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Abstract: Ultrahigh-performance concrete (UHPC) has been
increasingly employed for infrastructure and building struc-
ture, thanks to its excellent durability and exceptional
mechanical properties; however, improving its relatively
low flexural strength remains a challenging issue. This
study presents an experimental investigation on improving
the compressive strength and flexural strength of UHPC by
employing sustainably synthesized graphene oxide (GO).
The content of micro steel fibers (MSFs) for the UHPC ranges
from 0.5 to 1.5% by volume of concrete. For each level of
MSFs addition, the dosage of GO added is from 0.00 to
0.03% by mass of cement. The results indicate that the
electrochemical (EC) method to synthesize GO is greener,
safer, and lower in cost for construction industry. And the
compressive strength of UHPC is slightly improved, while its
flexural strength is significantly increased from 33 to 65%,
demonstrating that the incorporation of GO can be an effec-
tive measure to enhance the flexural strength of UHPC
under standard curing and steam curing. This can be asso-
ciated with the improvement in bond strength between the
MSFs and the matrix contributed by the improved inter-

facial microstructure, the higher friction increase, and the
mechanical interlock at the interface between the MSFs and
the bulk matrix, thanks to the addition of GO.

Keywords: sustainably synthesized graphene oxide, ultra-
high-performance concrete, flexural strength

1 Introduction

Ultrahigh-performance concrete (UHPC) has been increas-
ingly employed for infrastructure and building structure,
thanks to its exceptional mechanical properties and excel-
lent durability [1,2]. Such superior performance is normally
associatedwith factors such as the lowwater-to-binder ratio
(w/b) and high particle packing density [3]; however,
improving its relatively low tensile and flexural strengths
remain a challenging issue.

Many attempts have been made to improve such
properties of UHPC. The micro steel fibers (MSFs) play a
critical role in improving its tensile and flexural perfor-
mance, which is subject to the fiber shape, aspect ratio,
fraction volume, fiber orientation and distribution, and
the bond between the fiber and the cementitious matrix
within UHPCmatrix [4–11]. Meng and Khayat [12] reported
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that the greatest steel fiber dispersion uniformity and
optimum flexural property of UHPC can be obtained by
managing the rheology of the mortar. And the results indi-
cated that with a w/b of 0.23, 2% of MSF by volume, and
1% of viscosity modified admixture, the 28 days compres-
sive and flexural strengths are approximately 120 and
35 MPa, respectively, demonstrating that the flexural
strength was increased by 42%. Huang et al. [13] devel-
oped an L-shaped device to control the flow of fresh mix-
ture to improve the orientation of MSFs within UHPC
matrix and the results indicated that with 2% of MSF
and a w/b of 0.20 under steam curing, its compressive
and flexural strengths are about 150 and 40MPa, respec-
tively, with the flexural strength increased by 33% com-
pared to unorientated fibers after exposure to elevated
temperature. The authors also observed that such values
of these strengths with the same content of MSF and a w/b
of 0.22 are approaching 140 and 35MPa, demonstrating
that the flexural strength was increased by 35% compared
to samples with unorientated fibers.

Nanomaterials (e.g., nano-SiO2, carbon nanotube,
carbon nanofiber, graphite nanoplatelet [GNP], etc.) are
all able to contribute to an enhancement in the mechan-
ical properties [14,15]. Wu et al. [16] found that the addi-
tion of nano-SiO2 can improve the compressive strength
of UHPC and the interface bond strength between steel
fiber and matrix. Such improvement was associated with
lower porosity, denser, and more homogeneous micro-
structures of the matrix as well as the enhanced chemical
bond of calcium–silicate–hydrate (C–S–H) of the fibers
within the UHPC. Unlike nano-SiO2, carbon-based nano-
materials (e.g., carbon nanotube, carbon nanofiber, GNP,
and graphene oxide [GO]) have no chemical activity
within cementitious composites. Wille and Loh [17] iden-
tified that the low concentrations of multiwalled carbon
nanotubes greatly improved the interface bond perfor-
mance between steel fibers and the concrete matrix. By
incorporating carbon nanofibers, Meng and Khayat [18]
observed that the compressive strength of UHPC with
0.5% of MSF and a w/b of 0.2 was slightly increased as
the content went up from 0 to 0.30% by cementitious
mass, while the 28 days tensile and flexural strengths
were increased by 56 and 46%, respectively. The authors
also confirmed that the compressive strength of such a
UHPC incorporating GNP was greater than that of the one
with carbon nanofibers, while the tensile strength, flex-
ural strength, and the maximum force for single fiber
pullout for UHPC containing GNP were enhanced by 40,
59, and 27%, respectively, when the dosage of GNP
ranged from 0 to 0.30%. The results also indicated that

