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ABSTRACT
This study investigates the potential of adding 0.03% graphene oxide (GO) nanoparticles into cementitious composites, assessing 
their mechanical performance and resistance to carbonation. The results indicate a 26% increase in compressive strength, from 
23.92 to 32.42 MPa, with tensile strength increasing by an average of 1.14 MPa. Furthermore, the composite exhibits 14% lower 
capillary water absorption, enhancing resistance to moisture ingress. In terms of carbonation resistance, the addition of GO reduces 
the carbonation front by approximately 46% compared to the reference samples. Service life estimations suggest that, under 
equivalent exposure conditions, a structure incorporating GO would experience a degradation equivalent to five years, whereas a 
conventional structure would degrade over 20 years. These findings highlight the effectiveness of GO nanoparticles in enhancing 
both the mechanical properties and durability of cementitious materials.
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RESUMEN
Este estudio investiga el potencial de incluir una concentración de 0.03 % de nanopartículas de óxido de grafeno (GO) en compuestos 
cementosos, evaluando su rendimiento mecánico y resistencia a la carbonatación. Los resultados indican un aumento del 26 % 
en la resistencia a la compresión, pasando de 23.92 a 32.42 MPa, con un aumento promedio de 1.14 MPa en la resistencia a la 
tracción. Además, el compuesto mostró una absorción de agua capilar un 14 % menor, mejorando la resistencia a la penetración de 
humedad. En términos de resistencia a la carbonatación, la adición de GO redujo el frente de carbonatación en aproximadamente 
un 46 % en comparación con las muestras de referencia. Las estimaciones de vida útil sugieren que, bajo condiciones de exposición 
equivalentes, una estructura que incorpore GO experimentaría una degradación equivalente a cinco años, mientras que una 
estructura convencional se degradaría en más de 20 años. Estos resultados destacan la efectividad de las nanopartículas de GO para 
mejorar tanto las propiedades mecánicas como la durabilidad de los materiales cementosos.
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Introduction

The field of civil construction is one of the most dynamic 
sectors in Brazil’s economy, playing a fundamental role 
in providing services and materials for the industry [1]. 
However, despite its positive contributions, this sector also 
has a significant environmental impact. [2] state that the 
construction industry consumes over 30% of the natural 
resources, and that 75% of the waste it generates is neither 
recycled nor reused. In light of these challenges, there 
has been increasing interest from both the industry and 
government entities in developing construction materials 
with higher durability and better performance to minimize 
their environmental footprint [3]–[5]. Among the strategies 
for sustainable development, recent studies have investigated 
alternative binders, e.g., partially replacing cement with 
gypsum [6], as well as supplementary cementitious materials 
like slag cement and rice husk ash to reduce the demand 
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for Portland cement [7]. Additionally, the incorporation 
of recycled concrete aggregate (RCA) in precast concrete 
has been highlighted as a potential approach to enhancing 
sustainability in the construction sector [8].

Nanotechnology, introduced as a scientific concept by Norio 
Taniguchi in 1974, has brought significant advancements 
across multiple fields, including civil engineering [9]. 
A simplified definition of nanotechnology involves the 
exploration of systems at the nanoscale, down to atomic 
precision, enabling the creation of materials with tailored 
structures that exhibit unique properties [10]. Over time, 
the integration of nanotechnology in civil engineering has 
proven beneficial for enhancing material performance, 
particularly in improving mechanical strength and durability 
while reducing the exploitation of natural resources [11].
Among the innovative materials being explored, shape 
memory alloy fibers such as Ni-Ti have demonstrated the 
ability to enhance crack recovery in engineered cementitious 
composites, improving mechanical performance and 
extending service life [12]. Furthermore, the optimization of 
cementitious systems with alumina-rich materials has been 
investigated to improve workability, hydration kinetics, and 
early-age mechanical performance [13]. Concrete durability 
is a crucial factor in ensuring that structures perform as 
intended throughout their service life. The reduction in 
durability can be attributed to both external environmental 
factors and intrinsic material deficiencies [14]. Additionally, 
permeability plays a critical role in determining the extent 
to which fluids and gases can penetrate concrete, leading to 
material degradation over time [15].

In response to these challenges, research has focused on 
applying nanomaterials to concrete and mortar in order to 
enhance their durability, with carbon-based nanomaterials 
emerging as promising additives [16]. Among these, 
graphene oxide (GO) has gained considerable attention 
in civil engineering, given its high specific surface area, 
excellent dispersion in water [17], [18], and superior 
mechanical properties, including its high tensile strength and 
elastic modulus [19]. Some studies have also indicated that 
GO may improve the resistance of cementitious materials 
to aggressive agents, although further research is needed to 
fully understand these effects. 

