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When the cement paste is subjected to stresses, the cement matrix and its characteristics are dramatically influenced, especially in
the early ages of cement hydration when the cement properties have not yet settled. Nanoclay, which is made up of very small
particles, was used to improve the properties of cement. In this study, the early-age performance of cement made with
nanoclay powder for use in oil wells is assessed. Ten cement samples were made and cured at varying times (6, 12, 24, 48, and
72 hours), wherein 1% by weight of cement of nanoclay was used in five samples, and in the other five samples, there was no
nanoclay present in the cement. Failure properties, petrophysical parameters, and elastic properties were studied for all the
cement samples. Nuclear magnetic resonance (NMR), X-ray diffraction (XRD), and scanning electron microscopy (SEM) were
all used to describe the cement samples and determine how different curing times affected the cement’s mineralogical and
microstructural features. The results displayed that compressive and tensile strengths were shown to increase with curing time
for both the base (control) and nanoclay cement samples; however, the compressive and tensile strengths of the nanoclay
cement samples were found to be greater than the base sample by 20.2% and 17.9%, respectively. This is due to the presence of
more calcium silicate hydrate in these samples. Nanoclay cement had 76.9% lower permeability than control cement, which
can be related to the capacity of the nanoclay particles to fill the microstructure dominating the base samples as curing time
increased. Young’s modulus of the cement was lowered by 1.8%, while Poisson’s ratio was increased by 2.7% when nanoclay
was incorporated. Nanoclay cement has a 29.2% smaller porosity than regular cement, and this porosity increases as the
cement cures. The novelty of this work is that several properties of the class G cement were evaluated at the early stage of
hydration, where the nanoclay particles were used to improve these properties.

1. Introduction

Cement slurries are poured into the annulus when the steel
casing is used to withstand the stresses of collapse and burst
[1]. As the slurry gradually hardens, it forms the cement
sheath. The cement sheath plays a critical role in maintain-
ing the integrity of the well by preventing fluid movement
between different formations, ensuring zonal isolation, pro-
tecting the casing string from corrosion, and providing
mechanical support to both the casing and the drilled zones.
In the event of a worst-case scenario, the deterioration of the
cement paste can lead to pressurization within the annulus,
migration of formation fluids to the surface, and potentially

even a blowout. Developing a high-performance cement
paste that ensures the fundamental integrity of the well
and reduces the risk of failure caused by the accumulation
of materials resulting from physicochemical processes can
help mitigate the potential for cement failure [2].

Many scientists have recently analyzed the feasibility of
using nanoparticles to enhance the properties and perfor-
mance of cement slurries, lengthen the well’s useful lifespan,
and reduce costs caused by cement matrix failures, for exam-
ple, incorporating nanosilica with oil-well cement for
improving the pozzolanic reaction of cement [3–7], enhanc-
ing the cement’s early age strength, and reducing the perme-
ability of the cement matrix [2, 8, 9]. Nanosilica was also
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used with nanoalumina to increase the cement’s compressive
strength [10–12]. Xu et al. [13] looked into the effects of
adding nanosilica to cement and found that, when mixed
with traditional dispersants, the cement’s rheological and
mechanical qualities improved. According to the research
of McElroy et al. [14], the optimal concentration of nanoalu-
mina fiber for the formation of the maximal compressive
strength of cement is 0.1%. The application of carbon nano-
tubes and nanozeolite in oil well cementing was also investi-
gated by several authors [15, 16]. Carbon nanofiber
combined with other nanomaterials has been shown by
Dinesh et al. [17] to enhance the self-sensing characteristics
of cement and aid in keeping the cement sheath compact. In
addition to being resistant to microcracks, carbon nanofibers
have improved strength, Young’s modulus, fatigue resis-
tance, and ductility. Ren et al. [18] studied the synergetic
impact of nano-SiO2, nano-TiO2, and nano-CaCO3 and
found that the optimum doses of NS, NT, and NC are
0.86wt%, 2.75wt%, and 0.14wt%, respectively. Wang et al.
[19] suggested using nano-SiO2, ultrafine fly ash, and poly-
carboxylate superplasticizer to address some issues related
to the released heat during the hydration reaction. The com-
bined power of these additives makes it possible to finely
modulate hydration processes.

