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Abstract: The focus of this research was to investigate the
effects of graphene oxide (GO) on the microscopic com-
position, structure, pore size, and mechanical properties
of GO-reinforced cement composites. Furthermore, the
research explored the thermal behavior of GO-reinforced
cement mortar at different elevated temperatures (250,
500, 750, and 1,000°C). This study considered three
sets of GO-reinforced cement composites with 0.1, 0.2,
and 0.3 wt% of GO (by weight of cement); the water–
cement ratio in all the mixtures was 0.5. To characterize
the chemical composition, microstructure, and hydration
degree resulting from GO addition, X-ray diffraction, ther-
mogravimetry, derivative thermogravimetry, scanning elec-
tronmicroscopy, energy-dispersive X-ray spectroscopy, and
micro-computed tomography (Micro-CT) were used. The
experimental results revealed that GO addition changed
themicrostructural composition and pore diameter distribu-
tion of the cement composite. The optimal amount of GO
required for improving the mechanical properties of the
cement composite under both unheated and heated condi-
tions was identified to be 0.1wt%. GO improves the cement
matrices’ ability to bind with GO nanosheets, leading to

compressive strength retention and decreased micro-cracking
(computed by material and defected volume changes by
Micro-CT analysis). This is primarily due to the hydration
products. However, the optimal amount of GO can result
in nanomaterial agglomeration, thus lowering the thermal
resistance of the cement composite. Overall, the study
identified GO as a nano-additive with the potential to
improve the strength and toughness of the cement compo-
sites. Moreover, the effect of elastic modulus was also eval-
uated. As a result, the GOmicrostructure analysis revealed
that it has a porous structure with a visible crack pattern.

Keywords: cement nanocomposites, graphene oxide, micro-
structure, cement

1 Introduction

Cement is the fundamental binding material in concrete,
but it is brittle and has low tensile strength. These dis-
advantages of cement were addressed by using steel and
fiber reinforcements. Cement-based composites can be
modified/re-engineered by incorporating small amounts
of nanomaterials, leading to improved nanoscale proper-
ties of concrete, including toughness, durability, and
flexural and tensile strengths [1]. Other researchers, on
the other hand, investigated the extensive wear behavior
of materials like SiC and B4C-reinforced magnesium and
aluminum alloy metal matrix composites. These included
increased mechanical strength, durability, and micro-
structural integrity [2–4]. Moreover, Li et al. [5] studied
the free-radical copolymerization of graphene oxide (GO)
with methyl allyl polyoxyethylene ether, sodium styrene
sulfonate, and acrylic acid resulting in GO-polycarboxylic
acid superplasticizer (AA). Furthermore, supplementary
cementitious materials with graphene nanoplatelet (GNP)
of various concentrations from 0.025 to 0.10% by weight of
cement are prepared to use a wet dispersion methodology
which utilizes a high shear mixer and a polycarboxylate-
based superplasticizer to dissipate GNPs in water [6]. Also,
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Mowlaei et al. [7] examined the effects of silica-coated GO
nanohybrids on the effectiveness and mechanical and
microstructural characteristics of ordinary Portland cement
(OPC) paste composites and the findings show that the
rational design of GO nanohybrids is an effective method
for producing stronger and more reliable Portland cement
composites. So, carbon nanotubes (CNTs), carbon nano-
fibers derived from graphene, and nanosilica are some of
thewell-known nanomaterials used to enhance themechan-
ical properties of cement composites. The popularity of
nanomaterials in the concrete construction industry has
increased due to the numerous benefits they provide, ran-
ging from increased mechanical strength to nanolevel
void filling. With advances in cement and nanomaterial
chemistry, the uses of CNTs, graphene, GO, and gra-
phene-based nanomaterials have improved the mechan-
ical, thermal, electrical, optical, and other desirable
properties of cement composites. Many researchers have
reported improvements in the mechanical properties and
durability of nano-reinforced cement composites compared
with those of conventional cement composites [8,9].

In 1859, Brodie first synthesized GO, a carbon-based
nanomaterial, by chemically exfoliating graphite (further
modified by Hummer) [10]. GO, like graphite, has an aro-
matic structure, along with a large specific surface area
(700–1,500m2/g) and a high aspect ratio (15,000–45,000).
Zeng et al. [11] used two types of GO nanosheets as addi-
tives in this article to lessen the permeability of cement
mortars. The results of the tests show that 0.06wt% GO-1
(aspect ratio 50,000) and GO-2 (aspect ratio 5,000) reduce
the relative permeability coefficient by 80.2 and 41.0%,
respectively. In the case of 0.06wt% dosage and normal
arrangement, the relative permeability ratio is reduced by
80.6% if the aspect ratio is increased ten times. However,
chemical reactions cleaved some of its covalent bonds, and
functional groups like epoxy, carbonyl, hydroxyl, phenol,
etc., were attached to the sp2 aromatic monolayer structure
(about one atom thick) [12,13]. Among these functional
groups, the oxygenated ones are hydrophilic in nature,
allowing them to absorb free water radicals from the pre-
pared cement composite, thus enabling easy dispersion in
water; this overcomes the common disadvantage of the
lack of dispersibility of nanomaterials. According to Chuah
et al. [14], the GO dispersion in water was independent
of the degree of sonication. Moreover, agglomeration
occurred because the repellent forces provided by the
oxygenated functional groups at GO sheets were overcome
by the van der Waals forces between the GO nanosheets
[15]. Because of its superior mechanical, thermal, and elec-
trical properties, GO, a two-dimensional nanomaterial
composed of flat monolayers of sp2 carbon atoms, has