In this vein, this study investigates the effects of GO 
nanoparticles on cementitious composites. To this effect, 
the synthesis of GO nanoparticles is detailed in the 
supplementary material. Therefore, the research focuses on 
three main objectives: (i) to assess GO’s enhancement of 
tensile and compressive strength; (ii) to evaluate its reduction 
in capillary absorption; and (iii) to examine the improved 
resistance to carbonation attack that it provides. Based on the 
existing literature, it is hypothesized that the incorporation of 
GO leads to improved mechanical properties and increased 
durability of cementitious composites, making them more 
resistant to environmental factors such as moisture ingress 
and carbonation. 

The document is organized as follows. The next section 
outlines the materials and methods used to prepare the 
cementitious composites and conducting the experiments. 
Subsequently, the results of the mechanical tests, 
permeability assessments, and carbonation resistance 
studies are presented, and the final section discusses the 
conclusions of this study, which demonstrate the significant 
improvements in the mechanical performance and durability 
of cementitious composites through the incorporation of 
GO nanoparticles at a 0.03% concentration.

Materials and methods

This section characterizes the fine aggregate (sand) and 
Portland CPV-ARI cement used in this research. The fine 
aggregate was characterized according to [20]. For the 
chemical and physical characterization of the cement, a 
literature review was conducted to obtain the necessary 
data. The physical characterization tests for CPV-ARI cement 
included unit mass, specific gravity, specific surface area 
(Blaine), particle size distribution, and loss on ignition. To 
quantitatively analyze the cement’s chemical composition, 
X-ray fluorescence spectroscopy (FRX) was employed. The 
physical characterization tests were conducted following 
established standards, and the results are presented in 
Tables I and II. The loss on ignition value, expressed as a 
mass percentage, complies with the provisions of [21], as it 
remains below the 6.5% limit [22].

Table I. Physical characterization, particle distribution, and loss on 
ignition of CPV-ARI cement

Quantity CPV-ARI cement

Unit mass (kg/dm³) 1.00
Specific gravity (kg/dm³) 3.17
Specific surface area (m²/g)
(electronic Blaine) 0.452

Particle distribution D10 μm 0.94
Particle distribution D50 μm 5.9
Particle distribution D90 μm 29.15
Loss ignition % (LI) 6.37

Source: Authors

Table II. Properties of the reduced graphene oxide (GO) used

Quantity Graphene oxide (GO)

pH 2.0-5.0
Tap density (g/cm³) <0.1

Specific surface
area (m²/g) 180-280

H2O <4.0
Particle size D50 μm <10.0
C (wt%) 73 ± 5
O (wt%) 15 ± 3
S (wt%) <0.4

Source: Authors
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Nevertheless, the results presented in Table III confirm that 
the Portland cement complies with the percentage limits 
for magnesium oxide (MgO≤6.5%) and sulfur trioxide 
(SO3≤4.5%) established by [21].

Table III. Chemical composition, expressed as a percentage, as obtained 
via X-ray fluorescence (FRX)

Quantity CPV ARI Cement
SiO2 19.40
Al2O3 3.80
CaO 60.64
Fe2O3 2.23
TiO2 0.19
MgO 5.19
K2O 0.90
SO3 4.23
Na2O 0.45
P2O5 0.21
MnO 0.05
Other oxides 0.03

Source: Authors

A sand granulometry analysis was conducted, as it is a 
crucial indicator of the aggregate’s physical and chemical 
properties, influencing both compaction and resistance to 
mechanical stresses [20]. The sand used in this study was 
oven-dried at 105 ± 5 °C and divided into two 500 g samples, 
as specified in [20]. Two tests (A and B) were performed. A 
set of standard sieves (4.8, 2.38, 1.19, 0.59, 0.3, and 0.15 
mm) was used to carry out the analysis. The sieve set was 
subjected to agitation for 10 minutes in a mechanical sieving 
machine, as shown in Fig. S1 (supplementary material), 
which allowed determining the maximum characteristic 
dimension and the sand fineness modulus. According to 
[20], these correspond, respectively, to (i) the particle 
size at which the accumulated retained percentage of the 
aggregate is equal to or less than 5%, and (ii) the sum of 
the accumulated retained percentages in the standard 
sieves, divided by 100. We observed that the variation 
limit of ± 4% in the retained percentage between tests A 
and B was respected, as established by [20]. Furthermore, 
the maximum characteristic dimension (MD) and the sand 
fineness modulus (FM) were found to be 4.75 and 2.00 mm, 
respectively. The granulometric composition of the sand 
used in this research is presented in Fig. S2 (supplementary 
material) and Table IV.