Because of their high aspect ratio, pozzolanic nature, and
low cost, lamellar nanoparticles like clays are of particular
interest among the various nanoparticle types [20]. Nano-
clay is a very fine-grained material that occurs naturally
and develops plasticity once it is mixed with water. Many
different fields have found new uses for nanoclay, which is
both common and environmentally friendly. Nanoclay can
be easily modified by adding organic or inorganic agents
due to its accessible layer structure [21]. Nanoclay has a very
small particle size that enables it to fill the microporous in
the cement matrix which will increase the strength of the
cement [22, 23]. This feature of the small size can also
increase the solidified cement matrix density besides the
large surface area of nanoclay that helps in accelerating the
reactions throughout the hydration process of the cement
and densifying the matrix’s microstructures [24–26]. Nano-
clay’s potential as an oil-well cement additive has been
greatly increased by its many advantageous properties.
Therefore, many researchers used nanoclay to improve the
oil-well cement properties [27–29]. Ma et al. [30] and Ma
and Kawashima [31] used nanoclay to investigate the effects
of pressure and temperature on the rheological characteris-
tics of cement slurries. Tariq et al. [32] investigated the
impact of temperature on cement slurry design utilizing
nanoclay particles. Cement’s rheological characteristics and
mechanical strength benefit from an increase in tempera-
ture. When added to cement, NCs reduce porosity and per-
meability by filling the pores at a higher temperature.
Mohammed [33] found that as the concentration of nano-
clay increased from 0% to 1%, the yield stress and plastic vis-
cosity of cement slurries increased by 5%–65% and 3%–16%,
respectively. Compressive strength improved by 12% after
one day and 43% after 28 days for the oil well cement.

Through the hydration process, cement paste transforms
from a fluid to a solid. Cement paste properties are depen-

dent on the composition of the cement, (w/c) ratio, other
materials’ properties, and conditions of curing time such as
temperature, pressure, and the fluids contacting the cement
matrix [34, 35]. Further, the cement sheath is subjected to a
number of loadings over the well’s lifetime, which may affect
the cement sheath’s properties [36]. Those loadings are
related to many reasons such as fracture formation, mechan-
ical stress, thermal loads, poor casing centralization, geo-
chemical attack, hydraulic fracturing, water loss, cement
shrinkage, inadequate cement bond, inadequate drilling
mud removal, and contamination. It is possible to reach pres-
sures of over 40MPa when drilling the well and a varying
pressure from 10MPa to 80MPa when testing the integrity
of the well’s casing [37]. The application of external forces
can result in the cement sheath deforming, which may cause
cracks to form at the junction between the casing-cement or
rock-cement interfaces. This effect becomes more pro-
nounced when these forces are exerted in the initial stages
of the curing process, prior to the cement attaining its com-
plete mechanical properties and strength. Commonly, well
leaks are frequently associated with the contraction of
cement and the premature decrease in pore pressure [38–40].

Limited research has been carried out to study the
hydration process of wellbore cementing under challenging
conditions and different curing durations. The existing inves-
tigations havemainly focused on elastic andmechanical prop-
erties [41]. However, the consequences of the change in
properties due to the development of the hydration process
were not investigated. When looking at the cement sheath’s
early age properties, there are a few different experimental
approaches to perform. Some of these techniques analyze
the cement’s reaction rate, while others analyze the cement’s
chemical or physical properties at various times [42, 43]. For
example, Ahmed et al. [44] investigated the impact of adding
polypropylene fiber to class G oil well cement on its curing
time and various properties. The study found that the addition
of polypropylene fiber enhanced the cement’s strength,
reduced porosity and permeability, and increased elasticity.
Various experimental techniques were used to assess the
properties of the cement samples at different curing times,
and the results consistently showed improvements in com-
pressive and tensile strength, reduced permeability and poros-
ity, and increased Young’s modulus. The study also revealed
relationships between these properties and curing time, which
were accurately modeled by mathematical equations.

In this study, several properties of the nanoclay cement
and the base (control) cement (without nanoclay) were eval-
uated throughout the first phases of hydration. Compressive
and tensile strengths, porosity, permeability, Poisson’s ratio,
and Young’s modulus were measured at 6, 12, 24, 48, and 72
hours of curing. To investigate how cement qualities vary
over time, nuclear magnetic resonance (NMR), X-ray dif-
fraction (XRD), and scanning electron microscopy (SEM)
were applied to cement samples.

2. Methodology

2.1. Materials. Class G cement and nanoclay are the main
components in this work, together with a number of
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chemical additives (silica flour, deformer, dispersants, fluid
loss agents, and so on) utilized to improve cement perfor-
mance and make them applicable to a variety of wellbore
conditions. Based on the results of X-ray diffraction
(XRD), the class G cement utilized in this work is composed
of the following chemicals: C3S = 65%, C2S = 15%, C4
AF + 2C3A = 18%, and C3A < 1%. The specific gravity of
the used class G cement was found to be 3.15.