piqued the interest of researchers since its discovery
in 2004 [16]. Besides, a cluster of GO nanosheets pro-
vides a large surface area, which allows easy absorption
of water molecules during wetting, and a bulky lateral
size, which affords a high capacity for water reten-
tion; therefore, the addition of GO to cement-based
composites has a negative impact on workability [17,18].
Regardless of the drawbacks of GO mentioned above, the
incorporation of a small amount of GO (∼1% by weight of
cement (BWOC)) increased the compressive strength of
hardened cement paste by 63% [19]. According to research
[9,20], adding 0.05% GO (BWOC) increases the compres-
sive strength of hardened cement paste by 15–33% and
flexural strength by 41–58%. According to Shang et al.
[21], the compressive strength of the cement paste with
0.04% GO (BWOC) increased by up to 15.1% when com-
pared with that of the plain cement paste. On the inclusion
of 0.03% GO (BWOC) in OPC paste, the compressive and
tensile strength increased by ∼40% after 28 days of curing
[22]. In another study, Zhu et al. [23] found that incorpor-
ating 0.05 wt% of GO into cement mortar increased the
compressive strength by 15–33% and tensile strength by
41–59%. According to Lv et al. [24,25], using GO in cement
paste and mortar improved the mechanical properties. In
addition, the analysis indicates that when the GO content
is 0.05% under the same curing conditions and eons, the
flexural strength of the test samples after curing for 28
days is the maximum, approaching 10.8 MPa, and the
average percentage is 16.1%. The compressive strength
of the samples after 28 days of curing is particularly high
whenever the GO content is 0.03%, attaining 64.5MPa,
and the rate of development is 12.4%. Furthermore, when
the GO dosage is 0.03%, the mortar’s durability is greatly
improved. The mortar has an impermeability that is 80%
greater than the comparison samples [26]. Furthermore,
GO in multiple various proportions by weight of cement
are 0.01, 0.02, 0.03, and 0.04%. At 28 days of curing,
experimental results revealed that cement composite
specimens with 0.03% GO addition had 14.5, 30, and
40.47% relatively low water absorption capacity, chloride
migration coefficient, and chloride penetration depth than
normal cement composite specimens. Mechanical charac-
teristics of cementitious composites were optimized by
77.70% in flexural strength at 0.03% GO addition and
47.61% in compressive strength at 0.04% GO addition after
28 days of curing [27]. Chen et al. [28] investigated the high-
temperature properties of cement pastes containing GO
agglomerates at 105, 200, 300, and 450°C. In general, incor-
porating GO can improve the thermal resistance of the
cement paste by refining the pore structures and crystal
sizes of calcium hydroxide (Ca(OH)2; CH) at ambient
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temperatures. The desirable microstructural and mechan-
ical characteristics and durability of the cement-based
composites are degraded at high temperatures [29,30].
As concrete constituents, cement and aggregates are not
stable at high temperatures, and undergo physical and
chemical transformations. The effects of temperature on
the properties of cementitious composites, as well as the
methods for preventing thermal degradation of concrete,
have been described in several comprehensive reports
[31–35]. Nanomaterials have recently gained prominence
as potential admixtures capable of improving the proper-
ties of cementitious composites in both unheated and
heated states [36–42]. The potential use of carbon-based
nanomaterials, such as CNTs, GO, and graphene sulfonate
nanosheets, for preventing the thermal degradation of
cement-based composites has been studied [43–46].

Some researchers have observed that the GO inclu-
sion accelerated the cement hydration. The oxygenated
GO sheets attract the cement particles, allowing the
nanosheets to act as nuclei for the cement phases, enhan-
cing the hydration of cement [47]. Wang et al. reported
that the microstructure of the GO-reinforced cement matrix
had a large crystal structure covering, implying that CH
leaching during the hydration stages was improved after
28 days of curing [48]. In addition, cement composites
have high compressive strengths but low tensile and flex-
ural strengths due to their brittleness, which results pri-
marily from the hydration products like CH, calcium silicate
hydrate (C–S–H) gel, ettringite (AFt), and monosulfonate
(AFm) in the hardened cement paste. CH, AFt, and AFm
are examples of hydration crystals that typically have rod-
like and needle-like shapes [49]. As an example, through
the use of dispersant and ultrasonic pre-dispersion, the
current study successfully develops a new method for pre-
paring rGO suspension with excellent dispersibility and sta-
bility. At 3 days, the compressive and flexural strength of
the mortar had already enhanced by 45 and 50%, respec-
tively. In the meantime, the hydration heat and pore struc-
ture have continued to improve to a doping concentration of
2.00wt% rGO [50]. GO was found to improve the toughness
of cement mortar by modifying the microstructure. More-
over, significant improvement in the mechanical properties
of cement resulted from improved GO dispersion due to
the interlock mechanism of C–S–H (bridging by chemical
bonding) [51]. Anhydrous cement is composed of Bogue’s
compounds, such as tricalciumsilicate (C3S, Ca3SiO5), dicalcium
silicate (C2S, Ca2SiO4), tricalcium aluminate (C3A, Ca3Al2O6),
tetracalcium aluminoferrite (C4AF, Ca4AlnFe2−nO7), and small
amounts of gypsum (Na2SO4, Ka2SO4). These compounds
will undergo hydration to form AFt (Ca6Al2(SO4)3(OH)12·26
H2O), AFm (Ca4Al2(OH)2·SO4·H2O), CH, and C–S–H gel

(3CaO·2SiO2·4H2O) [25]. The brittleness of cement paste
can be studied by observing the formation of rod-like
and needle-like shaped crystals of CH, AFt, and AFm.
The surface of GO contains numerous oxygenated func-
tional groups, primarily –OH, –COOH, and –SO3H. The
effective active groups on the surface of GO react with
C3S, C2S, and C3A to form the growth points for the hydra-
tion product. At the beginning of the hydration reaction,
GO forms neighboring rod-like crystals on its surface,
resulting in thick flower-like crystals. These flower-like
crystals form a cross-linking structure between the gaps
of cement composites, increasing the toughness of the
cement composites [24]. GO is a layered nanomaterial com-
posed of oxygenated graphene sheets with hydroxyl and
epoxide functional groups on their basal planes and carbonyl
and carboxyl groups on the sheet edges [52]. Typically, these
oxygenated functional groups facilitate the dispersion of GO
in water as 1 nm thick sheets [53]. The elastic modulus of the
GO nanomaterial is ∼32 GPa [18,54].

