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Abstract

A new ultra-high strength concrete, in which oxidized graphene nanoplatelet (GO) and hollow glass powder (HGP)
are added, has been developed by authors. This paper presents the material properties of the concrete such as work-
ability, compressive and tensile strengths, internal micro structure (SEM and MIP) as well as air-tightness which

was tested using an equipment developed in this study. Test results show that workability and tensile strength
significantly increase by a small addition of HGP, and that cGO (GO product of company c) and HGP are well dis-
persed without agglomeration effect, resulting in more than 20% of reduction in porosity. It is also observed that air-
tightness increases by 40% compared with conventional ultra-high strength concrete due to reduction in porosity;
thus, new ultra-high strength concrete is anticipated to be effectively used for structures that requires air-tightness
such as hyperloop tube. Consequently, it was observed that the workability and mechanical properties of UHSC were
increased when cGO and HGP were used instead of silica fume (SF), and authors believe that utilization of new mate-
rial would contribute to the change in manufacturing method and increase in mechanical properties of concrete.
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1 Introduction

Graphene, carbon nano material that a single layer of
graphite is peeled off, is widely used in various indus-
try as it has larger specific surface area than any other
nano-materials as well as strength, thermal and electric
properties are excellent (Kim, 2016). Even small amount
of graphene adding to concrete material can contrib-
ute effectively to decrease in porosity and increase in
mechanical properties with the voids in the concrete
matrix filled (Baoguo et al., 2017a, 2017b; Hongjian et al.,
2016; Jeong et al., 2019; Nathan et al., 2023; Seo et al,,
2015, 2022). Xinyue et al., 2020 and Xinyue et al., 2022
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also reported that the graphene is effective for increase in
interfacial bond strength at the interfacial transition zone
(ITZ) between aggregates and mortar, which is the weak-
est zone in the concrete. It should be noted that graphene
tends to agglomerate among graphene particles due to
Van der Waals forces and it does not well disperse in the
water because of hydrophobicity (Kim et al., 2014; Seo
et al, 2017; Hongjian et al,, 2018; Nathan et al., 2023). It
is, therefore, very important to increase the dispersion in
order for graphene to be used in concrete, hence oxidized
graphene nanoplatelet (GO) was developed (Kim, 2016;
Youli et al., 2020) which can increase dispersion in high
molecular and surface adhesion. However, it is reported
that due to high dispersion and large specific surface area
of the oxidized graphene, the area of contact becomes
larger and water absorption is increased thus molecular
behavior of water and superplasticizer is limited, result-
ing in decrease of workability (Bo et al.,, 2015; Kim et al.,
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2020; Ko et al., 2018). As a result, a solution to solve this
problem is required.

As stated above, it is crucial to obtain the workability
to apply graphene of nano material to concrete. Yoon
et al, (2020) studied the increase of the workability
of high strength concrete by mixing with hollow glass
powder (HGP) instead of either superplasticizer or sil-
ica fume (SF) that is used to increase the workability of
conventional high strength concrete. The results show
that workability of high strength concrete was increased
due to ball bearing effect by small addition of HGP. HGP,
made of soda—lime—borosilicate glass, is a micro-powder
material with low specific gravity. It is widely used in var-
ious areas such as plastic injection and coating material
as it is good for reduction in viscosity and increase in flu-
idity (Yoon et al., 2020).

Based on previous observations above, it is expected
that concrete mixed with GO and HGP will contribute to
obtaining workability easily and to increasing mechani-
cal properties. In this study, mechanical properties of
ultra-high strength concrete mixed with GO and HGP of
120 MPa was studied and the possibility of GO and HGP
to replace SF that is essential material used to obtain con-
crete strength and fluidity was investigated as well.

Some preliminary researches have been performed
to use concrete for hyperloop tube (Lim & Park, 2022;
Sagong et al., 2021) as the interest in hyperloop of an
ultra-high-speed transportation system has increased
recently. Since hyperloop is a system that capsules run at
ultra-high speed inside the near-vacuum (1 mbar) tube,
air-tightness of tube material is very important. In spite
of it, studies on the air-tightness of concrete are not suf-
ficient, although Korea Institute of Civil Engineering and
Building Technology (2018) conducted experimental
research on ultra-high strength concrete. More and vari-
ous experimental researches on the concrete are required
hence ultra-high strength concrete mixed with either SF
or GO/HGP were tested using the equipment developed
by authors to observe and compare the air-tightness of
the ultra-high strength concrete in this study.

