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Abstract: The present study aimed to investigate the effect of an expandable additive on the com-
pressive strength and linear expansion of geopolymer cement, which is an alternative to ordinary
Portland cement, for oil-well cementing. Fly-ash-based geopolymer cement samples, with the ad-
dition of slag cement as a strength enhancer, were prepared by using an elastomeric expandable
additive (R-additive), which consists of styrene-butadiene rubber with a specific gravity of 0.945, at
concentrations of 10%, 15%, 20% and 25% by weight of the solid blend, and cured in a water bath
at 60 °C and atmospheric pressure, and a curing chamber at 90 °C and 3000 psi, or approximately
20.68 MPa. Mixability, amount of free water and slurry density were studied, and the effects of
the concentration of R-additive on the compressive strength (F) and linear expansion (Al/lp) of the
samples were analyzed. When cured at 60 °C and atmospheric pressure, the highest F of 15.01 MPa
was obtained when the concentration of R-additive was 10%, while the highest Al/l of 0.9985% was
obtained when the concentration of R-additive was 25%. An increase in the curing temperature and
pressure to 90 °C and 3000 psi (/220.68 MPa) resulted in the reduction of F from 15.01 to 14.62 MPa
and from 10.33 to 9.61 MPa, and the increase in Al/ly from 0.52% to 0.63%, and from 0.99% to 1.32%,
when the concentrations of R-additive were 10% and 25%, respectively. The findings suggest that the
formulations adopted, which contain R-additive at concentrations ranging from 10% to 25%, fulfilled
the requirements of the oil and gas industry.

Keywords: compressive strength; expandable additive; fly ash; geopolymer cement; linear expansion;
ordinary Portland cement; volumetric shrinkage

1. Introduction

During the construction of oil wells, cementing is performed primarily to establish
zonal isolation. Apart from that, cementing is essential to support the casing, as well as
to shield the casing from corrosion [1,2]. It has to be designed to possess a long-term
structural integrity and be serviceable at a wide range of temperatures, from as low as
below freezing temperatures, as in permafrost zones, to as high as above 500 °C, as in
geothermal wells [3]. Conventionally, ordinary Portland cement (OPC), in compliance
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with the requirements of Class G cement, as specified by the American Petroleum Institute
(API), is adopted to perform cementing for various well operations [3-5]. Class G well
cement satisfies the exigent specifications stated in API Specification 10A [5], inclusive of
fluid loss control, low free fluid, low viscosity, predictable thickening time and strength.
Notwithstanding the ubiquity of OPC as the material employed for well cementing, its
adoption coincides with drawbacks that limit its application when exposed to critical
conditions that are confronted by acid-rich, deep-water and geothermal wells [3]. At critical
levels of temperature and pressure, as well as in the presence of high amounts of carbon
dioxide (CO;), OPC endures degradation that results in strength retrogression in tandem
with exacerbations of permeability and porosity [6-9]. The degradation will eventually
lead to the loss of zonal isolation, owing to the failure of the cement sheath [1] and, hence,
compromising the structural integrity of the well [10]. Failure mechanisms associated
with OPC-based well cement are, among others, the formation of channels through the
cement matrix, micro-annuli at cement interfaces and radial cracks within the cement
sheath [11,12].

Volumetric shrinkage of cement during hydration has always been a concern in oil-well
cementing [13-15]. It instigates the formation of micro-annulus cracks due to contraction of
the external dimensions of the cement [16,17] and de-bonding between the cement, casing
and formation [18,19]. Elevation in the casing pressure is then induced as a result of the
migration of gas and liquid from the formation [20,21] that, in due course, may lead to
failure of the cement sheath.

The presence of gaps inside the cement sheath, between the casing and cement, and
between the casing and formation facilitates the migration of fluid from the formation [22],
where the fluid flows upward to the surface via flow paths. Sustained casing pressure
(SCP) may occur owing to the accumulation of fluid underneath the wellhead [23] that
can potentially lead to the loss of hydrocarbon reserves and pollution of the aquifer and
sea [17]. Accordingly, wells that are subjected to SCP require work-over jobs that include
the replacement of corroded tubes and remedial squeeze cementing. The process of de-
hydration would be employed to perform the replacement, which involves the injection
of cement slurry into the leak paths [17]. Moreover, work-over jobs have been previously
reported to be costly, with exorbitant rates that can reach USD 100,000 per well by virtue of
the low success rate of earlier attempts prior to successfully attaining an adequate seal that
is serviceable [24].

