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Summary:

In carbon capture and storage (CCS) wells, the sealing integrity of sealants under thermal cycling is crucial
for ensuring permanent CO2 storage. Li and Pluymakers (2014) previously investigated the impact of cyclic
thermal shocks on four sealants of different compositions, employing quenching and flow-through
methods without confinement. The tested sealants included two ordinary Portland cement (OPC)-based
blends (S1 and S2), a novel OPC-based blend with CO2-sequestering additives (S3), and a calcium
aluminate cement (CAC)-based blend tailored for CCS applications (S4). They observed crack formation in
S1, S2, and S4 samples, while S3 samples maintained integrity throughout both types of unconfined
thermal-shocking experiments, suggesting thermal diffusivity as a critical determinant of sealant ability to
withstand thermal shocks. In this study, we extend the investigation by examining the efficacy of these
sealants under strong thermal cycling with confinement. Using a triaxial deformation setup, sealant
samples are subjected to 1.5 or 10 MPa confinement and subjected to eight cycles of 20 °C water flow-
through after heating to 120 °C. We utilize microscopic X-ray tomography (32 pum/voxel), helium
pycnometry, and unconfined compressive tests to assess sealant performance before and after thermal
treatment. Results indicate that all sealant samples maintain integrity without cracking under
confinement, with increases in strength accompanied by decreased porosity. Experiments conducted
under 10 MPa confinement even exhibit more enhanced strength and reduced porosity than those at 1.5
MPa. Furthermore, we calculate the thermal stress induced in unconfined flow-through experiments by
Li and Pluymakers (2014). We find that thermal stress induced in each of their unconfined experiment
exceeds the tensile strength of the respective sealant, except for S3. This fact, together with comparably
low thermal diffusivity, leads to crack formation in S1, S2, and S4 samples after the thermal treatment. In
this study with confined experiments, thermal stress is still greater than tensile strength for all sealants
except S3. However, the confinement not only suppresses the crack formation by increasing the stiffness
of the sealant during thermal cycling but also strengthens the sealant with a reduction in porosity. This
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study together with Li and Pluymakers (2014) points out properties of a sealant that determine its efficacy
to tolerate thermal cycling and provides novel experimental approaches to test the interplay of these
properties. In light of our findings, we conclude that sealants with high tensile strength, high thermal
diffusivity, low Young’s modulus, and low thermal expansion coefficient are optimal candidates for
withstanding cyclic thermal stress in CCS wells.

Publication status:
This manuscript is under review at Cement and Concrete Research

Note: this is an additional deliverable compared to the list published in the project proposal, given the
expanded scope of the experimental program of WP3.
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1 Introduction

Carbon capture and storage (CCS) technology has gained significant attention as a promising approach to
mitigating global climate change by capturing CO; emissions and storing them in subsurface formations
like depleted oil and gas reservoirs or saline aquifers (Metz et al., 2005; Haszeldine, 2009; Selma et al.,
2014; Budinis et al., 2018; Bui et al., 2018). Successful implementation of CCS relies on the permanent
containment of CO, within targeted reservoirs. However, the periodic injection of pressurized cold CO,
into warm reservoirs during CCS operations induces cyclic temperature fluctuations, the precise intensity,
rate, and frequency of which remain uncertain (Alnes et al., 2011; Eiken et al., 2011; Yoo et al., 2013;
Samara et al., 2022).

In scenarios where CO; injection occurs into offshore reservoirs (c.f. the planned Portos project in the
Netherlands, and Northern Lights project in Norway) at depths of 2 to 3 km, reservoir temperatures
typically range from 80 to 120°C, while the injected CO, may have temperature as low as 0 °C. This can
lead to temperature fluctuations of up to 100 °C during periodic injection, resulting in cyclic shrinkage and
subsequent expansion in the wellbore and subsurface formations (Eiken et al., 2011; Lescanne et al., 2011;
Yoo et al., 2013). Consequently, micro-annuli between wellbore casing, cement sheath, and wall-rock, as
well as cracks in the cement, may be induced, posing a significant challenge to the safe and sustainable
geological storage of CO; (Carpenter et al., 1992; Carey et al., 2007; Roy et al., 2016; Vilarrasa and Rutqvist,
2017).