2 Overview of Experiment

2.1 Materials and Mix

The material used in this study, cGO, was manufactured
by mechanically peeling off expanded graphite in consid-
eration of not only dispersion but economic aspect and
then combining with GO. This product is denoted as cGO
which means GO manufactured by company c. The cGO
was dispersed in superplasticizer to form a superplasti-
cizer dispersion. Since atomization of particles by applying
high shear rate (unit: 1/sec) was required to disperse micro
particles, a microfludizer at a class of 3.0 kw and 1.0 L/
min, which can apply shear rate of 10,000,000 1/sec, was

Page 2 of 10

employed to disperse graphene of powder type nano parti-
cles. The dispersion was carried out for more than 30 min,
and the characteristics of cGO are summarized in Table 1.
Fig. 1 shows the concept of cGO and image of cGO taken
by Scanning Electron Microscopy (SEM). It is observed
from the image that cGO is a plate type structure with
irregular convolution and it is reported that such shape was
aresult of deformation occurred during the peeling off pro-
cess (Chufa & Murthy, 2020).

The density of HGP used to obtain workability was as
low as 0.4 g/cm?®, and specific surface area was very fine as
6000-10,000 cm?/g. The HGP is a hollow spherical shape
outside of which a membrane is formed by a cell composed
of soda lime borosilicate glass. Table 2 presents properties
of HGP, while Fig. 2 shows an image of HGP taken by SEM.
In Table 2, 90% breaking strength of hollow glass powder is
defined as the strength at a 10% failure of glass powder by
volume under isostatic compression using gas or liquid.

Table 3 summarizes binders and aggregates used in this
study; high early strength cement, silica fume, granulated
blast-furnace slag and gypsum as binder, and natural sil-
ica sand as aggregate. Gypsum (CaSO,) creates ettringite
(C5A:3CaSO,-32H,0) by reacting with C;A in the cement
or Al,O; in the Granulated blast-furnace slag. It is known
that the expansion of ettringite compensates for the shrink-
age of concrete, and furthermore, it is helpful to increase
the compressive strength by creating more dense structure.
Therefore, a small amount of gypsum is generally used for
UHSC of 100 MPa or higher. Two types of concrete mix
were employed to investigate the possibility of new ultra-
high strength concrete using cGO and HGP as shown in
Table 4; a mix portion for ultra-high strength concrete of
120 MPa using SF and the other mix portion using cGO
and HGP instead of SE. The amount of cGO mixed was
determined to be 1 kg/m?® based on the observation that
increase of strength by input of cGO converges when the
input was 1 kg/m? (Seo et al., 2022).

2.2 Method of Experiment

2.2.1 Slump Flow and T500

Slump flow was measured following KS F 2594 (2021).
T500 is an indirect method to evaluate viscosity of fresh
concrete by measuring the required time for slump flow to
reach 500 mm.

Table 1 Characteristics of cGO

Layer Thickness (nm) Length (um) Specific surface area (m?/g)

5-30 50-150
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Fig. 1 SEM image of cGO

Table 2 Properties of HGP

Density (g/  90% Particle size distribution (um, by
cc) Breaking volume)
strength
(MPa) 10th% 50th% 90th% Effective top
size
046 110 10 20 20 20

2.2.2 Rheology Test

Rheology of the concrete was measured using an equip-
ment, Rhetribo of company Biel, which can measure
yield stress and plastic consistency of fresh concrete.
Measurement was conducted; (1) a container of which
diameter is 286 mm is filled with concrete, (2) two
bladed vane is inserted in the center of the specimen,
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and the blade is rotated for 20 s at a 0.5 rev/sec, (3)
bending moments are measured at an interval of 5 s,
total 7 times, while rotation rate is decreased from 0.5
rev/sec to 0.05 rev/sec for 30 s, (4) plastic consistency is
finally calculated from the gradient of the line obtained
by regression analysis of measure values.