Volumetric shrinkage of cement transpires due to the absorption of water into crystals
of ettringite (Al,CagH120,4S3), which is formed in the hydrated OPC during the initial
phase of cementing. The formation of Al,CagH1202453 occurs as a result of the chemical
reaction between calcium aluminate (CaAl,O4) and calcium sulfate (CaSQO,), which are
both present in OPC [9,25,26]. It can be obstructed by means of adding chemicals that can
induce expansion in the cement [18,19], namely expandable additives, which can be mixed
into the slurry, and function as a shape-memory agent that expands prior to setting of the
cement [1]. Accordingly, the expansion that occurs after hardening allows for the sealing of
micro-annulus cracks to be performed [27].

Contemporarily, geopolymer cement (GPC) has been accentuated in previous research
as an alternative to OPC for oil-well cementing, with findings that substantiate its potential
for various applications in the industry and field of research pertaining to civil engineer-
ing [28]. Geopolymers possess long-range, covalently bonded and amorphous networks
that are produced via the activation of a source material, such as, among others, fly ash,
metakaolin and slag, with an alkaline-activator solution. Prevalently, a combination of
sodium hydroxide (NaOH) and sodium silicate (NaSiO3) [29,30] is adopted as the solution,
which forms inorganic polymers with the empirical formula, as shown in Equation (1) [31].
Chains of geopolymer are present, mainly in the forms of polysialate (Al-O-S5i), polysialate
siloxo (Al-O-5i-Si) and polysialate disiloxo (Al-O-Si-Si-Si) [32].

M, [~ (SiO,)z — AlO)n.wH,O Q)
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where M is an alkali cation, such as calcium (Ca?*), potassium (K*) or sodium (Na*) [31,33];
z is either 1, 2 or 3; and 7 is the degree of polycondensation.

The synthesis of GPC entails dissolution, reorientation and solidification reactions as
part of the mechanism of geopolymerization [20,33], where forming of aluminosilicate gels
takes place owing to the presence of alkali, which does not necessitate the absorption of
water. In view of the mechanism for activation of OPC that entails the absorption of water
to enable cement hydration to occur, volumetric shrinkage in GPC is anticipated to be less
than that of OPC [9]. Furthermore, the calcium content of GPC is considerably less than
that of OPC, owing to the low calcium content of the aluminosilicate source. Conversely,
the high calcium content in OPC leads to, in the course of time, elevations in porosity
and permeability and, consequently, loss in mechanical strength and structural integrity
of the cement sheath. Expenditure of calcium ions that are present in calcium-silicate-
hydrate (C-5-H) occurs due to chemical reactions between the calcium ions and carbonic
acid (H,CO3) to form calcium carbonate (CaCOj3). Subsequent to the depletion of the
calcium ions in C-5-H, further chemical reactions between H,CO3; and CaCOj3 will occur [2].
Accordingly, the lower calcium content of GPC in comparison to OPC signifies that, under
high exposure to CO, in CO,-rich well environments, GPC will be more resistant toward
carbonation than OPC [7,34,35].

Apart from low shrinkage and resistance toward carbonation, a vast array of other
advantages pertaining to the material properties of GPC in comparison to OPC has been
reported in previous research; the advantages include, but are not limited to, high me-
chanical strength; high pumpability; low permeability toward the flow of water and gas,
with the potential for further reduction when exposed to higher pressures, as in oil-well
cementing; low Young’s modulus; resistance to acid attacks; resistance to alkali-aggregate
reaction; resistance to freeze-thaw cycles; stability at high temperatures; and tolerance
to contamination with oil-based mud [1,33,36—41]. Moreover, the adoption of GPC as an
alternative to OPC presents a cost- and energy-efficient solution, as the manufacturing
process of GPC consumes less energy with a carbon emission of only about 0.184 ton of
CO;, for every ton of GPC produced, as compared to 1 ton of CO, for every ton of OPC
produced, with, coincidentally, less cost [1,41-45].

