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Abstract

This paper presents theoretical models of the phase transformation and the change of mechanical
properties of oil well cement due to underground carbonation reactions. Application of oil well
cement has become common practice in CO2 underground storage formations. However, the CO2
stored underground may leak through damaged well cement, and it can cause carbonation reactions
which may significantly decrease the mechanical properties of well cement. Extensive research
has been conducted by using experimental methods in laboratories to characterize the carbonation
reactions of cement underground. However, no theoretical formulations have been developed
considering the mechanical properties change due to the carbonation effect. In this paper, the CO2
profile was predicted first by the error functionsolution of a 1D CO2 diffusionequation and further
the carbonation reaction rate was calculated. The phase transformation of well cement due to
carbonation were then analyzed by using a stoichiometric model. After that, the changes of
mechanical properties of well cement were modeled using a two-phase generalized self-consistent
model at different scales. Specifically, the decrease of the elastic modulus of well cement during
the carbonation process was used as an example application of the model. Finally, the modeling
result was validated with published experimental results.

Keywords: Carbonation, Diffusion, Oil Well Cement, Ca(OH)z, Elastic Moduli
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1 Introduction

With the development of technology and civilization, a large amount of raw resource has been
used without decent recycle of detrimental substances in the past 50 years [1]. As the consequences,
the living environment of mankind is threatened in various aspects. In recent years, more and more
environmental issues have been reported by researchers, such as climate change, acid rain, ozone
depletion, etc. [2,3]. As one of the most severe environmental problem among them, the climate
change has been addressed with a great effort [1,4,5,6]. In order to control climate change and the
amount of greenhouse gas emitted to the atmosphere, CO:2 emission, which is the main
compositions of greenhouse gas, has to be reduced tremendously around the world. This reduction
can be done by various techniques, and long-term storage of CO2 is one of them [1]. Oft-shore and
in-shore storage such as deep saline geological units, as well as mineral sequestration are the three
available techniques for CO:2 storage. Under consideration of technical difficulty level and safety
issues, geological storage became the most advanced technology to be used for CO: storage and
many large industrial scale and pilot projects have successfully transported CO2 into underground
reservoirs [1]. In the last 20 years, more than 100 projects have been successfully completed to
inject CO2 into underground reservoirs [1]. Fig. 1 shows the side view of a borehole system. The
steel pipe is installed first, then the well cement is injected through the steel pipe and hardens
around the outside of it. The cementing process of the wellbore is very important to keep the
injected CO2 underground, and cementing can be split into two types: primary cementing and
remedial cementing. Primary cementing refers to the placement of the cement underground into
the annular space to provide zonal isolation. Remedial cementing refers to the repair of the primary
cement after the wellbore has been constructed, which includes the processes of squeezing

cementing and plugging cementing [7]. Remedial cementing is expensive. Therefore, thoroughly



50

51

52

53

54

55

56
57

58

59

60

61

62

63

64

65

66

67

planning and designing primary cementing is necessary and economical. Long after injection, CO2
can move upward or sideways due to the unbalanced pressure in the subsurface [4]. To safely keep
the injected CO2 underground, the long-term mechanical properties of cement in the borehole
system need to be well understood. Any significant deterioration in mechanical properties of the
well cement may result in potential leakage of the CO2. So, the durability of well cement has

become a center of attention in the research community [5].

Remedial Cementing

Primary Cementing

Figure 1. Primary cementing and remedial cementing
Carbon dioxide either from the atmosphere or from underground storage can react with the
hydration products in cementitious material [8], which are called carbonation reactions Due to the
carbonation reactions, both the mechanical properties and durability of cementitious materials can
be potentially affected to different extents. In the past several decades, a lot of research has focused
on understanding the mechanism of carbonations on concrete structures above the ground and
trying to mitigate the effect of carbonations. Bertolini et al. [6] mentioned in their research that the
carbonation reactions can reduce the pH value of the pore solution, which can lower the
depassivation threshold of the reinforcing steel and further encourage the corrosion of steel casing
[9]. Besides decreasing the pH value in the cementitious material, the chemical compositions can

also be changed due to the invasion of CO2 [10]. Relevant experimental studies have been
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conducted to mainly measure the ‘carbonation front’, which is one of the most important
parameters to define the carbonation depth [11,12] in the cementitious material.
Thermogravimetric analysis (TGA) has been introduced to analyze the effect of carbonation
reactions on the cementitious material, where the change of chemical compositions of cement can
be captured [13]. In addition to the experimental studies, models have been developed to simulate
the carbonation effects in cementitious material under different conditions [14-18]. It can be seen
from these modeling that although different environmental conditions have been included in the
model, an important part of the carbonation reactions, called the wet carbonation has been
neglected, which is important specifically for the underground environment.
From previous experimental research, it has been concluded that carbonation reactions can be
divided into two types: dry carbonation and wet carbonation (or carbonation stage and dissolution
stage) [19-23]. The carbonation reactions of well cement can be generally expressed using the
chemical equations 1-7 and Fig. 2:
CO,+ H,0 & H,CO; & H*+ HCO; & 2H*+ C02~ (1)
Ca(OH), +2H* 4+ C03™ - CaCO; +2H,0 (2)
Ca(OH),+H* + HCO; —» CaCO; +2H,0 (3)
C—S—H+2H*+ 05" - CaC0, + Si0,,OH, (4)
C—S—H+H*"+HCO; - CaC0O;+ Si0,0H, (5)
CO, + H,0 + CaC0O, & Ca** + 2HCO; (6)