GO is primarily synthesized through the oxidation of graphite, 
with the modified Hummers method being the most widely 
used approach [23], [24].  Initially, the Hummers method 
employed high proportions of reactive substances. Over 
time, modifications to this process were introduced, leading 
to what is now referred to as the modified Hummers method 
[25]. This approach involves the oxidation of graphite using 
potassium permanganate and sodium nitrate in the presence 
of concentrated sulfuric acid [23], [26]. According to [27], 

[28], this is the most stable and reliable technique for 
producing two-dimensional GO sheets. It also offers two 
key advantages: the ability to produce large quantities of GO 
and the relatively low cost of equipment and reagents [29].

Table IV. Granulometric composition of the sand

Sieve

(mm)

Retained mass (g) Retained (%) Variation Mean Accumulated

Test A Test B Test A Test B (± 4%) (%) (%)

4.75 3.31 2.72 0.7 0.5 0.2 0.6 0.6

2.38 22.66 21.76 4.5 4.4 0.2 4.4 5.1

1.19 45.09 44.04 9.0 8.8 0.2 8.9 14.0

0.59 97.40 94.06 19.5 18.8 0.7 19.2 33.1

0.3 149.09 144.30 29.9 28.9 1.0 29.4 62.5

0.15 111.80 112.54 22.4 22.5 0.1 22.5 85.0

Pan 70.07 80.04 14.0 16.0 2.0 15.0 100.0

Total 499.42 499.46

Source: Authors

In this study, GO nanoparticles were synthesized using the 
modified Hummers method, as illustrated in Figs. S3a to 
S3f (supplementary material) [30]. The process began with 
the dispersion of 1 g of graphite in a solution of NaNO3 
and H2SO4, followed by continuous stirring for one hour. 
Subsequently, 3 g of KMnO4 were gradually added at a rate 
of 1 g every 15 minutes while maintaining the solution in 
an ice bath to prevent the temperature from exceeding 20 
°C, thereby mitigating the risk of overheating and potential 
explosions. The mixture was then vigorously stirred before 
the slow addition of 100 mL of heated distilled water to dilute 
the solution. Afterwards, 3 mL of a 30% H2O2 solution were 
introduced to ensure the complete reaction of the KMnO4, 
and the mixture was left to settle. Finally, the suspension 
was washed with HCl and deionized water, followed by 
filtration and drying to obtain the final GO product [26]. 

For mortar preparation, 0.1872 g of GO were manually pre-
diluted, followed by dispersion using an electromagnetic 
stirrer for one minute to ensure a uniform distribution before 
application. The execution of this process, as illustrated in 
Fig. S4 (supplementary material), follows the procedure 
described by [28], which has been recognized as an effective 
method for achieving homogeneous nanoparticle dispersion.

For the preparation of test specimens, samples were 
produced with and without the addition of GO nanoparticles. 
These were designated as GO 0.03% and reference samples, 
respectively, for subsequent analysis and performance 
comparison. The specimens were molded while following 
the guidelines of [31], with a mix proportion of 1:3:0.48 
(cement:sand:water) by mass. This corresponds to 624 g of 
cement, 1872 g of sand, and 300 mL of water, resulting in 
a water-to-cement ratio (w/c) of 0.48. If needed, the water/
cement ratio can be determined by measuring the concrete’s 
dielectric constant [32], [33].
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The quantity of GO nanoparticles used in each test specimen 
was 0.03% (0.1872 g) by weight of cement. To facilitate the 
incorporation of GO into the mortar, a portion of the mix 
water was removed and used for diluting the GO, which 
was agitated for a few minutes. The diluted GO was then 
combined with the remaining water, followed by the addition 
of cement. The mixing procedures were carried out using a 
mechanical mortar mixer, as specified in [31]. The mortar 
was prepared in four layers of approximately equal height, 
with manual compaction achieved by applying 30 blows per 
layer using a tamper after applying a release agent to the 
molds. After molding, the test specimens were left in the 
molds for 24 hours. A total of 12 cylindrical test specimens 
were produced, each measuring 5 x 10 cm, six with GO and 
six without, as shown in Fig. S5 (supplementary material). 
Flowchart 1 shows the steps of this research.

