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Abstract: Graphene Oxide (GO) has been emerged as one of the most trending graphene derivative
nanomaterials in the construction industry. Because of the presence of oxygenated functionalities attached
to the aromatic structure, GO can be easily dispersed under an aqueous solution when compared to other
graphene-based derives. GO has an ability to transform conventional construction materials into stronger
concrete composites since it can enhance the mechanical and durability properties of concrete. In this study,
powder form of GO was added to the concrete mixes at dosages of 0.02%, 0.04%, 0.06% and 0.08% by
weight of cement. A polycarboxylate (PCE) based superplasticiser was used to improve the dispersion of
GO in the concrete mix. The abrasion resistance of GO reinforced concrete was tested to investigate its
possible use in rigid pavement applications. The mechanical performance of GO concrete was evaluated in
terms of compressive and indirect tensile strengths. The test results show that the addition of GO from 0%
to 0.08% enhance the compressive strength, indirect tensile strength and abrasion resistance by 20.7%,
11.8% and 22.9% at 28-days, respectively, which is significantly higher than the control mix. At 56-days,
results show 18.5%, 12.3% and 19.7% increments, respectively. The findings confirmed that the addition of
GO can remarkably enhance the mechanical and durability properties of concrete. Therefore, it
demonstrates promising outcomes of utilizing GO in different concrete applications due to its superior
performance.

Keywords: Graphene Oxide, smart concrete, strength, abrasion resistance.

1 Introduction

Concrete technology has evolved rapidly over the past decade, where various additives have been tested
and mixed with the cementitious mix to enhance mechanical traits. Supplementary cementitious materials
(SCM) such as fly-ash, silica fume, and ground granulated blast-furnace slag (GGBS) are popular additions
where it has been shown to enhance the strength of concrete at various percentages. Nanomaterials can
be considered as one of the innovative approaches in concrete technology to improve the performance of
concrete. Graphene has emerged as one of the most trending nanomaterials in material science since it is
the strongest and thinnest material on earth, at one atom thick [1]. Graphene oxide (GO) is a graphene
derivative nanomaterial that gained considerable attention for possible use in the construction industry due
to its good dispersity in water. Because of the presence of oxygen functionalities attached to the aromatic
structure, GO can be easily dispersed under an aqueous solution when compared to other graphene-based
derives.

The addition of GO into the cementitious mixes dramatically improves the performance of concrete by
enhancing the cement hydration process, pozzolanic and nano-pore filling activities because of its excellent
mechanical properties. Shenghua Lv [2] proposed a possible chemical mechanism on the cement hydration
process that could enhance the concrete performance when GO is added to a cement matrix. While GO
has no direct chemical reactions with main cement compounds, the oxygen functional groups attached to
the GO surface react with final cement hydration products, Calcium Silicate Hydrates (C-S-H) and Calcium
Hydroxide (C-H), to form covalent bonding between them. In GO concrete, hydration reaction continuously
takes place at the growth points on the GO surface. GO layers can make many neighbouring rod shape
hydration crystals on the same GO surface and finally form fully bloomed hydration crystals in the gardened
cement matrix. These crystals generally form in pores and cracks in the cement paste. Hence, it can create
excellent interlocking and bonding, which enhances the load-transferring efficiency in avoid of stress
concentration [3].

Mechanical properties of cement composites are reckoned as the most important performance criteria for
the majority of construction applications since any structure’s durability depends on its quality. According to
the previous research results, it can be found that a small amount of GO dosage in a cement matrix can
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dramatically enhance the compressive, tensile and flexural strengths of cement composites. Different
studies have reported that adding small content of GO into the cement matrix enhances mechanical
performance in an unexpected way. Despite that different studies have found different optimum GO
percentages, previous studies [4] indicated that the optimum range is from 0.02% to 0.10% by weight of
cement (bwoc) for GO content.