GPC has been accentuated in previous research as an alternative to OPC for oil-well
cementing [1,17,20]. Previous research on the application of geopolymer for other civil
engineering applications is wide-ranging. Contrarily, research on the application of GPC for
oil-well cementing is scarce, and, accordingly, studies that attempt to address the concern
of volumetric shrinkage of cement in oil-well cementing are inadequate. Therefore, the
present study aims to investigate the effect of an expandable additive on the compressive
strength and linear expansion of GPC for the oil-well cementing application. Fly-ash-based
strength-enhanced GPC samples, with the addition of slag cement as a strength enhancer,
were prepared by using an elastomeric expandable additive (R-additive), which consists of
styrene-butadiene rubber with a specific gravity of 0.945, at concentrations of 10%, 15%, 20%
and 25% by weight of the solid blend, and cured in a water bath at 60 °C and atmospheric
pressure, and a curing chamber at 90 °C and 3000 psi, or approximately 20.68 MPa. Even
though the adoption of styrene-butadiene as an additive in the geopolymer matrix has been
explored in Lee et al. [46] and Ekinci et al. [47], the studies did not focus on the conditions
for oil-well cementing. Mixability, amount of free water and slurry density were studied.
Subsequently, the effects of the concentration of R-additive on the compressive strength
and linear expansion of the samples were analyzed. Findings of the present study will
contribute toward addressing, in general, the inadequacy of data on the application of
GPC for oil-well cementing and, in particular, formulation of shrinkage-resistant oil-well
cementing based on GPC.
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2. Materials and Methods
2.1. Preparation of Geopolymer Cement (GPC) Samples

GPC samples were prepared by using fly ash as the aluminosilicate source. The fly ash
was obtained from the Tanjung Bin power plant in Johor, Malaysia, which is a 2100-MW
coal-fired power plant [48] that implements denitrification technology. Figure 1 presents
the particle size distributions of the fly ash sample obtained. According to the American
Society for Testing Materials (ASTM), the fly ash can be classified as a Class F fly ash with a
maximum calcium oxide (CaO) content of 6.72%, as per ASTM C618-19 [49]. The chemical
composition of the fly ash, which was determined by using X-ray fluorescence of model
S8 Tiger developed by Bruker (Billerica, MA, USA), is presented in Table 1. Micrographs
of the fly ash were produced by using a scanning electron microscope of model Evo L515
VPSEM developed by Zeiss (Jena, Germany), at magnifications of 1000 x and 10,000, as
disclosed in Figure 2.
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Figure 1. Particle size distribution of the fly ash obtained from the Tanjung Bin power plant.

Table 1. Chemical composition of the fly ash employed in the present study.

Element/Parameter Weight (%)
Silicon Dioxide (SiO,) 46.47
Aluminum Oxide (Al,O3) 25.95
Iron (IIT) Oxide (Fe,O3) 8.31
Calcium Oxide (CaO) 6.88
Magnesium Oxide (MgO) 4.95
Potassium Oxide (K,O) 2.11
Sodium Oxide (NayO) 1.72
Titanium (IV) Oxide (TiO,) 1.16
Sulfur Trioxide (SO3) 0.63
Chlorine (Cl) <0.1
Moisture 0.11

Loss of Ignition 1.61
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Figure 2. Micrographs of the fly ash employed in the present study at magnifications of (a) 1000 x
and (b) 10,000 x.

In order to enhance the strength of the cement to obtain the desired strength range for
oil-well cementing, slag cement with a strength grade of 32.5 [50] was added to the mix
as a strength enhancer, as implemented in previous studies [51-53], with a concentration
of 10% of the weight of the fly ash and slag cement. Furthermore, R-additive, which is an
elastomeric expandable additive that consists of styrene-butadiene rubber with a specific
gravity of 0.945, was incorporated into the mix to induce expansion in the cement in an
attempt to obstruct volumetric shrinkage. Four (4) mix formulations of the samples, namely
R10, R15, R20 and R25, were specified, which were composed of, by weight of the mix, 65%
of a solid blend that comprises fly ash, slag cement and R-additive, and 35% of an alkaline-
activator solution that comprises 8M NaOH and Na;5iO3 with a NaySiO3-to-NaOH molar
ratio of 0.25. Concentration of the R-additive was increased from 10% to 15%, 20% and
25% by weight of the solid blend for formulations R10, R15, R20 and R25, respectively.
Preliminary tests were conducted on trial mix designs prior to selecting the concentration
range of R-additive, which was specified with the aim of attaining cement expansions that
are acceptable to perform cementing for various well operations. Concentrations of the
fly ash and slag cement, also by weight of the solid blend, were adjusted accordingly, as
clarified in Table 2, with the percentage of solid blend fixed at 65% by weight of the mix.