Some researchers have reported limited GO disper-
sion in cement composites. In cement-based materials,
the dispersion of GO is crucial for improving compressive
strength. The divalent calcium ions in fresh cement paste
hinder the GO dispersion, which could adversely affect
the GO performance in cement composites. Hunain [55]
conducted a molecular dynamics analysis and found that
the interfacial strengths between C–S–H gel and pristine,
hydroxyl-functionalized, amine-functionalized, and car-
boxyl-functionalized graphene nanoplatelets and C–S–H
reached 1.2, 13.5, 6.1, and 11.8 GPa, respectively. This sug-
gests that the functional groups in the graphene nanopla-
telets may improve the interfacial strength, mechanical
properties, and toughness of the cement-based nanocom-
posites. Fan [56] reported that the use of graphene and GO
in cement paste improved both the mechanical strength
and Young’s modulus. Babak et al. [57] discovered that
adding 1.5 wt% of GO to cement mortar increased its ten-
sile strength by 48% and that the most important hydra-
tion product is C–S–H gel. Liu et al. [58–60] discovered
that C–S–H assumes the shape of a regular flower due to
the nucleation and regulation of graphene (G)/GO during
C–S–H formation. However, based on classical nucleation
theory, Kong et al. [61] found no C–S–H on the surface of
nanomaterials and concluded that the nanoparticles have
no nucleation effect. The effects of G/GO on cement hydra-
tion remain unknown. The above-mentioned studies con-
centrated more on the morphology of C–S–H and less on
the effect of G/GO on the C–S–H formation process.

To investigate the effects of GO additives in OPC,
three sets of GO-reinforced composites (0.1, 0.2, and
0.3 wt%) were considered in this study. X-ray diffraction
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(XRD) analysis, thermogravimetry (TG), and micro-com-
puted tomography (Micro-CT) were used to investigate
the effects of GO on the microscopic composition, struc-
ture, pore size, and mechanical characteristics of the GO-
reinforced cement composites. Furthermore, the thermal
behavior of the specimens upon exposure to various ele-
vated temperatures (250, 500, 750, and 1,000°C) was
explored, which is a significant contribution and origin-
ality to our study.

2 Experimental details

2.1 Materials

Table 1 presents the chemical composition and physical
properties of the OPC (Sungshin Portland Cement, Korea)
used in this study. The GO obtained was brown in color
(dark brown liquid solution), with a concentration in the
range of 0.8–1.2 wt% (determined by a moisture titrator),
pH 2–3, and conductivity of 2,000–4,000 µS/cm; the par-
ticle size range is 3–19 µm and the particle size at 50% in
the cumulative particle size distribution (D50) is 8 µm.
The thickness of GO, as determined by atomic force
microscopy, is 1–1.2 nm. Figure 1 shows the scanning
electron microscopy (SEM) particle size images, and Figure 2
shows the intensity of D and G bands obtained by Raman

spectroscopy. Here, the G band results from in-plane
vibrations of sp2 bonded carbon atoms, whereas the D
band results from out-of-plane vibrations due to structural
defects. Moreover, GOwasmade with 1% of solutionwith a
total weight of water and it was bought from the company
Standard Graphene.

2.2 Composition of mixtures and sample
preparation

Cement paste samples were prepared to determine the
microstructure of the mixtures; mortar was prepared
using OPC and OPC-composites with 0.1, 0.2, and 0.3%
GO (BWOC) to determine the mechanical properties. The
compositions of the various mixtures are given in Table 2.
The cement-to-sand ratio was 1:3 in all the mixtures. The
water-to-cement ratio (w/c) in the mortar was 0.5. The
sample was collected for microstructure analysis after
mixing. For the compressive strength and thermal heating
measurements, molds of dimensions 50mm × 50mmwere
prepared. Micro-CT analysis was performed on specimens
of dimensions 30mm × 30mm because the low-energy
X-rays in micro-CT cannot penetrate thicker materials,
whereas the high-energy X-rays cannot provide low-con-
trast information. The microstructure and properties were
investigated using micro-CT. Cylindrical molds were

Table 1: Chemical composition and physical properties of OPC

Chemical composition Physical properties

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Specific area (cm2/g) Density (g/cm3)

OPC 20.8 6.3 3.2 61.2 3.3 2.3 3,300 3.15

Figure 1: SEM particle size images.
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prepared for measuring Young’s modulus. For each age,
the XRD and TG samples were solvent-exchanged with
isopropanol and stored in a vacuum at room tempera-
ture (20 ± 3°C) for 1 day.

2.3 Testing and characterization

2.3.1 XRD

X’Pert PRO MPD X-ray diffractometer with CuKα target
radiation was used to obtain the XRD patterns of the GO
specimens. The specimens were continuously scanned
over the diffraction angle (2θ) range of 5–70° at a scanning
speed of 2°/min, with a step size of 0.002°.

2.3.2 TG and derivative thermogravimetry (DTG)
analysis

TG and DTG analysis are done by different scanning calori-
meter (DSC Q2000) and the features are heating flow =
20 °C/min to 1,050°C and N2 = 100mL/min and heat flow.

2.3.3 SEM/energy-dispersive X-ray spectroscopy

For SEM analysis, the microstructure of the GO-reinforced
cement paste samples were observed using the field emission
scanning electron microscope (Hitachi SU8000, Japan).

2.3.4 Cement paste compressive strength at elevated
temperatures

After 1, 7, 28, and 56 days of curing, the compressive
strengths of the specimens cured at ambient temperature
(20 ± 3°C) were evaluated. To eliminate water from the
test samples for high-temperature tests, the samples were
removed from the control room and oven-dried for 24 h
prior to heating. Following this, the specimens were ther-
mally treated in a furnace at a high temperature for 28
days. The specimens were then heated for 1 h at 1°C/min
to temperatures of 250, 500, 750, and 1,000°C, followed
by cooling at a rate of ∼1°C/min to the room temperature
(20 ± 3°C). To evaluate the compressive strength of the
cement pastes, two cubic specimens were considered for
each temperature.