UHPC with the addition of GNPs has a better flexural
performance compared to the one with carbon nanofibers.
This may be caused by the high tensile strength and the
effects of nano size filler and bridging of the carbon nano-
fibers and GNP, thereby improving the microstructure of
the matrix and the interface performance between the steel
fibers and matrix [17,19].

Compared to carbon nanotube, carbon fiber, and
GNP, GO is hydrophilic [20] and has been employed to
improve the mechanical properties and durability of
cement paste, mortar, and concrete [21–35]. More recently,
advancements have beenmade in coupling GOwith fiber to
improve the properties of cement-based composites, pre-
dominantly the flexural performance. Jiang et al. [36]
observed that the compressive and flexural strengths of
mortar with the addition of both polyvinyl alcohol (PVA)
fiber and GO at the age of 28 days was increased by 30.2
and 39.3%, respectively. These are associated with the pro-
motion of cement hydration and refinement of the micro-
structure of the mortar. Yao et al. [37] chemically modified
the PVA fiber-to-mortar interface by coating GO on the PVA
fiber surface. The study results demonstrated that the addi-
tion of 0.5% of GO-coated PVA fibers by volume can
improve the tensile strength of mortar by 36.0%when com-
pared to that of a control sample with uncoated PVA fibers.
The improvement was associated with the increase in the
chemical bond energy at the interface between fiber and
matrix. Lu et al. [38] developed a novel GO-coated poly-
ethylene (PE) fiber to make it interact much more readily
with cement hydrates. And the results indicated that the
addition of 2.0% of GO-coated PE fiber-reinforced mortar
can increase the tensile strength by 46.0% when compared
to uncoated PE fibers. This notable improvement is consid-
ered to be mainly due to the strengthening of the PE fiber-
to-matrix bond offered by the GO coating. This was verified
by a single fiber pullout test suggesting an enhancement of
interfacial bond strength from 2.33 to 3.99MPa. As a result,
GO may be considered a promising material for improving
the properties of UHPC, especially its flexural performance.
However, only limited investigation has been directed at
such applications [39,40]. It is therefore desirable to further
study and develop GO-based technology for UHPC applica-
tions in order to achieve enhanced performance, notably of
its flexural strength.

This study presents an experimental investigation
into improving the compressive and flexural strengths
of UHPC by employing sustainably synthesized GO [41],
which is considered to be safer, greener, and of lower cost
compared to Hummer’s method or the improved Hum-
mer’s method [21,42,43]. The levels of MSFs addition for
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the UHPC are 0.5, 1.0, and 1.5% by volume of concrete.
For each level of MSFs addition, the dosages of GO added
are 0.00, 0.01, 0.02, and 0.03% by mass of cement. Flow-
ability, compressive strength, and flexural strength of the
UHPC are evaluated. A single fiber pullout test is carried
out to evaluate the bond property between the fibers
and the cementitious matrix and identify the reinforcing
mechanism of GO for UHPC. Additionally, scanning electron
microcopy (SEM) is employed to examine the microstruc-
ture of UHPC matrices and the fiber-to-matrix interfaces.
The findings indicate that its compressive strength is
slightly improved, while its flexural strength is signifi-
cantly increased demonstrating that the incorporation of
GO can be an effective measure to improve the flexural
strength of UHPC under standard curing and steam curing.

