12 0.08 
BP 0.50 0.50 0.438 0.08 0.08 
BP 1.00 1.00 0.436 0.66 0.60 
BP 2.50 2.50 0.429 1.06 1.28 
BP 5.00 5.00 0.419 0.35 0.29 

BP - Basalt Powder; W/S – Water-to-Solids Ratio; IP - Initial Porosity; FP - Final 
Porosity. 

Table 5 
Compressive strength of cement formulations with basalt powder, before 
(initial) and after (final) carbonation.  

Sample BP [wt.%] W/S IC [MPa] FC [MPa] 

BP 0.00 0.00 0.440 28.0 ± 3.6 42.0 ± 8.9 
BP 0.25 0.25 0.439 23.7± 3.1 45.3 ± 7.5 
BP 0.50 0.50 0.438 57.7 ± 4.2 52.7 ± 18.8 
BP 1.00 1.00 0.436 50.7 ± 13.6 40.0 ± 4.0 
BP 2.50 2.50 0.429 42.3 ± 5.0 42.7 ± 2.4 
BP 5.00 5.00 0.419 45.7 ± 10.2 33.7 ± 11.4 

BP - Basalt Powder; W/S – Water-to-Solids Ratio; IC - Initial Compression; FC - 
Final Compression. 
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promote significant differences in the material’s macrostructural prop-
erties, such as compressive strength. Otherwise, the BP 1.00, BP 2.50 
and BP 5.00 cement formulations have a significant loss of compressive 
strength after the carbonation process (less pronounced for BP 2.50), 
while having porosity values substantially higher than the reference 
sample (BP 0.00). Although calcium carbonate can fill the pores and 
reduce the cement porosity, the larger pores cannot be completely filled. 
Thus, the porosity can be reduced with no significant changes in the 
mechanical strength. This behavior can be seen by comparing Fig. 5A 
and Fig. 5C, in which the small pores are filled while the larger pores 
remain apparently unchanged. 

Contrary to the literature, our results show that the formation of a 
carbonated layer (with higher density) and of a dissolution zone (with 
high porosity) in the cement paste promotes the loss of the material’s 
integrity since it creates a preferential fracture plane delimited by the 
interface between the degraded and unaltered zones. In addition, this 
process, among other factors such as changes in total porosity, can in-
fluence the results of compressive strength after carbonation because the 
detachment of the carbonated layer decreases the cross-section area of 
the specimen and consequently decreases its compressive resistance. 
This behavior is shown in Figure S4 (Supplementary Material) and was 
observed during the compressive strength analysis for all the cement 
specimens submitted to carbonation process in which the detachment of 
the carbonated layer (grey zone), along with a preferential cleavage 
plane, clearly exposed the unreacted cement core (pink zone). 

Thus, in addition to the integrity loss, the difference in mechanical 
and elastic properties between the carbonated and non-carbonated 
layers can lead to the formation of cracks and preferential paths for 
fluids percolation. Thus, the degradation process can be accelerated due 
to the formation of paths with less resistance to the intrusion of acidic 
fluids in the cement matrix, which can lead to catastrophic failure of the 
well. Considering that the CO2 degradation front is not homogeneous 
(Fig. 4), and that there is a preferential fracture plane delimited by the 
interface between the degraded and unaltered zones (Figure S4), it is 
recommended in future studies to perform mechanical tests in different 
portions of the cross section of the specimens through microindentation 
hardness tests in order to evaluate how the mechanical resistance is 
modified along the different phases of the material (carbonated, in-
termediates and unaltered cement zones). 

3.4. Data analysis 

After the comprehensive study on the chemical, mechanical and 
microstructural properties of cement formulations with basalt powder, 

data analysis was applied to analyze the correlation between the 
measured variables and the basalt content added to the formulations. In 
the present work, data analysis was performed using Correlation Anal-
ysis (CA) and the multivariate analysis methods Principal Component 
analysis (PCA), and Hierarchical Clustering Analysis (HCA), using the 
basalt powder content (BP), water-to-solids ratio (W/S), carbonated 
layer (CL), carbonated volume (CV), initial porosity (IP), final porosity 
(FP), initial compressive strength (IC), and final compressive strength 
(FC), already presented in Tables 3-5. For brevity, only the most 
important correlations are discussed, however, numerical linear rela-
tionship results among the parameters are detailed in Table S1 in the 
Supplementary Material. Results of the PCA and HCA analyses are 
shown in Fig. 8, while the results of the correlation analysis are pre-
sented in the Supplementary Material (Table S1 and Figure S5). 

