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Production and Characterization of GRC-SWCNT Composites for Shell Elements
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Nano-sized defects in Glass fiber Reinforced Concrete (GRC) shell elements can cause damage over time, leading to
mechanical and durability problems. Therefore, in this study an experimental program was conducted to investigate the
application of single-walled carbon nanotube as a nano-additive material in GRC. Since there is no study on GRC-
carbon nanotube (CNT) composites in the literature, the behavior of CNTs on conventional concretes was discussed.
Five different GRC-SWCNT composite mixtures containing 0, 0.007, 0.010, 0.015 and 0.020 wt.% single walled carbon
nanotube (SWCNT) were obtained. Calcined kaolin and acrylic polymer were used as pozzolanic and chemical
modification materials in the mixtures, respectively. Workability, density, capillarity, pressure, flexural, tensile, impact,
Leeb hardness and FE-SEM tests of the produced samples were carried out. According to the results obtained, the
optimum SWCNT ratio in GRC mixtures was found to be 0.015 %. It was observed that there was a linear relationship
between the mechanical results. FE-SEM images confirmed that SWCNTSs act as bridges for micro-cracks and reinforce

the microstructure.
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1. INTRODUCTION

Alkali resistant glass fiber (AR-GF) has been used for
different purposes in building materials in recent years and
attracts the attention of many researchers [1, 2]. AR-GFs
contain 15-20 % ZrO; and this significantly protects the
fibers against alkalis in the hydrated cement paste [3, 4]. In
previous studies, AR-GFs have proven positive effects on
building materials in many aspects such as splitting tensile
strength [5, 6], modulus of rupture [7], flexural strength
[8], and abrasion resistance [9].

The main uses for GRCs are generally cladding panels,
due to their satisfactory mechanical properties and fire
resistance [4, 10]. Among other non-structural applications
of GRCs, areas such as permanent formwork, sewer lining,
building restoration, tunnel lining and acoustic barrier can
be pointed out [11]. GRCs also have a limited number of
uses in structural applications [12]. Besides many superior
properties of GRCs, there are also problems such as
embrittlement [13]. Micro-sized AR-GFs prevent the
formation of micro-cracks, but nano-sized cracks may
develop over time and threaten the mechanical and
durability properties of GRC elements. Different solutions
have been proposed by many researchers to address these
problems of GRCs. Protective layer coatings for aged
GRCs [14] and adding chemical additives [15] for fresh
GRCs are among these solutions.

Recently, the use of nanomaterials such as carbon
nanotubes (CNTSs) has been suggested by many researchers
to overcome the deficiency of cementitious composites
[16, 17]. Having the wvery best mechanical, physical,
electrical, and specific surface area makes CNT
remarkable for researchers [18]. The carbon nanotube is an
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allotrope of carbon and is classified in two groups as
single-walled carbon nanotube (SWCNT) and multi-walled
carbon nanotube (MWCNT) [19]. The physical and
mechanical differences between SWCNT and MWCNT
are compared in Table 1. CNT's usability in cementitious
materials was first proposed by Brenner et al. [20] and
patented in 2008. It is expected that calcium silicate
hydrates (C-S-H) that hold a cementitious matrix together
can be controlled by nano-scale CNTs [21]. However,
more MWCNTSs have been investigated in cementitious
materials and studies on SWCNT-cementitious materials
are rather limited.

Table 1. Differences between SWCNTs and MWCNTS [22]

