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Abstract: A model is developed to predict the compressive strength development of geopolymer cement
containing antifoam for cementing operations at wells that act as hubs for carbon capture, utilization and storage
(CCUS). Compressive strength and transit time data were collected to develop the model. Fly ash-based
geopolymer cement samples containing polypropylene glycol-based antifoam, at concentrations ranging from 0 to
0.3% by weight of the fly ash, were prepared to collect the data. The samples were cured at 20.7 MPa and 100°C for
8, 24 and 48 hours. The model was embedded in an ultrasonic cement analyzer to obtain the errors between actual
and predicted compressive strength values. The model obtained an R? of 0.9929 and a significant p-value with
errors that ranged from 9.9 to 18.3% for curing durations of 24 and 48 hours, while those of the default model
ranged from 22.5 to 37.3%. The model presents a potential solution for facilitating the cement evaluation for post-
cementing jobs at CCUS wells that adopt geopolymer cement, which is currently restricted due to the inability to
predict compressive strength. The model also addresses some limitations of other proposed models, which neglect
the influence of antifoam in geopolymer cement under wellbore conditions.
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1. Introduction

Carbon capture, utilization and storage (CCUS) is
an emerging technological solution that holds
significant potential in achieving net-zero carbon
dioxide (CO,) emissions. The technology is essential in
mitigating the emissions that present challenges that
could not be addressed by means of renewable energy
sources, such as capturing the emission produced from
chemical processes of limestone into cement and from
flue gas of electricity generation and facilitating the
cleanup of CO, generated during hydrogen production.
The CCUS technology will contribute to the fulfilment
of the Paris Agreement, which aims to limit global
warming to 2 °C below that during the pre-industrial
era between 1720 and 1800.

In CCUS, CO, generated from combustion of
biomass and fossil fuel for energy derivation will be
captured and transported for further utilization and
storing, thereby preventing the CO, from being
released into the atmosphere. Enhanced oil recovery is
one of the areas where CO, can be utilized for pressure
maintenance of the reservoir, which aids in the
extraction of additional oil. Moreover, CO, can be
employed for the purpose of cultivating algae in
controlled environments, thereby promoting the growth
of algae and indirectly serving as a catalyst in the
generation of biofuels. In addition, CO, can be utilized
in electrolysis to produce carbon-neutral hydrogen.

On the other hand, CCUS wells can be established
to facilitate the storage of CO, on a large scale. The
CO, will be pressurized and stored in a supercritical
state in a depleted reservoir that contains microscopic
rock pores and an impermeable cap rock. Alternatively,
it can be injected into a saline aquifer, where the CO,
will be confined within small pores. The reservoir must
effectively retain the CO, for millions of years,
necessitating well cementing to establish a robust
barrier for zonal isolation.

Although ordinary Portland cement (OPC) is
commonly adopted for well cementing in oil and gas
production, its utilization is not feasible for cementing
operations at CCUS wells as OPC tends to degrade
upon exposure to CO,. A carbonation reaction occurs
when carbonic acid reacts with calcium hydroxide,
resulting in a decrease in the alkalinity of the system,
which leads to the dissolution of calcium ions from the
calcium-silicate hydrate gel. As a result, the gel
weakens due to decalcification, reducing its ability to
provide binding and cohesion. Additionally, the
decalcification results in an increase in pores and a less
resilient matrix.

In view of the drawbacks of OPC, geopolymer
cement has emerged as a potential alternative for

applications in the CO,-rich environment. Geopolymer
cement is the product of the geopolymerization
between an aluminosilicate source and an alkaline
activator. Geopolymerization involves the dissolution
of the aluminosilicate source, resulting in the
production of silica and alumina monomers. The
monomers then undergo condensation, leading to the
formation of oligomers. The oligomers will undergo
setting and hardening to form a geopolymer network
that contributes to strength and durability. Geopolymer
cement has demonstrated enhanced mechanical
properties in the presence of CO,, surpassing those of
OPC, particularly in terms of permeability [1], strength
[2-7], Young’s modulus [8], Poisson’s ratio [8] and
microstructure [3-7].

To ensure the structural integrity of the well cement
for CO, storage, a cement bond log is run into the well
to assess the cement bonding between the casing and
the formation. The logging process involves the
transmission of ultrasonic waves from the wellbore to
the formation. The reflection of the waves provides
information on the cement integrity. Prior to running,
the tool needs to be calibrated with acoustic impedance
data, which can be obtained from the non-destructive
compressive strength chart. The chart enables the
prediction of compressive strength by converting the
real transit time of the cement into compressive
strength using the default model. In addition to the
calibration, the chart is also utilized for monitoring
strength development, which is a critical factor in
determining the appropriate wait-on-cement time
before drilling the subsequent hole section.

However, the default model was developed based
on the transit time and actual compressive strength
obtained from destructive tests of OPC. Consequently,
when the model is applied for geopolymer cement, it is
expected to yield significant deviation errors between
predicted and actual strength values due to the
difference in the cement constituents. Previous studies
have made efforts to develop a model for geopolymer
cement by establishing a correlation between the transit
time acquired through non-destructive testing and the
actual strength obtained from destructive testing. As
available data are limited, the models were developed
for specific formulations, such as those that contain
sodium hydroxide at the molarity of 6-10 M [9],
retarders [10], strength enhancers [11-14] as well as
those that do not contain additives [15]. The
formulations also cater for specific wellbore
temperatures, such as 25 [15], 70-90 [9, 10, 16, 17]
and 125°C [9], and pressures, such as 1,798 [15], 2,000
[10, 16], 3,000 [17] and 5,000 psi [9]. While previous
research has made progress in predicting the



compressive strength of geopolymer cement, none of
the formulations have specifically addressed the
incorporation of antifoam in geopolymer cement
subjected to wellbore conditions.