One of the major drawbacks of GO has always been achieving appropriate dispersion within the
cementitious mix. Polycarboxylate (PC) superplasticizer modified GO can improve the dispersion of GO and
the mechanical behaviour of cement composites. The PC macro molecules on the GO surface through
covalent bonding can weaken the Van der Waals forces between GO layers. The side chain of PC molecules
has anionic charged carboxylate groups. Hence, it can generate electronic repulsion between GO layers
and therefore increase the dispersion of GO. This will ultimately increase the properties of GO incorporated
concrete [3].

Previous research studies show that GO has an ability to improve the mechanical and other performance
of cement composites. However, current literature mainly focused on the effects of GO in cement mortar or
paste, with only a few studies addressing the effect of GO on concrete. Furthermore, only a few studies
have been conducted on the use of GO in construction applications. Therefore, more elaborate experiments
should be conducted to discover the performance of GO incorporated concrete targeting various structural
applications in the construction industry.

Transport for New South Wales (TfNSW) [5] has established a design criteria for rigid pavements
considering concrete performance in terms of compressive, tensile, flexural strengths and workability.
However, in rigid pavement design, one of the major criteria often overlooked is abrasion resistance which
attributes to the durability of road pavements directly. In the present study, the performance of GO
incorporated concrete was evaluated by conducting a comprehensive experimental program by testing the
compressive strength, indirect tensile strength and abrasion resistance at different curing ages. This study
aims to fill the research gap where the performance of GO incorporated concrete for abrasion resistance is
tested by addressing the rigid pavements as an application.

2 Experimental Plan
2.1 Materials and Mix Proportions

The current study utilized a general-purpose cement confirming the requirements of AS 3972-2010. The
aggregates were river sand and crushed granite (maximum 20mm). A poly-carboxylate (PCE) based
superplasticiser was used to enhance the workability. GO powder from Ceylon Graphene Technologies, Sri
Lanka was used for this study, and it was derived from C99+ vein graphite. It was in the form of brown colour
dry powder and has a particle size range of 63-90 um. Attenuated Total Reflection Fourier Transform
Infrared (ATR-FTIR) spectra of the used GO was recorded in the region of (800-4000) cm" at a resolution
of 4 cm.

The concrete mix design was conducted according to the British method of mix design, aiming for a 32 MPa
target compressive strength at 28 days. The mix proportions used for the concrete mixing are given in Table
1. For this investigation, the cement amount used was 315 kg/m3 which was 15% less than the conventional
concrete recipe for 32MPa concrete. This 15% cement reduction was considered because of the
advancement of current cement technology and ultimately, this also has resulted in the use of less amount
GO as well.

Table 1. Concrete Mix Proportions

Concrete Mix CM-0 CM-1 CM-2 CM-3 CM-4
GO% by weight of cement 0.00% 0.02% 0.04% 0.06% 0.08%
Cement (kg/m3) 315 315 315 315 315
GO (kg/m3) 0.000 0.063 0.126 0.189 0.252
Coarse aggregates (kg/m?3) 1140 1140 1140 1140 1140
Fine aggregates (kg/m3) 760 760 760 760 760
Water (kg/m?3) 170 170 170 170 170
Superplasticiser-ADVA®650 (I/m3) 3.15 3.15 3.15 3.15 3.15




2.2 GO Concrete Mixing Method

The required amount of GO powder was mixed with water and superplasticizer using a high-speed mixer
for 30 minutes to obtain a uniformly dispersed GO aqueous solution. The final aqueous solution was added
to the rotating concrete mixer containing all dry aggregates and cement. The dry materials mixing process
was started 2-3 minutes before adding the prepared aqueous solution. The mixing was continued for around
5-7 minutes after adding all the constituent materials into the concrete mixer to obtain a proper concrete
mix.

3 Test Methods
3.1 Slump Test

The workability of GO incorporated concrete was measured in terms of the slump test accomplished with
AS 1012.3.1:2014 [6]. A slump cone was employed to conduct the test and slump values were recorded for
different percentages of concrete mixes to evaluate the impact of GO on the workability of fresh concrete.