2.2.3 Compressive Strength Test and Splitting Tensile
Strength Test

Following KS F 2403 (2005), specimens of
®100x200 mm were prepared to perform strength
tests that were conducted for the specimen at 3, 7, and
28 days. Three specimens were casted for each mix por-
tion and standard curing (20+2 ‘C, water curing) was
employed.

Fig. 2 SEM images of hollow glass powder
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Table 3 Properties of materials
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Material

Physical properties

Cement (Q)

Silica fume (SF)

Granulated blast-furnace slag (BFS)
Gypsum (G)

Fine aggregate (S)

Superplasticizer (SP)

Type Ill, Specific gravity: 3.15, Specific surface area: 341 m%/kg
Specific gravity: 2.20, Specific surface area: 20 m?/g

Specific gravity: 2.90, Specific surface area: 430 m?/kg

Specific gravity: 2.81, Specific surface area: 390 m?/kg

Natural silica sand, Specific gravity: 2.62, Particle size: 0.18-0.85 mm
Polycarboxylate high range AE water reducer (liquid type)

Table 4 Concrete mix proportions (ratio by weight)

Mix W/B (%) w C BFS SF S SP (B*%) cGO (kg/m3) HGP (kg/m3)
Ref 240 04 1.0 0.5 0.08 0.08 1.88 0.75 - -
Mix A 240 04 1.0 0.5 0.08 0.08 1.88 0.75 1.0 -
Mix B 24.0 04 1.0 0.5 0.08 0.08 1.88 0.75 1.0 2.0
Mix C 253 04 1.0 0.5 0.0 0.08 1.98 0.75 1.0 30

Mix A: Ref + cGO, Mix B: Ref + cGO + HGP, Mix C: Ref-SF + cGO + HGP

2.2.4 Internal Microstructure (SEM, MIP)

A debris of 10 mm was sampled from the specimen
used for strength test, which was then submerged in the
acetone for 24 h to stop hydration and dried for another
24 h. SEM (Scanning Electron Microscopy) and MIP
(Mercury Intrusion Porosimetry) were carried out to
investigate microstructure and porosity, respectively.

2.2.5 Air-Tightness Test
An experimental equipment was developed as shown to
investigate the air-tightness of the ultra-high strength
concrete developed in this study (Fig. 3). Hollow con-
crete specimens (¢ 400 mm, H 500 mm, t 10 mm) with
one side closed were casted to be used in the test. A rub-
ber pad was placed between the steel plate and open side
of the specimen, while the gap was finished with silicon
to prevent external air from going into the specimen
through the gap. The vacuum pump hose and a manom-
eter were connected to the upper steel plate to decrease
the air pressure inside the specimen and to measure it.
The experiments to evaluate air-tightness of the con-
crete were performed as follows; (1) the air pressure
inside the specimen is decreased down to 1 mbar using
a vacuum pump, (2) once the air pressure is reached to
the target pressure of 1 mbar, the vacuum pump is turned
off, (3) the air pressure slowly increases as the external air
infiltrates through the surface of the concrete specimen,
(4) the air pressure inside the specimen with time and the
required time for air pressure to increase to atmosphere
are measured using data logger, and (5) the required

times to atmosphere for different materials are compared
each other to compare the air-tightness.

3 Results of Experiment and Its Analysis

3.1 Evaluation of Rheology

Changes in slump flow were examined for concretes of
different mix portions. The standard mix, denoted as Ref,
refers to the one using SF and superplasticizer to obtain
workability, while other mixes were obtained by add-
ing cGO and HGP, instead of SF, while unit water con-
tents and amount of superplasticizer were fixed. It was
observed that no material segregation occurred from all
the mix portions.

The results of slump flow and T500 are shown in Fig. 4.
The slump flow of Mix A, in which a 1.0 kg/m? of cGO is
added to Ref Mix, is 740 mm which decreases by 8% than
Ref Mix. T500, from which the viscosity can be indirectly
evaluated, also increases by twice (6.9 s) compared with
Ref Mix (3.5 s). Such reduction in workability is induced
by decrease in performance of superplasticizer as the
water absorption increases due to enlargement of contact
area between water and graphene having large specific
surface area and a good dispersion (Bo et al., 2015; Kim
et al., 2020; Ko et al., 2018).