Ordinary Portland cement (OPC) is commonly used as the main sealant in depleted oil and gas wells
targeted for CCS due to its reliable performance and cost-effectiveness (Parker et al., 2009; Santra and
Sweatman, 2011; Lesti et al., 2013). However, the sealing integrity of OPC-based wellbores may be
vulnerable to deterioration under strong temperature fluctuations during cyclic CO; injection and storage.
While some studies have investigated the effects of thermal cycling on the integrity of wellbore samples
consisting of OPC, the focus has primarily been on sealing ability at interfaces between casing, cement,
and rock, leaving the integrity of the cement material itself during thermal shocks largely unexplored
(Albawi et al., 2014; Lund et al., 2015; De Andrade et al., 2015).

Moreover, the efficacy of alternative sealants, such as calcium aluminate cement (CAC), remains uncertain
under temperature fluctuations. CAC offers advantages over OPC, such as higher early strength gain and
enhanced acid resistance, making it attractive for CCS applications. However, its behavior under thermal
cycling requires further investigation (Barborak, 2010; Dugonjic-Bilic et al., 2011).

To address these gaps, Li and Pluymakers (2024) previously investigated the sealing integrity of four
sealant compositions under thermal shocks relevant to carbon capture and storage (CCS) applications.
Alongside two different ordinary Portland cement (OPC)-based reference sealants (51 and S2), they tested
two novel blends designed for future CCS wells (S3 and S4). S3 is also OPC-based but contains crushed
peridotite primarily composed of olivine (Kvassnes and Clausen, 2020; Kvassnes and Clausen, 2021), and
S4 is CAC-based. In their study, they applied the thermal shock without confinement by either quenching
120 °C sealant samples into 6 L water bath at 20 °C, or flowing 20 °C water through 120 °C samples at 80
mL/min for 2 min. The shock was repeated eight times in both methods. They found that, only S3
maintained integrity, while all other sealants lost integrity by crack formation after both thermal-shocking
experiments, suggesting the potential of S3 as an optimal sealant for CCS applications. Remarkably, they
attributed the success of S3 to withstand thermal shocks to its comparably high thermal diffusivity
compared to other sealants. However, both types of thermal-shocking experiments by Li and Pluymakers
(2024) were conducted without confinement. In actual CO; storage environments, such as depths of 1 km
(Kirby et al., 2001; Alnes et al., 2011; Zhang et al., 2022), the wellbore including sealant sheath would
experience confining pressures of up to 10 MPa.

In this study, to understand how sealants behave under confinement, we further investigate the effects
of thermal cycling on the aforementioned four sealants at a confining pressure of 1.5 or 10 MPa. We adopt
flow-through method to apply thermal cycling on cylindrical sealant samples with a central borehole. The
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temperatures of the sample and injected water, and the rate and the duration of the injection are the
same as in Li and Pluymakers (2024). Microstructural scanning, pycnometry and mechanical tests are
carried out before and after experiments to examine the effects of thermal cycling on sealants under
confinement. Additionally, together with reviewing the results in Li and Pluymakers (2024), we aim to
identify the key properties of a sealant that determine its performance through strong thermal cycling,
thereby contributing to the advancement of wellbore sealant design and testing for CCS applications.

2 Experimental Materials, Apparatus, and Methodologies

In our study, we employ cylindrical sealant samples (diameter 3 cm, length 7 cm) with a diameter 4 mm
central borehole along the vertical axis. The samples represent four different compositions, as outlined in
Table 1: S1 corresponds to a conventional OPC-based blend, S2 to an ultra-reduced permeability OPC-
based blend for field design, S3 to an OPC-based blend incorporating CO»-sequestering additives also with
modified mechanical properties, and S4 to a CAC-based blend designed to be highly acid resistant for CO,
storage environment. These sealants include compositions representative of currently-utilized wellbore
sealing materials in aged oil and gas wells targeted for CCS (S1 and S2, serving as references), and specially
engineered blends intended for application in newly drilled CCS wells (S3 and S4). Table 1 provides an
overview of the four different sealant compositions and their respective Technology Readiness Levels
(TRLs).