The nanoclay employed here is a modified form of
montmorillonite that has a high surface area and a low spe-
cific gravity of 1.98. It may accelerate the cement’s hydration
kinetics of the cement by encouraging the precipitation and
nucleation methods of C-S-H as a mass during the first
phase of the hydration [45, 46]. Class G cement used in
the study was provided by a service company, and the nano-
clay was supplied by another Saudi-based chemical
company.

Table 1 summarizes the properties of class G cement and
nanoclay used in this study. The information in Table 1 was
obtained from the labs using different equipment such as an
automatic density analyzer, particle size analyzer, and X-ray
fluorescence (XRF).

Using the ANALYSETTE 22 Nano Tec plus wet disper-
sion unit, the particle size distribution (PSD) of the class G
cement and nanoclay particles was determined. Figure 1 dis-
plays the results, which show that the average cement’s size
is 20.9μm, significantly larger than the average size of nano-
clay, which is 9.7μm.

The X-ray fluorescence (XRF) analysis of class G cement
and nanoclay reveals that nanoclay contains significantly
more oxygen and silicon than cement (about 49% and
32%, respectively). Figure 2 shows that while cement con-
tains a lot of calcium (72%), nanoclay contains only 5%. In
addition, it is shown that nanoclay has a good amount of
aluminum and iron, at 12% and 6%, respectively. The M4
TORNADO instrument, which utilizes the small-spot micro
X-ray fluorescence technique, was employed for X-ray fluo-
rescence (XRF) analysis to determine the elemental compo-
sitions. Powdered samples were utilized, and the elemental
detection was carried out using a MicroXRF instrument
(Bruker). This instrument was equipped with a microfo-
cused Rhodium source (50 kV, 600μA) and a polycapillary
optic that generated a spot size of around 20μm. To quantify
the elemental intensities from the spectral data, the obtained
elemental spectra of the samples were processed using pro-
prietary M4 software.

2.2. Experimental Program. Cement slurries were made
using methods prescribed by the API standards [47, 48].
Class G cement, fluid loss additive at 0.7% by weight of
cement to control the leakage of the aqueous phase of the
cement, 35% silica flour, 0.1% expandable material, 0.08%
dispersion, 2.82 10-6% defoamer, and 44% water were used
in making the base cement (without nanoclay). The main
compounds of fluid loss, silica flour, dispersion, and defoa-
mer are calcium hydroxide, crystalline silica, sulfonic acid
salt, and hexadecane, respectively. The nanoclay cement
slurry was created by combining another new slurry with
1% of nanoclay and the additives originally contemplated
for the control slurry. Based on the recommendation of
Murtaza et al. [28], 1% of nanoclay was used.

Each slurry was then poured into a mold of the appro-
priate size (cubes of size (2 × 2 × 2 inch3) and cylinders of
4.0 inches in height and 1.5 inches in diameter) before
undergoing the necessary tests. Next, the molds were placed
in a water bath preheated to 170°F and left the samples to
cure for 6, 12, 24, 48, and 72 hours. The failure tests, petro-
physical tests, elasticity tests, density variation, NMR, and
XRD were performed at each curing period on the base
and nanoclay cement specimens. The experimental program
is summarized in Figure 3.

2.2.1. Mechanical Tests. At various curing times, the samples
were tested for their compressive and tensile strengths. The
compressive strength of the cement was measured using
cubes with 2.0-inch edges in accordance with ASTM [49].
The Brazilian tensile test was performed following ASTM
standard [50], and samples were 1.5 inches in diameter
and 0.75 inches in length. During the tests, the samples were
loaded at a constant rate of 1.5KN/sec. All measurements
were performed three times, and the reported values repre-
sent the average strength out of the three measured values.

2.2.2. Petrophysical Tests. To explore how the petrophysical
properties of the nanoclay specimens are affected by the
duration of curing, the porosity and permeability of all sam-
ples were examined at varying curing intervals. Petrophysi-
cal parameters were assessed using samples measuring 1.5
inches in diameter and 1.0 inches in thickness. The auto-
mated porosimeter-permeameter was employed to measure
both the permeability and porosity of the samples. The auto-
mated permeameter-porosimeter (AP-608) from Coretest
System Inc was used. Boyle’s law and Klinkenberg’s effect
were implemented to measure the porosity and permeability,
respectively. Helium gas was utilized as pore fluid to obtain
the porosity and permeability of the cement samples. Con-
fining pressures ranging from 900 to 1300psi were applied
in the measurement at room temperature.

2.2.3. Nuclear Magnetic Resonance. To investigate how cur-
ing time affected the pore size distribution and porosity
changes of the nanoclay and control specimens, a low mag-
netic field (2MHz) NMR spectroscopy system “Geospec
rock analyzer” from Oxford Instrument was used. All
cement samples were subjected to NMR in order to analyze
the effects of porosity variation on the pore size distribution.