Table 2. Concentrations of each constituent of the solid blend for each mix formulation.

. . Concentration (% of Solid Blend)
Mix Formulation

R-Additive Fly Ash Slag Cement
R10 10 81.0 9.0
R15 15 76.5 8.5
R20 20 72.0 8.0
R25 25 67.5 7.5

Cement slurry with a volume of up to 600 mL was prepared for each mix. Mixing
of slurry was performed by using a constant speed mixer of Model 3260, which was
developed by Ametek Chandler Engineering (Tulsa, OK, USA), at an initial rotational
speed of 4000 rpm for 15 s, which was subsequently increased to a final rotational speed
of 12,000 rpm for 35 s after the solid constituents were completely poured into the mixer.
Mixing was performed in accordance with API RP 10B-2 [54], which was also adopted to
perform free-water and rheology tests on the slurry.
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Slurry density is pivotal to modulate the pumping of slurry through the wellbore,
where, during the operation, the equivalent circulating density (ECD) is adopted, which is
the coalescence of the slurry density and annular pressure loss, as presented in Equation (2).
In the present research, the slurry density (o) of each sample was measured in g/cm?, using
a pressurized mud balance.

o Ptmnulur x 100
ECD=Ssix1vD P @)

where ECD is the equivalent circulating density measured in kg/m?, P, is the annular
pressure loss measured in kg/m?, TVD is the true vertical depth in m and p is the slurry
density in kg/m?.

The free-water test was conducted by pouring the slurry into a 250-mL measuring
cylinder and then leaving the slurry undisturbed for two (2) hours. Subsequently, the water
that was present on top of the cement was collected to determine the amount of free water.

Rheological properties of the slurry were measured using an atmospheric rheometer
of Model 35 manufactured by Fann Instrument Company (Houston, TX, USA). Kinematic
viscosity (v) was recorded at rotational speeds of 100 and 300 rpm, and averages of five
readings were taken for each rotational speed to calculate plastic viscosity (PV) and yield
point (YP), as per Equations (3) and (4).

PV = (v300 — v100) X 1.5 3)

YP = U300 — PV (4)

where PV is the plastic viscosity measured in cP; YP is the yield point measured in N/m?;
and v1gg and v3g are the kinematic viscosities at 100 and 300 rpm, respectively, measured
in cP.

2.2. Measurement of Compressive Strength and Linear Expansion of GPC Samples

Cube samples of GPC with dimensions of 50 mm x 50 mm x 50 mm for each mix
formulation were casted and cured in a water bath at 60 °C and atmospheric pressure, and
a curing chamber at 90 °C and 3000 psi, which is approximately 20.68 MPa. Measurements
of compressive strength and linear expansion were performed on the samples, which were
cured for 1 day, 14 days, 30 days and 60 days. Measurement of compressive strength was
conducted in accordance with API SPEC 10A [5], using a digital compressive strength tester
of Model 4207D manufactured by Ametek Chandler Engineering (Tulsa, OK, USA). The
compressive strength (F) of the samples was determined based on Equation (5).

F=~ ©)
where F is the compressive strength measured in psi, P is the compressive load at the point
of failure measured in lbf and A is the cross-sectional surface area of the sample measured
in inch?.

Measurement of linear expansion was performed based on the procedure described
in API RP10B-5 [55], using an expansion cell based on Equation (6). The slurry was
subjected to conditioning for 30 min and then poured into the expansion cell. The distance
between two steel balls of the cell before expansion was recorded as the initial length (L;).
Subsequently, the cell was placed into the water bath that was preheated to 60 °C and
cured for a predetermined curing time. After curing, the cell was removed from the water
bath, and the distance between the two steel balls after expansion was recorded as the final
length (L) [17].

a (L~ L) x 0358

== » x 100 % (6)
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where Al/l is the linear expansion measured by percentage, Ly is the final length measured
in mm and L; is the initial length measured in mm.
The process flow of the research methodology employed in the present study is

illustrated in Figure 3.