Sealant | Composition TRL

S1 1.90 SG class G cement with 35% BWOC silica flour 7: Proven technology

1.90 SG ultra-reduced permeability class G cement with 35%
S2 BWOC silica flour, with high silica fume concentration and | 7: Proven technology
expansion agent in form of dead-burnt MgO

1.90 SG class G cement with 35% BWOC silica flour, with silica
S3 fume, expansion agent in form of dead-burnt MgO, and CO,- | 3: Prototype tested
sequestering additives based on olivine minerals

S4 1.80 SG calcium aluminate-based blend 7: Proven technology

Table 1: an overview of four sealant compositions and their TRLs.

All samples used in this study are cast and cured by Halliburton AS Norway, following the guidelines
stipulated in APl Recommended Practice 10B-2 (APl RP 10B-2, 2013). This process involves a
water/cement ratio of 0.4, coupled with curing conditions at 150°C and 30 MPa for a duration of 28 days.
The elevated temperature and pressure settings are instrumental in driving chemical reactions toward
near completion during the curing process, thereby ensuring minimal variation in the mechanical and
thermal properties of our samples throughout the study period. Post-curing, all samples are submerged
in fresh water and stored at room temperature until use. Before each experiment in our study, all samples
undergo thorough drying in an air-circulated oven (model UF75, Memmert). The samples are placed in
the oven at room temperature, subjected to a ramping rate of 2.5°C/min until reaching 80°C, and held at
80°C for 2 days to achieve complete dewatering. Following this, the samples are gradually cooled down
to room temperature at the same ramping rate. These procedures are implemented to minimize the
adverse impact of associated thermal stresses during both the heating and cooling phases, ensuring the
preservation of sample integrity without any compromise.
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Before commencing any thermal-cycling experiments, we perform Brazilian disc tests on dried disc sealant
samples (diameter 3 cm, thickness 1.5 cm) to measure the tensile strength, o7, of the sealants. The
Brazilian disc testing is carried out using a 50 kN loading frame, with displacement controlled by two high-
precision linear variable differential transformers (LVDTs) with a 2 mm range. The tests are performed in
displacement control mode with a ramping rate of 0.0005 mm/s. The equation to calculate tensile
strength is given by Claesson and Bohloli, (2002) :

2P

0t =71 €9)
where P is the load at which the sample fails, D the diameter, and L the thickness of the disc sample.
In addition, we use a thermomechanical analyzer (PerkinEImer, TMA 4000) to measure the linear thermal
expansion coefficient and a helium gas pycnometer (Anton Paar, Ultrapyc 5000) to measure the effective
porosity of the dried sealants. Table 2 provides the tensile strength, thermal expansion coefficient, and
effective porosity of the dried sealants of all four compositions. Other mechanical properties including
unconfined compression strength (UCS), Young’s modulus, and Poisson’s ratio, bulk density, and thermal
properties including thermal conductivity, specific heat capacity, and thermal diffusivity were measured
by Li and Pluymakers (2024) and are also provided here in Table 2.
Note that the tensile strength, thermal expansion coefficient, and effective porosity of each sealant
composition listed in Table 2 are averaged based on measurements of three samples each made at an
interval of one month. This is implemented to ensure that the obtained results aren’t influenced by an
ongoing cement curing process, i.e. to verify that the curing procedure performed by Halliburton in sample
preparation was sufficient to achieve a stable mechanical and thermal state of the sealants. The relatively
small standard deviation implies that our measurements are repeatable, and those properties of sealants
have not changed throughout our study duration.

