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Effects of thermal shocks on integrity of existing and newly-designed 
sealants for CCS applications 

Kai Li *, Anne M.H. Pluymakers 
Geoscience & Engineering Department, Delft University of Technology, the Netherlands   

A R T I C L E  I N F O   
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A B S T R A C T   

Sealants that can guarantee long-term wellbore sealing integrity are of great significance to the safe and sus-
tainable storage of CO2 in carbon capture and storage (CCS). In this study, we investigate how abrupt cyclic 
thermal shocks affect the integrity of four sealants of different compositions. These sealants include two reference 
OPC-based blends (S1 and S2), one newly-designed OPC-based blend that contains CO2-sequestering additives 
(S3), and one calcium aluminate cement (CAC)-based blend designed for CCS applications (S4). We have 
measured the thermal properties of these samples, followed by quenching and flow-through experiments to apply 
strong cyclic thermal shocks on samples of the four sealants, where we heated the samples to 120 ◦C, and 
quenched them in, or flowed through water of 20 ◦C. Using X-ray tomography (32 µm/voxel) before and after the 
experiment showed that both S1, S2 (reference OPC-based) and S4 (CAC-based) broke after thermal-shocking 
experiments. Cracks and new voids developed in the samples. Post-treatment strength testing shows that ther-
mal shocks reduce the unconfined compressive strength of these three sealants. This implies that these com-
positions may not be optimal materials for long-term wellbore sealing during CO2 injection and storage 
afterward. For all these three sealant compositions, quenching resulted in a greater reduction in strength (by 53 
% on average) than flow-through experiments (by 29 % on average). On the contrary, we have not observed any 
cracks after either quenching or flow-through experiments in S3 sealant (OPC with CO2-sequestering additives). 
We attribute the intactness of this sealant after thermal shocks to its higher thermal diffusivity than the other 
three sealants. Heat transfers more rapidly in this sealant and the associated thermal stresses are mild and 
insufficient to cause any damage to its integrity, which makes this sealant a good candidate for wellbore sealing 
material that can effectively withstand strong thermal shocks encountered during CCS, though further studies are 
required.   

1. Introduction 

Carbon capture and storage (CCS), an technology to remove CO2 
from the atmosphere and store it in subsurface formations such as 
depleted oil and gas reservoirs or saline aquifers, has gained much 
attention in the last decades, as it contributes to fighting global climate 
change by reducing CO2 emissions (Metz et al., 2005; Haszeldine, 2009; 
Selma et al., 2014; Budinis et al., 2018; Bui et al., 2018). The success of 
subsurface CO2 storage depends on the permanent residence of CO2 in 
the targeted reservoirs. However, during CCS, the periodic injection of 
pressurized cold CO2 (Alnes et al., 2011; Eiken et al., 2011; Yoo et al., 
2013; Samara et al., 2022) into warm reservoirs leads to cyclic tem-
perature fluctuations. It is not clear what the exact magnitude, rate or 
frequency of these temperature fluctuations would be during operation 

of a CO2 storage site, since it would be affected by operational param-
eters, and if the CO2 is delivered continuously through a pipeline (c.f. the 
planned Portos project in the Netherlands), or by ship (c.f. the planned 
Northern Lights project in Norway). If one would assume a 2 to 3 km 
deep offshore reservoir, reservoir – and thus wellbore – temperatures 
would be 80 to 120 ◦C (Eiken et al., 2011; Lescanne et al., 2011; Yoo 
et al., 2013), whereas the CO2 would be injected with the water tem-
perature, which can be as low as 0 ◦C. This implies that periodic injec-
tion could then lead to temperature fluctuations as much as 100 ◦C. 
Under such temperature fluctuations, the wellbore and subsurface for-
mations may undergo cyclic shrinkage upon injection of cold CO2 and 
subsequent expansion after injection when the system equilibrates back 
to reservoir temperature. As a result, as shown in Fig. 1, it is postulated 
that micro-annuli between wellbore casing, cement sheath, and 
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wall-rock, and cracks in the cement may be induced (Carpenter et al., 
1992; Carey et al., 2007; Roy et al., 2016; Vilarrasa and Rutqvist, 2017). 
The leakage of CO2 through these pathways has been identified as one of 
the main challenges to securing safe and sustainable geological storage 
of CO2 (Celia et al., 2005). Therefore it is of significance to understand 
how cement sheath integrity is affected by thermal cycling or shocks 
encountered in CCS. 

