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ABSTRACT

An experiment on API G-level (American Petroleum Institute) cement is con-
ducted after curing under a supercritical carbon dioxide environment. Cement paste
is prepared first to generate a uniaxial compressive specimen, after which the speci-
men is exposed to the supercritical carbon dioxide environment (temperature = 70°C;
pressure = 20 MPa) for curing at different numbers of days (7 - 84 days). The physi-
cal and chemical changes in the cement are subsequently simulated at 1500 - 2000 m
below the injection well during CO, sequestration. Results show that the uniaxial
compressive strength of the specimen decreases as the number of curing days in-
creases, indicating that the specimen sustains considerable damage when cured under
humid environments. This result also implies a declining trend in the longitudinal and
transverse waves of the cured specimen. Based on the material analytical results we
determine that carbon dioxide reacts with the calcium hydroxide, water and calcium
silicate in the cement. The carbon dioxide is then converted into calcium carbonate,
resulting in different degrees of carbonization depending on the number of curing

days.

1. INTRODUCTION

Carbon capture and storage is one of the technologies that
has drawn increasing attention from the scientific community
in recent years. The sequestration of carbon dioxide into geo-
logical structures, as well as the use of man-made sealing, is
regarded as a developmental technology. Geological seques-
tration features large volumes of sequestered carbon dioxide,
requiring long-term safety and geographical universality (e.g.,
Iding and Ringrose 2010; Gislason et al. 2010).

The geological sequestration of carbon dioxide is sub-
ject to leakage caused by a number of factors, including the
mechanical structure of injection wells, geological defects,
well degradation and other potential risks (Viswanathan et
al. 2008).

Cement has been regarded as the primary well -
strengthening material for a long time and its durability and
low permeability are features required by oil (gas) wells
(Carey 2007). Sampling of existing sequestration sites con-
firms that carbon dioxide injection (secondary oil produc-
tion or geological sequestration) enables the dissolution of
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carbon dioxide in water and formation of carbonic acid (e.g.,
Barlet-Gouédard et al. 2007; Rimmelé et al. 2008; Liteanu
et al. 2009), thereby resulting in the long-term degradation
of cement mechanical properties and increased risk of CO,
leakage (e.g., Benge 2009; Fabbri et al. 2009; Liteanu et al.
2009; Wigand et al. 2009).

We conducted an experiment on API G-level cement
after curing under a supercritical carbon dioxide environ-
ment. Cement paste is first prepared to generate an uniaxial
compressive specimen, after which the specimen is exposed
to a supercritical carbon dioxide environment (temperature
=70°C; pressure = 20 MPa) for curing at different numbers
of days (7 - 84 days). The physical and chemical changes in
the cement are simulated at 1500 - 2000 m below the injec-
tion well during CO, sequestration.

2. EXPERIMENTAL METHOD AND EQUIPMENT
2.1 Experimental Method
API G-level cement is chosen as the experimental ma-

terial (dynamic elasticity coefficient E; = 5.664 GPa; Pois-
son’s ratio = 0.277; compressive strength = 6.13 MPa) and
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cylindrical specimen (diameter = 5 cm; height = 10 cm). The
specimen is prepared according to API specifications (API
1985). The prepared specimens are placed in a Ca(OH), so-
lution for 28-day curing, carried out in a supercritical reac-
tor (Fig. 1).

2.2 Experimental Equipment

A supercritical carbon dioxide reactor is used to cure
API G-level cement for different numbers of days. The cur-
ing is carried out under a supercritical carbon dioxide envi-
ronment (temperature = 70°C; deionized water pressure =
20 MPa). The specimens are cured using layers to observe
the changes in cement under different environments and af-
ter a different number of days (Fig. 2).

3. EXPERIMENTAL RESULTS

3.1 Supersonic Detection

A dry-point type low-frequency supersonic probe
is used to measure the time and speed of the longitudinal
and transverse supersonic cement waves after the reaction
(Figs. 3a - b). Figure 3a shows that the speed of the longi-
tudinal and transverse specimen waves exhibit no apparent
change after different numbers of curing days under the su-
percritical CO, layer. Figure 3b illustrates that according to
supersonic detection the specimens cured under the super-
critical CO, with water layer exhibit declining longitudinal
and transverse wave speed during the first set of days (0 - 14
days), whereas the rebounding speed is observed at the late
stage (14 - 84 days).

3.1.1 Theoretical Explanation for the Result of
Supersonic Detection

The basic theory proposed by Jones for supersonic
transmission in concrete is shown below (Jones 1962):
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V, and V; represent the longitudinal and transverse
speeds of the supersonic waves transmitted in the specimen,
respectively. E, = dynamic Young’s modulus; p = speci-
men density; v = Poisson’s ratio. The following equation is
obtained in combination with Egs. (1) and (2):
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3.1.2 Poisson’s Ratio and Dynamic Young’s Modulus
Coefficient

Supersonic waves are used to detect the longitudinal
and transverse waves of the cured specimens. The param-
eter obtained is incorporated into Eq. (3) to determine the
change in the Poisson’s ratio of the specimens after different
numbers of curing days (Fig. 4). The Poisson’s ratio of the
specimens shows a rising trend under different numbers of
curing days and varied curing environments. The changes
are clearly observable at the supercritical CO, with water
layer.

The Poisson’s ratio of the specimen obtained and spec-
imen density after different numbers of reaction days are
incorporated into Eq. (1) to calculate the dynamic elasticity
coefficient of the specimens (Fig. 5). Figure 5 shows that
the dynamic Young’s modulus of the specimens after dif-
ferent numbers of curing days and under varied curing en-
vironments exhibits a rising trend. The dynamic elasticity
coefficient at the supercritical CO, with water layer shows
apparent changes.