Unconfined Specific Linear BijEe
. Young's | Poisson's | Tensile Bulk Thermal P Thermal thermal porosity by
compressive ) . .| heat e . .
Sealant strenath modulus | ratio Strength | density | conductivity cabacit diffusivity | expansion | helium
[MPa? [GPa] [-] [MPa] [kg/m3] | [W/(m-K)] [J/'()k -K\;] [mm?/s] | coefficient | pycnometry
& [105°CY] | [%]

S1 99.8 13.4 0.143 3.63+0.35 | 1455 0.82+0.04 878+18 0.64 6.89+0.20 | 35.6+1.9
[s2 |81 |120  Joae2 [ss51:032]1507 [093:003 [936:11 |o0.66 | 10931062 [ 26.8:2.1 |
[s3  |334 |61 Joass [e7e:015|1374 |1041002 [684113 111 |9.40:0.12 [422:09 |
[sa  [3a3 |66 J0172 [3.92:0.10[1497 [089:0.02 970121 [o.61 | 12321053 | 37.5016 |

Table 2: properties of the four sealants, as measured before thermal treatment. Tensile strength, linear thermal
expansion coefficient, and effective porosity are measured in this study. UCS, Young’s modulus, Poisson’s ratio, bulk
density, thermal conductivity, specific heat capacity, and thermal diffusivity were measured by Li and Pluymakers
(2024).

To visualize the effects of thermal cycling on sealant samples, we use an X-ray micro-computed
tomography (micro-CT) scanner (model Nanotom 180 NF, Phoenix X-ray Systems & Services GmbH) to
scan samples before and after thermal treatment at a voxel resolution of 32 um. We then use Phoenix
datos software (version 2.0, GE Measurement & Control solutions) to post-process the images and further
use Avizo software (version 2020.2, ThermoFisher Scientific) to construct the 3D microstructure in
samples at a voxel resolution of 32 um before and after experiments. Due to the limitation of our
technique, micro-cracks and voids of size below 32 um cannot be detected. Using Avizo, we quantify the
volume of micro-cracks and voids, and the porosity of the sample attributed to these features. The
workflow of image analysis is detailed in the Appendix of Li and Pluymakers (2024). In addition, we
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measure effective porosity, and UCS after the experiments to study how thermal cycling affects the
macroscopic property and the strength of sealant samples. UCS tests are conducted using the same
procedures described in Li and Pluymakers (2024). Table 3 shows all samples to be tested and the
experimental scheme.

No. sample Sealant composition Confining  pressure Experiment scheme
name [MPa]
1 |S1H-1 1.5
S1, OPC blend helium pycnometry
2 |S1H-2 10 d
3 [s2H-1 |S2, OPC blend with|15 micro-CT
ultra-reduced v )
4 S2H-2 | permeability 10 t\termal cycling
5 |s3H-1 |S3, OPC blend with |15 micro-CT
CO2-sequestering N
6 |[S3H-2 iti 10
additives helium pycnometry
7 |S4H-1 1.5 N2
S4, CAC blend ucs
8 |[S4H-2 10

Table 3: an overview of all samples to be tested and the experimental scheme.

In our study, we use a triaxial deformation apparatus (Figure 1) capable of loading a sealant sample in a
pressure vessel at a confining pressure of up to 70 MPa, with a maximum axial force up to 300 kN
(equivalent to 424 MPa axial stress on a cylinder sample with a diameter of 3 cm). As shown in Fig.1, a
furnace is used to achieve an elevated temperature up to 150 2C in the vessel. The sample, jacketed by a
heat-shrinkable FEP (fluorinated ethylene propylene) tube (thickness 0.5 mm), is mounted between the
upper and lower axial pistons. In both pistons, pore fluid lines are fitted to allow water injection through
the sample. During the experiments, the triaxial vessel is filled with heat transfer oil (Shell Thermia oil B)
that provides the confining pressure and transmits the heat. Two LVDTs (2 mm range) mounted parallel
to the sample, and one circumferential strain gauge (10 mm range) mounted around the sample are used
to monitor axial and radial deformation, respectively. Two thermocouples (type K, NI-9219, National
Instruments, max. reading 700 °C, accuracy +1 °C) are installed to measure the temperature T in the
middle on the outer surface, and T; on the top of the sample. During thermal cycling experiments, cool-
water bath is running through the annulus in the vessel shell to protect the electronics of the apparatus
from elevated temperature.
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Fig. 1. Schematic of the triaxial deformation apparatus with sealant sample mounted inside the pressure vessel. The
drawing does not adhere to the actual scale.