In most depleted oil and gas wells targeted for CCS, ordinary Port-
land cement (OPC) is the main sealant composition, as it generally 
performs well as a zonal isolation material at relatively low costs in oil 
and gas industries (Parker et al., 2009; Santra and Sweatman, 2011; 
Lesti et al., 2013). However, the sealing integrity of wellbore using 
OPC-based sealant can be vulnerable and prone to deteriorate under 
strong temperature fluctuations during cyclic CO2 injection and storage 
afterward. Albawi et al. (2014) conducted experiments with 
micro-computed tomography (micro-CT) to study the effects of thermal 
cycling on the integrity of a wellbore sample consisting of casing pipe, 
OPC-based sealant, and rock. Their sample was downscaled with a factor 
of 4 from a real wellbore section with a 311 mm borehole and 244 mm 
casing. They found thermal cycling at a temperature fluctuation 
amplitude of 75 ◦C caused leakage pathways up to several millimeters 
thick by debonding at casing/cement and cement/rock interfaces. Lund 
et al. (2015) performed simulations by considering the thermal prop-
erties of casing, cement, and rock to model the study by Albawi et al. 
(2014). They concluded that the integrity of the sample under thermal 
cycling was dependent on the thermal properties of all components of 
the sample. Large temperature fluctuations may lead to significant 
thermal stresses which could possibly damage the cement. De Andrade 
et al. (2015) also carried out experiments on a wellbore sample with the 
same configuration and dimensions as the one used by Albawi et al. 
(2014) to study the effects of thermal cycling. They concluded that shear 
failure was the most relevant mechanism for the debonding at interfaces. 
They further pointed out that, compared to sandstone, shale can better 
withstand thermal cycling, due to its higher stiffness and therefore 
greater resistance toward shear failures. All studies to date focused on 
sealing ability at the interfaces between casing, cement, and rock, while 
the integrity of the cement material itself when it undergoes thermal 
shocks remains unknown. 

Besides OPC-based sealants, the efficacy of other alternatives under 
such temperature fluctuations is still unclear. Therefore, for future CCS 
wells, seeking improved wellbore sealing materials and testing their 
suitability to maintain enhanced long-term wellbore integrity is imper-
ative. For example, calcium aluminate cement (CAC) becomes more and 
more popular, as it has a significantly higher early strength gain and a 
higher heat of hydration than OPC (Barborak, 2010). These 

characteristics make it attractive in the construction of future wells for 
CCS. Dugonjic-Bilic et al. (2011) tested the performance of a sealant 
composition based on CAC with a retarder in a CO2 environment. They 
found that the ability of their composition to control water loss is suit-
able in CCS applications. However, how this sealant composition be-
haves under thermal cycling or shocks is still unknown. 

In our study, we expose four sealant compositions, including existing 
and newly-designed OPC blends, and CAC blend, to high-frequency and 
abrupt cyclic thermal shocks of 100 ◦C by either quenching or flow- 
through experiments to study their integrity and suitability for CCS 
applications. To demonstrate the effects of thermal shocks on the seal-
ants, we conduct mechanical tests and microstructural scanning on 
sealants before and after thermal treatment. Different sealants will have 
different thermal properties, which for most of the sealants tested in this 
study were thus far unknown. In addition, novel in the wellbore cement 
community, therefore thermal properties are measured for these four 
sealants, which ultimately aids in explaining the thermo-mechanical 
interaction observed in our experiments. 

2. Experimental materials, apparatus, and methodologies 

In our study, two sample types are used: solid cylindrical samples 
(Φ3 × 7 cm) and samples of the same dimensions but with a Φ4 mm 
central borehole along the vertical axis. The latter mimics a sealant with 
a pre-existing leakage pathway. Sealant samples are of four different 
compositions (see Table 1), namely S1: standard OPC-based blend, S2: 
ultra-low permeability OPC-based blend, S3: OPC-based blend with 
CO2-sequestering additives, and S4: CAC-based blend. These sealants 
include representatives of currently-used wellbore sealing materials in 
old oil and gas wells considered for CO2 storage (S1 and S2, as refer-
ences), and designed blends, targeted for newly drilled CCS wells (S3 
and S4). Table 1 shows an overview of the four different sealant com-
positions and their respective technology readiness levels (TRL’s). 

For cementitious materials, it can take years to complete their 
strength-gaining process (Neville and Brooks, 1987). All samples used in 
this study are prepared by Halliburton AS Norway, in accordance with 
API Recommended Practice 10B-2 (API RP 10B‑2, 2013). This includes a 
water/cement ratio of 0.4, and curing at 150 ◦C and 30 MPa for 28 days. 
The high temperature and pressure ensure that most chemical reactions 
have gone to near completion after curing, and as such it ensures that the 
mechanical and thermal properties of our samples will not vary signif-
icantly during the study duration. After curing, all samples are sub-
merged in fresh water and stored at room temperature until use. In our 
study, all samples are completely dried before each experiment in an 
air-circulated oven (model UF75, Memmert). Samples are placed in the 
room temperature oven, and we first apply a ramping rate of 2.5 ◦C/min 
to heat the sample to 80 ◦C and leave the sample at 80 ◦C for 2 days. 
After complete dewatering, we then cool the sample down to room 
temperature at the same ramping rate. These procedures ensure that 
associated thermal stresses during heating and cooling are least abrupt, 
and cause no damage to the sealing ability of the sample. After cooling 
down, we then measure the bulk density of the dried sealants of all four 

Fig. 1. Micro-annuli between wellbore casing, cement sheath, and wall-rock, 
and cracks in cement induced by injection of cold CO2 and storage afterward. 