2.3.5 Micro-CT to analyze cracking

The micro-CT equipment model was NIKON METROLOGY
(XT H 225). The specifications of this equipment were
maximum (max.) potential = 225 kV, X-ray spot size =
3 μm, max. sample dimensions = ∼100mm × 100mm,
and max. sample weight = 15 kg. Micro-CT was used to
evaluate the thermal resistance of the cement pastes.
Micro-CT is a noninvasive and nondestructive method
for investigating the inner structures of the target mate-
rials, including cementitious materials [62,63]. Micro-CT
is generally used to examine specific material aspects
such as pores [64–66] or the presence of hydration pro-
ducts [67,68], while it has been used in some studies to
analyze crack propagation [69–71]. Thus, micro-CT is a
useful technique to investigate the mechanical behavior
of cementitious materials.

2.3.6 Dynamic Young’s modulus measurement
equipment

Figure 3 shows the dynamic Young’s modulus measure-
ment equipment. The equipment specifications are as fol-
lows: power supply: AC 90–240 V (50/60 Hz); frequency
range: 500–25,000 Hz; seven-stage switching; frequency
and data display: five decimal digit precision; transparent
blue liquid-crystal display of dimensions 54:32mm; mea-
surement waveform/analog meter display: a thin-film-tran-
sistor liquid-crystal color display of dimensions 86mm ×
30mm; measurement range: longitudinal vibration, flexural
vibration, and torsional vibration; measurement method:
manual/automatic; vibration terminal: lead zirconate titanate;

Figure 2: Raman spectroscopy image.

Table 2: Mix compositions for the experiments

Type Water (g) Cement (g) Sand (g) GO (wt%)

OPC 225 450 1,350 0
GO-0.1 225 450 1,350 0.1
GO-0.2 225 450 1,350 0.2
GO-0.3 225 450 1,350 0.3
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pickup: high sensitivity, lead zirconate titanate; external term-
inal: Universal Serial Bus connection for a computer with
serial data output; body dimensions: 320mm (width) ×
133mm (height) × 230mm (depth); shaking table dimen-
sions: 410mm (width) × 60mm (height) × 160mm (depth).

3 Results and discussion

3.1 Workability

The mechanical characteristics and durability of har-
dened cement composites were found to improve with
the increasing workability of cement pastes. Flow tests
were conducted to investigate workability by assessing
the flow and consolidation of a fresh cement composite
mix. The results of the flow tests are shown in Figure 4.

Insufficient workability can complicate the compaction of
a fresh cement composite and result in air void entrap-
ment, which degrades the mechanical characteristics
of cement composites [10,72]. Many researchers have
reported that the addition of GO diminishes the work-
ability of the cement composite. Because of its hydro-
philic functional groups and large surface area, GO can
absorb a large amount of water. Consequently, the quan-
tity of water available to lubricate the cement particles
decreases while the friction resistance between the cement
grains increases [22,73–75]. Although a well-dispersed GO
is desirable, with its higher specific surface area, the extra
free water associated with the GO sheets reduces the work-
ability of the cement composite; this is a major drawback
of the GO-reinforced cement composite [21]. Some researchers
have reported that the configuration of GO aggregates
entrapped free water, significantly lowers the workability
of cement composites [76,77]. Furthermore, because van
der Waals forces between the GO sheets attract the cement
grains, the physical interaction between GO and cement
grains contributes to the reduced workability of the fresh
cement composites [59,78].

3.2 Microstructural analysis of GO cement
paste

3.2.1 XRD analysis of experimental samples

The XRD patterns shown in Figure 5 are used to characterize
the crystalline phases to assess the hydration reactions
that are taking place, as well as the degree of hydration.
The XRD patterns of cement composites containing GO and
the reference sample show no difference in crystallinity
between them, indicating that GO addition does not affect

Figure 3: Dynamic Young’s modulus equipment.

Figure 4: Flow test values of all samples.
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Figure 5: XRD patterns of OPC and GO-incorporated cement paste: (a) OPC, (b) GO-0.1, (c) GO-0.2, (d) GO-0.3, and (e) OPC and GO-0.3
specimens 2 theta (7–14°).
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the crystal phases of the cement matrix [79–81]. The XRD
patterns obtained in some studies revealed that with GO
incorporation, the intensities of the peaks for cement com-
ponents (alite and belite) decreased, while those for CH
increased, indicating improved cement hydration in the
presence of GO [82]. The evolution of crystals in compo-
sites is usually characterized by XRD analysis, with the
diffraction peaks ranging from 2θ = 5° to 2θ = 45°. The
evolution of crystals has a direct impact on the micro-
structure and mechanical properties of OPC, GO-0.1,
GO-0.2, and GO-0.3 after 1, 7, 28, and 56 days of curing.
Alite, belite, AFt, monosulfoaluminate, AFm, hemicar-
boaluminate (HC), and monocarboaluminate (MC) were
the major crystalline phases in anhydrous OPC. Calcite
(CaCO3) was also found in the OPC. The increase in
interplanar spacing indicates that oxygenated func-
tional groups are inserted into the carbon atomic layers
following graphite oxidation. The covalent interaction
between oxygen and graphite changes the structure of
the graphene sheets, causing the GO diffraction peaks
to shift.