2H* + CaC0, & CO, + Ca®* + H,0 (7)
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Dry Carbonation for

above ground structures
|

HCO3 CO,
Cco%~ { H,0 [
| /

Wet Carbonation for underground structures

Figure 2. Phase transformations during the carbonation reaction

The chemical equations show the entire progression of the carbonation reactions. In equation 1,
the COz2 reacts with water to produce carbonic acid and bicarbonic acid [24]. In the next step,
equations 2 to 5, the acid reacts with the calcium hydroxide first to generate the calcium carbonate,
and then, the calcium silicate hydrate (C-S-H) gel (a hydration product of well cement) reacts with
the acid to form the amorphous silica gel and calcium carbonate. During this step, the stiffness of
calcium carbonate is high, and it can increase the strength of the cement, while the amorphous
silica can decrease the permeability. This step is called “dry carbonation”, which happens in regular
Portland cement concrete above ground structures. If the cement continuously encounters brine,
which is common in the underground environment, the reactions go through the entire process
from equations 1 through 7. At the end of the reactions (equations 6 and 7), the calcium carbonate
content decreases, and the strength of the cement decreases as well. This is called “wet
carbonation”. It is important to note that the results of the two carbonation processes are totally
different. For dry carbonation, the cement is stronger after the carbonation reactions. On the other
hand, the cement is weaker from the wet carbonation. So, the outcome of the wet carbonation is
more harmful to the mechanical properties of well cement underground than the dry carbonation.

The rate of carbonation reactions becomes an important factor in the mechanical deterioration

process of well cement [25,26]. Many influential factors have been considered to affect the rate of
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carbonation reaction: relative humidity, water to cement ratio, initial CO2 content of the
environment, types of cement used, temperature, pressure, etc. In order to study the effect of these
factors, researchers have conducted experimental tests and developed mathematical models to
predict the influence of each factor [27-34]. From their results, one can conclude that with the
increase of temperature, the rate of carbonation reactions is increased. The influence of pressure
has also been considered in [27] showing that the higher pressure could help to push the CO2 gas
farther into the cement. As the result, the carbonation reaction could start at deeper depths of the
cement annulus. Since the pressure and temperature are much higher in the underground
environment than above the ground [35,36], it is necessary to focus on the carbonation reaction in
this study. In addition, the water-to-cement ratio is another important factor. As shown in previous
research, with a higher water-to-cement ratio, the carbonation reactions are faster [37].

Based on the literature review above, one can conclude that the CO> stored underground may leak
through damaged well cement, and it can cause carbonation reactions which may significantly
decrease the mechanical properties of well cement. Although a lot of experimental research was
conducted, there is no systematic modeling work that focuses on both the changes of chemical
compositions and mechanical properties of the well cement use in underground structures due to
the carbonation reactions. The wet carbonation, which is emphasized here, is only seen in past
experimental studies. There is no modeling work currently considering the mechanical properties
effect of wet carbonation on cementitious material used in underground projects. At the
macrostructure level, the reaction rate is indirectly defined by the carbonation depth instead of the
degree of carbonation, implying that larger carbonation depth in a structure are an indication of a
higher reaction rate. However, the degree of carbonation is a better indicator than the carbonation

depth because it directly shows the extent of the phase transformations that have occurred in the



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

cementitious material. Hence, it is necessary to build a systematic theoretical model to characterize
the carbonation reaction processes in terms of the associated phase transformation, reaction rate
and their effects on the mechanical properties of well cement. In the next section, the initial volume
fraction of well cement due to the hydration process is simulated by using stoichiometric model.
Section 3 shows the phase transformations in the well cement due to the carbonation reaction by
using the same stoichiometric model. In section 4, the two-phase general self-consistent (GSC)
model is applied. As a numerical example, the modulus of elasticity of well cement is modeled.
The validation work of the model is conducted in section 5. Consistent results are obtained between
the model prediction and previous experimental results. This theoretical analysis is the first step
towards realistic estimation of the long-term performance of wellbore system for underground CO2
storage reservoir.