Flowchart 1. Research stages and development
Source: Authors

Compressive test
After a wet curing period of 28 days, six cylindrical test 
specimens (three with the addition of GO nanoparticles 
and three without) were subjected to an axial compression 
test according to [34]. Before testing, the top surface of the 
specimens was smoothed using a machine called a rectifier. 
The purpose of the rectifier is to create a smooth and 
even surface, ensuring that the load applied by the testing 
machine is distributed uniformly across the material.

Capillary water absorption test
The capillary water absorption test was conducted in 
accordance with the procedures established by [35]. Water 
absorption tests were performed on samples both with and 
without GO in their matrix to analyze potential differences 
in water absorption capacity between the groups. After 
28 days of wet curing, the masses of the test specimens 
were measured, and they were then placed in an oven at 
a temperature of 105 ± 5 °C until a constant mass was 
achieved. Once the steady state had been reached, the dry 
mass (md) of each specimen was determined.

In the second step, the test specimens were positioned on 
a support and submerged in a container of water, with the 
water level maintained at 5 ± 1 mm above their lower face. 
The saturated mass (ms) of each specimen was recorded at 
specific time intervals following initial water contact (3, 6, 
14, 48, and 72 h).

Tensile strength and accelerated carbonation 
resistance tests
Tensile strength tests were conducted using the Brazilian 
method, adhering to all the conditions outlined in [36]. 
During the diametral compression test for tensile strength, 
the load required to induce failure in the test specimen was 
evaluated based on the force applied in the direction of the 
diameter.

For the accelerated carbonation resistance test, six test 
specimens without additions (reference samples) and six 
specimens with GO were prepared. The samples were 
placed in an oven until a constant mass was achieved and 
then transferred to a carbonation chamber. The chamber 
used in this research was a CARON refrigerated CO2 
incubator featuring digital automatic temperature control 
within ± 1 °C, relative humidity control within ± 2%, and 
regulated CO2 levels.

At predetermined analysis intervals, 30 days after the 
specimens were placed in the carbonation chamber, each 
specimen was fractured into three parts. At each evaluation, 
the carbonation front was verified in slices measuring 
approximately 3.3 cm of the test specimen. An EMIC press 
with a maximum capacity of 100 kN was used for specimen 
rupture, as shown in Fig. 1.

a

b
Figure 1. a) Carbonation tests with reference samples and samples with 
GO in the first 30 days, b) carbonation test specimens after 90 days
Source: Authors
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durability of cementitious composites [42]. Fig. 3 presents 
the comparative results regarding the average water 
absorption by capillary, expressed as a percentage, for 
the reference mortar vs. the one with GO addition in each 
weighing time established by the standard.

Figure 3. Comparison of results regarding the average water absorption 
by capillary
Source: Authors

Fig. 3 shows that the test specimens with the addition 
of GO exhibited superior performance, characterized by 
lower capillary absorption compared to the reference 
samples. In all measurements, the reference samples 
absorbed more water than those with GO. When 
analyzing the average absorption for both mortar types, it 
became evident that, at the final measurement time, the 
reference samples had a final absorption rate 14% higher 
than that of the samples containing GO. This behavior 
may be related to the hydrophobicity of GO, which stems 
from the presence of oxygenated functional groups on 
its surface [43]. The hydrophobicity of GO can ensure 
lower water absorption in samples with nanoparticles, 
which occasionally ensures superior performance during 
capillary absorption testing. The easy dispersion of 
GO in water, due to its oxygenated functional groups, 
facilitates its incorporation into the cement matrix [16]. 
Despite this, nanoparticle agglomeration remains a 
challenge, as van der Waals forces can lead to clustering 
[44]. However, in this study, it was observed that GO, 
due to its hydrophobicity, was able to reduce water 
absorption. [45] demonstrated that the incorporation of 
colloidal nanosilica (CNS) into concrete can reduce its 
water absorption. This effect is attributed to enhanced 
pore filling and the pozzolanic reaction facilitated by 
nanosilica. Furthermore, the presence of CNS improved 
cement hydration and produced a greater quantity of CSH 
gel, thereby enhancing the mechanical properties of the 
concrete.

Results and discussion

Axial compressive strength
For the compressive strength test, 12 specimens were 
analyzed, six with GO nanoparticles and six without, serving 
as reference specimens. All specimens were tested after 
28 days. The average compressive strength results are 
presented in Fig. 2.