The slump flow was measured for Mix B, where a
2.0 kg/m?® of HGP is added to Mix A, to evaluate if HGP
is effective for improvement of workability. It is observed
from the test that HGP workability of Mix A is recov-
ered as flow value increases by more than 4% and T500
decreases by more than 30% than Mix A.
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Fig. 4 Results of slump flow and T500 test

In Mix C, cGO and HGP, 1.0 kg/m? and 3.0 kg/m?,
respectively, were added instead of SF that is a material
essentially used in ultra-high strength to obtain strength
and fluidity. Compared with Mix B, additional 1.0 kg/m>
of HGP was added to Mix C in consideration of viscosity
as SF was removed. The results show that slump flow is
800 mm and T500 is 3.1 s, which are almost identical to
results of Ref Mix.

Besides slump flow, rheology test was also carried out
to measure plastic viscosity and its results are shown in
Fig. 5. It is observed that viscosity increases by 3 times
more than Ref Mix due to addition of a 1.0 kg/m? of cGO
but it is recovered by mixing with HGP. In addition to
that, it should be noted that HGP plays a great role to
significantly recover workability even a small amount
(3.0 kg/m?®) of HGP is added to the mix, instead of SF.
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3.2 Evaluation of Strength

Fig. 6 shows the results of compressive strength tests.
The compressive strength obtained from all the mixes
are higher than the target strength of 120 MPa. It is also
noted that the compressive strengths at 28 days of the
concrete mixing with cGO increase by 2 ~3% compared
with that of Ref concrete that does not contain cGO.
Splitting tensile strength was also confirmed to increase
by more than 20% in Fig. 7 as cGO was added, and bend-
ing strength that was not tested in this study was also

Mix B Mix C

Specimen

reported to increase by 20% (Baoguo et al., 2017b). Since
graphene also restrains cracks to propagate just like fibers
(Sufen et al., 2020), it is judged that the strength increases
due to such restraint. It should be noted that a small
amount of cGO, instead of SF, is sufficient for improve-
ment of strength.

3.3 Microstructure (SEM, MIP)

Fig. 8 shows the results of SEM for Mix C specimen. It
is visually observed in Fig. 8a that cGO and HGP parti-
cles are fairly distributed among hydration products,
no agglomeration has occurred. It is also monitored in
Fig. 8b that cracks seem to be restrained due to a bridg-
ing effect of cGO; thus, tensile strength increases which
results from constraint of cracks as reported by Sufen
et al.,, (2020). As shown in Fig. 8¢, it is clearly seen that
there are no changes in shape or failure in HGP on
cracked surfaces. It is assumed, therefore, that improve-
ment of workability is attributed to ball bearing effect due
to spherical shape of HGP (Yoon et al., 2020).

Fig. 9 presents the results of MIP analysis conducted
on debris taken form Ref specimen and Mix C speci-
men. In both specimens, pore sizes of 15-25 nm to
25-50 nm are predominant, while overall distribution
trend is quite similar each other. With respect to cumula-
tive pore volume, Mix C shows the smaller volume than
Ref Mix by 21% (Fig. 9a). Lee et al. (2012) reported that
capillary pore could influence the durability of concrete
in the negative way as the capillary pore could become
infiltration path of carbon dioxide, oxygen, water and so
on. Therefore, cumulative pore volume at the range of
0.003—10 pm, which is known as capillary pore range by
Kim et al. (2007), were also investigated, and the results
show that it also shows smaller value in Mix C than in
Ref Mix by 27% (Fig. 9b). It is also reported that poros-
ity could be reduced by up to 40% with the addition of
graphene (Sufen et al., 2020). It can be explained that
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(b)

Fig. 8 SEM image of concrete enriched with cGO and HGP: a cGO and HGP inside concrete; b cGO on cracked surface; ¢ HGP on cracked surface

very small size particles of graphene having high specific
surface area like cGO can contribute to the decrease in
porosity as graphene is excellent for filling the voids in
the concrete matrix (Baoguo et al., 2017a).