2 Initial Volume Fractions of Constituents after Hydration Process of Well Cement

To evaluate the changes of chemical composition and mechanical properties of well cement during
the carbonation reactions, the initial conditions of the cement before the carbonation reactions start
must be understood. These initial values depend on the degree of hydration of cement. To simplify
the calculation with nearly no effect on the long-term model accuracy, it can be assumed that the
carbonation reactions start right away after the hydration reactions of cement are completed.
Therefore, the initial volume fractions of the hydration products in the cement paste can be
calculated based on the total hydration of cement.

According to the API 10A Standard [38], oil well cement can be categorized in six classes: A, B,
C, D, G, and H, each divided into three grades: ordinary (O), moderate sulfate-resistant (MSR),
and high sulfate-resistant (HSR). Classes A, B, and C are similar to type I, I, and III cements in

the ASTM standard C150 and ASTM C465 [39,40]. Class D cement is used for moderately high
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temperatures and pressures under MSR and HSR grades. The definitions of Class G and Class H
cements are similar in the API standard. Both can be used as a basic well cement casing and work
in MSR and HSR grades except the size of Class G cement particles is finer than that of Class H
cement. According to data from the Society of Petroleum Engineers (SPE), approximately 80% of
the projects in the U.S. adopt Class H and G cement and greater than 95% of the projects in the
rest of the world use Class G cement. Class G and H cements have better performance under high
temperature and high pressure than the other four classes. In addition, other special cements are
used for oil well cementing although they are not very common, including: Pozzolanic-Portland
Cement, Gypsum Cement, Microfine Cement, Expanding Cements, Calcium Aluminate Cement,
ThermalLockTM, Latex Cement, Resin or Plastic Cements, Sorel Cement, and EverCRETETM
CO2, etc. [41]. Compared with ordinary cement used for the structures above the ground, well
cement has unique advantages for underground projects: high fluidity and relatively low thermal
contraction. However, in order to achieve the high fluidity, this specific material sacrifices the
mechanical properties and durability to some extent. From previous work, the lower strength of
well cement did not considerably affect the sealing process of CO2 gas in the wellbore system [4].
Class G cement is selected as the well cement used in the modeling work based on the common
application around the world. The water-to-cement (w/c) ratio is equal to 0.44 (API 10A standard).
The mineral compositions of cement powder are shown in Table 1 [42]. The hydration equations
are shown below:
C;S + 53H - 0.5C;,S,Hg + 1.3CH (8)
¢,S+ 4.3H - 0.5C;,S,Hg+ 0.3CH (9)
C,AF +2CH + 10H - 2C;(A, F)H, (Hydrogarnet) (10)

C;A +3CSH, + 26H - C,AS;H;, Ettringite (AFt) (11)
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C;A +0.5C,AS;H;, + 2H —» 1.5C,ASH,, Monosulfate (AFm) (12)
C;A+ CH+ 12H - C,AH,; Calcium aluminate hydrate (13)

Table 1 Chemical composition of Class G cement [38]
Mineral Composition CsS C2S CsA C4AF
% by mass 56 25.7 2 16.3

The hydration products and the total volume are expressed in equations 14 and 15 [32].
Viotar = V2 + V) (14)
Viotar = Vi () + V5 (8) + Voo () + Ve () +V,, (0 +V,,(0) =1 (15)
To calculate the microstructure of the cement paste, the total volume can be considered to be a unit
volume. Due to the low content of C3A, it can be assimilated with C4AF as V,, .V, (t) is the
remaining water during the hydration reaction, which equals the initial volume of mixed water
minus the water consumed during the hydration reactions, equation 16 [43].
V,(6) =V =Y. Vixa;(t)=0 (16)

where V0 is the initial water used in the mixture, V! is water consumed for complete hydration of
component I, «; is the hydration rate of component i. After total hydration, the volume of
remaining water fills the gel pores. V! can be calculated in equations 17 and 18 by using

stoichiometric models [43].

& — Di % P,l'/ﬂi (17)
vy W o bw

pi=1p=pesa (I8)
where V0 is the initial volume of well cement, D, = d,, /d;, d,, is the moles of consumed water
during the hydration reactions, and d; is the moles of component i consumed during the hydration
reactions. p; is the mass density of different phases. p; is the molecular weight. m; is the mass

fraction of different phases of clinker.
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The volume changes of the phases in the cement can be calculated using equation 19 [43]. In this
study, only the total hydration is considered, and thus the volumes of all initial components in the
well cement are reduced to zero.

Vi (@® = Vciko X[1-a;(®] (19
The next step is to calculate the hydration products from the cement. C-S-H gels and calcium
hydroxide crystals are produced from C3S and C:S. Therefore, equations 20-24 [44] calculate the

volume change of the C-S-H gel. The chemical formula used for C-S-H gel is C5 ,S,H;.