Table 1 
an overview of four sealant compositions and their TRL’s.  

Sealant Composition TRL 

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

S2 1.90 SG ultra-low permeability class G cement with 
35 % BWOC silica flour, with silica fume and 
expansion agent in form of dead-burnt MgO 

7: proven 
technology 

S3 1.90 SG class G cement with 35 % BWOC silica flour, 
with silica fume, expansion agent in form of dead- 
burnt MgO, and CO2-sequestering additives 

3: prototype 
tested 

S4 1.80 SG calcium aluminate cement-based blend 7: proven 
technology  
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compositions. 
Before any thermal-shocking experiments, we determine the me-

chanical and thermal properties of the four sealants (Table 2). We 
perform unconfined compression tests to measure unconfined 
compression strength (UCS), Young’s modulus, and Poisson’s ratio of 
intact samples, both solid ones and those with a borehole. Mechanical 
testing is carried out using a 500 kN loading frame. Displacement is 
controlled with two high-precision linear variable differential trans-
formers (LVDTs) with a 2 mm range, and on the sample a circumferential 
strain gage is mounted with a 10 mm range. All UCS tests are carried out 
in displacement control mode with a ramping rate of 0.0005 mm/s, 
corresponding to a strain rate of 7.1 × 10− 6/s. Furthermore, we use a 
thermal constants analyzer (Hot Disk® TPS 2200) to measure the ther-
mal conductivity and specific heat capacity of the dried sealant samples. 
The thermal diffusivity, a, which describes the ability of the sealant to 
conduct thermal energy relative to its ability to store thermal energy, 
can then be calculated by: 

a =
λ
ρc

(1)  

where λ is the thermal conductivity of the sealant, ρ the bulk density of 
the dried sealant sample, and c the specific heat capacity. 

Note that all properties of solid samples of each sealant composition 
listed in Table 2 are averaged based on measurements of three samples 
each made at an interval of one month. The relatively small standard 
deviation implies that our measurements are repeatable, and the me-
chanical and thermal properties of sealants have not changed 
throughout our study duration. The mechanical properties of samples 
with a borehole are almost the same as solid samples. This is probably 
because the borehole is too small compared to the sample, with a 
sectional area ratio of 1.8 %, to substantially impact sealant mechanics. 
Table 2 also gives the water permeability of the four sealants, as 
measured at 80 ◦C by Halliburton AS Norway, where each permeability 
test takes 3 to 6 months. 

To quantify the effects of thermal shocks on the sealants, we use an X- 
ray micro-tomography (micro-CT) scanner (model Nanotom 180 NF, 
Phoenix X-ray Systems & Services GmbH) to scan samples at a voxel 
resolution of 32 µm. 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 of cracks and voids in samples before 
and after experiments. Due to the limitation of our technique, micro- 
cracks and voids of size below 32 µm cannot be detected. The 

workflow of image analysis is detailed in the Appendix. In addition, we 
measure the UCS of samples after the experiments to study how these 
thermal-induced cracks and voids affect sealant integrity. Table 3 shows 
all samples to be tested and their respective experimental schemes. 

In our experiments, we adopt two experimental approaches to study 
the effects of thermal shocks on sealant integrity. We either quench pre- 
heated solid sealant samples (type 1) or flow cold water through the pre- 
heated samples with a central borehole (type 2). Fig. 2 shows the pro-
cedure for the two approaches. 

In type 1 quenching experiments, we first heat the sample to 120 ◦C 
and maintain it at this temperature for half an hour in the oven, and then 
quickly transfer the sample into a 6 L 20 ◦C cold water bath. After that, 
the sample is reheated to 120 ◦C within 12 mins in the oven for the next 
shock. This is repeated eight times. However, it should be noted that 
such abrupt and high-frequency temperature fluctuations are unlikely in 
field operations. We adopted these harsh experimental conditions to 

Table 2 
mechanical and thermal properties as measured before thermal shocking, and permeability of the four sealants (provided by Halliburton AS Norway).  