2 Materials and experiments

2.1 Green synthesis and characterization
of GO

The solution of GO was produced with a two-step EC
method [41], which is a safer, greener, and lower in
cost compared to Hummer’s method or improved Hum-
mer’s method [21,42,43]. Commercially available flexible
graphite paper (FGP) was used as raw material. First, the
FGP was subjected to EC intercalation in the concentrated
H2SO4 to form graphite intercalation compound paper
which was then employed as the anode for the EC reac-
tion in the diluted H2SO4 to achieve oxidation of the
carbon lattice in the FGP to produce graphite oxide. After
being vacuum filtrated and washed, filter cake was exfo-
liated in water by the sonication to form GO dispersion.

The SEM images of the GO sheets were obtained by
means of a field emission electron gun FEI Nova Nano
SEM 430, which was operated at 10.0 kV. The SEM sam-
ples were fabricated by dipping a silicon wafer (1 cm ×
1 cm) into the GO solution with a concentration of 0.01wt%
and gradually withdrawing them from the solution
allowing the GO sheets to stay on the surface of the
silicon wafer slice. Then, the wafer sample was spray
dried with N2 gas. Atomic force microscope (AFM) images
of the GO were obtained by means of a Bruker Dimension
FastScan with ScanAsystTM, which was operated in the
tapping mode. The compositions of the GO were evalu-
ated on the freeze dried GO powder by means of an
Elementar vario MICRO cube combustion elemental ana-
lyzer (EA).

2.2 Materials of UHPC

Ordinary Portland cement grade 42.5 (OPC 42.5) in accor-
dance with GB/T 175-2007 [44], Class F fly ash (FA),
ground granulated blast furnace slag (GGBFS), and silica
fume (SF) were employed as binder materials for all mix-
tures of the UHPCs. Table 1 lists their chemical composi-
tions and properties [39].

Quartz powder (QP) with an average diameter of
0.044mm was employed for UHPC mixtures with high
cement contents only. Quartz sand (QS) consisted of
three grades QS1, QS2, and QS3. The corresponding dia-
meter ranged from 0.212 to 0.425mm, 0.425 to 0.85 mm,
and 0.85 to 2.00 mm, respectively. The content of SiO2

for both the QP and QS was greater than 99%. Straight MSF
coated with copper and with a tensile strength of 2,800MPa,
length of 12–16mm, and diameter of 0.18–0.25mmwas used.
A polycarboxylate-based superplasticizer (PCs) was used and
its water-reducing capacity was greater than 38%.

2.3 Mix proportions and preparation of
UHPC specimens

The UHPC mixtures contained MSFs in the range of 0.5,
1.0, and 1.5% by volume of concrete. For each level of
MSF addition, the dosage of GO added were from 0.00 to
0.03% by mass of cement. Table 2 lists the mix propor-
tions of the UHPCs, based on the earlier study [45]. These
mixtures had a w/b of 0.18 and a sand-to-binder volume
ratio of 1.1. Water components consisted of the mixing
water and GO water dispersion. The dosage of PCE was
0.3% by mass of binder materials.

For the mixing procedure, the GO water dispersion
was diluted with potable water in a vessel and stirred at a
speed of 2,000 rpm for few minutes. In parallel, the dried
QS was mixed in a separate vessel for 1 min, followed by
the addition of cementitious materials and PCE powder
and mixed at a speed of 60 rpm for one more minute. The
diluted GO dispersion was then added for mixing for
2 min. The MSF was stably added in over 1 min and mixed
at a speed of 60 rpm. Finally, the mixing continued at a
speed of 60 rpm for more than 3min. Part of this mixture
was sampled for the testing of flowability. The remaining
mixture was cast into the molds that were pre-oiled. This
was followed by being compacted on a vibration table
which was electrically powered. After being covered with
polyethylene sheets, these samples were cured in the
laboratory environment for 24 h.

The specimens, with dimensions of 40mm × 40mm ×
40mm, were prepared for compressive strength tests,
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while specimens with dimensions of 40mm × 40mm ×
160mm were prepared for flexural strength tests. As
shown in Figure 1, dog-bone-shaped specimens for single
fiber pullout test were prepared and the embedment
depth of a 30mm long steel fiber was 15 ± 2 mm. The
dog-bone-shaped specimens were also employed to pre-
pare samples for observation on the steel fiber-to-matrix
interface by means of an SEM.