3.2 Compressive Strength and Indirect Tensile Strength Test

Compressive strength and indirect tensile strength of concrete samples containing different GO percentages
were tested in accordance with AS 1012.9 [7] and AS 1012.10 [8], respectively. The strength tests were
carried out for each concrete mix using three same size cylinders having dimensions of 100mm diameter
and 200mm height. The cylinders were tested at the curing ages of 28-days and 56-days. The indirect
tensile strength was calculated based on Equation (1).

2P
"= 7LD W

where T=indirect tensile strength (MPa), P=maximum load applied (N), L=height of the cylinder (mm),
D=diameter of the cylinder (mm).

3.3 Abrasion Resistance by Sandblasting

The standard test method for abrasion resistance of concrete was performed in accordance with the ASTM
C418-20 [9]. This test method determines the abrasion resistance characteristics of concrete by subjecting
it to sandblasting. Two block specimens with dimensions of 350mm x 150mm x 80mm were used at 28 and
56 days. The test setup used for sandblasting is displayed in Figure 1. After sandblasting, the abraded
volume of blasted cavities was determined by filling them with an oil base modelling clay. The clay volume
in the cavity was easily measured, considering the mass of clay in the cavity and the specific gravity of the
used clay sample. The final abrasion test result represents an average of eight measurements. Figure 2
shows the concrete block samples before and after the abrasion test.
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Figure 1. Sand blasting test setup
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Figure 2. Block samples before and after abrasion tests

4 Results and Discussion
4.1 Workability

Workability is a key parameter to gauge the ease of transport and placement of fresh concrete. The
incorporation of GO in concrete affects its workability. When increasing the GO percentage, the slump value
decreased, as shown in Figure 3. The concrete mix without GO recorded a slump value of 155mm. 0.02%
and 0.04% of GO addition into the concrete mix resulted in 3% and 10% reductions of slump values when
compared with the control mix, respectively. Specifically, the concrete mix having 0.06% GO has shown a
48% reduction in workability. Furthermore, a 57% of slump reduction has been observed with the addition
of 0.08% GO, which resulted in a slump value of 30mm.

The workability of GO incorporated concrete is shown to decline steadily as the GO percentage increased
in most prior studies. The large surface area of GO particles, as well as its hydrophilic functional groups,
can absorb more water from the fresh cement paste [4]. As a result, the free water content used to lubricate
the fresh concrete mix reduces while increasing the friction resistance between particles. A large amount of
free water entraps by agglomeration and flocculation formed by electrostatic interaction when the better
dispersed GO particles contact with cement. This mechanism leads to a decrease in the workability of GO
incorporated concrete [10].
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Figure 3. Workability of different concrete mixes.

4.2 Compressive Strength and Indirect Tensile Strength

Compressive strength test results for concrete mixtures having different GO percentages compared with
the control mix at 28-days and 56-days are shown in Figures 4 and 5. It can be seen that the addition of GO
to the concrete mixes resulted in an increase in compressive strength for both 28 and 56 days test results.
The maximum compressive strength was recorded at 0.08% of GO bwoc, with 47.26 MPa and 54.05MPa
at 28 and 56 days, respectively. Compared with the test results of the control mix at the same ages, which
were 39.14MPa and 45.60MPa, there was an increase of 20.7% and 18.5% at 28 days and 56 days,
respectively. Similar behaviour was reported in [11], which resulted in the growth of compressive strength
when increasing the GO percentage in the concrete mixture.



Figures 6 and 7 describe the 28 days and 56 days indirect tensile strength test results of the different
concrete mixes. It is observed that for both curing ages, the indirect tensile strength improves progressively
as the concentration of GO increases. When the GO content was 0.08%, the 28-days indirect tensile
strength increased from 4.06MPa to 4.54MPa compared with the control mix, representing a strength
improvement of 11.8%. The same concrete mixture having 0.08% GO percentage has shown a 12.3%
increment at 56-days.