Table 1: Information of the used class G cement and nanoclay.

Class G cement Nanoclay

Specific gravity 3.15 1.98

D10 (μm) 3.7 2.5

D50 (μm) 20.9 9.7

D90 (μm) 40.6 20.8

Main elements
Ca = 70%, Si = 12%,

and Fe = 9%
O = 49%, Si = 32%,

and Al = 12%
Surface area (m2/kg) 340 657
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The relaxation time (T2) was measured by nuclear magnetic
resonance (NMR) with a weak magnetic field, which easily
causes nuclear spin-precession that can be detected, on 1.5-
inch-diameter by 4.0-inch-long cylinders of cement samples.
The PDF and CDF for the full length of the cement speci-
mens (4 inches) were plotted.

2.2.4. Elasticity Test. To assess the properties of all cement
samples, Young’s modulus and Poisson’s ratio were mea-
sured using cylindrical specimens measuring 4.0 inches in
length and 1.5 inches in diameter. The elastic properties
were determined through the utilization of sonic velocities,
specifically compressional and shear waves. The elasticity
test was conducted using an ultrasonic device integrated into
the Wombat Epslog scratch machine. This device consists of
two probes, a transmitter and a receiver, which enable the
emission and recording of both bulk and shear waves. The
probes are positioned 4 cm apart, and the time taken for a
pulse to travel between them is recorded. By calculating

the compressional and shear velocities, derived from the
recorded time, the dynamic Poisson’s ratio and dynamic
Young’s modulus can be determined.

2.2.5. Mineralogical Composition and Microstructural
Analysis. The impact of curing time on the hydration prod-
ucts and microstructure of both the base (control) and nano-
clay cement samples was analyzed using X-ray diffraction
(XRD) and scanning electron microscopy (SEM). Specifi-
cally, XRD was employed to investigate how the composi-
tion and structure of the cement changed within the initial
three days of curing.

For the XRD analysis, the raw data was processed and
quantified using the Rietveld method and HighScore Plus
software. Spectra were obtained using a Malvern PANalyti-
cal EMPYREAN Diffractometer system, with a 2θ range
from 4° to 70° and a step size of 0.01°. The step size indicates
the incremental increase in angle considered during each
measurement step. The XRD equipment utilized a Pixcel1D
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detector, a reflection-transmission spinner sample stage, and
a Cu generator with K-alpha1 Å = 1 54060 and K-alpha2
[Å]=1.54443. The minimum step size was set at 0.01°, and
the system operated at a current of 40mA and 45 kV volts.
To prepare the samples for XRD measurement, they were
finely ground into a powder form.

For the SEM analysis, the cement samples were fractured
into small pieces and prepared in a way that allows for SEM
analysis by mounting the samples onto a stub using a con-
ductive adhesive such as carbon tape. To increase the con-
ductivity and reduce charging effects during SEM imaging,
the samples were coated with a thin layer of conductive
material, such as gold, using a sputter coater. After the sam-
ples were prepared and coated, they were loaded into the
SEM and imaged under high vacuum conditions. Different
imaging modes were used to visualize different features of
the sample, such as secondary electron imaging (SEI) for
surface morphology, backscattered electron imaging (BEI)
for compositional contrast, and energy dispersive X-ray
spectroscopy (EDS) for elemental analysis. Then, the SEM
images and EDS spectra were analyzed to obtain informa-

tion about the microstructure, composition, and properties
of the cement samples.

3. Results and Discussion

3.1. The Effect on the Failure Parameters. The variations in
compressive strength of the nanoclay and control (base)
cement specimens assessed at several times of curing for 72
hours are summarized in Figure 4. There was a clear increase
in the early compressive strength for the nanoclay and con-
trol specimens at longer curing times. In this way, the hard-
ened cement’s compressive strength is directly related to the
curing time. At 48 hours of hydration, there was no appre-
ciable change in the compressive strength of any cement
system.

Figure 4(a) demonstrates that when compared to the
control specimens, the ones reinforced with nanoclay parti-
cles have greater strength. At 6 hours of curing, the compres-
sive strength of the control and nanoclay specimens was
44.5MPa and 51.3MPa, respectively. At 48 hours, the com-
pressive strength of the nanoclay and control cement

Curing at
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For 72 hours
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Cylindrical
cement samples

Compressive
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Figure 3: Experimental program.
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specimens had stabilized at approximately 51.5MPa and
61.9MPa. Both samples showed a small change in compres-
sive strength at 48 hours. Because of the high calcium con-
tent of cement, the pozzolanic reaction will be stimulated
by the nanoclay’s components. This reaction between
cement and nanoclay results in the production of calcium
silicate hydrate (CSH) crystals, which will improve the com-
pressive strength [51, 52].