Antifoam is an additive employed to mitigate the
initial formation of bubbles that commonly arise during
mixing. The presence of bubbles in the cement sheath
can lead to reduced strength and increased sound wave
attenuation. This, in turn, results in longer transit times
for the wave to travel from the transmitter to the
receiver as observed in previous studies for
cementitious materials [18] and foamed concrete [19].
The additive decreases the surface tension of the elastic
membrane surrounding the bubble, facilitating merging
of the bubble to the surface to release trapped gases.
The additive aids in mitigating the adverse impact of
the bubbles, which can lead to pump cavitation, loss of
suction head, inaccurate calculation of cement density
and movement of gas fluid within the cement sheath.
Existing studies demonstrate that adding antifoam at
the appropriate concentration releases entrained air,
reducing the expansion volume of the cement slurry,
resulting in a denser system as observed in well cement
[20, 21], composite [22, 23], mortar [24] and concrete
[25]. The additive can influence the compressive
strength of geopolymer and OPC as observed for
geopolymer composite [26] and mortar [24] and
conventional composite [22], mortar [27, 28] and
concrete [25].

Although the influence of antifoam on compressive
strength and transit time has been examined in various
studies, the studies primarily focused on conventional
and geopolymer concrete, mortar and composite under
normal atmospheric conditions, while the studies that
were conducted under wellbore conditions were
performed using OPC as the cement constituent.
Moreover, a predictive model for the compressive

containing antifoam has not been developed, which
may hinder the adoption of geopolymer cement in well
cementing.

Therefore, the present study aims to investigate the
impact of antifoam on geopolymer cement in a
simulated wellbore environment and develop a
predictive model by establishing a correlation between
the transit time of ultrasonic waves and destructive
compressive strength of geopolymer cement containing
antifoam. Findings from the study will lead to a better
understanding of geopolymer cement, which may
facilitate the adoption of geopolymer cement as a
viable alternative to OPC for CCUS wells.

2. Materials and Methods

2.1. Preparation of Geopolymer Cement Samples

Fly ash-based geopolymer cement samples were
prepared for testing in compliance with American
Petroleum Institute (APl) Recommended Practice (RP)
10B-2 [29]. Fly ash was obtained from Tanjung Bin
Power Plant in Johor, Malaysia, which can be classified
as a Class F fly ash according to American Society for
Testing and Materials (ASTM) C618-19 [30]. An
alkaline activator that comprises sodium hydroxide
(NaOH) and sodium silicate (Na,SiO3z) was employed.
The NaOH/Na,SiO; ratio of 1:1 was adopted, as the
ratio led to the highest compressive strength of
geopolymer cement at 8, 24 and 48 hours of curing.
Geopolymer cement samples of density 15 ppg were
prepared with the addition of polypropylene
glycol-based antifoam that possesses a specific gravity
of 1 at concentrations of up to 0.3% by weight of fly
ash (bwof). Control samples were also prepared
without the addition of antifoam. The formulations
adopted to prepare the samples are presented in
Table 1.

strength  development of geopolymer cement
Tab. 1 Mass of fly ash, alkaline activator, water and antifoam for each formulation (The authors)

Formulation Antifoam Concentration (%)  Fly Ash (9) NaOH (g) NaySiOs (9) Water ()  Antifoam (g)
A0 0.0 626 120 120 214 0

A05 0.05 626 120 120 214 0.3

Al0 0.1 626 120 120 214 0.6

A20 0.2 626 120 120 213 13

A30 0.3 626 120 120 212 1.9

The alkaline activator, water and antifoam were
mixed at the rotational speed of 4,000 rpm. Once the
fly ash has been poured into the mixer, the speed was
increased to 12,000 rpm and mixing was continued for
35 seconds. The slurry was placed into a 2-inch x
2-inch x 2-inch cube cement mold to be cured at
20.7 MPa and 100°C for 8, 24 and 48 hours in a
pressurized curing chamber. Three cement cube
samples were prepared for each formulation to ensure

the consistency of the results.

2.2. Measurement of Transit Time and Actual
Compressive Strength

After curing, the sample was demolded. Grease was
applied onto two opposite surfaces of the sample to
facilitate the ultrasonic wave transmission during
transit time measurement. The measurement was
conducted by sandwiching the sample using the top and
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bottom transducers of an ultrasonic cement analyzer
(UCA) as shown in Fig. 1 to obtain transit time data
from the software interface of the UCA. Measurements
were conducted at five different points on the surface
of the sample. Once the measurements have been
conducted, the sample was crushed using an API
compressive strength tester to obtain the actual
compressive strength. Consistency of data was
validated by ensuring that differences between
minimum and maximum values of replicate
measurements are less than 10%, which is based on the
current practices.
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Fig. 1 Ultrasonic cement analyzer (The authors)

2.3. Model Development and Validation

The relationship between transit time and
compressive strength was determined by means of a
regression analysis using Design Expert. The analysis
produces a model that fits the data. It also assesses the
quality of fit of the model by determining the R* value
and significance of the independent variable in relation
to the dependent variable by means of the p-value. The
model was embedded into the software of the UCA
under the custom algorithm feature as shown in Fig. 2,
which allows for a new model of up to the 4"
polynomial order to be embedded. Non-destructive
compressive strength tests were conducted to validate
the model.
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Fig. 2 Custom algorithm feature from the software interface of the
UCA (The authors)

A flowchart of the overall methodology employed
in the study is presented in Fig. 3.