Vesu (0) = Vegy X ag s(8) +Vozy X ag s(t)  (20)

C3S !
VCSH — DC3S % pC3S/#C3$ (21)
0
Ve CSH ™" pesu/bcsn

; __ Mcgs 0 Mmegs
Pess = 7o T Pes o (22)

CpS

Ve&i  NGS o PCas/Bcys
=Dz, X —2—=2 (2
ve CSH ™" pesul/kesn @3)
, M m
Pc,s = Vccozs = Pc ZiC;: (24)
where V27 is the volume of C-S-H gel generated from the C,S hydration reaction, and V,2; is the

volume of C-S-H gel produced from the C,S hydration reaction. Similarly, the volume of calcium
hydroxide can be obtained through equations 25-27 [44].

Ve () = Veii® X ag () +V2° X ag (t) (25)

C3S !
Vi _ pGS « Pcss/Hcss (26)
vy CH PcH/ McH

Co2S !
Ve _ pGS « Pcys/Mc,s 27
vy CH PcH/ McH

The volume of capillary voids can be calculated using the following equation [45].

Vo= Cox p X V2 xa(t) (28)



217  where C is the chemical shrinkage, which equals 0.07 ml/g for regular Portland cement. In this
218  paper, this value is assumed as the chemical shrinkage for Class G cement.

219  The last step is to calculate the volume fraction of aluminates, which equals the total volume
220  subtracted by all other volume fractions calculated above, shown in equation 29.

221 Vap = 1= (Voo + Ve + Vo, +V, + Vo) (29)

222  All the values of parameters mentioned in the equations are summarized in Table 2. It needs to be
223  emphasized that the mass fraction of each clinker phase is decreased during the hydration process
224  with time (CsS, C2S, C3A, C4AF). On the other side, as the hydration process of the cement

225  proceeds, the mass fraction of CSH and CH is increased.

226 Table 2 Parameters for determining volume fraction of each phase from cement clinker [46]
CsS C2S CsA CsAF w c CSH CH
Density (g/cm?) 1 3.15 2.04 2.24
Mass fraction (%) 0.56 0.257 0.02 0.163 - - - -
Molar mass (g/mol) 228.32 17224 270.2 430.12 18 - 227.2 74
DcsH 1 1 - - - - - -
DchH 1.3 0.3 - - - - - -
Dw 5.3 4.3 10 10.75 - - - -
Initial volume fraction (%) - - - - 0.581  0.419 - -
227

228  In addition, from a previous study [46], the volume of water in the gel pores is around 28% of the
229  total volume of the C-S-H gel. Hence, the porosity of C-S-H gel is defined to be 28%. The pore
230  volume in cement paste can be calculated using equation 30.

231 Voore = Vi + Vep + Vger  (30)

232 The volume fractions of the components in the cement paste after the completion of the hydration
233  reactions are summarized in Table 3.

234

235
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Table 3 Volume fraction of the components of the Class G cement after hydration is complete
withw/c = 0.44

Volume Fraction %
VcH 18.16
VcsH 57.99
Vw 0.54
Vep 9.24
VaL 14.08

As shown in Table 3, there is not much water left after the total hydration process, which is due to
the low water-to-cement ratio used for the cement. The total volume of macro-pores after the
cement dries out equals 0.54% + 9.24% = 9.78%. Similar results were obtained by previous studies
[47,48].

3  Stoichiometric Model for the Change of Volume Fractions due to the Carbonation

Reactions

The initial volume fractions of well cement can be changed during the carbonation reactions. The
changes of the volume fractions can be divided into several parts based on the chemical reactions
involved, such as degeneration of C-S-H gel, CH crystal, and calcium carbonate. Therefore, the
rate of carbonation reaction of each phase needs to be established first, as shown in equation 31
[49].
R, = K; x[i] x[CO,] (31)

where R; is the rate of carbonation reaction for phase i (C-S-H gel, CH crystal, and calcium
carbonate). The rate of reaction describes the generation or degeneration of the phase over time
per unit volume. K; is the coefficient of the carbonation reaction (in unit volume per moles per

second), [i] is the concentration of component i (in moles per unit volume of cement), [CO,] is

the concentration of carbon dioxide (in moles per unit volume).
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The coefficient of the carbonation reaction for C-S-H and CH can be found from TGA
experimental results [11]. For a fully saturated condition, K2, = 9.9 x 1073m3 /mol-s. In a
partially saturated condition, the relationship is shown in equation 32 [49].

Key = Koy X 37 (32)
where S is the saturation level of the cement. S is defined to be 90% of the saturation. The

coefficients of the carbonation reaction for C-S-H gel were also developed based on experimental

results: “C2 = 7.8 x 107 [49].

CH

The concentration of component i is not a constant, but a variable depending on the extent of
carbonation reactions, which, in turn, depend on the concentration of CO2. The concentration of
CO: is a function of the depth in a structure starting from the boundary, i.e. the surface exposed to
COg, and the diffusion coefficient of COx. It can be calculated with equation 33 [50], which is the
solution of the 1D diffusion equation of CO2 in a large wall.
Clot) =Cox (1—erf(z=)) (33)

where C, is the CO2 concentration on the boundary of the structure, equaling approximately 0.6-
0.8 g/m3. D is the diffusion coefficient of CO2, equaling 1.5 x 1078 to 4.5 x 1078 m?/s.