Over time, the compressive strength of both systems var-
ies, and this variation was studied analytically to determine
the optimal relationship to describe these changes. Logarith-
mic relationships of (1) and (2), with R2 values of 0.96 and
0.94, respectively, best characterize the variations in com-
pressive strength for the nanoclay and control cement spec-
imens, as demonstrated in Figure 4(a).

UCSbase = 2 95 ln T + 39 3, 1

UCSNC = 4 36 ln T + 44 7 2

To compare the compressive strength variations between
the two systems over a period of 28 days, (1) and (2) were
used (Figure 4(b)). Compressive strength for the nanoclay
and control cement specimens changed significantly over
the first 7 days of curing, as seen in Figure 4(b). During
the first week of hydration, there were only minor variations
in compressive strength for the nanoclay and control cement
specimens, and by the 21st day, the strength had nearly
stabilized.

Figure 5 displays the tensile strength results, and it can
be seen that the tensile strength changes are consistent with
the compressive strength changes for the nanoclay and con-
trol cement specimens. Wherein, as curing time increases,
tensile strength also increases. During the first 72 hours of
curing, the tensile strengths of the nanoclay samples were
higher than those of the control samples.

Figure 5(a) displays that the control and nanoclay
cement specimens have a tensile strength of 4.06MPa and
4.65MPa, respectively, at 6 hours of curing. At just 48 hours
of curing, the tensile strength of the control and nanoclay
cement specimens had increased to their respective stabiliz-
ing values of 4.89MPa for the control specimen and
5.76MPa for the nanoclay specimen. After that point, there

was essentially no difference in tensile strength between the
two cement samples. Also, the improvement in the compres-
sive and tensile strength for the samples prepared with
nanoclay with the curing time is more than that for the base
(control) cement, this is attributed to the higher calcium sil-
icate hydrate content in the nanoclay cement samples com-
pared to the base cement and the increase in the CSH in
the nanoclay cement samples with time as will be discussed
later in this paper. It can therefore be inferred, based on
the failure results, that nanoclay cement is favorable for
strength improvement.

Regression analysis (shown in Figure 5(a)) demonstrated
that the logarithmic relationships of (3) and (4) accurately
characterized the variation in tensile strength of the control
and nanoclay cement specimens. The R2 values for these
relationships were 0.99 and 0.98, respectively.

TSbase = 0 37 ln T + 3 43, 3

TSNC = 0 48 ln T + 3 87 4

Changes in tensile strength during the first 28 days of
hydration for the control and nanoclay cement specimens
were plotted using (3) and (4), as revealed in Figure 5(b).
The majority of the tensile strength development in the con-
trol and nanoclay cement specimens occurred within the
first week of curing, with the tensile strength practically
tending to stabilize at 3 weeks for the control specimens
and at 24 days for the nanoclay specimens.

3.2. The Effect on the Petrophysical Properties. Figure 6 dis-
plays the variation in permeability as curing time increases.
In this figure, it can be seen that the permeability of both
the control and nanoclay cement specimens decreases with
curing time; furthermore, the permeability of the nanoclay
cement samples decreases more than that of the control
specimens along the curing time, which can be attributed
to the nanoclay’s ability to fill the microcracks present in
the cement matrix. Figure 6(a) shows that the permeability
of the control cement and nanoclay cement specimens was
0.059mD and 0.042mD, respectively, at 6 hours of curing.
At 12 hours, the permeability of both the base cement and
the nanoclay cement samples had decreased to 0.047mD

TSbase = 0.37 ln (T) + 3.43
R2 = 0.99

TSNC = 0.48 ln (T) + 3.87
R2 = 0.98
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Figure 5: The tensile strength of the nanoclay and base specimens measured at different stages of the curing process.
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and 0.027mD, respectively. At three days of hydration, the
control sample’s permeability had decreased to 0.026mD,
while the nanoclay cement sample’s permeability had
decreased to 0.006mD. The main reason for the nanoclay
cement samples to have less permeability and porosity is that
the microcracks do not present in the nanoclay cement sam-
ples due to the pore-filling effect of the nanoclay particles
which leads to filling the microcracks and preventing their
occurrence, as will be discussed in Section 3.5.

Additionally, a mathematical investigation was con-
ducted to identify the most suitable relationship for repre-
senting the changes in the permeability of the control and
nanoclay cement specimens over time. The analysis revealed
that the power relationships of equations (5) and (6), with R2

values of 0.992 and 0.986, respectively, accurately capture
the permeability variations for the base and nanoclay cement
samples (refer to Figure 6(a)).