3.4 Evaluation of Air-Tightness

Fig. 10 shows the schematic diagram of pressure change
inside the tube specimen during air-tightness test. As
previously mentioned, the internal pressure of the speci-
men was decreased down to 1 mbar using a vacuum

(©

pump, and recovery time for pressure to rise up to atmos-
phere was measured during which the vacuum pump
was turned off. Three mix portion types of concrete tube
specimens were prepared and tested to evaluate air-
tightness, which were Ref Mix concrete, Mix C concrete
having 1.0 kg/m® of graphene, and Mix C+cGO(0.2)
concrete adding additional 0.2 kg/m? of graphene to Mix
C (i.e. total amount of graphene was 1.2 kg/m?).

The air-tightness of Mix C specimen, indirectly
evaluated using recovery time, increased by 40% more
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and two dimensions shape was well dispersed inside
the concrete specimen. As a result of the air-tightness
test of Mix C and Mix C+cGO (0.2), the recovery time
from 0.001 atm to 1 atm was 113.5 min and 108.4 min,
respectively, showing no improvement in air-tightness
performance, although amount of graphene increased
in Mix C+cGO.

o

compared with that of Ref specimen, as shown in
Fig. 11. As confirmed in MIP analysis, such increase of
air-tightness were obtained as a result of decrease in
porosity as graphene having large specific surface area

Time
Fig. 10 Schematic diagram of air pressure change in concrete tube
specimen

Considering the influence of graphene on concrete
strength, air-tightness and economic aspect, it is judged
that optimum amount of graphene to be added is around
1.0 kg/m?, although collection of more data in vari-
ous conditions is required to verify this. Based on the
observation, it is considered that, due to its lower poros-
ity, the ultra-high strength concrete newly developed in
this study can be used for such structures as hyperloop
that requires excellent air-tightness. Followed by the
study presented in this paper, the authors are to perform
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11 Test results of air-tightness test: a behavior of air pressure

in concrete specimen; b comparison of air pressure recovery time

additional research on methods to advance the air-tight-

ness

of the ultra-high strength concrete.

4 Conclusions

Mechanical properties of ultra-high strength concrete
using cGO and HGP were investigated in this study, and
following observations have been obtained.

1.

Workability was examined for Ref Mix that already
obtained workability using SF and superplasticizer,
but SF was replaced by ¢cGO and HGP in this study.
The workability became as very poor as the work
was almost impossible by addition of 1.0 kg/m® of
¢GO, however, it was confirmed that the workability
was recovered equivalent to or better than Ref Mix
when 2.0-3.0 kg/m? of HGP was added resulting in
increase in fluidity and decrease in viscosity.

It was observed that the compressive strength and
splitting tensile strength at 28 days increased by 3%
and 20%, respectively. It is reported that graphene is
effectively restrains cracks to propagate, therefore,
it is understood that the strength of the concrete
increases due to such effect of graphene.
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. 'The results of SEM show that cGO and HGP parti-

cles are fairly distributed among hydration products,
no agglomeration is detected. It was also observed
that cGO seemed to act as a bridge on cracked sur-
face. Neither change in shape nor failure of HGP on
cracked surfaces occurred as well. It is assumed that
improvement of workability is attributed to ball bear-
ing effect due to spherical shape of HGP.

. With respect to the cumulative pore volume, Mix C

shows the smaller volume than Ref Mix by 21%, and
the cumulative pore volume at the capillary pore
range of 0.003 to 10 pm was also smaller by 27% for
Mix C than for Ref Mix.

. The results of air-tightness test show that air-tight-

ness of Mix C specimen is higher by 40% than Ref
Mix specimen. This is due to that two-dimensional
plate shaped graphene is well dispersed in the con-
crete; thus, porosity decreases.

. The recovery time from 1 mbar to atmosphere

are 113.5 min and 108.4 min for Mix C and Mix
C+cGO(0.2), respectively, which shows no mean-
ingful difference from different amount of graphene
added.
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