Sealant Unconfined 
compressive strength 
[MPa] 

Young’s 
modulus 
[GPa] 

Poisson’s 
ratio [-] 

Bulk density 
[kg/m3] 

Thermal 
conductivity [W/ 
(m⋅K)] 

Specific heat 
capacity [J/ 
(kg⋅K)] 

Thermal 
diffusivity 
[mm2/s] 

Water 
permeability 
[µDarcy] 

S1, solid 98.6 ± 1.1 13.5 ± 0.3 0.157 
±0.002 

1455 0.82±0.04 878±18 0.64 0.14 

S1, with 
borehole 

99.8 13.44 0.143               

S2, solid 80.3 ± 1.4 12.6 ± 0.1 0.153 
±0.010 

1507 0.93±0.03 936±11 0.66 0.00005 

S2, with 
borehole 

81.1 12.0 0.162               

S3, solid 33.3 ± 0.9 6.1 ± 0.1 0.124 
±0.007 

1374 1.04±0.02 684±13 1.11 0.014 

S3, with 
borehole 

33.4 6.1 0.139               

S4, solid 35.3 ± 1.4 6.5 ± 0.1 0.157 
±0.013 

1497 0.89±0.02 970±21 0.61 0.32 

S4, with 
borehole 

34.3 6.6 0.172       

Table 3 
an overview of all samples to be tested and their respective experimental 
schemes. Quenching is type 1 testing, and flow-through is type 2 testing.  

No. Sample 
name 

Sealant composition Sample 
configuration 

Experimental 
schemes 

1 S1–1 S1, OPC blend Solid micro-CT → 
quenching → micro- 
CT → UCS 

2 S1–2 

3 S1–3 With a 
borehole 

micro-CT → flow- 
through → micro-CT 
→ UCS 

4 S2–1 S2, OPC blend with 
ultra-low 
permeability 

Solid micro-CT → 
quenching → micro- 
CT → UCS 

5 S2–2 

6 S2–3 With a 
borehole 

micro-CT → flow- 
through → micro-CT 
→ UCS 

7 S3–1 S3, OPC blend with 
CO2-sequestering 
additives 

Solid micro-CT → 
quenching → micro- 
CT → UCS 

8 S3–2 

9 S3–3 With a 
borehole 

micro-CT → flow- 
through → micro-CT 
→ UCS 

10 S4–1 S4, CAC blend Solid micro-CT → 
quenching → micro- 
CT → UCS 

11 S4–2 

12 S4–3 With a 
borehole 

micro-CT → flow- 
through → micro-CT 
→ UCS  
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amplify the impacts of thermal shocks on our sealants whilst main-
taining a feasible procedure on a laboratory time-scale. For each sealant 
composition, we performed quenching experiments on two individual 
samples, by which the second sample for each sealant was tested at least 
three months after the first one. 

In type 2 flow-through experiments, we mount two stopcocks with 
luer connectors (EW-300600–00, VWR, the Netherlands) on the sample 
(with a central borehole) to build the inlet and outlet, which are then 
linked with the flowline to allow the injection. During the experiment, 
the whole sample assembly (unjacketed and unconfined) is placed in the 
oven at 120 ◦C. After the assembly stays at this temperature for half an 
hour, we use a syringe pump (model 1000D, Teledyne ISCO) to inject 
160 mL 20 ◦C water through the sample from bottom to top in 2 min to 
apply a strong thermal shock. We then halt for 12 min before the next 
injection to allow the sample to heat up again. As shown in Fig. 2 (right), 
a thermocouple (type K, NI-9219, National Instruments, max. reading 
700 ◦C, accuracy ±1 ◦C) is mounted in the middle on the outer surface of 
the sample to measure the temperature, Ts, during the experiment. In 
type 2 experiments, we also performed eight cycles of thermal shock, 
and we tested one sample for each sealant composition. 

In addition, we carry out reference experiments to investigate the 
effects of water exposure, by applying eight wet/dry cycles on one solid 
sample of each sealant composition. This allows us to examine how the 
process of repeated drying and wetting during both types of thermal- 
shocking experiments alone affects the sealant integrity. In each wet/ 
dry cycling experiment, we first dry the sample at room temperature for 
10 h, then soak it in room temperature water bath for 2 min before the 
next drying, i.e. the equivalent of the quenching procedure, without the 
thermal effects. After the wet/dry cycling, we measure the UCS’s of the 

four samples of different compositions. 

3. Results 

3.1. Effects of thermal shocks on the microstructure of sealant samples 

Figs. 3–6 show the microstructure of the two samples before and 
after type 1 quenching experiments for each of the four sealant com-
positions S1 to S4, respectively. These images show the structure of 
cracks and voids (of size larger than 32 µm) in samples, where inter-
connected cracks are displayed in the same color. Samples of S1 and S3 
compositions have voids before quenching (Figs. 3 and 5). Samples of S2 
and S4 do not have pre-existing voids of size larger than 32 µm, so 
orthogonal slices are given in Figs. 4 and 6 to illustrate the intactness of 
the samples before quenching. 