In thermal cycling experiments, to mimic an in-situ state of stress, we load the sample either at a confining
pressure of 1.5 MPa with an axial stress of 4 MPa, or at a confining pressure of 10 MPa with an axial stress
of 15 MPa. We then heat the pressure vessel filled with oil to 120 eC at a ramping rate of 2.2 °C/min, and
maintain the system at this temperature for half an hour to allow the sample to be fully heated. We then
inject 20 2C water from top to bottom through the sample using a high-pressure syringe pump (model
1000D, Teledyne ISCO, range: 0.001 to 408 mL/min, accuracy: 0.5% of setpoint) at 80 mL/min for 2 min,
with a back pressure controlled by another syringe pump (model 260D, Teledyne ISCO, range: 0.001 to
107 mL/min, accuracy: 0.5% of setpoint). The back pressure is set at 0.5 MPa in experiments under 1.5
MPa confinement, and 6 MPa in experiments under 10 MPa confinement. After 2 min of injection, we
stop for 12 min to let the system reheat the sample back to 1202C. We repeat this for eight cycles. For
each sealant composition, we test two samples, with one at 1.5 MPa confinement and one at 10 MPa
confinement (Table 3).

Figure 2 illustrates the temperature variations at different positions of sample S1H-1 during the
experiment. These changes serve as a representation of experiments conducted on all samples. As
depicted, temperatures on the outer surface, T;, and on the top (flow inlet), T;, of the sample reach 120
oC following gradual heating by the furnace. These temperatures remain constant at 120 2C until the
commencement of thermal cycling. Upon initial water injection, T; rapidly decreases to 50 2C within 2
minutes (at a rate of 35 2C/min), while T, decreases to 112 2C within the same timeframe. Subsequently,
both temperatures equilibrate back to the system temperature at 120 2C, ready for the next injection
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cycle. This temperature fluctuation recurs eight times before the temperatures gradually decrease to
room temperature upon shutting down the furnace.

oufsef of 20 °C water furnace turned off
injection
140 i
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]20 N 2 o A 1 b . . - Tt
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Fig. 2. Temperature variations at the outer surface (T;) and inlet (T;) of sample S1H-1 during thermal-cycling
experiment. These variations serve as a representation of experiments conducted on all samples.

As shown in Fig.2, the most significant temperature fluctuation is observed near the sample inlet region,
where the thermal cycling induces the highest thermal stress throughout the sample. We determine this
maximum thermal stress, o7, using the below equation (Carter and Paul, 1991; Callister et al., 2007):

or =E -y - ATy (2)

. . - ATy,
where E is Young’s modulus, y the thermal expansion coefficient of the sealant, and AT = th‘ is the

average temperature drop at the inlet of the sample within one injection cycle.

3 Results

3.1 Microstructure and porosities of sealant samples before and after thermal cycling under
confinement

Figures 3 to 6 show the microstructure of the two samples, one under 1.5 MPa confinement and another
under 10 MPa confinement, before and after thermal cycling experiments for each of the four sealant
compositions S1 to S4, respectively. These images show the structure of voids of size larger than 32 um in
samples. There are pre-existing voids in samples of S1 and S3 compositions before thermal treatment
(Figs. 3 and 5). Samples of S2 and S4 do not have pre-existing voids, so orthogonal slices are provided in
Figs. 4 and 6 to illustrate the intactness of the samples before thermal treatment.
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$1: standard OPC-based

10 MPa confinement

1.5 MPa confinement

after thermal cycling

before thermal cycling after thermal cycling before thermal cycling
Fig. 3. Microstructure of samples S1H-1(left, under 1.5 MPa confinement) and S1H-2 (right, under 10 MPa
confinement) before and after thermal cycling. Voxel resolution of 32 um. Samples are of sealant composition S1,
standard OPC-based. No cracks or evident alterations are observed in either sample following thermal treatment.