3.1.3 Damage Factor

According to the elasticity rule for damaged materials
proposed by Budiansky and O’connell (1976), material de-
fects resulting from damage caused by the external environ-
ment can be defined by the damage factor D, as follows:

E
= 4)

E: The Young’s modulus after damage;
E: The original Young’s modulus.

The dynamic Young’s modulus of the uncured speci-
mens and that of the specimens cured at different numbers
of days are incorporated into Eq. (4) to obtain the extent of
damage sustained by the specimens after different numbers
of curing days (Fig. 6). Figure 6 shows that the extent of
damage sustained by the specimens cured under the CO,
with water layer is greater than that sustained by the speci-
mens cured under the supercritical CO, layer.

3.2 Uniaxial Compressive Strength

The uniaxial comprehensive strength of the specimens
cured at different numbers of days in the CO, reactor is de-
picted in Fig. 7. The uniaxial comprehensive strength of the
specimens cured in the supercritical CO, environment for
84 days decreases by 34% and that of the specimens cured
under the supercritical CO, with water environment for 84
days is reduced by about 78%.
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Fig. 3. The specimens speed of the longitudinal and transverse waves; (a) supercritical CO, layer (b) supercritical CO, with water layer. (Color

online only)
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3.3 Polarizing Microscopy

The carbonization depth of the specimen after different
curing days (7 - 84 days) is shown in Table 1, which also
illustrates that the carbonization region of the specimens
exhibits a deepening trend along with the increase in the
number of curing days. The carbonization depth under the
supercritical CO, with water layer is the largest (curing for
84 days = 9.04 mm). Figure 8 shows the polarizing micros-
copy result for the specimens cured under the supercritical
CO, with water layer for 84 days.

3.4 X-Ray Powder Diffraction Analysis

The XRD (X-Ray Diffraction) analysis result for the
surfaces of the cured specimens is shown in Figs. 9a - b.
The major components of API G-level cement are carbon
hydroxide [Ca(OH),], water and calcium silicate (C-S-H).
Based on Fig. 9 we can conclude that the reaction zone
shows carbonization with increasing curing period, which
results in two polytypes of calcium carbonate (CaCOs): cal-
cite and aragonite. According to Kutchko et al. (2007), the
reaction behavior of calcium carbonation in cement is de-
fined as follows.

COZ(aq) + HzO i HzCOg(aq) g H+(aq) + HCO3-(aq) (5)
Ca(OH) 2(s) — Ca“(aq) + ZOH_(aq) (6)
Ca2+<aq) + HCO}’(aq) + OH’(aq) g CaCO:;(S) + Hzo (7)

CS—H(S) +H" + HCO_}’(aq) — CaCO3(S> + Si02(s> + H20 (8)

When cement is under continuous leaching by carbonic
acid; Ca(OH), and C-S-H are converted into CaCO; and
non-cementing Si0O,, thereby reducing cement alkalinity
and damaging the structure.

3.5 Ingredient Analysis

The changes in the chemical compositions of the cured
specimens are measured by EDS (Energy Dispersive Spec-
trometer) at a sampling interval of 60 s to ensure high sam-
pling rate during the detection. The results are shown in
Figs. 10a - c. The figure shows that trace atoms such as Mg,
K, and Al are detected after different curing periods. This
figure also compares the compositions at the surface and

Table 1. Carbonation depth.

Carbonation depth Supercritical CO, layer Supercritical CO, + Water layer

Reaction Day 7 0.09 mm
Reaction Day 14 0.90 mm
Reaction Day 28 2.22 mm
Reaction Day 84 3.60 mm

0.26 mm
221 mm
443 mm
9.04 mm

3

15.0kV X30.0 " '1.00mm

Fig. 8. SEM (supercritical CO, with water layer, Reaction Day 84).
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lower layer of the specimens cured for 28 days.

We can conclude from the uncured API specimens
shown in Fig. 10a that the specimen chemical compositions
exhibit no apparent changes at different cement surface lay-
er depths. The ingredient analysis of specimens cured for
28 days under the supercritical CO, layer shows that that
the relative percentage of Ca and Si at 1.67 mm from the
surface is higher than that of the uncured specimens. We can
deduce that the Ca(OH), and C-S-H in the cement are con-
verted into CaCO; and non-cementing SiO, when leached
by carbonic acid. This conversion reduces the cement alka-
linity and damages the structure.

As indicated by the composition analysis of specimens
cured for 28 days under the supercritical CO, with water
layer (Fig. 10c), the carbonation effect at 4.23 mm from the
surface is obviously reduced, which in turn, decreases ce-
ment alkalinity and damages the structure.

4. CONCLUSION

A curing experiment on API G-level cement was con-
ducted in this study under a supercritical CO, environment
(temperature = 70°C; pressure = 20 MPa) in a supercriti-
cal CO, reactor for different curing periods. The results are
summarized as follows.

(1) The supersonic experiment result indicates that the lon-
gitudinal and transverse waves of specimens cured un-
der the CO, environment exhibit a declining trend at the
early curing stage (0 - 14 days), but a rebounding trend
at the late stage (14 - 84 days) as the curing periods in-
crease. The Poisson’s ratio of the specimens drops and
the dynamic Young’s modulus increases with increasing
number of days.

(2) As the number of curing days increases, Ca(OH), and C-
S-H are converted into CaCO; and non-cementing SiO,
when the specimen is continuously leached by carbonic
acid. This conversion reduces cement alkalinity and
damages the structure.

(3) The extent of damage sustained by the specimens cured
in the supercritical CO, with water layer is greater than
that sustained by the specimens cured in the supercritical
CO, layer as the curing period increases. The uniaxial
compressive strength is reduced by about 78%. Water is
the major factor that caused cement specimen carboniza-
tion in this study.
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