Figure 2. Average compressive strength of both mortar types after 28 
days
Source: Authors

An increase in compressive strength was observed in the 
mortar with the addition of GO in its matrix. The average 
strength, when compared to the reference mortar, showed 
an increase of approximately 26%, rising from 23.92 to 32.42 
MPa. These results corroborate previous research works that 
also demonstrated improvements in compressive strength 
with the addition of 0.03% GO in the mortar. This can be 
attributed to the excellent dispersion of GO in the cement 
matrix, the formation of covalent bonds between GO and 
the cement hydration products, the degree of hydration, 
and the effect of GO sheets filling the pores of the mortar 
[37]–[39].

Similarly, machine learning-based approaches have been 
employed to predict the compressive strength of concrete 
incorporating alternative materials. [40] proposed a data-
driven hybrid machine learning framework to estimate 
the compressive strength of concrete with rice husk ash 
(RHA), contributing to mitigating the environmental impact 
of the cement industry. Additionally, experimental studies 
reinforce the effectiveness of material modifications in 
enhancing mechanical properties. [41] demonstrated 
that adding low concentrations of steel fiber to recycled 
aggregate concrete can improve its shear strength by more 
than 51%.

Capillary water absorption 
The water absorption capacity of a material is one of the 
most important transport mechanisms that can affect the 
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Tensile strength and accelerated carbonation 
resistance

a

b
Figure 4. a) Average tensile strength of both mortar types, b) accelerated 
carbonation (90 days)
Source: Authors

Fig. 4a illustrates the tensile strength performance of 
both the reference mortar and the GO-enhanced sample. 
The reference mortar exhibited a tensile strength of 
approximately 2.47 MPa, whereas the GO-modified sample 
reached 3.61 MPa, representing a 46% increase (1.14 MPa). 
This enhancement can be attributed to improvements 
in the microstructure of the cementitious matrix; GO 
facilitates stronger bonding between cement hydration 
products, resulting in a denser structure with fewer 
internal defects. Additionally, GO layers act as bridging 
agents, effectively distributing the applied stresses. Similar 
findings have been reported for mortars incorporating GO 
[18], [26], [37]–[39]. [46] demonstrated that integrating 
hybrid fibers into self-compacting concrete enhances 
mechanical properties and durability after exposure to high 
temperatures and freeze-thaw cycles by mitigating crack 
formation and propagation. Conversely, the incorporation 
of expanded polystyrene (EPS) spheres reduces the 

mechanical strength of concrete – the low density of EPS 
leads to an overall decline in mechanical performance [47]. 
In another study, [48] demonstrated that incorporating EPS 
spheres, silica fume, and superplasticizer into concrete can 
effectively reduce its weight while significantly enhancing 
the shear capacity of two-way slabs. [49] proposed a novel 
cement-based anchoring material and demonstrated that 
an optimal combination of fly ash (15%), blowing agent 
(3%), water-reducing agent (0.2%), accelerator (1%), and 
Huaqiansu (1%) enhances bond strength and improves 
tensile strength.

Fig. 4b presents the results of the carbonation resistance 
test. The addition of GO reduced the carbonation front by 
approximately 46% compared to the reference samples, 
providing a basis for further analysis regarding service life 
calculations. These findings suggest that the addition of GO 
nanoparticles improves the durability of the structure by 
mitigating carbonation.

The addition of minerals generally improves concrete 
properties, including durability. However, carbonation can 
have a negative impact, leading to unfavorable outcomes 
[50]. Research has shown that the use of fly ash, a medium 
reactivity pozzolan, significantly increases the rate of 
carbonation front progression [50]–[53]. 

On the other hand, the incorporation of supplementary 
pozzolans like active silica, metakaolin, and rice husk ash, as 
well as unconventional by-products such as submerged arc 
welding (SAW) slag, has been shown to improve resistance 
to carbonation, helping to slow down its advancement [54]–
[56]. These pozzolanic reactions refine the pore structure 
and reduce CO2 permeability, a result consistent with the 
findings of [22], [57], [58].

Through Eq. (1), it is possible to evaluate the concrete 
structure’s time of degradation for the two types analyzed, 
which would correspond to the carbonation front shown in 
Fig. 4b [58].

x k t=

In the equation, x represents the depth of the carbonation 
front, k is the constant ranging from 0.1 to 1.0 cm2/year, 
and t denotes the degradation time in years. In this research, 
with a constant of 0.5 cm2/year, we found that, regarding 
the reference samples, the structure would experience a 
degradation equivalent to that of a two-year-old structure. In 
contrast, the structure with 0.03% GO would only degrade 
as if it were six months old under the same conditions. 
Thus, considering a degradation lifespan of 20 years for the 
reference samples, structures containing GO nanoparticles 
(0.03%) would only experience a degradation equivalent to 
five years.