Start of study

A

Preparation of fly ash-based geopolymer cement
samples with the addition of polypropylene
glycol-based antifoam

Y

Measurement of transit time of the samples using a
UCA

Y

Measurement of actual compressive strength of the
samples using an API compressive strength tester

Y

Development of a model by determining the
relationship between the transit time and
compressive strength by means of a regression
analysis using Design Expert

Y

Validation of the model by embedding the model
into the UCA software and conducting
non-destructive tests to generate predicted
compressive strength data and comparing them with
the actual compressive strength data

Y

< Completion of study )

Fig. 3 Flowchart of the overall methodology (The authors)

3. Results and Discussion

3.1. Compressive Strength and Transit Time of
Ultrasonic Wave

No significant change in compressive strength was
found at all antifoam concentrations and curing periods
as revealed in Fig. 4(a). A large increase in transit time
was observed as antifoam concentration increases from
0 to 0.05 % bwof at the 8-hour curing period as
revealed in Fig. 4(b).
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Fig. 4 (a) Compressive strength and (b) transit time for all
formulations at different curing periods (The authors)
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The compressive strength exhibited a high rate of
increase as the curing period increases from 8 to 24
hours, followed by a lower rate of increase as the
curing period increases from 24 to 48 hours. The
strength at all curing periods increases as antifoam
concentration increases from 0 to 0.05% bwof. The
strength decreases as antifoam concentration increases
from 0.05 to 0.2% bwof, followed by increases as
antifoam concentration increases from 0.2 to 0.3%
bwof.

At the curing period of 8 hours, the addition of
antifoam results in increases in compressive strength
by 12.6-29.1%. Meanwhile, at the curing periods of 24
and 48 hours, the addition of antifoam results in
increases in compressive strength by 1.3-7.2% and
2.0-5.7%, respectively, at all concentrations except for
that of A20, where the compressive strength decreases
by 0.2 and 3.5%, respectively. Moreover, the results
indicate that the cement has achieved an ultimate
strength of 85 to 95% at the curing period of 24 hours.
When the curing period extends to 48 hours, the
strength increases by 2.2-10.3%.

The absence of antifoam results in lower
compressive strength as observed from the control
sample. Air content and porosity of hardened cement
have been reported to have inversely proportional
trends with respect to the concentrations of antifoam or
defoamer in conventional mortar [30], composite [31],
concrete [23] and conventional well cement [25]. As a
result of the diminishing effect of antifoam on
entrained air, the addition of antifoam or defoamer at
concentrations of 0.05-0.10% resulted in higher
compressive strength due to porosity reduction and
enhancement in solid content. As the foam is
eliminated, volume expansion of the cement decreases
hence, density increases. Present findings are supported
by previous studies, which revealed that the addition of
antifoam and defoamer led to increases in the
compressive strength of conventional mortar [21],
polymer-modified concrete [28] and conventional
concrete [32].

In addition, at the concentration of 0.2% bwof, the

strength is observed to be consistently at its minimum
level throughout curing. There is potential for
excessive antifoam to negatively impact the
cohesiveness of cement particles, thereby hindering
their ability to effectively adhere to each other,
consequently impeding the process of cement
solidification and ultimately compromise its structural
integrity. Previous studies reported a reduction in
cohesiveness of the polymer structure when the
antifoam concentration is not at its optimal level [24,
25]. Besides, interaction between entrained air and
antifoam influences the cement density [20, 21],
consequently affecting the compressive strength. At the
concentration of 0.3% bwof, it is probable that the
cohesiveness will undergo a slight increase, as reflected
in the strength increases ranging from 1.5 to 14.6% and
transit time decreases ranging from 0.2 to 2.2%.

On the other hand, presence of entrained air within
the cement hinders vibration of the particles, resulting
in wave attenuation, which leads to decreases in
volume and velocity of the waves as they propagate
from the top to the bottom transducers. Consequently,
the particles require more time to transfer their energy
to adjacent particles. During the 8-hour curing period,
the transit time ranged from 10.73 to 11.41 us/in,
which indicates that geopolymerization was on-going.
The transit time remains consistent at curing periods of
24 and 48 hours, with a minor variation in value
ranging from 0.5 to 2.1%. The transit time contrasts the
difference observed between curing periods of 8 and 24
hours, which ranges from 16.9 to 22.2%. The transit
time values are in line with the compressive strength
values. The improvement in transit time with regard to
antifoam concentration is in line with the findings of a
previous study that reported a decrease in surface
texture and an improvement in the gloss of internal
particles, which enhances the transmission of waves
through the cement [24].

At the same time, at suboptimal concentrations,
there is a possibility of incomplete foam collapse or
insufficient foam stability, which can subsequently
impact the integrity of the cement structure as a whole.
When antifoam concentration falls below the optimal
threshold, its ability to effectively inhibit foam
formation may be compromised, which can lead to
insufficient foam control and potential complications
associated with excessive foam generation during
cement mixing. In contrast, excessive presence of
antifoam can disturb the equilibrium between foam
formation and control, as excessive amounts of
antifoam may not effectively suppress the foam.
Consequently, characteristics of the cement may
experience adverse effects.