Kbase = 0 107T−0 327, 5

KNC = 0 175T−0 761 6

Figure 6(b) illustrates the results of applying (5) and (6)
to determine the permeability changes that occurred in the
control and nanoclay cement specimens during the first 4
weeks of hydration. The result demonstrates that during 7
days, the permeability of the control and nanoclay cement
specimens dropped significantly. Until the end of the third
week, the permeability was decreasing, although at a slower
rate than during the first week of curing. Both samples’ per-
meability stabilized at curing for 24 days.

Cement samples from both systems were analyzed for
changes in porosity at 6, 12, 24, 48, and 72 hours of curing,
and the results are summarized in Figure 7. The porosity of
the samples made with the control and the nanoclay
increased as the curing time increased. At 6 hours of hydra-
tion, the base (control) samples’ porosity was 15.3%; at 48
hours, it had increased significantly to 21.2%. As can be seen
in Figure 7(a), the porosity of the nanoclay cement samples
began at 10.2% at 6 hours of hydration and increased to
14.9% at two days of curing. At two days of hydration, there
was little to no difference in porosity between the two sys-
tems, while at three days of curing, the porosity of control

and nanoclay cement samples reached 21.6% and 15.3%,
respectively. Based on the petrophysical data, it can be
deduced that the nanoclay cement sample is preferable
because it has lower permeability and porosity than the base
sample. Matrix densification in the nanoclay cement occurs
as a result of the rapid filling of the space between cement
grains by hydrated phases, which speeds up the increase in
compressive strength and reduces the petrophysical proper-
ties of the nanoclay cement matrix [53–55].

The results of a regression analysis presented in
Figure 7(a) demonstrate that the logarithmic relationships
of equations (7) and (8) effectively capture the variation in
porosity of the control and nanoclay cement specimens.
The R2 values for these relationships are 0.97 and 0.95,
respectively.

∅base = 2 58 ln T + 11 0, 7

∅NC = 2 01 ln T + 7 13 8

Changes in porosity over the first 28 days of hydration
for the control and nanoclay cement specimens were plotted
using equations (7) and (8), as revealed in Figure 7(b). The
figure displays that the porosity of the control and nanoclay
cement specimens significantly increased as curing time
increased during the first week of hydration. At 24 days of
hydration, the rate of increase slowed, and the porosity sta-
bilized, which is consistent with the permeability results.

3.3. NMR Results. The NMR results corroborated the find-
ings from the direct measurement method, demonstrating
that the porosity of the samples increases with increasing
curing time for both systems. For example, the porosities
of the control cement samples at 6, 12, 24, 48, and 72 hours
of curing (Figure 8(a)) were 27.4%, 29.7%, 33.1%, 35.2%, and
35.3%, respectively. The nanoclay cement samples followed
the same pattern (Figure 8(b)), with porosities of 24.1%,
26.9%, 29.8%, 33.3%, and 34.4% for the 6, 12, 24, 48, and
72 hours of curing samples, respectively. While the porosity
values obtained from nuclear magnetic resonance (NMR)
differ from those obtained using a gas porosimeter due to
variations in measurement techniques, it is evident from
Figure 7 that they exhibit a similar pattern. Specifically,
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Figure 6: The permeability of the nanoclay and base specimens measured at different stages of the curing process.
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porosity increases with longer curing time, and the porosi-
ties of nanoclay cement are lower compared to the porosity
of control cement, despite the discrepancy in measurement
methods. Moreover, one can argue that the porosity should
be reduced with the curing time. However, it should be
pointed out that this is correct for the period after 28 days.
According to Farhana et al. [56], the porosity achieved
higher values at one-week curing time but further reduced
after 4 weeks curing due to the solidification of the structure
after 4 weeks which leads to a reduction in the pore spaces.
Kumar et al. [57] stated that firstly porosity obtained higher
values for one week of curing and later reduced with time.
For example, after 4 weeks, the porosity values reduce with
the time of curing. After 4 weeks, hydration’s heat aggravates
and hydrated products fill up the pore spaces that cause the
reduction in the porosity.

3.4. The Effect on Elastic Properties. It is generally agreed that
the two most crucial elastic properties of solids are Young’s
modulus and Poisson’s ratio. A high Young’s modulus indi-
cates more cement’s stability under shear stress, and a low
Poisson’s ratio indicates low expandability [58].

Figure 9 depicts the change in Young’s modulus as a
function of curing time for specimens of control and nano-
clay cement. Young’s modulus of the control and nanoclay

cement increased with time as curing progressed, but
Young’s modulus of the nanoclay cement specimens was
consistently lower than that of the base samples.
Figure 9(a) displays Young’s modulus of the control speci-
men (20.7GPa) and the nanoclay cement sample
(20.3GPa) at 12 hours of curing. During curing, Young’s
modulus steadily increased to a maximum value of
21.5GPa for the control cement specimen and 21.1GPa for
the nanoclay cement specimen at three days of curing. Addi-
tionally, it is clear from Young’s modulus results that the
addition of 1.0% nanoclay reduced the stability of the
cement under shear forces as indicated by the decrease in
Young’s modulus for the samples prepared with 1.0%
nanoclay.