Two curing regimes were employed. After demolding,
half of the specimens were cured at a temperature of 21 ±
2°C and a relative humidity greater than 95% until the age
of testing, designated “standard curing.” The remaining
samples were moved into a steam box and cured with its
temperature elevated to 90°C at a rate of 10°C per hour. It

was held at 90°C for 24 h and then cooled to the room
temperature at a rate of 10°C per hour, which was fol-
lowed by further standard curing until the testing age,
designated “steam curing.”

2.4 Experimental procedure

2.4.1 Fresh property tests

Flow table tests were carried out to determine the rheology
of UHPC according to ASTM C1437-15 [46]. For each test, the
flow tablewas dropped for 20 timeswithin approximately 20 s.

Table 1: Compositions and properties of binder materials

Materials Unit OPC SF FA GGBFS

SiO2 wt% 21.00 95.30 53.97 42.00
Al2O3 5.40 1.20 31.15 16.00
Fe2O3 2.80 0.90 4.16 —
CaO 64.68 0.40 4.01 40.00
MgO 1.40 0.80 1.01 —
SO3 2.19 — 0.73 1.72
K2O — 2.04 —
Na2O 1.10 0.89 —
TiO2 — 1.13 —
P2O5 — 0.67 —
Cl 0.01 — 0.13 0.05
NiO — 0.11 —
Loss on ignition g 2.52 0.30 — 0.23
Blaine surface area m2/kg 357.00 — 330.00 418.00
BET surface area — 19500.00 — —
Specific gravity 3140.00 2200.00 2280.00 2900.00
Setting time min Initial 203.00 — — —

Final 250.00 — — —
Compressive strength MPa 3 days 27.40 — — —
Flexural strength 3 days 5.90 — — —

Table 2: Mix proportions of UHPC with high cement volume (kg/m3)

MSF GO Water Cement SF FA GGBFS QP QS1 QS2 QS3 PCE

0.5% 0 190.02 703.8 140.8 70.4 42.2 98.5 504.9 363.5 292.8 3.167
0.070 190.02 703.7 140.8 70.4 42.2 98.5 504.9 363.5 292.8 3.167
0.141 190.02 703.6 140.8 70.4 42.2 98.5 504.9 363.5 292.8 3.167
0.211 190.02 703.5 140.8 70.4 42.2 98.5 504.9 363.5 292.8 3.167

1.0% 0 186.84 692.0 138.4 69.2 41.5 96.8 496.4 357.4 287.9 3.114
0.069 186.84 691.9 138.4 69.2 41.5 96.8 496.4 357.4 287.9 3.114
0.138 186.84 691.8 138.4 69.2 41.5 96.8 496.4 357.4 287.9 3.114
0.208 186.84 691.7 138.4 69.2 41.5 96.8 496.4 357.4 287.9 3.114

1.5% 0 184.74 680.5 136.1 68.0 40.8 95.2 488.2 351.5 283.1 3.062
0.068 184.74 680.4 136.1 68.0 40.8 95.2 488.2 351.5 283.1 3.062
0.136 184.74 680.3 136.1 68.0 40.8 95.2 488.2 351.5 283.1 3.062
0.204 184.74 680.2 136.1 68.0 40.8 95.2 488.2 351.5 283.1 3.062
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After the fresh mixture reached the maximum extent of its
flow, the average diameter was measured.

2.4.2 Mechanical performance tests

The compressive and flexural strengths of UHPC were
tested at 7, 28, and 56 days. The tests were conducted
by using MTS testing equipment in accordance with BS-
EN-196-1 [47]. Each strength value listed was the average
of six test results.

2.4.3 Single fiber pullout tests

Fiber pullout tests were performed by using testing
equipment as illustrated in Figure 2 according to Chinese
standard CECS13:2009 [48]. A displacement controlling
method was applied for the test and the loading rates
were 3 mm/min. The maximum pullout forces were
recorded and the bond strength between steel fiber and
the bulk matrix was calculated according to the max-
imum pullout force and the surface area of the embedded
fiber. Each bond strength value listed was the average of
six test results.