After complete hydration of the well cement and initiation of the carbonation reactions, the C-S-
H gel and CH crystals degenerates first with infinite moisture and carbon dioxide supply from a
leaking borehole system. The production of calcium carbonate fills the capillary voids, which
means the generation of calcium carbonate causes the decrease of initial porosity. At the same
time, the degeneration of C-S-H gel and CH crystals creates some voids which means the
production of calcium carbonate first fills the voids left from the C-S-H gel and CH crystals and
then fills the initial capillary voids. In this case, the net effect is a reduction of the porosity. Onthe

other hand, calcium carbonate does not dissolve into the water, but it could react with carbonic
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acid to produce bicarbonate. Therefore, the calcium carbonate crystals are further degenerated, and
more connected void space appears, which could enable more CO2 leakage. These changes of
porosity are associated with the reactions shown in equations 6 and 7. In this case, the net effect is
an increase of the porosity. The rate of increase of the porosity is higher if the reactions shown by
equations 6 and 7 are dominant.

The volume of calcium carbonate generated can be divided into two parts. One is produced from
the C-S-H gel, the other is produced from the CH crystals. The corresponding equations are:

Vi e () = VS, () + ViR, () (34)

VESH, (8) = DESH, x —Losuibosn g (1) (35)
3 3 Pcacos /Mcacos

PcH /M
Véaco,(®) = Dgico, X —S— X Rey(8) - (36)
Pcacos /Mcacos

where V%5, is volume of calcium carbonate produced by the C-S-H gel; V%, is the volume of
calcium carbonate produced by the CH crystals; D¢z, and D¢l are proportions of the moles

of consumed C-S-H and CH with calcium carbonate during the hydration reactions; p is the
density; and u is the molecular weight of each component.

Through the equations above, the processes of calcium carbonate generation, the vanishing of C-
S-H gel and CH crystals can be captured clearly. The total amount of calcium carbonate production
can also be obtained. The generated calcium carbonate was defined to fill only the capillary pores.
This is because the sizes of calcium carbonate crystals are too large to fill the gel pores. In addition,
the amorphous silica produced during the reactions can decrease the content of C-S-H gel, which

is shown in equation 37.

/
Vsl (£) = DGt x PEIITES X Regy (£) - (37)
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The next step is to calculate the degeneration of calcium carbonate due to the wet carbonation. To
simplify the model, the degeneration of the CaCOg3 reaction coefficient K is assumed as an average
of CH crystals and C-S-H gel. From equation 31, the degeneration rate of CaCO3 can be calculated.
To simulate the real situation in a borehole system, the dry carbonation process and the wet
carbonation process are assumed to start simultaneously, which means the generated CaCO3 from
the dry carbonation process starts to dissolve at the same time
During the carbonation reactions, the net porosity changes can thus be calculated based on the
degeneration of C-S-H gel and CH crystals, and the production and degeneration of calcium
carbonate. The volume of capillary voids is shown in equations 38-41.
Vep (8 = V5,0 = [Virs, “ (0) + VEH () = AVpgy (6) = AV () — AVigeo, ()] (38)
AVesy (6) = Vegy =L Resu () (39)
AVey (&) = Ve — X Rey(8)  (40)

AMVeaco, (O =Veaco, =X Reaco, (1) (41)
Finally, our calculations show that, during the carbonation reactions, the total volume of cement
paste increases, which means there is a volume expansion. The expansion occurs because the
volume of the generated calcium carbonate is larger than the reacted C-S-H gel and CH crystals.
For convenience, the total volume is normalized to one during the process. All the parameters for
the calculation can be found in Table 4.

Table 4 Parameters for determining changes in the volume fraction of cement phases due to the
carbonation reaction [46]

CaCOs Si
Density (g/cm?) 2.71 2.04
Molar Mass (g/mol)  100.087 162.6
DcsH 1.7 1

DcH 1 -



319  As an example, the present theoretical model was used to calculate the impact of carbonation
320 reactions in a 1D 100 cm long well cement sample. The simulation time is for 20 years (7200
321  days). During this time, the CO: is diffused slowly from one side of the sample with high
322 concentration to the other side with low concentration. The calculated CO2 concentration profile
323  at 20 years, based on equation 33, is shown in Fig. 3. In order to describe the accumulation of CO2
324  gas a different depth, the CO2 concentration at a specific location (20 cm from the concentration
325  head) of the sample for the same timeframe is shown in Fig. 4. The CO2 concentration at a different
326  depth is shown in Fig. 5. As one can see, for the part of the sample closer to the concentration

327  head, the concentration is much higher.
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Figure 4. CO2 content change at 20 years at a 20 cm depth of Class G Cement
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Figure 5. CO2 content change at 20 years at different depths of Class G cement

The results of chemical composition changes are shown in Fig. 6. The volume of calcium carbonate

increases in the first eleven years with the dissolution of C-S-H gel and CH crystals. The

dissolution of C-S-H is a slow process, while the dissolution of CH is much faster. Since there is

unlimited CO2and moisture supplied in a leaking borehole, the rate of production of CaCOs finally

becomes lower than the rate of dissolution of CaCO3 due mainly to the major reduction of CH.
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This decreases the content of calcium carbonate after 11 years. The CH is completely used up at
around 4,200 days, which corresponds to the maximum content of calcium carbonate generated.