For sealants S1, S2, and S4 (Figs. 3, 4, and 6), type 1 experiments 
induced cracks and voids in both samples. In sealant S1 the quenching 
procedure led to some connected cracks and a significant increase in 
void volume, and in S2 some connected cracks and some new voids were 
created. Sample S4 shows sample-size connected cracks, and only a few 
disconnected new voids after quenching. This means quenching gener-
ated abrupt and sufficient thermal stresses to cause cracking in the 
cement of these three compositions. By quenching, multiple cracks and 
new voids developed at different orientations and locations throughout 
the sample, where in sample S4–2 (Fig. 6) all thermally-induced cracks 
are connected to form a potential leakage pathway for flow. Note that 
both S4 samples are still cohesive after quenching, despite the sample- 
size connected cracks. On the contrary, both samples of S3 are intact 
after quenching, and show no obvious changes. 

Fig. 2. left. Procedure for type 1 quenching experiments; right. Procedure for type 2 flow-through experiments.  

Fig. 3. Microstructure of samples S1–1(left) and S1–2 (right) before and after quenching. Voxel resolution of 32 µm. Samples are of sealant composition S1, standard 
OPC-based. Some connected cracks and many new voids develop in both samples. 
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Fig. 7 shows the structure of voids and cracks in samples of all four 
sealant compositions before and after type 2 flow-through experiments. 
Type 2 experiments also induced cracks and new voids in samples of 
sealants S1, S2, and S4. However, compared to quenching, only limited 
cracks (all radial) were created in these sealants by flow-through. These 
radial cracks all intersect with the borehole of the sample. In sample 
S1–3, the flow-through procedure created two major radial cracks and 
significant new voids. In sample S2–3, only one radial crack close to the 
injection inlet and some voids were created. And in sample S4–3, a 
sample-size radial crack and few voids developed after the experiment. 
Like in quenching for sample S4–2, flow-through created cracks also all 
through sample S4–3. Despite the cracks in S1, S2, and S4, we haven’t 
observed any water flowing out of the sample surface during the 
experiment. In low-porosity geological formations, fractures form high- 
permeability pathways (Bense et al., 2013). Therefore, in our study, the 

presence of thermally-induced cracks in S1, S2, and S4 indicates that 
these sealants have lost their sealing ability. In contrast, the 
flow-through procedure caused no obvious changes for sample S3–3. 

To study quantitively to what extent thermal-shocking experiments 
(both type 1 and type 2) affect sealant samples, we use Avizo software to 
calculate the volume of the cracks and voids in the samples (see Ap-
pendix for detailed workflow). Fig. 8 compares this volume for each 
sample of the four sealant compositions before and after the experiment. 

As shown in Fig. 8, the volume of cracks and voids for intact samples 
of sealants S2 and S4 are zero, as those samples are compact with no pre- 
existing voids of size larger than 32 µm. The volume of cracks and voids 
increases for all samples of sealants S1, S2, and S4 after experiments, 
while it stays the same for S3 samples. In general, the observed volume 
increase for S1, S2, and S4 is bigger for type 1 quenching than for the 
type 2 flow-through experiments. By quenching the relatively small 

Fig. 4. Microstructure of samples S2–1(left) and S2–2 (right) before and after quenching. Voxel resolution of 32 µm. Samples are of sealant composition S2, low- 
permeability OPC-based. Some connected cracks and visible new voids develop in both samples. 

Fig. 5. Microstructure of samples S3–1(left) and S3–2 (right) before and after quenching. Voxel resolution of 32 µm. Samples are of sealant composition S3, OPC- 
based with CCS additives. There are no obvious changes after quenching in either sample. 

Fig. 6. Microstructure of samples S4–1(left) and S4–2 (right) before and after quenching. Voxel resolution of 32 µm. Samples are of sealant composition S4, CAC- 
based. Connected cracks and occasional new voids develop in both samples. 
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Fig. 7. Microstructure of samples S1–3 (sealant S1, upper left), S2–3 (sealant S2, upper right), S3–3 (sealant S3, bottom left), and S4–3 (sealant S4, bottom right) 
before and after flow-through experiments. Voxel resolution of 32 µm. The injection inlet is at top, and outlet at bottom of these four sample illustrations. Radial 
cracks and new voids develop in sealant types S1, S2 and S4, whereas in sample S4–3 the crack is sample size. Sealant S3 shows no obvious changes after the flow- 
through experiment. 