It was also mathematically explored to identify the most
appropriate relationship to describe the variations in
Young’s modulus of the control and nanoclay cement spec-
imens with curing time. As can be seen in Figure 9(a), the
power relationships of (9) and (10) best describe the varia-
tions in Young’s modulus for the control and nanoclay
cement specimens, with R2’s of 0.998 and 0.980, respectively.
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Figure 7: The porosity of both nanoclay and base specimens measured at different stages of the curing process.
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Figure 8: NMR T2 relaxation for (a) control specimens and (b) nanoclay specimens at 6, 12, 24, 48, and 72 hours of curing.
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Es,NC = 19 3T0 021 10

Then, using (9) and (10) enables us to determine the var-
iations in Young’s modulus of the control and nanoclay
cement specimens over the first 4 weeks of hydration. Both
cement systems’ Young’s modulus increased noticeably
within the first week, as depicted in Figure 9(b). When com-
pared to the first week of curing, the rate at which Young’s

modulus increased during the subsequent 23 days was rela-
tively slow. Both samples reached a steady state for Young’s
modulus at curing for 24 days.

Figure 10(a) shows that at 12 hours of curing, the control
cement’s Poisson’s ratio had reached 0.272, while the
nanoclay cement’s Poisson’s ratio had reached 0.278. At
72 hours of curing, Poisson’s ratio of the control and
nanoclay cement specimens decreased to 0.256 and 0.263,
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Figure 9: Young’s modulus values for the nanoclay and base specimens measured at different stages of the curing process.
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Figure 10: Poisson’s ratio values for the nanoclay and base specimens recorded at different stages of the curing process.
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Figure 11: XRD results of the amorphous and portlandite content in the cement specimens at 12, 24, 48, and 72 hours of curing.
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respectively. Figure 10(a) shows that at all curing times,
Poisson’s ratio for the nanoclay-based cement specimens
was greater than that of the base (control) samples, indi-
cating that these samples had high lateral expandability.
This finding is consistent with what was previously shown
in Figure 9(a) regarding the effects of varying Young’s
modulus. Overall, the samples’ behavior across all curing
times indicates that adding nanoclay particles to the
cement slurry negatively affects the sheath’s elasticity and
ability to expand.

Regression analysis was employed to assess the changes
in Poisson’s ratio over time during the curing process for

both the control and nanoclay specimens. The objective
was to identify the most suitable mathematical relationship
to describe these variations. The findings indicated that the
power relationships defined by equations (11) and (12)
yielded the best representation of Poisson’s ratio variations
for the control and nanoclay specimens, respectively. These
results were corroborated by the high R2 value of 0.99. This
information is visually depicted in Figure 10(a).

υbase = 0 297T−0 036, 11

24 hours
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72 hours

Nanoclay-basedBase

6 hours
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MF

MF
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Figure 12: SEM results for the microstructure of the cement specimens at 12, 24, 48, and 72 hours of curing. MF denotes microfractures.
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υNC = 0 300T−0 032 12

Figure 10(b) shows the results of using (11) and (12) to
determine Poisson’s ratio changes that occurred in the con-
trol and nanoclay cement specimens during the first 4 weeks
of hydration. Figure 10(b) demonstrates a significant
decrease in Poisson’s ratio for the control and nanoclay
cement specimens between 12 hours and 1 week of hydra-
tion. Poisson’s ratio kept dropping until about halfway
through the fourth week at a slower rate than in the first
week. Poisson’s ratio of the control and nanoclay cement
specimens stabilized at 24 days of curing.

3.5. Mineralogical Composition and Microstructural
Analysis. The impact of curing time on the structure of the
hydrated cement was investigated by characterizing samples
of cement at 12, 24, 48, and 72 hours of curing using XRD.
The amount of crystalline phases in the cement samples
was determined by grounding the cement samples into very
fine powder. Then, X-rays were directed onto the cement
samples, and the X-rays that were diffracted by the sample
were detected and analyzed. The XRD pattern obtained from
the cement samples provided information about the crystal
structure and phase composition of the sample, in which
the intensity of the diffracted X-rays is related to the amount
of each crystalline phase present in the sample. The amount
of each phase was quantified by comparing the intensity of
the diffracted X-rays to a standard reference material. Once
the amount of each phase was quantified, the percentage of
each phase was calculated based on the total amount of crys-
talline material present in the sample.