Through PCA analysis, the most relevant data (explained variance) is 
recovered and represented by the Score (sample projection) and Loading 
(variable influence) graphics. From the PCA results (Fig. 8A), only two 
principal components (PC 1 - 50.80% and PC 2 - 25.06%) represent 
75.86% of the data set explained variance. From the PCA (Fig. 8A), it is 
observed that the reference sample (BP 0.00) and the formulations with 
low basalt power contents (BP 0.25 and BP 0.50) are shifted to negative 
PC-1 values, while the formulations with high BP contents (BP 1.00, BP 
2.50, and BP 5.00) are shifted to positive PC-1 values. From the loadings 
and sample position along the PC-1 axis, formulations with high basalt 
powder content (BP 1.00, BP 2.50, and BP 5.00) and low water-to-solids 
ratio (W/S) are associated with higher values of initial compressive 
strength (IC), carbonated layer (CL), carbonated volume (CV), initial 
(IP) and final porosity (FP). Thus, from the PCA loadings, it can be 
observed that the formulations displaced to positive values of PC-1 
presented less chemical resistance to CO2 than the reference sample 
(BP 0.00). Otherwise, the cement formulations with low basalt powder 
content (BP 0.25 and BP 0.50) and high water-to-solids ratio (W/S) are 
shifted to negative PC-1 values and present a higher final compressive 
strength (FC) and lower carbonated fraction (CL and CV) and porosity 
(IP and FP) than the reference specimens (BP 0.00). 

Although both formulations (BP 0.25 and BP 0.50) perform better 
than the reference sample against CO2 degradation, from the PC-2 scores 
and loadings, we found that the formulation with 0.25 wt.% of BP 
presents a higher chemical resistance, while the formulation with 0.50 
wt.% of BP has better mechanical performance. These characteristics 
allow the new cement formulations to be applied in different extensions 
of the well construction. Thus, BP 0.25 could be applied in extensions 
where issues related to chemical resistance to CO2 are more important, 
while BP 0.50 could be used in well extensions that are subject to greater 

Fig. 7. Porosity and compressive strength of cement formulations with basalt powder, before and after carbonation.  
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mechanical stress. These characteristics are reinforced by the HCA 
dendrogram (Fig. 8B) in which the formulations BP 0.25 and BP 0.50 
have a set of properties that significantly distinguish them from the 
others (BP 0.00, BP 1.00, BP 2.50, and BP 5.00) and clearly indicate their 
better performance in aggressive environments. 

From the correlation analysis (Figure S5 and Table S1), a significant 
positive relationship between basalt powder (BP) content and carbon-
ated volume of the cement formulations (R2 = 0.82) was identified, 
while there is a significant negative relationship between the BP content 
and the final compressive strength (R2 = -0.71) of the cement specimens. 
Furthermore, a slightly positive relationship was observed between BP 
and the initial porosity (R2 = 0.25), final porosity (R2 = 0.26) and initial 
compressive strength (R2 = 0.30), while there is a fairly positive 
adjustment between the initial porosity and the carbonated layer (R2 =

0.56) and carbonated volume (R2 = 0.67). Thus, we may conclude that 
high contents of basalt powder in the cement formulations lead to an 
increase in the material porosity which favors the carbonation process, 
modifying the cement microstructure and compromising the mechanical 
and chemical integrity of the material throughout the carbonation 
process. Thus, only small additions of BP (≤ 0.5 wt.%) in the formula-
tions are beneficial to increase the chemical resistance of the cement 
against CO2. 

In addition, from the correlation analysis (Figure S5 and Table S1), 

significant positive relationship between the water-to-solids ratio (W/S) 
and final compression strength (R2 = 0.71) was identified, while there is 
significant negative relationship between the W/S and the carbonated 
volume (R2 = -0.82) of the cement specimens. Furthermore, slightly 
negative relationship was observed between W/S and the initial porosity 
(R2 = -0.26), final porosity (R2 = -0.27) and initial compressive strength 
(R2 = -0.30). The literature argues that cement formulations with lower 
water-to-solids ratio are expected to have greater resistance to carbon-
ation (Costa et al., 2019; Torsaeter et al., 2013). However, from the data 
analysis, we identified that the samples with the higher W/S and lower 
BP content (BP 0.25 and BP 0.50) showed the best resistance against 
CO2. Thus, it can be concluded that these formulations balance the 
properties of the cement formulations from pore filling with basalt 
powder without impairing the curing process and significantly change 
the density of the cement paste. On the other hand, the low pozzolanic 
reactivity and the high inert fraction of the basalt powder can lead to a 
delay in the hydration process, resulting in an unreacted BP fraction, 
changing the spacing of the cement matrix and increasing the porosity 
and permeability of the cement formulations with higher contents of 
basalt powder (BP 1.00, BP 2.50, and BP 5.00). These modifications of 
the cement structure increase degradation by CO2 and reduce the 
cement mechanical properties after carbonation. From these results, it is 
observed that future studies should also evaluate the influence of the 

Fig. 8. Data analysis of cement formulations with addition of basalt powder, before and after carbonation: (A) PCA and (B) HCA.  
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water-to-solids ratio (W/S) on the chemical and mechanical resistance 
properties of cement formulations with basalt powder. 