The findings of the growth rate of strength properties for all samples indicated that the growth rate is higher
with more GO content. This behaviour is associated with the effect of GO on the degree of hydration,
microstructural formation and the porosity change in the cement matrix. Devi et al. [12] confirmed that
oxygen functional groups attached to the GO particles act as active sites to attract the cement particles.
This mechanism resulted in strong covalent bonding between GO particles and cement hydration products,
C-S-H and C-H [2]. Most importantly, polycarboxylate-based superplasticiser is responsible for the
dispersion of GO within the cement matrix and enhances the mechanical properties of GO incorporated
concrete. Better dispersed GO particles attract the hydration products, which will finally lead to a formation
of a flocculant structure in the cement matrix. This mechanism creates a densified microstructure in the
concrete composites at the nanoscale by growing hydration crystals in pores and cracks which finally
provides higher resistance for crack propagation [3]. Thus, the inclusion of GO in concrete mixes at the
nano-level results in the enhancement of the mechanical properties compared to the control mixture.
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4.3 Abrasion Resistance

Abrasion test results are presented in Figures 8 and 9, where the volume of clay in the cavity and surface
area of the cavity after sandblasting were recorded. The abrasion coefficient has a positive relationship to
the abrasion resistance of concrete. With compared to the control mix, an increment of 22.9% and 19.7%
of abrasion resistance was obtained for the concrete mixture with 0.08% GO at 28-days and 56-days,
respectively. An increment of 70% for abrasion resistance was reported in [11] with the addition of 0.3% GO
bwoc, which can be considered as a high percentage increment for abrasion resistance.

Figure 10 shows that there is a close relationship between compressive strength and abrasion resistance
of GO incorporated concrete. It is obvious that abrasion resistance increases as the compressive strength
increases. Similar behaviour between these two parameters can be observed in the study of Du et al. [13].
Relationship developed between the compressive strength and abrasion resistance gives a best-fit curve
with R? value of 0.977 for 28-days and 0.984 for 56-days as shown in Figure 10. The test results revealed
that the addition of GO in concrete has a positive effect on abrasion resistance which can be considered as
a key parameter in the application of concrete road pavements to prevent the road surface from becoming
polished and losing its finished skid resistance.
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Conclusions

The present research carried out an experimental investigation to evaluate the performance of GO
incorporated concrete in terms of compressive strength, indirect tensile strength and abrasion resistance.
The followings are the conclusions drawn:

1.

2.

The addition of GO in the concrete significantly reduced the slump values and hence workability.
The workability decreased when increasing GO percentage.

The incorporation of GO in concrete enhanced the compressive strength properties at 28 and 56
days and the percentage increment of compressive strength was more with higher contents of GO.
The percentage increment in compressive strength was 11.5%-20.7% at 28-days and 8.2%-18.5%
at 56-days for different percentages of GO ranging from 0.02% to 0.08%, respectively.

When increasing GO dosages, indirect tensile strength was enhanced, and percentage increment
was 3.4%-11.8% at 28-days and 2.4%-12.3% at 56-days for GO percentages of 0.02%-0.08%,
respectively.

The abrasion resistance greatly improved with the addition of GO and improvement was 2.0%-
22.9% at 28-days and 4.4%-19.7% at 56-days for GO dosages 0.02%-0.08%, respectively.
Concrete mix having 0.08% GO resulted in compressive strength of 47.26 MPa at 28 days. This
implies that, instead of using 45 MPa normal conventional concrete mix recipe for a construction
application, it can effectively use 0.08% GO addition in the concrete mix recipe of 32MPa.

In general, GO positively affects the cement hydration process and creates a densified microstructure in the
cement matrix, which is primarily responsible for the improvement of concrete performance.
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