The results suggest that the addition of GO nanoparticles 
can extend the service life and durability of structures 
by approximately four times compared to conventional 

(1)
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structures. This indicates a potential for more sustainable 
construction practices and environmentally friendly building 
solutions.

[59] conducted a study simulating the incorporation of 
cellulose nanofibers from agricultural waste as a sustainable 
cement replacement for producing high-performance 
concrete. The results indicate that high-performance 
concrete enhanced with cellulose nanofibers has superior 
mechanical properties in comparison with conventional 
high-performance concrete, including improved stress, 
strain, and equivalent deformation under load. In addition, 
[60] developed a silica-based superhydrophobic coating to 
enhance the durability and safety of cementitious surfaces 
in road construction.

Conclusions

This study demonstrates the significant improvements 
in both mechanical performance and durability of 
cementitious composites through the incorporation of 
graphene oxide nanoparticles at a 0.03% concentration. The 
results indicate a 26% increase in compressive strength, 
accompanied by enhanced tensile strength and a reduction 
in water absorption. Moreover, the inclusion of GO notably 
improved the resistance to carbonation, with a reduction 
of approximately 46% in carbonation front progression 
compared to the reference samples. These findings 
underscore the potential of GO to enhance the mechanical 
properties and long-term durability of concrete, offering 
promising implications for its use in construction materials 
exposed to aggressive environmental conditions.
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Supplementary Material

1 Materials and Methods

The sand granulometry analysis was conducted since it is a key indicator of the aggregate’s physical and chemical properties, 
influencing compaction and mechanical resistance. The sand was oven-dried at 105±5ºC and divided into two 500 g samples. 
Two tests, A and B, were performed using a standard sieve set (4.8, 2.38, 1.19, 0.59, 0.3, and 0.15 mm).

     
  			          (a)                                                   		            (b)

Figure S1 - (a) Mechanical sieve and (b) - Granulometry test
Source: Authors

The sieve set was agitated for 10 minutes using a mechanical sieving machine, as shown in Fig. S1. This process determined 
the maximum particle size and the sand fineness modulus. The granulometric composition of the sand used in this study is 
presented in Fig. S2.

Figure S2 – Sand granulometric curve
Source: Authors

For this research, graphene oxide (GO) nanoparticles were synthesized using a modified Hummers method, as illustrated 
in Figs. S3(a)–S3(f) [1]. During the synthesis process, 1 g of graphite was dispersed in a jar with NaNO3 and H2SO4 under 
continuous agitation for one hour. Then, 3 g of KMnO4 were gradually added (1 g every 15 minutes) while maintaining an 
ice bath to keep the solution temperature below 20ºC, preventing overheating and potential hazards. The mixture was then 
vigorously stirred before slowly adding 100 ml of heated distilled water for dilution. Subsequently, 3 ml of a 30% H2O2 
solution were added to ensure the complete reaction of KMnO4, followed by a resting period. Finally, the mixture was washed 
with HCl and water, filtered, and dried to obtain the final GO product.
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Figure S3 – GO nanoparticles obtained through the modified method of Hummers.
Source: Authors

The addition of 0.1872 g of GO to the mortar was carried out through manual pre-dilution, followed by uniform agitation for 
1 minute using a magnetic stirrer before application. The execution of this process is shown in Fig. S4.

Figure S4 – Nanoparticles of GO dispersion
Source: Authors

To prepare the test specimens, reference samples and samples with 0.03% graphene oxide (GO) were produced. The mix 
ratio was 1:3:0.48 (cement:sand:water), with 624 g of cement, 1872 g of sand, and 300 ml of water, maintaining a water/
cement ratio of 0.48. The GO nanoparticles (0.1872 g per specimen) were pre-dispersed in part of the mixing water before 
incorporation. Specimens were molded following [2] and mixed using a mechanical mixer.

The mortar molds were prepared in four layers of approximately equal height, with each layer compacted manually using a 
tamper with 30 blows after applying a release agent to the molds. Following molding, the test specimens remained in the 
molds for 24 hours. A total of 12 cylindrical specimens (5 × 10 cm) was produced, including six with GO and six without, 
as shown in FIg. S5.
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Figure S5 – (a) Test specimens with GO addition, after demolding; and (b)Test specimens without GO addition, after demolding.
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