Peaks corresponding to HC were found in the range of
2θ = 10–12° in all GO-incorporated samples (GO-0.1, GO-
0.2, and GO-0.3) on the first day of hydration, which is
the early stage of hydration, and no peak values were
found in the OPC samples. With aging, HC was gradually
converted to MC, and after 7 days, the MC peak of the
GO-incorporated sample reverted to the HC peak within
the same diffraction angle range (10–12°), indicating an
aspect different from the OPC sample. Even after pro-
longed hydration and in the presence of calcium carbo-
nate, HC was found in the hydrated cement paste, despite
the fact that MC was expected to be thermodynamically
more stable. Previous studies revealed that the conversion
of HC to MC changes with time; in contrast, the HC reflex
values increased in all the samples after 28 days of aging.
There was no difference in the HC and MC reflex values
between the OPC samples and GO-incorporated samples
after 56 days of aging. The incorporation of GO affects the
HC generation and is supposed to hasten the transition to
MC. Furthermore, with aging, the intensity of the AFt peak
(2θ = 15–25°) decreased when compared to that of day 1,
because AFt transforms to monosulfoaluminate and then
returns to the MC or HC phase. However, it is clear that the
addition of GO promotes the formation of MC and HC,
because the OPC samples are also subjected to the same
process as described above during aging. In all the sam-
ples, with the increase of age, the clinker peaks (2θ =
25–35°) of C3S and C2S decreased, while the peaks of
AFt and AFm increased. There was no discernible peak
difference for CH, a general hydration product. Because

of the low contents of the added GO, no peaks corre-
sponding to GO were found in the resulting XRD patterns.
As a result, no significant differences in the diffraction
patterns of different samples were observed, indicating
that their mineralogical compositions were similar. The
increased peak intensities were due to the accelerated
cement hydration caused by the addition of GO.

3.2.2 TG analysis

Figure 6 shows the TG results for samples cured for 1, 7,
28, and 56 days. The weight loss for the GO-incorporated
samples was higher than that of the OPC samples during
28 days of curing, indicating that additional hydration
products resulted when GO was included as the additive.
After 56 days of curing, there was no difference in weight
loss between the OPC and GO-incorporated samples. This
suggests that the inclusion of GO resulted in rapid hydra-
tion based on the initial nucleation, while the number of
hydration products for the OPC and GO mixture was
similar during long-term aging. The DTG curves of all
the samples (Figure 6) showed weight losses below 200°C
due to the evaporation of free and physically bound water
and dehydration of C–S–H and AFt. The dehydration of the
carbonated AFm phases, such as MC and HC, occurred at
temperatures of ∼150°C. The weight loss at temperatures
∼360°C was attributed to siliceous hydrogarnet dehydration
[83]. The peaks centered at 420 and 740°C were associated
with portlandite dehydroxylation and calcite carbonation,
respectively.

In TG analysis, the peaks of AFt and AFm generated
at the early stage of hydration were observed to identify
the accelerated cement hydration caused by the addition
of GO. As in the XRD analysis, the peaks of the GO-incor-
porated sample were higher than those of the OPC sample
on the first day of aging, which is the initial period of
hydration. The disparity increased with aging. Furthermore,
the carbonate peaks of GO-incorporated samples after 1 and 7
days were less intense than those of the OPC sample, indi-
cating that monosulfoaluminate transformed into HC or MC

with the inclusion of GO. This aligns with the result of the
XRD analysis. Furthermore, in the cases of aging for 28 and
56 days, the differences in the values for all the samples are
insignificant, which is thought to be due to the production of
larger amounts of hydration products in the initial stage of
hydration in the GO mix compared with OPC, while during
long-term aging, the amounts of hydration products are
similar in both. The quasi-water and CH contents of the
cement pastes decided by the TG curves were used to eval-
uate the degree of cement hydration. Three prominent mass
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Figure 6: TG results for the samples.
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failures can be identified in the temperature ranges of
120–150, 400–500, and 600–800°C, corresponding to the
decomposition of C–S–H and AFt, CH, and CaCO3, respec-
tively, due to the unexpected carbonation [84–87].

3.3 Cement paste compressive strength
before and after heating

Figure 7 depicts the compressive strength of cement
pastes after 1, 7, 28, and 56 days of curing in atmospheric
temperature (∼20 ± 3°C). The incorporation of GO (0.1,
0.2, 0.3 wt%) had a noticeable impact on the mechanical
properties of the cement paste. After 28 days, the spe-
cimen with ultimate compressive strength of 54.94 MPa
was attained with the GO-0.1 paste. The compressive
strength increased by 2.14, 24.58, and 17.24% for GO-
0.1, GO-0.2, and GO-0.3, respectively, compared with
that of OPC after 1 day. The compressive strengths of
GO-0.1, GO-0.2, and GO-0.3 increased by 9.98, 19.34,
and 18.12%, respectively, compared with that of the
OPC sample after 7 days. After 28 days, the compressive
strengths of GO-0.1, GO-0.2, and GO-0.3 increased by
6.78, 5.18, and 0.72%, respectively, compared with that of
OPC. The significant increase in the compressive strength of
the GO-reinforced cement composite can be attributed to
porosity reduction (resulting in a compact microstructure)

and GO’s potential to bridge microcracks. The compressive
strength of the GO blended specimens enhanced within the
range reported in the literature. Devi et al. [88] discovered
that integrating GO enhanced the compressive strength by
21–55%. Other studies have reported compressive strength
enhancements ranging from 10 to 60%, depending on
whether paste, mortar, or concrete is evaluated [89,90].
Furthermore, the compressive strength of the GO-0.1, GO-
0.2, and GO-0.3 specimens after 56 days was higher by 2.33,
1.37, and 1.92%, respectively, comparedwith that of the OPC
specimen. The effect of graphene on mechanical properties
of the cement composite is highly dependent on the type
and amount of graphene, and the extent of graphene dis-
persion in the cement matrix [91]. Here, it is observed that
the inclusion of GO resulted in a minor increase in the
compressive strength of the cement composite. The functio-
nalization of the GO surface increases the cohesion between
the GO nanosheets and the cement matrix’s C–S–H, which
enhances stress percolation and thus the mechanical per-
formance of the samples [92]. This demonstrates that for
GO-0.1, GO-0.2, and GO-0.3, GO was effectively dispersed
in the cement matrix, resulting in higher strength. Despite
the inclusion of an adequate amount of GO, GO clustering
can weaken the bonding between GO and cement matrix
and limit the enhancement of compressive strength with GO
addition.