From the data analysis we conclude that formulations with a low 
content of basalt powder (BP 0.25 and BP 0.50) are those with the 
greatest potential for application in CCS wells. Both formulations have 
low initial porosity and maintain their mechanical properties, even after 
the carbonation process. While the formulation with 0.25 wt.% of basalt 
powder (BP 0.25) has greater chemical resistance, being recommended 
for application in well extensions exposed to more aggressive environ-
ments, the formulation with 0.50 wt.% of basalt powder (BP 0.50) would 
be preferred for a well session subject to moderate CO2 activity, but 
which requires materials with high mechanical resistance. Furthermore, 
considering that the addition of BP is small (≤ 0.5 wt.%), the impacts on 
the production cost of these cement formulations could be easily 
compensated by the increase in the well integrity and the extension of its 
life cycle. 

3.5. Financial assessment of BP addition to cement paste 

In this topic, the financial assessment of BP addition to the cement 
paste is provided. The base-price used in the assessment for class G 
cement was $ 0.27 US dollar (R$ 1.49) per kg, informed by Lafarge 
Holcim Brazil (base year 2019). The coarse aggregate price was $ 8.65 
US dollar (R$ 47.00) per cubic meter (m3), obtained from the Brazilian 
civil construction report of SINAPI (price and cost references - July 
2020) (SINAPI, 2020). Thus, Fig. 9 shows a comparison of the cost per 
m3 of the proposed new well cement formulations with the addition of 
mass fractions of basalt powder (from 0.25 to 5 wt.%). 

Financial assessment (Fig. 9) shows a tendency for a slight increase in 
formulation costs as the basalt powder fraction is increased from 0 to 5 
wt.%. The formulation cost increasing ranges from $ 0.02 US dollar (BP 
0.25) to $ 0.44 US dollar (BP 5.00) per metric ton (m3) of well cement 
formulation. From the financial assessment and considering the formu-
lations with lower basalt powder contents (BP 0.25 and BP 0.50), which 
performed better properties in CO2-rich environment, we can conclude 
that the cost increase would be easily compensated by the wellbore 
integrity increase in long term. Thus, formulations that showed better 
chemical (BP 0.25) and mechanical (BP 0.50) resistances presented 
insignificant additional costs (per m3) in relation to the reference cement 
formulation (Class G cement - BP 0.00), attesting that BP can be a low- 
cost SCM with interesting cost/benefit relationship to be applied in 
chemical-resistant cement formulation for CCS wells. 

4. Conclusions 

In the present work, we propose the application of basalt powder 
(BP) as a supplementary cementitious material (SCM) in cement for-
mulations for Carbon Capture and Storage (CCS) wells. From the 
experimental results, we identified that BP can be characterized as a 
filled-pozzolanic SCM, since it has low pozzolanic activity, large inert 
fraction, and particle size significantly smaller than class G cement. The 
cement formulations (BP + class G cement) were obtained from a simple 
dry blending process and, within the range of evaluated BP (0.25 to 5.00 
wt.%), no significant changes were identified in the characteristics of the 
fresh cement paste. After curing, the cement specimens were subjected 
to degradation tests under reservoir conditions (65◦C and 15 MPa of 
CO2) and a comprehensive characterization of the cement formulations, 
before and after the carbonation, was performed. 

From our results, we identified that the basalt powder can be used as 
an SCM in cement paste, modifying the fundamental material properties 
such as microstructure (porosity and permeability), mechanical, and 
chemical resistance. From the carbonation test results we identified that 
formulations with low basalt powder content (≤ 0.5 wt.%) and high 
water-to-solids ratio (W/S) are those with the greatest potential for 
application in CCS wells, since they are more resistant to CO2 degra-
dation, present low porosity, and have suitable mechanical properties. 
Otherwise, formulations with a high BP content (≥ 0.5 wt.%) demon-
strated characteristics that may not recommend their application in CCS 
wells since they presented high porosity, low resistance to CO2, and 
mechanical properties that were compromised by the carbonation 
process. 

Due to the characteristics of the basalt powder (filled-pozzolanic 
SCM with high surface area and small particle size) we conclude that the 
increase shown in chemical resistance for cement formulations with low 
BP contents (≤ 0.5 wt.%) is due to the reduction of material porosity and 
permeability, the filling of empty spaces, and refinement of the porous 
cement network together with the low reduction of the alkaline reserve 
of portlandite. These combined features increased the class G cement 
paste’s resistance to fluid intrusion, delayed the progress of the CO2 
degradation front, and preserved the cement matrix’s ability to 
neutralize acid gases. Thus, from our results, we conclude that addition 
of BP to cement formulations at low contents can improve the CCS well 
integrity and extend its life cycle. 

For the application of the BP technology in a full-scale wellbore, 
properties such as: (i) thickening time, (ii) free water content, (iii) fluid 

Fig. 9. Financial assessment of formulations with basalt powder.  
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loss and (iv) rheology, as well as the need of additional additives (i.e., 
anti-foam, retardant, and dispersant) must be evaluated in future studies 
to ensure that the new formulations meet the wide range specifications 
of CCS projects. Furthermore, additional studies should be carried out to 
evaluate the influence of the water-to-solids ratio (W/S) on the chemical 
and mechanical resistance properties of cement formulations with basalt 
powder. 
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