Fig. 5 reveals an inversely proportional trend
between compressive strength and transit time for all
curing periods except for those for A05 and A10 at the
8-hour curing period. During the 8-hour curing period,
an increase in antifoam concentration from 0.05 to 0.1
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% bwof results in reductions in compressive strength
and transit time. It is possible that the antifoam
facilitated the coalescence of bubbles, leading to
creation of larger bubbles. However, the bubbles were
unable to ascend and burst at the surface. Presence of
the larger bubbles within the cement sheath can lead to
the reflection of ultrasonic waves, causing a delay in
their propagation.
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Fig. 5 Compressive strength and transit time of geopolymer cement
at all formulations for (a) 8-hour, (b) 24-hour and (c) 48-hour
curing periods (The authors)

The predominant trend is primarily attributed to the
principle of elasticity, which establishes a relationship
between bond strength, compressive strength and
ultrasonic wave propagation within the cement
structure. Materials with higher elasticity exhibit
greater bond strength, resulting in increased resistance
to bond separation. The increased resistance enables
the material to undergo deformation and subsequently
recover its original form when subjected to external
forces. In terms of bond strength, a material with a

higher bond strength will have the ability to endure
greater compressive forces without experiencing
permanent deformation. Simultaneously, the increased
bond strength enhances the transmission of the wave to
adjacent particles, accelerating the propagation of the
wave from one end to the other. Hence, the findings
indicate that the antifoam effectively removes bubbles,
leading to improved cement structure at the ideal
concentration, which is supported by the observed
increase in compressive strength and decrease in transit
time.

3.2. Model Development
Fig. 6 presents the normal distribution and residual
versus run plots, illustrating the correlation between
compressive strength and transit time data points. The
data points are randomly distributed along the
horizontal line, demonstrating that the model is reliable
and that the confidence intervals are precise.
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Fig. 6 (a) Normal distribution plot and (b) residual versus run plot
for the correlation between the compressive strength and transit
time data points (The authors)



The model is presented in Equation 1, which
produces an R? of 0.9929 with a significant p-value.
The internally studentized residuals and the run number
plot show that the residuals fall between -3 and 3,
indicating that the model provides a good
approximation to the response surface.

F = 1.8875Tt' — 73.8324Tt® + 1078.3108Tt" —
6975.2615Tt + 16895.4948 Q)
where Tt - transit time in us/in, and F - compressive
strength in MPa.

3.3. Model Validation

The model is validated for the curing periods of 24
and 48 hours as the transit time shown in the
compressive strength development chart reveals a
plateau phase, indicating that the compressive strength
passed the intense strength development and was
approaching its ultimate strength. The validation is
further supported by the low rates of compressive
strength development for the curing periods of 24 and
48 hours, which is between 2.3 and 10.3%. Fig. 7
reveals that the deviation error between actual strength
obtained from the destructive test and predicted
strength from the non-destructive test. The findings
reveal that the model overestimates the actual
compressive strength for the curing periods of 24 and
48 hours by 14.7-18.3% and 9.9-18.3%, respectively.
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The overestimation arises as the transit time
measured during the non-destructive test is the real

transit time, whereas the transit time measured for the
model development is obtained after performing a set
of laboratory procedures, such as demolding of the
cement cube from the mold and application of grease
on the cement surface, delay the measurement of transit
time, resulting in overestimation of the strength for the
corresponding transit time. Nonetheless, the procedures
do not appear to have a substantial impact on the
overall compressive strength of the cement. The
resilience observed can be attributed to the inherent
robustness of compressive strength measurements, as
opposed to transit time measurements, which involve
microscopic-level factors and hence more sensitive.

3.4. Model Limitation

The model correlates transit time and actual
compressive strength derived from fly ash-based
geopolymer well cement, which comprises Class F fly
ash, an alkaline activator and polypropylene
glycol-based antifoam. The addition of antifoam
influences the compressive strength development of the
cement and alters the internal structure of the cement,
affecting the transit time value of the cement. In
addition, there is a counterbalance between the effects
of high pressure and high temperature in promoting the
compressive strength development of the cement.
Considering the factors, the proposed model is
therefore restricted to geopolymer cement with
antifoam concentration ranging between 0 and 0.3%
bwof with curing pressure and temperature of
20.7 MPa and 100 °C, respectively. Further validation
is required prior to utilizing alternative types of
antifoam, such as silicone- or alcohol-based antifoam
or, or different concentrations of the proposed additive.
Additionally, it is necessary to verify the adoption of
the model across various wellbore conditions to
observe the impact of pressure and temperature.

4. Conclusion

In the study, a model is developed to predict the
compressive strength development of geopolymer
cement containing antifoam for cementing operations
at CCUS wells. The main findings of the study can be
concluded as follows:

e The fly-ash-based geopolymer well cement
exhibits high compressive strength of more than
3.47 MPa within 8 hours and more than 13.7 MPa after
24- and 48-hour curing periods.

e The effect of adding antifoam at concentrations
of up to 0.3% bwof into the geopolymer cement
formulation on the compressive strength and transit
time of ultrasonic wave possesses an indeterminate
trend.

The model demonstrates a low deviation error
between predicted and actual compressive strengths of
less than 20%, which is less than those from the
findings of previous studies.

The model presents a potential solution for
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facilitating the cement evaluation for post-cementing
jobs at CCUS wells that adopt geopolymer cement,
which is currently restricted due to the inability to
predict compressive strength. The model also addresses
some limitations of other proposed models, which
neglect the influence of antifoam in geopolymer
cement under wellbore conditions. The model can be
applied for geopolymer cement formulations that
contain antifoam at concentrations of up to 0.3% for
curing pressure and temperature of 20.7 MPa and
100°C.