$2: low-perm OPC-based

1.5 MPa confinement 10 MPa confinement

S2H-1

after thermal cycling

after thermal cycling before thermal cycling

before thermal cycling
Fig. 4. Microstructure of samples S2H-1(left, under 1.5 MPa confinement) and S2H-2 (right, under 10 MPa

confinement) before and after thermal cycling. Voxel resolution of 32 um. Samples are of sealant composition S2,
ultra-reduced permeability OPC-based. No cracks or evident alterations are observed in either sample following

thermal treatment.
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$3: OPC-based with CCS additives

1.5 MPa confinement 10 MPa confinement

L S

before thermal cycling after thermal cycling before thermal cycling after thermal cycling
Fig. 5. Microstructure of samples S3H-1(left, under 1.5 MPa confinement) and S3H-2 (right, under 10 MPa
confinement) before and after thermal cycling. Voxel resolution of 32 um. Samples are of sealant composition S3,
OPC-based with CCS additives. No cracks or evident alterations are observed in either sample following thermal
treatment.

$4: CAC-based

1.5 MPa confinement 10 MPa confinement

S4H-2

before thermal cycling after thermal cycling before thermal cycling after thermal cycling

Fig. 6. Microstructure of samples S4H-1(left, under 1.5 MPa confinement) and S4H-2 (right, under 10 MPa
confinement) before and after thermal cycling. Voxel resolution of 32 um. Samples are of sealant composition S4,
CAC-based. No cracks or evident alterations are observed in either sample following thermal treatment.

For all samples of sealants S1 to S4, thermal cycling under confinement of either 1.5 MPa or 10 MPa hasn’t
induced any visible cracks of size larger than 32 um. Table 4 shows the overall void volume in the sample
before and after thermal treatment (V, and V., respectively), the percentage decrease in void volume,
porosity by micro-CT of the intact sample (¢2;), and the porosity decrease by micro-CT (A¢cr).
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Total volume of voids
[mm3] VoV
Sample |Sealant Confinement 0 Aper = =
. ¢CT , [%] Vsample
name composition | [MPa] %]
Vo—V1c o

S1H-1 1.5 201 192 4 0.406 0.02

S1, OPC blend
S1H-2 10 232 207 11 0.469 0.05
s53H-1 |33/ OPCblend |, g 158 146 |8 0.319 0.02

with CO»-

sequestering
S3H-2 additives 10 141 114 19 0.285 0.05

Table 4: the overall void volume in the sample before and after thermal treatment (V, and V¢, respectively), the
percentage decrease in void volume, porosity by micro-CT of the intact sample (¢2r), and the porosity decrease by
micro-CT (A¢.r). Note that the voids, identifiable through micro-CT are larger than 32 um. The data presented in
this table pertains only to S1 and S3 samples, as S2 and S4 samples are densely packed and exhibit no discernible
voids before and after thermal treatment.

For sealants S1 and S3, there is a reduction in void volume, indicating increased compactness following
thermal cycling under either 1.5 MPa or 10 MPa confinement. The compacting effect is more noticeable
under higher confinement at 10 MPa, leading to a greater decrease in porosity as observed by micro-CT.
Note that the porosity determined by our micro-CT (32 um/voxel) is significantly lower than the effective
porosity measured by the helium pycnometer (refer to Table 2). This difference likely arises from the fact
that pores responsible for the majority of the effective porosity of hardened cementitious materials, such
as our sealants, exist below the microscopic scale (Frias and Cabrera, 2000; Pipilikaki and Beazi-Katsioti,
2009) and therefore cannot be detected by our micro-CT.