The volume of C-S-H gel decreases at a much slower rate than the CH crystals because of the low
carbonation reaction rate for C-S-H. The amorphous silica, which is produced only from the
degeneration of C-S-H, hasa small increase which cannot be observed from the figure. In addition,
the aluminate phase does not react during the carbonation reactions. Therefore, it maintains a
constant volume fraction during the carbonation reactions. However, since the total volume of the
sample expands due to the generation of calcium carbonate, the normalized volume fraction of
aluminates is slightly decreased. In addition, the chemical composition changes for C-S-H gel, CH
crystals, and CaCOz3 at different depthsare shown in Fig. 7 - Fig. 9. The results showed that the
chemical composition change for each phase is highly depended onthe concentration of CO2. With
higher concentration of the CO: at a shallow depth, the chemical compositions change of Class G

cement due to the wet carbonation reaction is faster.
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Figure 6. Chemical composition of Class G cement after 20 years of carbonation reaction
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Figure 9. Volume fraction change of CaCOs after 20 years at different depths

4  The Effect of Carbonation Reactions on the Modulus of Elasticity of Well Cement

Mechanical properties of a composite material depend on its constituent phases. Any change in
the volume fractions of the phases results in a variation of mechanical properties of the composite.
If a new phase is produced (or an existing phase disappeared) during the service life of a material,
the contribution of the phase to mechanical properties of the material must be taken into account.
There are many composite mechanics models available that can be used to calculate the effective
properties of the composite based on the volume fractions and mechanical properties of the
constituent phases [51].

In the present study, a two-phase generalized self-consistent (GSC) model was used for calculating
the effective Young’s modulus of the carbonated well cement. This model was initially developed
for composite materials which include a continuous matrix and spherical pores or rigid inclusions,
shown in Fig. 10 [52]. During the carbonation reactions, the changes of the volume fractions of
the constituent phases in well cement affected the stiffness of the cementitious material. This

process can be modeled by the GSC model. The main equation is:
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376 Figure 10. General self-consistant model

377  This equation shows how to calculate the effective elastic modulus of a two-phase material based
378  on information of the two constituent phases. f;,.usion 1S the volume fraction of the inclusion;

379 E|

inclusion is the elastic modulus of the matrix

is the elastic modulus of the inclusion; E

matrix

380  surrounding the inclusion; E, is the effective elastic modulus of two-phase material, which is

381  the carbonated well cement in the present study.

382  The Young’s moduli of different constituent phases in a carbonated cement are shown in Table 5
383  [53]. As the amorphous silica is the production of C-S-H gel during the carbonation reaction,
384  shown in equation 4 and 5, it can be assumed that its elastic modulus equals the Young’s modulus

385  of C-S-H gel.

386 Table 5 Elastic modulus of constituents of Class G cement [53]
Compositions Elastic Modulus (GPa)
C-S-H 224
CH 42.3
CaCOs 79.6
Ettringite 22.4
Pores & Voids 0
Amorphous Silica 22.4

387 Inthis case, since the carbonated well cement has several phases, equation 42 can be used more

388  than once for each phase. The flow chart for the process is shown in Fig. 11. Specifically, the
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process can be split into five steps. As the C-S-H gel and its product, amorphous silica, have the
same elastic modulus, they can be merged together and treated as the matrix in the first step, in
which, the inclusion phase is the gel pores which are embedded inthe C-S-H gel matrix. According
to the volume fraction changes of C-S-H and gel pores during the carbonation reactions, equation
42 can be used to calculate the effective Young’s modulus of the combination of the two phases.
After the effective elastic modulus is calculated for the two phases, in the second step, the
combination of C-S-H gel, amorphous silica, and gel pores are considered to be the matrix. The
capillary voids in the cement are treated as the inclusion, as shown in the second step in Fig. 10.
Then, equation 42 can be used to calculate the new effective elastic modulus of the new
combination. Inthis manner, a new phase can be added into the model step by step until all phases
are included. Finally, after using equation 42 five times, all constituent phases can be combined to
obtain the general equation for effective elastic modulus of the carbonated well cement at any

location of the structure under consideration at any time.