Start of experiment

Composition and
properties of fly ash

v /
Preparation of raw > / Concentration of fly
materials / ash
Concentration of
slag cement
Concentration of
expandable additive
7/ Molarity of NaOH /L
Ratio of NazSiOs to
NaOH
Mixing of geopolymer
cement (GPC) slurry
y
Testing of GPC slurry /‘/ Free water /L
7/ Density (p) /L
Plastic viscosity
(PV)
4 7/ Yield point (YP) /L
Casting of geopolymer
cement (GPC) samples
* Compressive
Curing of GPC samples strzr_})gth
v ~
Testing of GPC samples /‘ Lmeal&j;(/g;msmn /L
v

End of experiment

.

J/

Figure 3. Process flow of the research methodology employed in the present study.
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3. Results and Discussion
3.1. Mixability, Amount of Free Water and Density of GPC Slurry (p)

All formulations exhibited stability during mixing; the mixability and homogeneity
were adequate; and the amount of free water collected was zero. Measurements of p
revealed that the increase in concentration of R-additive from 10%, to 15%, 20% and 25%
led to the reduction in slurry density from 1.76 to 1.74 g/cm3 and from 1.66 and 1.64 g/cm?,
respectively, as shown in Figure 4. The rate of decline in p was the highest when the
concentration of R-additive was increased from 15% to 20%, where p was reduced from
1.74 t0 1.66 g/cm3.

10 15 20 25
Concentration of R-Additive (% of Solid Blend)

Figure 4. Density (p) of geopolymer cement (GPC) slurry at varying concentrations of elastomeric
expandable additive (R-additive).

3.2. Rheological Properties of GPC Slurry

The results reveal that the increase in the concentration of R-additive has led to the
increase in rheological properties of the slurry, PV and YP. As shown in Figure 5, as the
concentration of R-additive was raised from 10% to 15%, 20% and 25%, PV increased from
48 cP to 74, 83 and 104 cP, respectively. In view of the difficulties experienced during
the pumping of slurry with PV that exceeds 100 cP through the wellbore, as elaborated
by Igbani et al. [56] and Zahid et al. [57], the addition of R-additive at concentrations of
not more than 20% is recommended. In parallel with the impact on PV, as presented in
Figure 6, as the concentration of R-additive was raised from 10% to 15%, 20% and 25%,
YP also increased from 3.8 N/m? to 6.7, 10.1 and 12.3 N/m?, respectively. The increase
in PV and YP with respect to the increase in concentration of R-additive is in agreement
with the findings of Richhariya et al. [21], which employed dual-coated polyacrylamide
(DPAM) as the additive, where it was deduced that the higher PV was obtained as a result
of the gelation characteristics of the slurry, and the concentration of DPAM of 16% resulted
in optimal rheological characteristics, as further additions of DPAM beyond 16% did not
exhibit further variations of PV.
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Figure 5. Plastic viscosity (PV) of GPC slurry at varying concentrations of R-additive.
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Figure 6. Yield point (YP) of GPC slurry at varying concentrations of R-additive.
3.3. Compressive Strength and Linear Expansion of GPC Samples

In essence, the findings indicate that, as the curing time was extended, F and Al/lj
increased with gradients that vary from the curing times of 1 day to 14, 30 and 60 days. For
GPC samples that were cured at 60 °C, at atmospheric pressure, the highest F of 15.01 MPa
was obtained by R10, while the highest Al/l of 0.9985% was obtained by R25.

As the curing time increased from 1 day to 60 days, F and Al/l of each formulation
increased as follows:

e  RI10: Fincreased from 4.71 to 15.01 MPa, and Al/ly increased from 0.3508% to 0.5213%,

as per Figure 7.

e  RI15: Fincreased from 6.01 to 10.49 MPa, and Al/ly increased from 0.1432% to 0.3101%,

as per Figure 8.