Figure 7 illustrates the effective porosity of samples from all four sealants before and after thermal
treatment under 1.5 MPa (left) and 10 MPa confinement (right), as measured using helium pycnometer.
Compared to the porosities determined by micro-CT, the porosities measured by pycnometer for all
sealant samples are at much higher amplitude and exhibit more notable decrease following thermal-
cycling experiments under either 1.5 MPa or 10 MPa confinement. Particularly, under a higher
confinement of 10 MPa, the reduction in porosities is more pronounced for all four sealants. The
combination of visible micro-CT porosities and effective porosities by pycnometer corroborates that the
thermal cycling hasn’t compromised the integrity of the sealant in our experiments conducted under
confinement. Instead, it suggests that the confinement serves to compact the sealant, with greater
compacting effects observed at higher confinement.



CEMENTEGRITY  CEMENTEGRITY - ACT Project no. 327311 éége'e”"“"g

Technologies
1.5 MPa confinement 10 MPa confinement
<y 45 e 45
- mSTH-1 = mS1H-2
o A o2 A
GE) 40 * S2H-1 GE) 40 *52H-2
2 " Y |asama o ’ A | 4S3H-2
2 35 . " |eS4H-] S 35 g Lose2
> >
0 Q0
2 30 * * = 30 *
0 o]
Pre-treatment Post-treatment Pre-tfreatment Post-treatment

Fig. 7. Effective porosity of samples from all four sealants before and after thermal treatment under 1.5 MPa (left)
and 10 MPa confinement (right), as measured using helium pycnometer.

3.2 UCS of sealant samples before and after thermal cycling under confinement

Figure 8 shows the unconfined compressive strength (UCS) of both intact samples and those subjected to
thermal-cycling experiments under 1.5 MPa and 10 MPa confinement for four different sealants.
Following thermal cycling under confinement, the UCS of samples from all four sealants demonstrates an
increase, with a more pronounced enhancement under higher confinement. The marginal decrease in UCS
observed for sample S4H-1 does not significantly affect the overall trend.

120

H Infact
m 1.5 MPa confinement
® 10 MPa confinement

100

80

60

UCS [MPa]

40

20

S1 S2 S3 S4

Sealant compositions

Fig. 8. UCS of both intact samples and those subjected to thermal-cycling experiments under 1.5 MPa and 10 MPa
confinement for four different sealants.

In contrast to unconfined experiments in Li and Pluymakers (2024), where thermal cycling compromised
the integrity of all sealants except S3 by causing a decrease in UCS with the formation of cracks, the
confinement in this study not only effectively mitigates the detrimental effects of thermal cycling on
sealant integrity without causing any sample breakage but also strengthens the sealants with reducing
porosities (discussed in subsection 3.1).

4 Discussion
In this study, we expand upon the unconfined experiments conducted by Li and Pluymakers (2024) by
examining the effects of thermal cycling, with the same intensity, duration, and frequency as outlined in
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the flow-through experiments of Li and Pluymakers (2024), on four sealants under different confinements
for CCS applications. These sealants include two reference OPC-based sealants (51 and S2), and two newly-
designed blends intended for future CCS wells (S3 and S4). S3 is based on OPC but with CO,-sequestering
additives, and S4 is based on calcium aluminate cement (CAC).

In the presence of confinements, all sealant samples can well maintain their sealing integrity throughout
thermal cycling, contrasting with the loss of integrity and emergence of thermally-induced cracks
observed in unconfined experiments. The cracks observed in the unconfined experiments predominantly
originate from tensile stresses incurred during the rapid cooling phases of the samples. During abrupt
cooling, the heat concentrated near the borehole dissipates rapidly into the cold water within the
borehole, resulting in a sharp temperature decline and subsequent shrinkage in that vicinity, thereby
initiating thermal stresses. Regions further from the borehole undergo a delayed reaction, experiencing a
lesser temperature drop and corresponding shrinkage. As thermal stresses induced by this
thermomechanical deformation propagate temporally and spatially throughout the sample, they oppose
the tensile strength of the sealants. Figure 9 illustrates the tensile strength of the four sealants, along with
the thermal stresses induced by confined and unconfined thermal-cycling experiments on the four
sealants. Note that thermal stresses referenced herein represent the maximum values generated in the
vicinity of the borehole inlet of the sample, coinciding with the location of the most significant
temperature drop. Additionally, thermal diffusivity determined by Li and Pluymakers (2024) is depicted in
Fig. 9, reflecting the transient heat transfer rate within the sealants. Sealants with higher diffusivity exhibit
more efficient heat conduction, resulting in a lower loading rate of the thermal stress.