More research has to be pursued to advance the
model development. Focus on the following aspects is
recommended for future research:

e Development of prediction models that
consider other additives, such as fluid loss additive,
dispersant and accelerator, in conjunction with
geopolymer cement;

e Integration of existing models to develop a
holistic model that can effectively predict the strength
of geopolymer cement as well cement, which typically
includes diverse additives to enhance its resilience in
challenging wellbore environments.

References

[1] INTERNATIONAL ENERGY AGENCY. Cement, 2023.
https://www.iea.org/reports/cement

[2] NASVI M. C. M., RANJITH P. G., and SANJAYAN J.
The Permeability of Geopolymer at Down-Hole Stress
Conditions: Application for Carbon Dioxide Sequestration
Wells.  Applied Energy, 2013, 102: 1391-1398.
https://doi.org/10.1016/j.apenergy.2012.09.004

[3] NASVI M. C. M., RATHNAWEERA T. D., and
PADMANABHAN E. Geopolymer as Well Cement and Its
Mechanical Integrity under Deep Down-Hole Stress
Conditions: Application for Carbon Capture and Storage
Wells. Geomechanics and Geophysics for Geo-Energy and
Geo-Resources, 2016, 2: 245-256.
https://doi.org/10.1007/540948-016-0034-2

[4] RIDHA S., SETIAWAN R. A., PRAMANA A. A, and
ABDURRAHMAN M. Impact of Wet Supercritical CO,
Injection on Fly Ash Geopolymer Cement under Elevated
Temperatures for Well Cement Applications. Journal of
Petroleum Exploration and Production Technology, 2020,
10: 243-247. https://doi.org/10.1007/s13202-019-0693-y

[5] RIDHA S., ABD HAMID A. I, SETIAWAN R. A,
IBRAHIM M. A, and SHAHARI A. R. Microstructure
Behavior of Fly Ash-Based Geopolymer Cement Exposed to
Acidic Environment for Oil Well Cementing. Arabian
Journal for Science and Engineering, 2018, 43: 6413-6428.
https://doi.org/10.1007/s13369-018-3183-5

[6] RIDHA S., DZULKARNAIN I., ABDURRAHMAN M.,
ILYAS S. U,, and BATAEE M. Microstructural Properties
and Compressive Strength of Fly Ash-Based Geopolymer
Cement Immersed in CO,-Saturated Brine at Elevated
Temperatures. International Journal of Environmental
Science and Technology, 2022, 19: 7589-7598.
https://doi.org/10.1007/s13762-021-03665-9

[71 RAZAK A A A, SAZALI Y. A,
ZULKARNAIN N. N., ABD RAHMAN S. H., AMIR M. S.
E., HABARUDIN M. F., RIYANTO L., and ABD HAMID

A. |. Performance Assessment of Enhanced Geopolymer
Cement Technology for CO,-Rich Well. Proceedings of the
SPE/IATMI Asia Pacific Oil & Gas Conference and
Exhibition, Jakarta, 2023. https://doi.org/10.2118/215358-
MS

[8] NASVI M. C. M., GAMAGE R. P., and JAY S.
Geopolymer as Well Cement and the Variation of Its
Mechanical Behavior with Curing Temperature. Greenhouse
Gases Science and Technology, 2012, 2(1): 46-58.
https://doi.org/10.1002/ghg.39

[9] KHALIFEH M., SAASEN A., VRALSTAD T., and
HODNE H. Potential Utilization of Class C Fly Ash-Based
Geopolymer in Oil Well Cementing Operations. Cement and
Concrete Composites, 2014, 53: 10-17.
https://doi.org/10.1016/j.cemconcomp.2014.06.014

[10] KHALIFEH M., HODNE H., SAASEN A,
INTEGRITY O., and EDUOK E. |I. Usability of
Geopolymers for Oil Well Cementing Applications:
Reaction Mechanisms, Pumpability, and Properties.
Proceedings of the SPE Asia Pacific Oil & Gas Conference
and Exhibition, Perth, 2016. https://doi.org/10.2118/182354-
MS

[11] ALVI M. A A, KHALIFEH M. and
AGONAFIR M. B. Effect of Nanoparticles on Properties of
Geopolymers Designed for Well Cementing Applications.
Journal of Petroleum Science and Engineering, 2020, 191:
107128. https://doi.org/10.1016/j.petrol.2020.107128

[12] OMRAN M., HJELM S., KHALIFEH M., and
SALEHI S. Synthesis of Sustainable One-Part Geopolymers
for Well Cementing Applications. Geoenergy Science and
Engineering, 2023, 227: 211822.
https://doi.org/10.1016/j.geoen.2023.211822

[13] OMRAN M., PAIVA M., and KHALIFEH M. Design
and Early Age Performance of Sustainable One-Part
Geopolymers for Well Cementing. SPE Journal, 2023,
28(5): 2675-2692. https://doi.org/10.2118/215825-PA

[14] OMRAN M., & KHALIFEH M. Development of One-
Part Rock-Based Geopolymers for Downhole Cementing
Applications. Journal of Energy Resources Technology,
2023, 145(10): 103201. https://doi.org/10.1115/1.4062250
[15] AGISTA M. N., KHALIFEH M., and SAASEN A.
Evaluation of Zonal Isolation Material for Low Temperature
Shallow Gas Zone Application. Proceedings of the SPE Asia
Pacific Oil & Gas Conference and Exhibition, Adelaide,
2022. https://doi.org/10.2118/210751-MS

[16] KHALIFEH M., SAASEN A., HODNE H., and
MOTRA H. B. Laboratory Evaluation of Rock-Based
Geopolymers for Zonal Isolation and Permanent P&A
Applications.  Journal of Petroleum Science and
Engineering, 2019, 175: 352-362.
https://doi.org/10.1016/j.petrol.2018.12.065