Figure 9 shows the results of calculating the relative
remnant of compressive strength to successfully assess

Figure 7: Compressive strengths of all samples.
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the influence of temperature on the performance of cement
pastes. These values were measured as the percentage
increase/decrease in cement paste’s compressive strength
over time compared to the compressive strength of the
unheated specimen (20 ± 3°C). The compressive strength
of the 28-day GO-0.1 specimen was enhanced by 13.91%
after exposure to 250°C; in contrast, the corresponding
values of GO-0.2 and GO-0.3 were reduced by 5.57 and
7.44%, respectively, as shown in Figure 8. The strength
of plain cement paste (OPC) deteriorated the least. Never-
theless, for the unheated samples, compared with the
OPC specimens, the GO samples exhibited a significant
improvement in compressive strength (13.91% enhance-
ment for GO-0.1). GO-0.1 had the highest compressive
strength (54.94 MPa) among all the specimens under
unheated conditions. Furthermore, after exposure to ele-
vated temperatures, GO-0.1 demonstrated excellent com-
pressive strength. At elevated temperatures, the strength
enhances due to additional hydration of anhydrous cement
grains (as a result of an internal autoclaving reaction);
furthermore, the additional hydration products fill the pores
enhancing the compressive strength [46,93]. It is reasonable
to conclude that the incorporation of 0.1 wt% of GO contri-
butes to microstructure densification and compaction and
that the creation of a less permeable microstructure allows
for an increase in the effects of the autoclaving reaction.
This impact is prominent when adequate amount of GO

has been used. After exposure to 500°C, the compressive
strength remained nearly identical to those after exposure
to 250°C; however, the compressive strengths of GO-0.1,
GO-0.2, and GO-0.3 were increased by 12.4, 1.62, and
0.51%, respectively, compared with that of OPC. A tem-
perature of 500°C is generally considered harmful for
cementitious composites due to the decomposition of
C–S–H gel and CH, resulting in noticeable cracking in
the specimens. However, when the specimens are not
exposed to moisture for an extended period, this effect
does not seem to be critical for their strength (re-hydra-
tion of lime to CH is limited) [94]; Heikal [95] and Kang
et al. [96] reported significant enhancements in the com-
pressive strength of cement paste after exposure to 400
and 450°C. Identical findings in the case of concrete
have been reported by Hachemi and Ounis [97]. As a
result of self-autoclaving, the anhydrous cement parti-
cles were further hydrated when exposed to 400°C [95].
Compared with OPC, the enhancement in strength was
observed only in GO-1 after exposure to 500°C, and
drastic reductions in strength was observed for GO.02
(10.26%) and GO-0.3 (8.68%) specimens at 750°C. For
GO-0.1, the mentioned enhancement in strength is due
to the improved bonding between cement matrices and
GO nanosheets. In addition, the GO calcination resulted
after 450°C, whereas the samples were shielded from
calcination due to the presence of GO. These findings

Figure 8: Compressive strengths of all samples after thermal exposure.
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are consistent with the TG analysis (Section 3.2.2), which
discovered that the presence of GO delayed thermal decom-
position from 450 to 600°C. When the cement pastes were
exposed to 600°C, their strength decreased significantly,
with the samples retaining 80–92% of their initial strength.
When the cement pastes were heated to 1,000°C, their
strength decreased noticeably, with samples retaining 40–60%
of their initial strength. After 500°C,with the total decomposition
of C–S–H gel, the mechanical properties of the cement-based

composites deteriorated, accompanied by a significant
increase in disruptive cracks in the samples. The difference
in the strength between unmodified and modified cement
pastes also reduced. This observation is valid, because GO
would burn after exposure to 600°C, as demonstrated by
the TG results in Section 3.2.2. Furthermore, the ability to
improve the compressive strength of samples at elevated
temperatures decreased as the content of nanomaterials
increased. After exposure at 500°C, a drastic reduction in

Figure 9: Micro-CT analysis before and after thermal exposure: (a) OPC, (b) GO-0.1, (c) GO-0.2, (d) GO-0.3, and (e) porous void volumes by
voids diameter sizes.
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the strengths of GO-0.2 and GO-0.3 specimens was observed.
As a result, 0.1 wt% of GO was the optimum GO content for
refining the microstructure after 28 days of curing; a higher
GO content diminished the effect. Some studies used micro-
CT to examine the microstructure of cement pastes after
certain test temperatures to understand this phenomenon.

3.4 Micro-CT analysis and visual
examination

Figure 9 and Table 3 demonstrate the micro-CT visuals of
the specimens after heating to 20 ± 3, 250, and 750°C
(above the ambient temperature). Micro-CT images were
also used for qualitative and quantitative data for mate-
rial volume and defected volume investigations. For the
micro-CT evaluation, pores larger than 10 µm (the pixel
size of the CT images) were considered. These pore sizes
were considered to determine the defected volume and
total material volume (Vc). The material volume refers to
the volume of hydration product and aggregate volume
that remains after heating the specimens, while defected
volume refers to the volume of dehydration and dehy-
droxylation products that escape after the specimens
are heated. Figure 9 demonstrates the variation in the
number of deficiencies in the specimens with increasing
temperature. In all the specimens, after exposure to 250°C,
a subtle coarsening of the porous structure resulted in
comparison with the unheated specimens. Changes in
the microstructure of cement paste at this temperature
are primarily associated with the release of water and
initiation of the process of decomposition of hydration
products [41,97]. This coarsens the pore structure as
reported previously [94]. The porosity variations at this
temperature are subtle, as observed in our study. None-
theless, there was a discernible difference between the
OPC specimen and GO-0.1, GO-0.2, and GO-0.3 specimens.