2.4.4 Microstructure characterization

The specimens at the age of 7 days were carefully cut
along the direction perpendicular to the fiber. A cut sur-
face of the samples was then ground with #120, #600,
and #1500 abrasive papers and further polished with dia-
mond polishing paste. During this process, anhydrous
ethanol was used for flushing. The interface between
the steel fibers and the bulk matrix of UHPC was exam-
ined by SEM. The backscattered electron (BSE) method
was applied with an accelerating voltage of 20 kV and
magnifications of 1,000×.

3 Results and discussions

3.1 Characteristic of GO

The GO was characterized by means of the AFM and the
SEM. The GO monolayer showed a thickness of ∼1.0 nm.
Statistical analysis of the AFM images confirmed that the
thickness distribution of GO was predominantly as mono-
layers (∼91%), and all the GO were less than 3 layers,
as illustrated in Figure 3a and b. The results obtained
from the AFM and SEM measurements indicated that
the lateral size of GO is mainly in the range of 0.5‒3 μm
(∼80.3%), with ∼2.7% larger than 3 μm and ∼17% smaller
than 0.5 μm as shown in Figure 3c and d. The composi-
tions of the GO were analyzed by means of the EA and the
results showed that the GO had a mean C/O atomic ratio
of ∼1.67, suggesting a higher oxidation degree of GO. The
GO compositions and dimensions are summarized in
Table 3.

Prior to the present study, Hummer’s method or the
improved Hummer’s method [21,42,43] had been most
widely employed to synthesize GO for enhancing the
properties of cement paste, mortar, and concrete [21].
However, this has resulted in significant concerns with
regard to safety, negative environmental impact, and
high cost because highly concentrated H2SO4 and KMnO4

are used to ensure that the graphite is oxidized as com-
pletely as possible. Their reaction product, Mn2O7, is
highly active and can explode at elevated temperature
greater than 95°C. Moreover, a serious environmental
pollution risk is associated with the high volume of was-
tewater containing mixed acids and metal ions when
removing the H2SO4 and KMnO4 following the oxidation
reaction. In addition, it can take an extended time for the
oxidation to complete, even when applying the strong
oxidant K2FeO4 and concentrated H2SO4, further adding
to the pollution risk. Clearly, it is not appropriate to
employ Hummer’s method or improved Hummer’s method

Figure 1: Specimens for single fiber pullout test.
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to synthesize GO for large volume production as required
by the construction industry. The EC method [41] for
synthesizing exhibits a number of advantages, with H2SO4

being used principally as a fully recyclable control agent
and without other oxidants which could otherwise contri-
bute to explosion risks and the release of metal ion contam-
ination. In addition, the oxidation rate of EC is relatively
faster. Moreover, the cleaning of the produced graphite
oxide needs less water. It is therefore apparent that the EC
method to synthesize GO is potentially safer, greener, and of
lower cost and should be suitable for fabricating GO for all
cement-based composites such as cement paste, mortar,
normal concrete, and high-performance concrete especially
UHPC.

3.2 Fresh properties of UHPC with GO

Figure 4 shows the effect of MSF and GO on the flow-
ability of the mixture. It can be seen that the combined
effects of both GO and MSF have resulted in the reduction
in the flowability of the mixture. When the content of GO
is added from 0.0 to 0.03%, the flowability with an MSF
of 0.5% is decreased from 221 to 186mm, while with a 1%
of MSF, the flowability is reduced from 197 to 176 mm.
Similar trend is also observed on the UHPC with a 1.5%

of MSF, where the flowability is reduced from 178 to
156mm.

Previously it was reported that the decrease in con-
crete flowability due to GO might be attributed to its high
specific surface area, causing the less availability of water
to adequately wet the mixture [21]. It was also suggested
that the flowability reduction in UHPC mixtures incorpor-
ating MSF may be associated with the increased specific
surface area and random distribution of MSF [5]. It is
therefore assumed that such combined factors have caused
further decrease in flowability.