[17] PANCHMATIA P., ZHOU N. S., JUENGER M., and
VAN OORT E. Monitoring the Strength Development of
Alkali-Activated Materials Using an Ultrasonic Cement
Analyzer. Journal of Petroleum Science and Engineering,
2019, 180: 538-544.
https://doi.org/10.1016/j.petrol.2019.05.070

[18] ILIOPOULOS S. N., DE SMET L., and AGGELIS D.
G. Investigating Ultrasonic Wave Dispersion and
Attenuation in Fresh Cementitious Materials: A Combined
Numerical, Analytical, and Experimental Approach. NDT &
E International, 2018, 100: 115-123.
https://doi.org/10.1016/j.ndteint.2018.09.005

[19] WEI S., YUNSHENG Z., and JONES M. R. Using the



https://www.iea.org/reports/cement
https://doi.org/10.1016/j.apenergy.2012.09.004
https://doi.org/10.1007/s40948-016-0034-2
https://doi.org/10.1007/s13202-019-0693-y
https://doi.org/10.1007/s13369-018-3183-5
https://doi.org/10.1007/s13762-021-03665-9
https://doi.org/10.2118/215358-MS
https://doi.org/10.2118/215358-MS
https://doi.org/10.1002/ghg.39
https://doi.org/10.1016/j.cemconcomp.2014.06.014
https://doi.org/10.2118/182354-MS
https://doi.org/10.2118/182354-MS
https://doi.org/10.1016/j.petrol.2020.107128
https://doi.org/10.1016/j.geoen.2023.211822
https://doi.org/10.2118/215825-PA
https://doi.org/10.1115/1.4062250
https://doi.org/10.2118/210751-MS
https://doi.org/10.1016/j.petrol.2018.12.065
https://doi.org/10.1016/j.petrol.2019.05.070
https://doi.org/10.1016/j.ndteint.2018.09.005

Ultrasonic Wave Transmission Method to Study the Setting
Behavior of Foamed Concrete. Construction and Building
Materials, 2014, 51: 62-74.
https://doi.org/10.1016/j.conbuildmat.2013.10.066

[20] JIANG L., CABORI L., ABRAMS B. and
TERRACINA J. Development of a High-Performance
Cement Slurry Antifoamer through Lab Evaluation and Field
Trials. Proceedings of the Unconventional Resources
Technology Conference, Houston, Texas, 2018, pp. 1048-
1058. https://doi.org/10.15530/urtec-2018-2877667

[21] LI L., LIU T., JIANG G., ZHENG S., FANG C,, SUN
J., QU B., and ZHU Y. Interactive Mechanism of
Manufacturing Factors on the Properties of Microbial
Cementing Slurry. Construction and Building Materials,
2021, 311: 125308.
https://doi.org/10.1016/j.conbuildmat.2021.125308

[22] ZHANG P., HU J., YU J., WENG Y., and ZHANG D.
Enhancing  Mechanical  Properties of  Engineering
Cementitious Composite by Defoamer. Construction and
Building Materials, 2022, 339: 127670.
https://doi.org/10.1016/j.conbuildmat.2022.127670

[23] NASEEM Z., SHAMSAEI E., SAGOE-CRENTSIL K.,
and DUAN W. Antifoaming Effect of Graphene Oxide
Nanosheets in Polymer-Modified Cement Composites for
Enhanced Microstructure and Mechanical Performance.
Cement and Concrete Research, 2022, 158: 106843.
https://doi.org/10.1016/j.cemconres.2022.106843

[24] LUO Y., LI B.,, WANG D., LV Y., JIANG Z., and XUE
G. Effects of Different Kinds of Defoamer on Properties of
Geopolymer Mortar. Buildings, 2022, 12(11): 1894.
https://doi.org/10.3390/buildings12111894

[25] SHAN G., QIAO M., CHEN J., GAO N., SHEN F., and
RAN Q. Novel Slow-Release Defoamers for Concrete Using
Porous Nanoparticles as Carriers. Materials, 2022, 15(22):
7993. https://doi.org/10.3390/mal5227993

[26] LEE Y., CHOI J.-I., KIM H.-K., and LEE B. Y. Effects
of a Defoamer on the Compressive Strength and Tensile
Behavior of Alkali-Activated Slag-Based Cementless
Composite Reinforced by Polyethylene Fiber. Composite
Structures, 2017, 172: 166-172.
https://doi.org/10.1016/j.compstruct.2017.03.095

[27] LI H., XUE Z., LIANG H., GUO Y., LIANG G., NI D,
and YANG Z. Influence of Defoaming Agents on
Mechanical Performances and Pore Characteristics of
Portland Cement Paste/Mortar in Presence of EVA
Dispersible Powder. Journal of Building Engineering, 2021,
41:102780. https://doi.org/10.1016/j.jobe.2021.102780

[28] MAO W., CAO C., LI X., QIAN J,, and YOU C.
Preparation of Magnesium Ammonium Phosphate Mortar by
Manufactured Limestone Sand Using Compound Defoaming
Agents for Improved Strength and Impermeability.
Buildings, 2022, 12(3): 267.
https://doi.org/10.3390/buildings12030267

[29] AMERICAN PETROLEUM INSTITUTE. API
Recommended Practice 10B-2: Recommended Practice for
Testing Well Cements, 2013.
https://www.api.org/~/media/files/publications/whats%20ne
w/10b-2%20e2%20pa.pdf