Fig. 8. Volume of cracks and voids for each sample of the four sealant compositions before and after thermal-shocking experiments. The volume for intact samples of 
sealants S2 and S4 are zero, as those samples are compact with no pre-existing voids of size larger than 32 µm. 
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sample in a 6 L cold water bath, the entire outer surface of the sample 
experiences an extreme and instantaneous temperature difference, 
creating a relatively large thermal shock effect. The maximum temper-
ature gradient from outside to inside of the sample is therefore attained, 
which then creates large thermal stresses abruptly to break the sample. 
In contrast, in flow-through experiments, we flush 160 mL cold water 
through the small central borehole of the sample in 2 mins during each 
cycle of thermal shock. The smaller surface area in contact with cold 
water means that the potential for thermal stresses is much lower than 
by quenching. Moreover, any stresses which occur are in the radial di-
rection and located in the vicinity of the borehole. The temperature of 
the water also increases as it flows through the borehole. In type 2 flow- 
through experiments, hence, the temperature fluctuation near the inlet 
of the borehole is greater than that near the outlet, which implies that 
more abrupt and larger thermal stresses are created nearby the inlet. All 
aforementioned mechanisms explain why for S1, S2, and S4 there are 
more thermally-induced cracks and voids by quenching than by flow- 
through. Moreover, by quenching, they are at different orientations 
throughout the sample, while by flow-through fewer and only radial 
cracks develop and intersect with the borehole in samples. 

3.2. Effects of thermal shocks on ucs of sealant samples 

In addition, after micro-CT scanning, we measure the unconfined 
compressive strength (UCS) for each sample. The changes in the UCS are 
direct consequences of the thermal treatment. Fig. 9 shows how UCS 
changes after thermal shocks for the four different compositions and for 
the two different procedures. 

As shown in Fig. 9, the UCS of sealants S1, S2, and S4 decreases after 
both types of thermal-shocking experiments, where the decrease for the 
quenching treatment is larger than the decrease for the flow-through 
treatment. The variability in UCS’s for the repeat experiments is 5–11 
MPa (shown in red diamonds in Fig. 9), which is much less than the 
difference between the intact strength and the strength after either 
thermal-shocking procedure. For sealants S1, S2, and S4, the reduction 
in UCS after quenching (by 41 %, 50 %, and 67 % on average for S1, S2, 
and S4 samples, respectively) is greater than after flow-through (by 19 
%, 27 %, and 40 % for samples S1–3, S2–3, and S4–3, respectively). This 
relates to the changes in the volume of cracks and voids due to thermal 
shocks (Fig. 8): for each sealant, the larger increase in the volume of 
thermal-induced cracks and voids leads to a greater reduction in 
strength. Furthermore, for sealant S3, there is no substantial change in 
the UCS after thermal shocks by flow-through (see S3–3 in Fig. 9). 
Counter-intuitively, samples S3–1 and S3–2 become on average 47 % 
stronger after quenching. Also note that even with a greater reduction in 
UCS after quenching, S1 and S2 still exhibit higher UCS than intact S3 
and S4 sealants. 

Fig. 9 also displays the UCS’s of samples of the four different com-
positions after eight room temperature wet/dry cycles. The UCS shows a 
slight decrease for sealants S1, S3 and S4 (by 7 %, 9 % and 16 %, 
respectively), whereas it shows insignificant change for sealant S2. Note 
that this strength loss in sealant S1 and S4 is insignificant compared to 
the strength loss by either quenching or flow-through experiment. After 
wet/dry cycling, all samples were visually intact, so no observable 
cracks were created. 

3.3. Temperature profile in type 2 experiments 

During type 2 flow-through experiments, we measured the temper-
ature, Ts, in the middle on the outer surface of the sample (Fig. 2). We 
then use this temperature to calculate the amplitude of temperature 
fluctuation due to thermal shocks since the outset of the first shock (after 
the sample is maintained at 120 ◦C for half an hour), by (Ts − 120) ◦C. 
Fig. 10 shows the amplitude of temperature fluctuation during the eight 
cycles of thermal shocks in flow-through experiments for the four sam-
ples of different compositions. 

Upon each cycle of thermal shock, the temperature at the outer 
surface of all four samples first drops until it reaches the maximum 
temperature fluctuation amplitude at the end of the injection of cold 
water. The temperature then gradually rises back to equilibrate with the 
system temperature before the next shock. As the cycles progress, the 
samples gradually cool down where S1–3 and S4–3 usually get closest to 
their original temperature, followed by S3–3. S2–3 stays furthest away 
from the original temperature, about 0.5 ◦C. Throughout all eight cycles 
of thermal shocks, the average maximum amplitude of temperature 
fluctuation is 5.1, 6.1, 7.4, and 4.5 ◦C for samples S1–3, S2–3, S3–3, and 
S4–3, respectively. 