Cracks were discovered in plain OPC specimens, but no
visible cracks were found in the GO-0.1, GO-0.2, and GO-
0.3 specimens with coarsened pores. The total material
volume (Vc) of sample OPC at 0°C was 23180.52mm3,
while the GO-0.1, GO-0.2, and GO-0.3 specimens’ total
volumes were 23995.16, 24700.54, and 25004.97 mm3,
respectively. Moreover, the defect volumes were 273.56,
189.13, 118.05, and 241.13mm3 for the OPC, GO-0.1, GO-
0.2, and GO-0.3 specimens, respectively. Here, GO con-
tained higher amounts of hydration products than OPC
and the retainment of CH was also high. Additionally,
the volume change ratio at 20 ± 3°C was expressed in
percent for OPC, GO-0.1, GO-0.2, GO-0.3, respectively.

The microstructure of cement pastes deteriorated
noticeably when exposed to 250°C. All specimens had
discernible cracking patterns after being exposed to 250°C.
These cracks and volume changes are primarily caused by
C–S–H dehydration. The OPC specimen’s volume change
ratio was 1.13%, which was determined using the material
volume (23018.18mm3) and defected volume (260.14mm3).
However, the GO-0.1 specimen had 1.35% volume change
ratio (material volume of 24348.31mm3 and defected volume
of 329.4mm3). GO-0.1 had the least cracking followed by GO-
0.2 and GO-0.3 (volume change ratios of 0.872 and 0.63%,
respectively). Figure 9 verifies that using GO reduces cement
paste cracking at this temperature. When the amount of GO
in the specimens was increased, however, the opposite
behaviors were observed. In Figure 9, the GO-0.2 and GO-
0.3 specimens had larger and more cracks than the GO-0.1
specimens. In both specimens (GO-0.2 and GO-0.3), the
volume change ratios were 0.872 and 0.63% at 250°C,
respectively; this was smaller than the corresponding GO-
0.1 value (1.35%). This means that the material volume of
GO-0.2 and GO-0.3 is less stable than that of GO-0.1. The use
of the appropriate amount of GO possibly made the C–S–H
bond stronger leading to this effect. As shown in Figure 12,
after exposure to 750°C, both the mechanical characteris-
tics of specimens and the microstructure of cementitious

Table 3: Micro-CT data for material volume

Data 20 ± 3°C 250°C 750°C

OPC Material volume (mm³) 23180.52 23018.18 20263.54
Defected volume (mm³) 273.56 260.14 145.98

GO-0.1 Material volume (mm³) 23995.16 24348.31 21957.21
Defected volume (mm³) 189.13 329.4 288.28

GO-0.2 Material volume (mm³) 24700.54 24546.14 22244.33
Defected volume (mm³) 118.05 213.93 165.57

GO-0.3 Material volume (mm³) 25004.97 24465.54 22508.38
Defected volume (mm³) 241.13 147.6 208.74
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materials underwent degradation. Exposure to temperatures
above 450°C resulted in the increased dissolution of the
C–S–H phase and also the initiation of CH decomposition
(400–550°C) [98,99]. Themicro-CT study revealed that these
phenomena contributed to a significant increase in cement

matrix porosity along with micro-cracking. The total mate-
rial volume of the OPC specimen was 20263.54mm3 at expo-
sure to 750°C. The incorporation of 0.1, 0.2, and 0.3wt%
of GO resulted in a significant reduction in the cracking
process. Here, the cracking is visible in Figure 9, and the
changes in material volume when the cracks formed in the
specimens are also mentioned. Furthermore, for GO-0.1,
the single microcracks were wider and longer. In contrast,
the specimens containing 0.2 and 0.3wt% of GO were more
prone to cracking than the OPC specimen or the specimens
containing the optimal amount of GO (GO-0.1). The total
material volume increased significantly for GO-0.1, GO-0.2,
and GO-0.3. These findings are consistent with the compres-
sive strength results presented in the previous section.

According to optical microscopy analysis, the favor-
able effects of GO incorporation, identified by micro-CT,
can also be characterized on the macro-scale. However,
onlyminor imperfections were ascertained in the specimens
due to the limited changes in the microstructure after expo-
sure to 250°C. As a result, the visual inspection included
only the samples exposed to temperatures of 250 and 750°C.
The highest deterioration rate was observed for the OPC

Figure 10: Dynamic elastic modulus relative (%) at different
temperatures.

Figure 11: XRD patterns after thermal exposure.
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specimen after exposure to 750°C, with GO-0.1, GO-0.2,
and GO-0.3 exhibiting a comparable number of surface
cracks. Furthermore, after exposure to 750°C, both the
mechanical characteristics of specimens and the micro-
structure of cementitious materials underwent degrada-
tion. A visual inspection confirmed the findings of the
micro-CT analysis.

Cluster formation results when the quantity of GO
surpasses the optimum amount, leading to an increase
in cement matrix porosity and a consequent reduction in
strength. The effect was not pronounced in specimens
containing 0.2 wt% of GO; however, the incorporation
of 0.3 wt% of GO resulted in strength and microstructure
degradation as the temperature increased.

As a result, incorporating the optimum amount of
GO is critical for providing adequate thermal tolerance.
Microstructural and mechanical effectiveness of the speci-
mens can be expected to improve when appropriate amount
of GO is incorporated. GO facilitates better mechanical char-
acteristics in the cement composites due to its enhanced

binding capacity with cement matrices and nanoparticles
and its higher thermal resistance, which leads to a higher
strength in the unheated state and during exposure to tem-
peratures of up to 750°C (compared with that of OPC).