3.3 Compressive strength of UHPC
influenced by GO

The compressive strength tested at 7, 28, and 56 days
under standard curing is shown in Figure 5. For a given
MSF content and a given age, it can be seen that the
compressive strength is improved as the content of GO
is increased compared to the reference specimens. It is
also observed that for a given MSF content and a given
age with additions of GO from 0 to 0.03%, the compres-
sive strength of UHPC is first increased up to 0.02%
but then stabilizes, indicating an optimal dosage of GO
of around 0.02%. With this dosage, the corresponding

Figure 2: Setup of single fiber pullout test.

Improving flexural strength of UHPC with sustainably synthesized graphene oxide  759



values of UHPC with the MSF content of 0.5, 1.0, and 1.5%
at 56 days are 119, 128, and 139 MPa, respectively, which
represent an increase of 13.8, 4.0, and 2.0%. It also sug-
gests that the compressive strength is enhanced with the
increase in MSF content for a given age and GO dosage.

The compressive strength tested at 7, 28, and 56 days
under steam curing is shown in Figure 6. It is clear that
the compressive strength is generally greater than that of
the reference specimen for a given MSF content. It can
also be seen that the compressive strength is enhanced
as the content of GO is increased from 0.0 to 0.02% and
then reduced as the content of GO ranged from 0.02 to
0.03% at all tested ages, again supporting an optimal
dosage of GO of around 0.02%. The compressive strength
of the specimen with a 0.02% of GO and incorporating
0.5, 1.0, and 1.5% of MSF at 56 days is 137, 149, and
158MPa, respectively, which represents an increase of
2.2, 6.4, and 3.0%, indicating that the compressive

Figure 3: Characterization of GO. (a) typical AFM image of GO, (b) statistics of the thickness distribution of GO, (c) typical SEM image of GO,
and (d) statistics of the lateral size distribution of GO.

Table 3: Compositions and dimensions of GO

Items Carbon (%) Oxygen (%) Lateral
size (μm)

Thickness
(nm)

Value
range

46–60 40–54 0.5‒3 ∼1.0
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strength is enhanced with the increase in MSF content
for a given age and GO dosage.

Generally, the results gained from both the curing
processes have confirmed that the incorporation of
GO can marginally improve the compressive strength
of UHPC for a given MSF content. It is also notable that its
optimal dosage under both curing regimes is around
0.02%, while the compressive strength is enhanced with
the increase inMSF content for a given age and GO dosage.
The improvement in compressive strength may be asso-
ciated with the incorporation of both GO and MSF. The
former may promote cement hydration, refine pore struc-
ture, encourage compact microstructure, and improve
interfacial bond with the matrix [49]. Increase in the
MSF content should decrease the space between MSF

and provide more MSF to transmit load, thereby improving
the compressive strength [5].

3.4 Flexural strength of UHPC influenced
by GO

The flexural strength tested at 7, 28, and 56 days under
standard curing is shown in Figure 7. It is observed that
for a given MSF content and age, the flexural strength
is significantly improved following the incorporation of
GO. The trend of flexural strength at 7 and 28 days varies,
but for all specimens it becomes similar at 56 days with
the flexural strength enhanced as the content of GO is
increased from 0.0 to 0.02% and then decreases from
0.02 to 0.03%, indicating an optimal dosage under stan-
dard curing is in the order 0.02%. The flexural strength of
UHPC with 0.5% of MSF and incorporating 0.01, 0.02, and
0.03% of GO at 56 days is 26.1, 34.9, and 26.4MPa, an
increase of 2.4, 37.7, and 4.2%, respectively, while the flex-
ural strength of UHPC with 1.0% of MSF and containing the
same GO at 56 days is 32.4, 43.3, and 40.3MPa, an increase
of 9.6, 47.0, and 36.8%, respectively, compared to the refer-
ence specimen. For the specimen with a 1.5% of MSF, the
flexural strength of UHPC incorporating a 0.01, 0.02, and
0.03% of GO at 56 days is 44.7, 48.6, and 46.2MPa, an
increase of 21.9, 32.4, and 25.8%, respectively. It is therefore
demonstrated that the flexural strength of UHPC is signifi-
cantly improved by incorporating GO under standard curing.