Thermal diffusivity [mm?2/s]

0 0.5 1 1.5

¢ Thermal diffusivity

m Tensile strength

m Confined experiments

m Unconfined experiments

Sealant compositions

0 5 10 15
Tensile strength [MPQ]

0 5 10 15
Thermal stress [MPa]

Fig. 9. Thermal diffusivity and tensile strength of the four sealants, along with the thermal stresses induced by
confined and unconfined thermal-cycling experiments on the four sealants. Thermal diffusivity and temperature
changes used for thermal stress calculations in unconfined experiments are from Li and Pluymakers (2024).
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The discrepancy in thermal stresses between unconfined and confined experiments arises primarily from
the diminished temperature drop experienced under confinement during thermal cycling. In the triaxial
deformation setup (Fig. 1), the longer path that the injected water must traverse to reach the sample
results in its heating, thereby reducing its capacity to induce a temperature drop of equivalent magnitude
to that observed in unconfined experiments. Despite this constraint, thermal stresses induced by confined
thermal cycling remain greater than the tensile strength for all sealants except S3, whereas those from
unconfined thermal cycling are even more pronounced.

In experiments without confinement, thermal stresses surpass the tensile strength, leading to the
formation of tensile cracks in samples of all sealants except S3. The exceptional performance of sealant
S3 can be attributed to its comparatively high tensile strength and thermal diffusivity, which enable it to
withstand thermal cycling without compromising integrity. In our study, although thermal stresses still
exceed the tensile strength of all sealants excluding S3, the presence of confinement offers structural
support to the sealant samples, augmenting their stiffness and reducing the likelihood of cracks resulting
from thermal cycling. Furthermore, confinement strengthens the sealants, leading to an increase in UCS.
In light of the preceding discussion, concerning the future design of sealants to withstand thermal cycling
and sustain sealing integrity for CCS applications, an ideal sealant candidate should possess high tensile
strength, high thermal diffusivity, and minimal susceptibility to thermal stress accumulation, indicated by
low Young’s modulus and low thermal expansion coefficient.

5 Conclusions

Building upon prior research conducted by Li and Pluymakers (2014) focusing on the effects of thermal
cycling on four different sealant compositions in unconfined conditions, this study extends the
investigation by using a triaxial deformation setup to assess their behavior under thermal cycling with
confinement. The sealants examined include two conventional OPC-based sealants (S1 and S2) and two
novel blends tailored for prospective application in CCS wells (S3 and S4). S3 integrates OPC with CO»-
sequestering additives, while S4 is formulated based on calcium aluminate cement (CAC).

Our findings reveal that, notwithstanding thermal stresses exceeding tensile strength for all sealants
except S3, confinement effectively mitigates the adverse effects of thermal cycling on sealant integrity
without causing any sample breakage, by providing structural support to the sealant and enhancing its
stiffness. In addition, confinement reduces porosity and augments the UCS of the samples, which indicates
the reinforcing effect of confinement on sealant performance, particularly evident at higher confinement
levels.

In contrast, experiments conducted without confinement (as observed in Li and Pluymakers, 2024)
demonstrate that thermal stresses surpass the tensile strength, leading to the development of tensile
cracks in samples of all sealants except S3. The superior performance of S3 is attributed to its comparably
high tensile strength and thermal diffusivity.

Overall, this study underscores the significance of considering confinement effects when evaluating
sealant performance under thermal cycling. The findings suggest that sealants with high tensile strength,
high diffusivity, low Young’s modulus, and low expansion coefficient are optimal candidates for enduring
thermal cycling in CCS well environments. Together with Li and Pluymakers (2014), our study elucidates
the interplay between sealant properties and confinement conditions, thereby offering valuable insights
into the design and testing of sealants for CCS applications.
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