Variations in the amount of CSH and portlandite with
curing time for the control and nanoclay specimens are
shown by XRD in Figure 11. Figure 11(a) shows that at all
stages of curing, the CSH content of the nanoclay cement
specimens is greater than that of the control specimens,
while the portlandite content of the control specimens is
greater (Figure 11(b)). Curing time increased the amorphous
content in the two cement systems (Figure 11(a)), while por-
tlandite decreased (Figure 11(b)).

Because nanoclay particles are so rich in silica, they nat-
urally contain a greater concentration of CSH. Due to the sil-
ica flour content in the control specimens and both silica
flour and nanoclay powder in the nanoclay cement speci-
mens, the portlandite content in both types of samples grad-
ually decreases over time as the pozzolanic reaction
proceeds. The increased strength and better elasticity
observed in nanoclay cement samples can be traced back
to their higher CSH content and decreased portlandite
content.

The alteration of the cement matrix microstructure
throughout the hydration process through the first three
days of curing was also investigated for both cement systems
under study, the results of microstructure change are pre-
sented in Figure 12. As indicated in this figure at all curing
times, the control cement samples are dominated by the
presence of microcracks; these microcracks do not present
in the nanoclay cement samples and this is because of the
pore-filling effect of the nanoclay particles which lead to fill-

ing the microcracks and prevent their occurrence. This is the
main reason that the nanoclay cement samples have less per-
meability and porosity. During the hydration process, the
interaction between silicon, iron, aluminum, and calcium
ions leads to form different compounds of CSH. Where the
nanoclay’s aluminum reacts with the cement’s calcium sili-
cate hydrate (CHS), the cement’s chemical behavior and
properties are significantly altered and improved [59–63].

4. Conclusions

In this study, a novel work has been conducted by investigat-
ing the influence of nanoclay powder on the change of the
early properties of class G oil well cement. Cement samples
containing nanoclay powder and neat cement samples
(without nanoclay powder) were cured at five separate cur-
ing processes lasting 6, 12, 24, 48, and 72 hours each, after
which the changes in their characteristics were assessed.
All the cement specimens were analyzed by three methods
namely NMR, XRD, and SEM to understand the change in
cement properties as a function of curing time. The results
lead to the following conclusions:

(i) The incorporation of the nanoclay particles
increased the compressive and tensile strengths of
the cement by 20.2% and 17.9%, respectively. This
is because of the high CSH content in the nanoclay
cement samples as confirmed by the XRD results

(ii) Incorporation of the nanoclay particles reduced the
permeability of the cement by 76.9%, and this is
attributed to the pore-filling effect of the nanoclay
particles as indicated by the presence of the micro-
cracks in the base (control) samples which did not
notice in the nanoclay cement samples as confirmed
by the SEM results

(iii) The porosity obtained using the NMR agreed with
that obtained from the gas porosimeter in which
the nanoclay cement samples had lower porosity
(29.2% reduction) compared to the control
specimens

(iv) The addition of the nanoclay particles reduced
Young’s modulus by 1.8% and increased Poisson’s
ratio by 2.7% compared to the control specimens

(v) The compressive strength, tensile strength, porosity,
and Young’s modulus of the two cement systems
(control and nanoclay) increased with the curing
time. While the permeability and Poisson’s ratio of
the control and nanoclay cement specimens
decreased with the curing time

Nomenclatures

DV: Density variation (%)
Es: Static Young’s modulus (GPa)
K : Permeability (mD)
NC: Nanoclay
ɸ: Porosity (%)
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T : Curing time (hours) (MPa)
TS: Tensile strength (MPa)
UCS: Unconfined compressive strength
υ: Poisson’s ratio.

Acronyms

°F: Degree Fahrenheit
μm: Micrometre
Al: Aluminum
API: American Petroleum Institute
ASTM: American Society for Testing and Materials
BWOC: By weight of cement
C2S: Dicalcium silicate
C3A: Tricalcium aluminate
C3S: Tricalcium silicate
C4AF+2C3A: Tetracalcium aluminoferrite plus twice trical-

cium aluminate
Ca: Calcium
CDF: Cumulative distribution function
CSH: Calcium silicate hydrate
Fe: Iron
mD: Millidarcy
MHz: Megahertz
MPa: Megapascal
NMR: Nuclear magnetic resonance
O: Oxygen
PDF: Pore distribution function
PSD: Particle size distribution
R2: Correlation coefficients
SEM: Scanning electron microscopy
Si: Silicon
T2: Relaxation time
XRD: X-ray diffraction
XRF: X-ray fluorescence
(w/c): Water-to-cement ratio.
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