[30] ASTM INTERNATIONAL. ASTM C618-19: Standard
Specification for Coal Fly Ash and Raw or Calcined Natural
Pozzolan for Use in Concrete, 2022.
https://doi.org/10.1520/C0618-19

[31] JIANG J.,, SHE W., LI W., and PAN L. Effect of
Functional Chemical Admixtures on the Performance of

Cement Asphalt Mortar Used in Ballastless Track. Journal
of Wuhan University of Technology-Materials Science
Edition, 2015, 30: 995-1000.
https://doi.org/10.1007/s11595-015-1263-x

[32] NABAVI F., NEJADI S, and SAMALI B.
Experimental Investigation on Mix Design and Mechanical
Properties of Polymer (Latex) Modified Concrete. Advanced
Materials Research, 2013, 687: 112-117.
https://doi.org/10.4028/www.scientific.net/ AMR.687.112

SEN:

[ = pr s R’ &8 - K I,
https://www.iea.org/reports/cement

[2] NASVI M.C.M., RANJITH P.G. 1 SANJAYAN J. #ft
ROEMIEI T RIS FHBER « 1 _FALRE A7
RN o N BEJE, 2013, 102 : 1391-1398 .,
https://doi.org/10.1016/j.apenergy.2012.09.004

[3] NASVI M.CM. . RATHNAWEERA T.D. #
PADMANABHAN E. HBT5&MEN H/KJE R HAT %
R I N IR SE R - TR R 7R o A N A
o 5T RE IR BT SO RY 5T 1At ER Y3 5, 2016
, 2 :245-256, https://doi.org/10.1007/s40948-016-0034-2
[4] RIDHA S.. SETIAWAN R.A.. PRAMANA A.A. fii
ABDURRAHMAN M, & i T IG5 — SAbEA
N H H AR N S B D 3 S A M KR s o A 7 B
WH AR ORI, 2020, 10 : 243-247
https://doi.org/10.1007/s13202-019-0693-y

[5] RIDHA S.. ABD HAMID A. I., SETIAWAN R. A.,
IBRAHIM M. A. F1 SHAHARI A. R. i} [E HEfe i R i
MR BB S/ KRR S5 1T o PIR RE 5 T
o oE o, 2018 43 6413-6428
https://doi.org/10.1007/s13369-018-3183-5

[6] RIDHA S.. DZULKARNAIN I., ABDURRAHMAN
M.. ILYAS S. U. il BATAEE M. &R Fig A —FAbhiriE
FIEE 7K HR B B B 51 2 S P /K e B T8O 45 A PR
PUETRRE - ERH R SERZGE, 2022, 19 : 7589-
7598, https://doi.org/10.1007/s13762-021-03665-9

[7] RAZAK A. A. A., SAZALI Y. A.. ZULKARNAIN N.
N.. ABD RAHMAN S. H.. AMIR M. S. E..
HABARUDIN M. F., RIYANTO L. f1 ABD HAMID A. I.
B SRR 1 o R A KR R A BE VR
2023 FHENR B A ZETIATMI KA SR ARASEIWNE
2R iB S8 o https://doi.org/10.2118/215358-MS

[8] NASVI M.C.M.. GAMAGE R.P. fi1 JAY S. #fi%&
YLLK R N A T I BEE IR FE AR - TR UK
Boo% 5 HOk 2012, 2(1):  46-58.
https://doi.org/10.1002/ghg.39

[9] KHALIFEH M., SAASEN A.. VRALSTAD T. fi
HODNE H, C i B T 5 & e i HE E Al
HIBAERIF » ARJEFnREE 2 5478k, 2014 47, 53 : 10-
17, https://doi.org/10.1016/j.cemconcomp.2014.06.014
[10] KHALIFEH M., HODNE H., SAASEN A..
INTEGRITY O. F1 EDUOK E.I. #5755 & 1E L E H: N
FAH B Rt « ROBINLA] ~ ZEAMERIMERE - 2016 AFFAMT
BAHZERL KA HS RASSWERB S CE -
https://doi.org/10.2118/182354-MS

2023


https://doi.org/10.1016/j.conbuildmat.2013.10.066
https://doi.org/10.15530/urtec-2018-2877667
https://doi.org/10.1016/j.conbuildmat.2021.125308
https://doi.org/10.1016/j.conbuildmat.2022.127670
https://doi.org/10.1016/j.cemconres.2022.106843
https://doi.org/10.3390/buildings12111894
https://doi.org/10.3390/ma15227993
https://doi.org/10.1016/j.compstruct.2017.03.095
https://doi.org/10.1016/j.jobe.2021.102780
https://doi.org/10.3390/buildings12030267
https://www.api.org/~/media/files/publications/whats%20new/10b-2%20e2%20pa.pdf
https://www.api.org/~/media/files/publications/whats%20new/10b-2%20e2%20pa.pdf
https://doi.org/10.1520/C0618-19
https://doi.org/10.1007/s11595-015-1263-x
https://doi.org/10.4028/www.scientific.net/AMR.687.112

Zulkarnain et al. Modelling the Compressive Strength Development of Geopolymer Well Cement Containing Antifoam, Vol. 51 No. 4 April

10

2024

[11] ALVI M. A. A., KHALIFEH M. 1 AGONAFIR M.
B. ARO[ H L 0 57 2 & MR A 20 - A TR
¥4 TR & &, 2020, 191 107128
https://doi.org/10.1016/j.petrol.2020.107128

[12] OMRAN M., HIJELM S.. KHALIFEH M. fn1
SALEHI S. JH T[N A Y AT #5428 41 7y st 5 B S
&Rk o HURE BE % 5 TR, 2023, 227: 211822,
https://doi.org/10.1016/j.geoen.2023.211822