I CSH+Amorphous Silica
I Gel Pores
Capillary Pores
CaCOs
| CH

| Aluminates

Figure 11. Upscaling method for the cement paste to establish elastic moudlus

This model was used to simulate the elastic modulus of a carbonated well cement at 20 cm, which
is shown in Fig. 12 as an example. The result shown in Fig. 12 met our initial expectation that with

the continuing intrusion of CO2, the mechanical properties of cementitious material is decreased
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due to the degeneration of CaCOs. A similar conclusion has been proven from previous
experimental work [54]. Before the carbonation reactions start, the initial Young’s modulus after
the completion of the hydration reactions is 16 GPa. The dissolution of C-S-H gel and calcium
hydroxide causes a decrease of the elastic modulus. At the same time, the generated calcium
carbonate from C-S-H gel and CH crystals increases the effective Y oung’s modulus, which offsets
the decrease of the elastic modulus. In addition, the production of calcium carbonate dissolves
from the beginning of the carbonation reactions. This also causes the drop of the effective elastic
modulus. From the figure, it can be seen that the curve can be divided into two parts with the
dividing point at the peak value of Eesr. In part | (before the peak value), the generation of CaCOs
from C-S-H gel and CH crystals is larger than the dissolution of CaCO3 from the wet carbonation.
Since the calcium carbonate has a higher elastic modulus than the C-S-H gel and CH crystals, a
larger volume fraction of calcium carbonate increases the effective elastic modulus of the well
cement. The peak value is around 17.8 GPa at about 3,100 days. In part 11 (after the peak value),
the effective elastic modulus is decreased due to several mechanisms. The governing mechanism
is the dissolution of calcium carbonate from the wet carbonation, which is larger in this part than
the generation of calcium carbonate from the dry carbonation. Later at about 4,200 days, there is
an obvious change of slope in the curve. This point indicates the depletion of CH crystals. Based
on the calculation process, the reaction rate of C-S-H gel is much lower than the CH crystals.
Therefore, the generation of calcium carbonate in this part is lower, which results in the continuous
drop of the effective elastic modulus. After 20 years, the effective elastic modulus of the Class G
cement finally dropsto 9.6 GPa (the initial value is 16 GPa). Inaddition, Fig. 13 shows the elastic
modulus changes at different depths. As one can see from the result, for a sample at a depth of 10

cm, all the carbonation reactions have been completed at around 1,700 days. The remaining elastic
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modulus (9 Gpa) is mainly from the ettringite and amorphous silica. For a sample at a depth of 40
cm, the amount of generated CaCOg is still larger than the amount of CaCO3 dissolved. Therefore,
the effective elastic modulus is increased. Besides, for deeper depths: 60 cm and 100 cm, there is
almost no concentration of CO2. Therefore, the elastic modulus does not change since there is no
carbonation reaction at those depths.

As mentioned in the introduction section, most of the previous modeling work focused on the dry
carbonation (equations 1-5), which happened on the concrete structures above the ground.
Therefore, the effective elastic modulus of the cementitious material increased due to the
generation of CaCOs. In this case, wet carbonation in the underground environment caused the
degeneration of the CaCOs. It means the effective elastic modulus is decreased when the rate of
degeneration of CaCOzs is larger than the production of CaCOs. After the long-term process of
degeneration of CaCOs (20 years of simulation time), most of the CaCO3 has been dissolved. The
effective elastic modulus is down to 9 Gpa with support only by amorphous silica and aluminates.
The carbonated cementitious material has extremely low elastic modulus and leakage is highly
possible in the wellbore system. In recent years, several modeling efforts have captured the wet
carbonation effect of cementitious materials [55-58]. Compared with these works which focused
either on the carbonation depth or the diffusion of calcium ions, this model presents not only the
chemical compositions change from stoichiometric model, but also connects directly with the
mechanical properties changes by incorporating a general self-consistent model. In addition, the
changes of mechanical properties of cementitious material due to the carbonation reaction is
commonly measured experimentally, which is restricted by time [59,60]. The reported results in
these publications are only in a short-term and cannot represent the real lifetime condition. The

predicted results from our modeling work shown in Fig. 12 and 13 are straightforward to be
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Figure 12. Elastic modulus of Class G cement during the carbonation reaction at a 20 cm depth

18 T T T T T T T
17+ p \
16 ./..‘.Nn\Km... -—
\ 10 cm
BT \ 20cm ||
\ 40 cm
g |
\ cm
13t \ -
&= ﬂ
(o \
Wit x
Mt \
10 - \
9t \
8 1 1 1 1 L 1 1
0 1000 2000 3000 4000 5000 6000 7000 8000
Time (days)

Figure 13. Elastic modulus of Class G cement during the carbonation reaction at different depths

5 Model Validation

To validate the theoretical model, the experimental results from [61] are used to compare with the

model prediction. Since there is no experimental data on the carbonation reaction of Class G
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cement from previous studies, the tests were conducted using concrete samples made of Type |
ordinary Portland cement rather than Class G well cement. Therefore, the fine aggregate and coarse
aggregate have to be considered in our model. In the experimental study, three cases with different
water-to-cement ratios were used: 0.4, 0.5, and 0.6. The mix design is shown in Table 6. The
original chemical composition of Type I cement can be found from ASTM C150. In addition, the
elastic modulus of sand and gravel can be found from previous publications [62, 63], which equal
80 GPaand 54 GPa, respectively. All the specimens were cast with dimensions of 10 cm diameter
and 20 cm height.