Appl. Sci. 2022,12,1897 10 of 21

e R20: Fincreased from 5.14 to 10.82 MPa, and Al/ly increased from 0.7625% to 0.9903%,
as per Figure 9.
e R25: Fincreased from 1.72 to 10.33 MPa, and Al/ly increased from 0.7625% to 0.9985%,

as per Figure 10.

16 A - 0.60

14 - - 0.55

12 - - 0.50
5 S
S 10 - L 045 <
~ Q

8 - - 0.40

6 - 0.35

4 T T T T 0'30

1 14 30 60
Curing Time (Days)

—o—F —m-Al/l,

Figure 7. Compressive strength (F) and linear expansion (Al/ly), at varying curing times, of GPC
samples with R10 formulation that were cured at 60 °C, at atmospheric pressure.
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Figure 8. F and Al/ly, at varying curing times, of GPC samples with R15 formulation that were cured
at 60 °C, at atmospheric pressure.
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Figure 9. F and Al/ly, at varying curing times, of GPC samples with R20 formulation that were cured
at 60 °C, at atmospheric pressure.
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Figure 10. F and Al/ly, at varying curing times, of GPC samples with R25 formulation that were cured
at 60 °C, at atmospheric pressure.

The impacts of increasing the concentration of R-additive on F and Al/lj are elucidated
in Figures 11-14 for samples that were cured for 1, 14, 30 and 60 days, respectively. Princi-
pally, as the concentration of R-additive was raised, F decreased with gradients that vary
from the concentrations of R-additive of 10% to 15%, 20% and 25%. When the concentration
of R-additive was increased from 10% to 15%, F increased for samples that were cured
for 1 day, as shown in Figure 11; exhibited a trivial change for samples that were cured
for 14 days, as shown in Figure 12; and, conversely, declined with a high gradient for
samples that were cured for 30 and 60 days, as shown in Figures 12 and 13, respectively.
The findings are in agreement with Lee et al. [46] and Ekinci et al. [47], who highlighted that
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styrene-butadiene lowers the pH of the alkaline-activator solution and, in consequence,
that of the geopolymer matrix, thus impeding the development of compressive strength.
Accordingly, the addition of styrene-butadiene at higher concentrations led to further
reduction in the pH of the geopolymer matrix and, as a consequence, further reduction in
the compressive strength. Furthermore, Ekinci et al. [47] suggested that styrene-butadiene
hinders the reaction between the raw material and alkaline-activator solution as it covers
the interfaces of the raw material. Moreover, the addition of R-additive as an expandable
additive led to the increase in bulk volume of the internal cement as explained in Baumgarte
et al. [58]. Furthermore, based on Sofi [59], it can be added that higher concentrations of
R-additive resulted in further reduction of F by virtue of the reduction in density. R-additive
is an oil-swellable particle, and hence, as explained in Barlet-Gouédard et al. [60], it can
counteract the formation of cracks, as it swells upon contact with oil; this can potentially
address any issues associated with the formation of micro-annulus and micro-cracks that
adversely enable formation fluids to flow through.
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6 -
- 0.7
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_ - 0.6 _
< 3
= e
S 4 - - 05 =
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- 0.4
3 4
- 0.3
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- 0.2
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10 15 20 25

Concentration of R-Additive (% of Solid Blend)

—o—F —m—Al/ly

Figure 11. F and Al/ly, at varying concentrations of R-additive, of GPC samples that were cured at
60 °C, at atmospheric pressure, after 1 day of curing.

On the other hand, results reveal that, as the concentration of R-additive was raised
from 10% to 15%, Al/ly decreased. Subsequently, as the concentration of R-additive was
raised further from 15% to 20%, Al/ly increased with a higher gradient as compared to
the prior decline in Al/ly. Subsequent change in Al/ly, owing to the further addition of
R-additive from 20% to 25%, is inconsequential. Abd Rahman et al. [17] highlighted that,
in contrast to OPC, GPC can expand by itself when exposed to water, even without the
presence of expandable additives. The findings of Abd Rahman et al. [17] revealed that
the amount of expansion of geopolymer cement was approximately 2.5 times higher than
that of OPC at all curing durations. According to their findings, Abd Rahman et al. [17]
suggested that the addition of expandable additives in geopolymer binders that are of the
same types as those that are commercially available for OPC are compatible. Hence, in
view of the findings of Abd Rahman et al. [17], the present study suggests the adoption of
GPC coupled with the addition of an optimum concentration of expandable additives to
further increase Al/lj.
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Figure 12. F and Al/ly, at varying concentrations of R-additive, of GPC samples that were cured at
60 °C, at atmospheric pressure, after 14 days of curing.
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Figure 13. F and Al/ly, at varying concentrations of R-additive, of GPC samples that were cured at
60 °C, at atmospheric pressure, after 30 days of curing.
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Figure 14. F and Al/ly, at varying concentrations of R-additive, of GPC samples that were cured at
60 °C in atmospheric pressure after 60 days of curing.