[13] OMRAN M., PAIVA M. 1 KHALIFEH M. HF &
H BRI RF S 4 oy o BT R S R A A - B4
% B # P, 2023 4, 28(5) 2675-2692 .
https://doi.org/10.2118/215825-PA

[14] OMRAN M. fii KHALIFEH M. FF FE R FIfY
— @ XECEMEEYNITL - SRR ZGE, 2023,
145(10): 103201. https://doi.org/10.1115/1.4062250

[15] AGISTA M. N.. KHALIFEH M. 1 SAASEN A. H ¥
RIR & E SR 8957 X R a1 « 8 A8 2 0T
KEHSRASEWERRSIGSCE, FIfE3E, 2022
£, https://doi.org/10.2118/210751-MS

[16] KHALIFEH M.. SAASEN A.. HODNE H. fi
MOTRA H. B. Ji T X Ak A 22 ] F i A L,
AR5 = W - A A5 TR, 2019, 175:
352-362. https://doi.org/10.1016/j.petrol.2018.12.065

[17] PANCHMATIA P., ZHOU N.S.. JUENGER M. Fi
VAN OORT E. fifi FHi#l 75 il 7K Je o3 A (L B S S A RHTY
SEE A E - A M A Y 5 TR, 2019, 180: 538-544.
https://doi.org/10.1016/j.petrol.2019.05.070

[18] ILIOPOULOS S. N., DE SMET L. 1 AGGELIS D.
G. WFIEHT BRI BB PR ChB Rk < (E ~ 4
MTFISRIGHELE & 7704 - el S FEr, 2018,
100 : 115-123 o
https://doi.org/10.1016/j.ndteint.2018.09.005

[19] WEI S., YUNSHENG Z., JONES M.R. Fi| F# 7 i
BHNEMFURACR A LAVEESETT N - R G EFAR,
2014 , 51 62-74 0
https://doi.org/10.1016/j.conbuildmat.2013.10.066

[20] JIANG L. . CABORI L.. ABRAMS B. ¥
TERRACINA J. @3 52596 = WAL FI B A 40 1 4 i PR RE
ARFEF o IEF M BUFERAR VO - [Er =l
N Pk HY WO 2018 4E , 3 1048-1058 TT
https://doi.org/10.15530/urtec-2018-2877667

[21] 2500 » X% - 2RI > HFA - TR FINER > HDR - 2R
e, G K R U E VIR S S EREAYAS TR FARL - A5
ot oM OBE, 2021 4, 311 125308
https://doi.org/10.1016/j.conbuildmat.2021.125308

[22] 5k, HA%F, SEF, S5, kAR IEEFE R TAEK
TERRE SR I ERE o ST B, 2022 4F,
339 : 127670 o
https://doi.org/10.1016/j.conbuildmat.2022.127670

[23] NASEEM Z., SHAMSAEI E.., SAGOE-CRENTSIL
K. i DUAN W. (b4 BG40k B RS KEE
BRI EEIER, DA R ROWSS AR LRI BE - K
Ve fn iR & L+ WF 90, 2022 4, 158 : 106843 .
https://doi.org/10.1016/j.cemconres.2022.106843

[241 2 Y., =B, £}, LVY., iLZ, BENI. ~EHEE
PN IR I M R 20 « RRER, 2022 4F, 12(11) :
1894, https://doi.org/10.3390/buildings12111894

[25] A, FREH, PREE, @7, UUE, Q. LA ALYk
BN N AR T B R T RO « A, 2022 4,
15 (22) : 7993, https://doi.org/10.3390/mal5227993
[26] LEE Y., CHOIl J.-l.,, KIM H.-K., F LEE B. Y. {47d&
N LI £ 34 sl S L A B L AR E G RHIUE
SR FERIAL A MERERY 2 - & A 458, 2017, 172 : 166-
172, https://doi.org/10.1016/j.compstruct.2017.03.095
[27] LI H., XUE Z., LIANG H., GUO Y., LIANG G., NI D,
1 YANG Z. {HTE I hERE#h AR S AR 32 T1 - RE R
FLBREFMERTRZIE EVA Zriichy, B3 TRZvE, 2021, 41
: 102780, https://doi.org/10.1016/j.jobe.2021.102780
[28] &3C, WRk, 08, HE, Lk, AIKAREATH
TE 7 ) 5 s B SR S D SRR = R S I DB I BE - IR,
2022 4 , 12(3) : 267 o
https://doi.org/10.3390/buildings12030267
[29] EEAMYR, NAREFmERECHER ML 10 4 2
Wl K e BY HE F A, 2013 4R
https://www.api.org/~/media/files/publications/whats%20ne
w/10b-2%20e2%20pa.pdf
[30] £EMEHASR = EFR - KEMEHAK 2 C618-
19 : JREE T HTRY B IK R A= BB AR R 280K LLDR A AR LTS
, 2022 4%, https://doi.org/10.1520/C0618-19
[31] 4, s, o, WA ShREMEAL MG EHE
BRI B IMEREAI R » UG TRFF4R-MF
Booo% R 2015, 30: 995-1000.
https://doi.org/10.1007/s11595-015-1263-x
[32] NABAVI F.. NEJADI S. 71 SAMALI B. &% (3L
i) S METRGE L& BT RO R RERY SRR ST » ST
# o R BF %% - 2013 , 687 112-117
https://doi.org/10.4028/www.scientific.net/ AMR.687.112


https://doi.org/10.1016/j.conbuildmat.2013.10.066