Table 6 Concrete mix design [52]
w/cratio  Water (kg/m3) Cement (kg/m3) Sand (kg/m3)  Gravel (kg/md)

0.4 219 548 611 950
0.5 217 434 727 950
0.6 190 317 875 950

After 28 days of curing, the concrete samples were exposed to the air with 1 atm pressure at room
temperature and 80% of relative humidity for 21 days. During the test, the elastic moduli of the
concrete specimens were tested every 7 days up to 21 days. The material parameters and testing
parameters were used as inputs forthe theoretical model. It is pointed out that the flow chart shown
in Fig. 8 was modified to include the fine aggregate and coarse aggregate for the concrete. Based
on the chart for the cement paste as the matrix, the fine aggregate can be included as the inclusions;
the effective elastic modulus of the mortar can be calculated. Then the mortar is considered as the
matrix, and the coarse aggregate can be included. The carbonation reactions have no impact on the
two types of aggregate.

The results of the tests and the theoretical predictions are shown in Fig. 14, Fig. 15, and Fig. 16.
From the figures, one can see that the theoretical model can capture the correct trend of the change

of elastic modulus of the cementitious material based on the dry carbonation. The dry carbonation
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reaction, which is shown in equations 1-5, causes an increase of elastic modulus to the generation

of CaCOs. The prediction results showed in the figures are in the reasonable range with acceptable

error. The best prediction is for the concrete sample with water-to-cement ratio of 0.5, which

provides the closest result compared with the results obtain from experimental study.
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6 Summary and Conclusions

The underground storage of CO2 gas has been adopted as one of the most advanced technology for
controlling the environmental issue caused by high concentration of CO2 in the atmosphere. As
the main material used for structure of wellbore storage, Class G cement, which is the most used
cementitious material in underground CO2 storage projects due to its low cost and high reliability,
provided the stability of the structure and capability of anti-leaking. However, after the long-term
performance of a CO2 underground storage reservoir, the carbonation reactions can cause serious
problems to the cementitious material. The changes of chemical composition and mechanical
properties of the carbonated cement were characterized by a theoretical model in this study.

(1) The phase transformations of Class G cement during the hydration and carbonation process
were predicted by the use of stoichiometric models. The carbonation reactions were assumed to
start immediately after the completion of hydration reactions of the cement. Both dry and wet
carbonations were considered. The wet carbonation is especially important for the performance of

well cement used in underground construction.
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(2) The CO2 profile was predicted by the error function solution of a 1D CO: diffusion equation.
The CO2 profile in a cement wall varies with time.

(3) The rate of the carbonation reactions is used in the model. Together with the CO2 diffusion
equation, the CO: profile in a cement wall can be predicted accurately. The variations of the
volume fractions of the constituent phases in the cement paste due to the carbonation reactions can
be calculated using the model.

(4) The generalized self-consistent (GSC) model was used to characterize the changes of
mechanical properties during the carbonation reactions. The model can consider the variation of
the volume fractions of the constituent phases. The original GSC model was modified to consider
more than two phases in the carbonated cement and concrete. Specifically, the effective elastic
modulus of well cement was used as a numerical example to show the capacity of the model. The
numerical results showed that the carbonation reactions can significantly change the
microstructure of well cement and reduce its mechanical properties.

(5) This theoretical model was validated through the comparison with published experimental
results of elastic modulus of carbonated concrete. It can predict the change of effective elastic
modulus during the carbonation reactions including both dry and wet carbonations.

(6) In conclusion, the modeling work developed in this paper can be used to predict the
deterioration of cement annulus in the wellbore system due to the carbonation reaction
underground. After the mechanical deterioration of cement annulus, the risk of CO2 leaking from
the wellbore was increased and the potential pollution caused by leaked CO2 is highly possible.
Therefore, the developed model could provide a timeline for controlling the potential
environmental problem happened due to the leakage of CO: from the underground wellbore.

However, calibration work shows that there are some minor differences between model prediction
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and experimental results. This is due to the lack of environmental parameters considered in the
model, such as the high temperature and high pressure in the wellbore system. In the future, this
work could be upgraded by considering the environmental effect, and more accurate results from
the model prediction can be achieved.

(7) In addition to the conclusion made above, the minor cracks generated on the well cement due
to the carbonation issue is not a severe problem for oil industry application but for CO2 storage
system since it is much more sensitive about the leaking. Based on the results of this study, the
current well cement might not be the best cement used for CO2 storage, a less effective carbonation
cement could be developed.
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