Figure 4: Flowability of fresh mixtures.

Figure 5: Compressive strength of UHPC under standard curing.
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The flexural strength of UHPC tested at ages of 7, 28,
and 56 days under steam curing is shown in Figure 8. It is
apparent that for a given MSF and age, the flexural
strength of UHPC with GO is greatly enhanced when the
content of GO is added from 0.0 to 0.02% and then
decreased from 0.02 to 0.03%, suggesting the optimal
dosage of GO is in the order of 0.02%. At 56 days, the
flexural strength of UHPC with 0.5% of MSF and con-
taining 0.01, 0.02, and 0.03% of GO is 30.5, 33.5, and
31.6 MPa, respectively, representing an increase of 2.7,
12.6, and 6.37%, while the flexural strength for UHPC
with 1.0% of MSF and corresponding GO is 42.0, 45.9,

and 42.7 MPa, respectively, representing an increase of
5.5, 15.3, and 7.4% compared to the control concrete. It
is also observed at 56 days that the flexural strength of
UHPC with 1.5% of MSF and 0.01, 0.02, and 0.03% of GO
is 51.1, 62.5, and 53.5 MPa, respectively, representing an
increase of 24.9, 52.4, and 30.5%. It is therefore evident
that the flexural strength of UHPC with the addition of GO
is significantly improved under such curing.

The results gained from both the standard curing and
steam curing have confirmed that the flexural strength has
been significantly improved. As previously discussed, this
might be associated with the promotion of cement

Figure 6: Compressive strength of UHPC under steam curing.

Figure 7: Flexural strength of UHPC under standard curing.
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hydration, a more refined pore structure and compacted
microstructure, and interfacial bond with the matrix as a
result of the addition of GO [49]. It could also be attributed
to the incorporation of MSF with its increase in content
reducing the space between the MSFs and providing more
MSF to sustain load, leading to the enhancement of flex-
ural strength [5]; however, further discussion in present
study will be carried out on the basis of the results
obtained from the fiber pull-out test.

As referred previously, as the dosage of GO is added
from 0.02 to 0.03% the compressive strength under steam
curing and flexural strength under both standard curing
and steam curing increase up to 0.02% of additions

before dropping but remains greater than that of the
reference specimen. This decrease in trend could be
due to the higher dosage of GO failing to be uniformly
dispersed [50].

Table 4 summarizes the improvement in the com-
pressive and flexural strengths of UHPC obtained from
previous studies and present work. It is observed that
all the compressive strengths of UHPC is enhanced slightly,
while flexural strength is improved significantly. It is also
apparent that the increase in flexural strength of UHPC
containing GO ranges from 39.7 to 65.0%, which supports
the addition of GO as one possible measure to improve the
flexural strength of UHPC.

Figure 8: Flexural strength of UHPC under steam curing.

Table 4: Improvement in compressive and flexural strengths of UHPC*

Refs. w/c MSF (%) Measures
employed

Curing regime Compressive strength increase
(%) (days)

Flexural strength increase
(%) (days)

[12] 0.23 2 CRSM Lime water 4.8/28 days 42.0/28 days
[13] 0.2 2 LSDCFFM Steam curing 11.0/NA 33.0/NA

0.22 2 8.0/NA 35.0/NA
[18,51] 0.2 0.5 CNF (0.3%) Steam curing 3.4/28 days 45.7/28 days

GNPC (0.3%) 4.5/28 days 59.2/28 days
GNPM (0.3%) 4.0/28 days 38.9/28 days

Present study 0.18 1.5 GO (0.02%) Standard curing 2.4/28 days 39.7/28 days
GO (0.03%) 6.1/28 days 49.3/28 days
GO (0.02%) Steam curing 2.6/28 days 65.0/28 days
GO (0.03%) 1.3/28 days 42.2/28 days