Essentially, these temperature drops during cold-water injection 
phases for all four samples in type 2 experiments signify that heat has 
transferred from the outer part of the sample toward the central bore-
hole. All four samples experience the same boundary conditions with 
respect to sample temperature prior to flow-through, the amount, tem-
perature and the rate of injected water. Therefore, this flux of thermal 
energy during thermal shocks can only be governed by the thermal 
properties of the sealants, specifically the thermal diffusivity. Heat 
should transfer more rapidly in a material with a higher thermal diffu-
sivity. Fig. 11 displays the relationships between the maximum ampli-
tude of temperature fluctuation, thermal diffusivity of samples, and the 
fraction of UCS reduction in type 2 flow-through experiments for the 
four samples. Sample S3–3 shows the highest temperature fluctuation, 

Fig. 9. UCS of samples of the four sealant compositions before and after 
thermal-shocking experiments. 

Fig. 10. Amplitude of temperature fluctuation during eight cycles of thermal 
shocks in type 2 flow-through experiments for samples of the four compositions. 
Time zero marks the outset of the first shock. Samples are maintained at 120 ◦C 
for half an hour before time zero. 
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and the least strength reduction. It also has the highest thermal diffu-
sivity. We postulate that due to the high thermal diffusivity less thermal 
stresses built up, and that therefore less damage results from high 
temperature fluctuations during thermal cycles. This would explain why 
sample S3–3 was undamaged after thermal shocks. 

4. Discussion 

In this study, we tested sealant samples of four compositions to study 
their sealing ability under thermal shocks for CCS applications. In our 
study, in addition to two reference OPC-based sealants (S1 and S2), we 
also tested two blends with different compositions designed for future 
CCS wells (S3 and S4). S3 is based on OPC but with CO2-sequestering 
additives, and its integrity was not compromised after the flow-through 
experiment, and even enhanced after quenching. The additives in S3 
encapsulate crushed peridotite material primarily composed of olivine 
(Kvassnes and Clausen, 2020, 2021). In a CO2-rich environment, mag-
nesium silicates in olivine can be carbonized to magnesium carbonate, 
which enhances the self-healing ability of the cement. All these position 
S3 as an optimal candidate for a sealant in CCS wells. In a CO2-rich 
environment, it is anticipated that a mere 2 % by weight of olivine in 
cement can yield substantial initial reactions upon CO2 exposure, 
providing early buffer capacity, restricted volume compensation, and 
initial resistance to CO2. However, in our experiments we have not 
added additional CO2, neither during the curing process nor during the 
mechano-thermal experiments. Exactly what mineralogical changes 
have taken place in sealant S3 which gives it its favorable thermal 
properties during these experiments are unknown. The current work 
demonstrates that the thermal properties are essential for the capacity of 
a sealant to deal with thermal shocks and hence for suitability in a CCS 
context. Sealant S4 is based on calcium aluminate cement (CAC), and all 
S4 samples fully lost integrity after both types of thermal shocks. 
Compared to OPC, CAC contains a far greater amount of alumina (>90 
%) and a far less amount of silica (Barborak, 2010). Even though CAC 
gains significantly higher early strength during its curing process, it may 
undergo a conversion process later where a strength loss of 50 % or more 
is possible (Adams and Ideker, 2017; Son et al., 2018). This process 
happens when metastable phases of the hydration products convert to 
more stable ones. 

There are three important limitations to this work. First, we imple-
mented eight abrupt sequential temperature drops, especially by 
quenching, on samples that is unlikely to be encountered in field cases. 
In other experimental studies (Albawi et al., 2014; De Andrade et al., 
2015; Lund et al., 2015), temperature dropped by 70 to 90 ◦C with a 

smaller ramping rate (1.5 to 2.3 ◦C/min) than ours were applied to 
achieve cyclic temperature fluctuation on cement samples. All these 
severe conditions are not representative in the field, where temperature 
in the subsurface would vary less and at a more gradual rate than ours. 
We applied these harsh experimental conditions to augment the 
damaging impacts of thermal shocks on our sealants, then to be able to 
evaluate their durability under thermal loads by measurable difference 
on a laboratory time-scale. 

Second, our samples started out dry, and became progressively more 
water-saturated with each thermal shock. However, our wet/dry cycling 
reference experiments showed that the integrity compromise for seal-
ants S1, S2 and S4 by both types of thermal-shocking experiments is 
substantial compared to any mechanochemical changes due to water 
exposure alone. Torsæter et al. (2017) studied the integrity at the 
interface between cement and rock by applying thermal shocks to the 
sample with liquid nitrogen. They found that a dried sample remained 
intact and a wet sample lost its integrity after thermal shocks. Yet it is 
still not clear how wet samples of our sealant compositions behave under 
thermal shocks. This topic deserves further study. 