The effects of curing time on F and Al/ly of GPC samples with R10 and R25 formulations
that were cured at 90 °C and 3000 psi (=20.68 MPa) are presented in Figures 15 and 16,
respectively. When the R10 formulation was adopted, as the curing time increased from
1 day to 14, 30 and 60 days, F increased from 3.77 MPa to 11.69, 14.47 and 14.62 MPa,
while Al/ly increased from 0.04% to 0.10%, 0.45% and 0.63%, respectively. On the other
hand, when the R25 formulation was adopted, F increased from 2.90 MPa to 8.79, 9.53 and
9.61 MPa, while Al/ly increased from 0.19% to 0.21%, 1.17% and 1.32%, respectively. The
profiles of F reveal that the increase in concentration of R-additive consistently led to lower
values of F throughout the curing period, with an increasing difference between F of the
R10 and R25 formulations as curing time increased.

16 -
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Figure 15. F, at varying curing times, of GPC samples that were cured at 90 °C and 3000 psi
(~20.68 MPa).
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Figure 16. Al/ly, at varying curing times, of GPC samples that were cured at 90 °C and 3000 psi
(~20.68 MPa).

As revealed in Figure 17, the increase in curing temperature and pressure from 60 °C
and atmospheric pressure to 90 °C and 3000 psi (~20.68 MPa), respectively, resulted in the
reduction in F from 15.01 to 14.62 MPa and from 10.33 to 9.61 MPa when the concentrations
of R-additive were 10% and 25%, respectively. The rise in temperature resulted in the loss
of the initial properties of the R-additive within the cement matrix, which, as a consequence,
led to the reduction in F of the GPC sample [61]. On the other hand, as revealed in Figure 18,
an increase in Al/ly from 0.52% to 0.63% and from 0.99% to 1.32% occurred due to the faster
movement of molecules in the elastomer chain of the R-additive and an increase in its
diffusion coefficient owing to the increase in temperature and pressure [62].
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Figure 17. F, at 10% and 25% concentrations of R-additive, of GPC samples after 60 days of curing.
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Figure 18. Al/ly, at 10% and 25% concentrations of R-additive, of GPC samples after 60 days of curing.

The formulations adopted in the present research, R10, R15, R20 and R25, fulfilled
the requirements of the oil and gas industry and are aligned with the recommendations
of Abbas et al. [63], Eric et al. [19], Mao et al. [64] and Richhariya et al. [21]. Multiple trial
mixes were designed and tested prior to selecting the formulations to fulfill the specification
requirements of API. Failure modes of the samples subjected to compressive strength tests
are displayed in Figure 19, which shows that the samples were not completely crushed
when the ultimate load was reached, and hence the samples were capable of resisting the
load even after cracking. The compressive strengths of the formulations are acceptable for
most well cementing operations, as they exceed 3.45 MPa [20].

Figure 19. Failure mode of the samples subjected to compressive-strength tests.