3.5 Dynamic modulus of elasticity

Table 4 summarizes the elastic modulus from the dynamic
modulus of elasticity measurement by the resonance
vibration equipment. In general, the stiffness and volume
of the components have a significant influence on the
elastic modulus of composites. Given that the GO weight
fraction in cement paste is only 0.05%, it is not surprising
that the elastic modulus of the GO cement composite is
close to that of the cement paste. A minor increase in the
elastic modulus (from 3.48 to 3.70 GPa) could be attributed
to a reduction in the number of original shrinkage cracks
due to the effect of GO. Here, the dynamic modulus of
elasticity range is 22.08–34.19 GPa based on the considered

Figure 12: SEM and energy dispersive spectroscopy (EDS) of G0-0.1 and 0.2 at 28 days: (a) SEM GO-0.1, (b) SEM GO-0.2, (c) EDS GO-0.1, and
(d) EDS GO-0.2.
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exposure temperature values (250, 500, 750, and 1,000°C).
Decarbonation in GO-0.2 at ∼700°C could have caused the
decrease in the dynamic modulus of elasticity of the GO-0.2
specimen at 750°C. The dynamic modulus of elasticity of
the specimens at different temperatures is compared in
Figure 10. A higher dynamic elastic modulus relative (%)
suggests that the concrete canwithstand higher loads based
on its strength and brittleness properties.

3.6 XRD analysis after thermal exposure

After heating, all experimental samples were stored in a
dry state for more than 7 days before performing the XRD
experiments. The C3S peak in the G-0.1 sample decreased
when the temperature reached 250°C indicating that the
hydration continued. The same effect was responsible for
the compressive strength enhancement. There was no
significant difference in the crystal plane peaks of hydra-
tion products of the OPC sample and the G-0.3 sample at
0 and 250°C, and the C3S clinker peak of the G-0.1 sample
was reduced. This indicated the progression of clinker
hydration, possibly leading to an increase in the com-
pressive strength. Furthermore, after heating to 750°C,
the crystal plane peak disappeared in all the samples
due to portlandite dehydration, and the crystal plane peak
of calcium silicate produced by the decomposition of C–S–H
gel was increased. After 7 days of temperature rise, all speci-
mens were stored in dry condition, and the XRD experiment
was performed to recover calcite from the initial temperature
product. In comparison with OPC, the GO-incorporated
sample had a lower peak of calcite crystal plane; this had
an impact on the recovery process (Figure 11).

3.7 SEM and EDS

Scanning electron microscopy (SEM) imaging was used to
investigate the behavior of GO 0.1 and 0.2% on the

cement hydration crystal. The microstructures of the
hydrated cement mixed with GO (0.1 and 0.2%) at 28
days are represented in the SEM and EDS results as
shown in Figure 12. The SEM image of the microstructure
of cement paste after 28 days demonstrates that the GO
content had a dominant effect on the intensity of flower-
shaped needle-like crystal-like structures. The products
of cement hydration have a flower-shaped 5 content of 0.1
and 0.2% by weight of cement. During the 28-day curing
period, the flower-shaped needle-like crystalline form
becomes thinner and denser as the GO content increases
from 0.1 to 0.2%. The CaCO3 crystal distribution in
hydrated cement composites would be identified by
inspecting the CaCO3 crystal in the entire SEM using
EDS.

4 Conclusion

An extensive experimental investigation was performed
to characterize the mechanical properties of cement com-
posites to investigate the mechanism of GO in improving
the properties of cement composites and the microstruc-
ture of GO cement composites. Based on the results
obtained in this study, the following conclusions were
derived:
1) For a constant w/c ratio, the compressive strength of

cement pastes with 0.1, 0.2, and 0.3wt% of GO was
higher than that of the OPC paste. The porosity was
analyzed to understand the effect of nanoscale micro-
cracking on the mechanical properties. Among all the
samples tested after 28 and 56 days of curing, GO-0.1
was optimal for compressive strength enhancement.

2) Thermal exposure resulted in additional hydration of
anhydrous cement grains; this increased the compres-
sive strength of the GO-0.1 sample at 250°C compared
with the unheated sample. However, after exposure to
temperatures above 500°C, the compressive strengths
of GO-0.2 and GO-0.3 samples deteriorated compared
with that of the OPC sample, while the compressive
strength of the GO-0.1 sample was higher than that of
the OPC sample. This resulted from the chemical com-
positional effect.

3) The incorporation of the optimal amount of GO resulted
in the reduction of cracking of specimens under the
tested temperatures of up to 500°C. However, the
excessive agglomeration of GO nanosheets reduced
the thermal resistance of cement paste resulting in
lower strength values and increased micro-cracking.

Table 4: Dynamic modulus of elasticity of the specimens

Type Dynamic modulus of elasticity based on
temperature (GPa)

250°C 500°C 750°C 1,000°C

OPC 26.06 31.51 33.89 32.47
GO-0.1 27.57 30.39 32.75 28.62
GO-0.2 24.29 34.19 23.93 32.32
GO-0.3 22.08 23.11 23.82 33.68
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4) The measured dynamic modulus of elasticity and XRD
analysis after thermal exposure demonstrates the
enhancement in mechanical characteristics of the
GO cement composite. The results of the study can
be used to arrive at the optimum content of GO for
the desired mechanical characteristics of the cement
nanocomposites.

Investigations with GO revealed that it has good rein-
forcing and microstructural properties due to its active
functional groups, as well as a much higher specific sur-
face area than 0-D nanoparticles. At the molecular level,
GO has been shown to influence cement hydration prop-
erties. The direct mixing of GO in cement improves the
mechanical properties of the resulting composites due to
changes in pore size distribution, the formation of gel
materials in the pores, and the resulting ability to effec-
tively inhibit ion ingress. The nano-reinforcing and water-
dispersion properties of GO could be investigated further
in order to develop self-healing concrete and other self-
repairing materials. When compared to cement and other
cement supplementary nanomaterials, the production of
GO is highly environmentally friendly. As a result, an in-
depth life-cycle cost assessment and carbon footprint ana-
lysis of GO–cement-based composite systems should be
performed. Advances in GO production and GO–cement
composite materials may increase construction efficiency,
while reducing the overall carbon into the environment.
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