Last, all experiments were conducted at a worst-case scenario with 
zero confinement, whereas at CO2 storage depths (e.g. 1 km, Kirby et al., 
2001; Alnes et al., 2011; Zhang et al., 2022) we expect cement to 
experience a confining pressure up to 10 MPa based on lithostatic 
pressure. In such a case, the presence of confinement should avoid or at 
least mitigate the adverse effects of thermal stresses on sealing ability of 
the cement. The confinement is expected to provide support to the 
sealant sample and increase its stiffness, hence reducing the potential for 
thermally-induced cracks in the cement. This is in line with what De 
Andrade et al. (2015) have found. In their experiments, they applied 10 
thermal cycles from 130 to − 5 ◦C on a wellbore section analogue that 
included casing, cement and rock. They concluded, compared to un-
confined experiments, the presence of confining pressure reduced the 
occurrence of cracks within the cement sheath due to thermal cycling 
loads. Brittle fracturing is in general a dilative process, and it therefore 
stands to reason, demonstrated by the findings of De Andrade et al. 
(2015), that the presence of confining pressure, which would be ex-
pected along most if not all of the wellbores, would suppress the for-
mation of open fractures. Thus, this work, even though it clearly 
highlights the importance of the interplay between thermal properties, 
strength and expected resilience in CCS settings, is limited by omitting 
the effects of confining pressure. Future work is needed to address this. 

5. Conclusions 

In this study, we conducted two types of experiments to investigate 
the type and extent of thermal damage and what its effects are on the 
integrity of sealants of four different compositions. These sealants 
include reference OPC (ordinary Portland cement)-based blends (S1, 
based on standard OPC, and S2, based on OPC with ultra-low perme-
ability), newly-designed blend (S3, based on OPC with CO2-sequestering 
additives), and CAC (calcium aluminate cement)-based blend (S4). 

We found that samples of sealants S1, S2, and S4 lost sealing ability 
due to fractures after both types of thermal-shocking experiments, 
indicating that these compositions may not be optimal candidates for 
well-sealing materials for CCS. For all these three sealants, quenching 
displayed more jeopardizing effects than flow-through experiments. By 
quenching, cracks and new voids developed throughout the samples at 
different orientations and caused a decrease in UCS by 41 % (41 MPa), 
50 % (40 MPa), and 67 % (24 MPa) on average for samples of S1, S2, and 
S4 compositions, respectively. In flow-through experiments, only a 
limited number of radial cracks that intersected with the borehole, and 
voids were initiated. UCS decreases by 19 % (18 MPa), 27 % (22 MPa), 
and 40 % (14 MPa) for S1, S2, and S4 samples, respectively. This is 
because, by quenching, a larger surface of the sealants was exposed to a 
high temperature difference, i.e. creating a more severe thermal shock. 
In such a case, thermal stresses were accumulated more abruptly which 

Fig. 11. Relationships between the maximum amplitude of temperature fluc-
tuation, thermal diffusivity of samples, and the fraction of UCS reduction in 
type 2 flow-through experiments for the four samples of different compositions. 
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resulted in larger adverse effects on sealant integrity. It is also of prac-
tical significance to note that, even with a greater reduction in UCS after 
quenching, S1 and S2 still exhibit higher UCS than intact S3 and S4 
sealants (Fig. 9). 

However, we have not observed any thermally-induced cracks in 
samples of sealant S3 after experiments. The flow-through experiment 
caused no significant changes in the S3 sample, and quenching even 
somewhat enhanced the integrity of this sealant with an increase in 
strength. We postulate that this is mainly caused by the higher thermal 
diffusivity of sealant S3 compared to the other three sealants. The 
increased efficiency of heat transfer throughout the sample led to ther-
mal stresses less abruptly, insufficient to damage the integrity of S3 
samples. This work clearly demonstrates the importance of knowing the 
thermal properties of the sealants used in the wellbores in designing 
subsurface CO2 storage sites. 

Our study furthermore implies that standard OPC-based sealants 
used in most of the currently existing wells and the CAC-based sealant 
designed for future CCS wells may be susceptible to potential challenges 
when subjected to extreme thermal shocks that are comparable to ours 
during cyclic CO2 injection and storage afterward. Upgrading sealant 
materials to prevent or mitigate the adverse effects of thermal shocks 
and maintain long-term wellbore sealing integrity during CCS can be 
beneficial. 

In short, this study provides a novel method to study existing and 
newly-designed sealants, and assess their integrity under strong thermal 
shocks in a worst-case scenario i.e. dry samples without confinement. 
We also applied a large temperature change at an abrupt rate on seal-
ants, which is severe compared to likely conditions imposed on the 
cement sheath of CCS wells. Based on our results, we observed different 
thermally-induced cracking behaviors for sealants of different compo-
sitions, where we postulate that their thermal diffusivity is the key 
characteristic that determines the capacity of sealants to maintain 
sealing ability under thermal shocks. 
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Appendix 

In this study, we use Phoenix datos software to post-process the images of each sample acquired by micro-CT scanning. We then use Avizo software 
to construct the 3D microstructure of cracks and voids in the sample. The workflow is shown below. 
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Workflow of image analysis.  
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