As fly ash is a by-product of coal-fired power plants, its properties may vary according
to, among others, age of the plant, ambient conditions and type and grade of coal employed.
Accordingly, fly ash produced from different plants or batches of the same plant possesses
inconsistent properties, hence presenting a limitation to the research. In the present study,
screening was conducted on fly-ash samples collected from four different power plants in
Malaysia that were selected based on the availability of samples, supply-chain management
and approval from the Department of Environment of Malaysia for the supply prior to
selecting the fly ash that was employed to produce the GPC samples. In addition to
compliance to requirements for classification as a Class F fly ash as per ASTM C618-19 [49],
the selection of the fly ash was determined with the aim of minimizing CaO content by
virtue of its potential for resistance to CO, when exposed to the high-CO, environment of
the oil and gas reservoir.
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4. Conclusions

The present study aimed to investigate the effect of an expandable additive on the
compressive strength and linear expansion of GPC, which is an alternative to OPC, for
oil-well cementing. Fly-ash-based strength-enhanced GPC samples, with the addition of
slag cement as the strength enhancer, were prepared by using different concentrations of
R-additive and cured at 60 °C and atmospheric pressure. Mixability, amount of free water
and slurry density were studied, and the effects of the concentration of R-additive on the
compressive strength and linear expansion of the samples were analyzed. All formulations
exhibited stability during mixing, mixability and homogeneity were adequate and the
amount of free water collected was zero. An increase in the concentration of R-additive
from 10% to 25% led to the reduction in the slurry density from 1.76 to 1.64 g/cm? and an
increase in the rheological properties of the slurry, where PV increased from 48 to 104 cP
and YP also increased from 3.8 to 12.3 N/m?. An addition of R-additive at a concentration
of 20% is recommended for optimization of the rheological properties. As the curing time
was extended, F and Al/lj increased with varying gradients. When cured at 60 °C and at
atmospheric pressure, the highest F of 15.01 MPa was obtained when the concentration of R-
additive was 10%, while the highest Al/ly of 0.9985% was obtained when the concentration
of R-additive was 25%. An increase in the curing temperature and pressure to 90 °C and
3000 psi (/220.68 MPa) resulted in the reduction in F from 15.01 to 14.62 MPa and from
10.33 t0 9.61 MPa, and the increase in Al/ly from 0.52% to 0.63% and from 0.99% to 1.32%,
when the concentrations of R-additive were 10% and 25%, respectively. The formulations
adopted in the present research, which contain R-additive at concentrations ranging from
10% to 25%, fulfilled the requirements of the oil and gas industry.

Future research on the effect of adding elastomeric expandable additives to GPC
to address volumetric shrinkage concerns in oil-well cementing can be augmented by
performing an extensive study on the fluid flow for a wider and higher temperature range
with cement qualification tests. In addition, the effect of downhole pressure can also be
included in the investigations to assure that GPC can be adopted for a wide range of
oil-well types.

Furthermore, in view of the inconsistent properties that fly ash produced from different
plants or batches in the same plant, the development of pretreatment methods to standard-
ize the quality of fly ash is recommended to facilitate the generation of findings that are
consistent and reliable for future research that may employ fly ash from various sources.
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Nomenclature

Abbreviations
API

ASTM

atm

DPAM

GPC

OPC
R-additive
SCP

Chemical Formulae
AlyCagH1202453
AlL,O3
Al-O-Si
Al-O-Si-Si
Al-O-Si-Si-Si
CaA12 04
CaCOs

CaO

CaSOy

C a2+

Cl

CO,

C-S-H

Fe203

H,CO;3

KO

K+

MgO

NaOH

NaZO

Naz SiO3

Na*

SiO,

SO;3

TiO,
Notations

American Petroleum Institute
American Society for Testing Materials
atmospheric pressure

dual-coated polyacrylamide
geopolymer cement

ordinary Portland cement

elastomeric expandable additive used in the present study

sustained casing pressure

ettringite
aluminum oxide
polysialate
polysialate siloxo
polysialate disiloxo
calcium aluminate
calcium carbonate
calcium oxide
calcium sulfate
calcium cation
chlorine

carbon dioxide
calcium-silicate-hydrate
iron (IIT) oxide
carbonic acid
potassium oxide
potassium cation
magnesium oxide
sodium hydroxide
sodium oxide
sodium silicate
sodium cation
silicon dioxide
sulfur trioxide
titanium (IV) Oxide

cross-sectional surface area of the sample
equivalent circulating density

compressive strength

final length as measured using the expansion cell
initial length as measured using the expansion cell
alkali cation

degree of polycondensation

compressive load at the point of failure

annular pressure loss

plastic viscosity

true vertical depth

kinematic viscosity

kinematic viscosity at 100 rpm

kinematic viscosity at 300 rpm

yield point

linear expansion

slurry density
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