*CRSM: controlling rheology of suspending mortar; LSDCFFM: L-shape device to control the flow of fresh mixture; CNF: carbon nanofiber;
GNPC: graphite nanoplatelets (2–10 nm × 25mm); GNPM: graphite nanoplatelets (2–10 nm × 30mm); Lime water: lime saturated water at
room temperature; NA: not available.
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3.5 Bond strength between single steel fiber
and the bulk matrix of UHPC

Bond strength between a single steel fiber and the bulk
matrix of UHPC at 7 days is shown in Figure 9. It can be
seen that the incorporation of GO improves the bond

strength under both standard curing and steam curing.
For specimens containing the GO content of 0.0, 0.01,
0.02, and 0.03% under standard curing, the corresponding
bond strength is 1.2, 2.0, 2.5, and 3.7 MPa, respectively. For
specimens with GO additions of 0.01, 0.02, and 0.03%
under steam curing, the bond strength is increased by
1.0, 4, and 31%, respectively, compared to the one without
containing GO. It is also apparent that the bond strength of
the specimen incorporating similar dosage of GO under
steam curing is much greater than that of the specimens
under standard curing. This is associated with the effect
of the steam curing in promoting the pozzolanic reac-
tivity [16].

3.6 Discussion on the effects of GO on
microstructure and mechanical
performances of UHPC

As presented in Sections 3.3 and 3.4, the addition of GO
has a slight enhancement on the compressive strength of

Figure 9: Bond strength between a single fiber and the bulk matrix
of UHPC at 7 days.

Figure 10: BSE image of interface between a fiber and the bulk matrix at 7 days: (a) referenced specimen without GO; (b) specimen with
0.02% of GO under standard curing; and (c) specimen with 0.2% of GO under steam curing.
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the UHPC. It is important to be noted that its flexural
strength is improved significantly by containing GO. As
illustrated in Figure10, the microstructure of the matrix
of the UHPC containing GO shows no significant differ-
ence from that without GO. This may be the reason why
the compressive strength of UHPC with GO was not
enhanced to a notable extent. In comparison, the bond
strength between fiber and the UHPCmatrix usually plays
a greater role in the improvement of flexural strength than
that on compressive strength. As described in the Section
3.5, the bond strength between fiber and the UHPC matrix
is increased as the content of GO ranges from 0.01 to
0.03%, thereby leading to a higher flexural strength than
that without GO.

A recent study on the effect of GO on single fiber bond
behavior within mortar also indicated that the addition of
GO can improve the bond between fiber and mortar
matrix, where it was suggested that the enhanced com-
pressive strength of mortar helps create better interface
bonds [52]. Elsewhere, it was attributed to the higher
friction increase andmechanical interlock at the interface
between the steel fiber and the bulk matrix, thanks to
the addition of GO [38]. In the present study, the micro-
structure of the interface between fiber and the matrix
was characterized by means of SEM examination. As illu-
strated in Figure 10, it is observed that the microstructure
of the interface between the fiber and the matrix of the
UHPC with GO shows no significant difference from that
without GO, indicating that the enhancement of bond
strength by GO not only may be due to the improvement
in interfacial microstructure, but also can be contrib-
uted to the higher friction increase and mechanical
interlock as aforementioned, which is subjected to be
further investigated.

4 Conclusion

The work presented in this study leads to the following
conclusions:
(1) The ECmethod to synthesize GO is safer, greener, and

of lower cost. It is therefore considered suitable for
fabricating GO for cement paste, mortar, normal con-
crete, high-performance concrete, and UHPC for con-
struction industry.

(2) The addition of GO provides a slight enhancement
from 1.3 to 6.1% on the compressive strength of
UHPC under both standard curing and steam curing.

(3) The findings show that the flexural strength of UHPC
is significantly increased by 33 to 65% when GO is

added to the mixture of UHPC under both standard
curing and steam curing, demonstrating that the
incorporation of GO can be an effective measure to
improve the flexural strength of UHPC.

(4) The improvement of bond strength between the MSFs
and the matrix can be contributed to the improved
interfacial microstructure, the higher friction increase,
and the mechanical interlock at the interface between
the MSFs and the bulk matrix, thanks to the addition
of GO.
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