SWCNT MWCNT
Diameter 0.5-3.0nm 5-100 nm
Length 100 nm-1cm 100 nm-1cm
Typical Young’s | 5 1p, 1.8 TPa
modulus
Tensile strength Up to 53 GPa Up to 63 GPa
Electrical 10000 S/cm 6000 S/cm
conductivity
Heat conductivity  |[Max. 6000 W/m-K  [Max. 3000 W/m-K
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Limited number of representative studies on SWCNT-
cement composites are summarized. Kang et al. [22]
studied the mechanical properties of 0, 0.02, 0.04, and
0.06 wt.% SWCNT added cement composites. With the
presence of TritonX-100 agent used as dispersion, it was
concluded that both the compressive and flexural strength
improved, while the increase in the SWCNT ratio without
dispersing agent caused the strength to decrease. Li et al.
[23] investigated the combined effects of SWCNT and
graphene oxide on the cement. According to the flexural
test results, 72.7 % increase has been observed in the
strength of the cements containing SWCNT-GO.
Separately, it was stated that the strength increased by



mailto:serkansubasi@duzce.edu.tr

51.2 % by GO and 26.3 % by SWCNTSs. Jonathan et al.
[24] studied the growth of cement hydration products on
SWCNTs. It has been found that SWCNT accelerates the
hydration reaction of CsS in portland cement. First, it was
stated that the morphology of both C3A and Cs3S hydration
products is affected by the presence of SWCNT. In
particular, nanotubes were rapidly coated with C-S-H,
while the nanotubes were seen to act as nucleation sites for
CsS hydration products. The resulting structures remained
on the surface of the cement grains, while those of the
sonicated and delivered OPC samples grew from the grain
surfaces to form typical C-S-H clusters.

It is important to improve the mechanical properties of
GRCs whose demand is increasing day by day especially
in shell element applications. In this study, it was aimed to
examine the mechanical and microstructural properties of
GRC-SWCNT composites produced by using different
ratios of SWCNT to improve the micro and nanostructures
of GRCs.

2. EXPERIMENTAL
2.1. Materials

CEM 11/ B-L 42,5 R White Portland limestone cement
has been used as a binder material in premixed GRC
mixtures. Silica sand (2-850 um) suitable for GRC
production has been used as filler material. As the aid
binder material, calcined kaolin (CK) with 70.45 % SiO,,
Al,O3 and Fe;O; ratios has been used. According to the
results of various studies, the positive effects of CK on
cementitious mortars [25] have been confirmed. The
specific gravity of the CK used is 2.52 g/cm®. The
chemical components of the cement, CK, and silica sand
(SS) used are given in Table 2.

Table 2. Chemical composition of mineral materials

Component| Cement, % |Silica sand, %| Calcined kaolin, %
SiO2 17.46 98.57 59.78
Al20s3 3.27 0.00 10.23
Fe203 0.21 0.17 0.44
CaO 63.04 0.29 9.91
MgO 1.67 0.00 1.59
K20 0.34 0.16 0.90
Na:0 0.30 0.00 0.05
SOs3 3.02 0.00 1.25
P20s 0.04 0.01 0.04
TiO2 0.09 0.12 0.15
Cr203 0.0021 0.0137 0.0186
Mn20s 0.0042 0.0029 0.0077
LOlI 11.00 0.39 16.24

Alkali resistant glass fiber (AR-GF) of 12 mm length
and 14 um diameter was used to increase tensile strength
and prevent cracks. The specific gravity, tensile strength,
and melting point of the AR-GF used were 2800 kg/m?®,
2450 MPa and 800 °C, respectively. In a previous study
[26], it was confirmed that AR-GF can be used positively
in sputtered GRC. In addition, if AR-GF is homogeneously
dispersed, it can prevent the formation and development of
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micro cracks in the shell elements. Vinyl acrylic
copolymer (VA-CP) solution was used as an additive
material to provide a homogeneous mixture and to obtain a
denser composite [27]. Polycarboxylate ether-based
plasticizer was used in all mixtures.

The paste shape SWCNT used in the study has beta-
302 carrier and was provided by the TUBAL company.
The concentrated carrier of this SWCNT consists of
surfactant, stabilizing agent-alkylene glycol derivative and
distyrile biphenyl derivative [28]. SEM image of SWCNT
is given in Fig. 1. The carbon content of the SWCNT used
was 99 = 1wt.% and it had a diameter of 1-2 nm. The
length of this material, which is very flexible and strong, is
approximately 3000 times its diameter.

Fig. 1. SEM image of SWCNT
2.2. Mix design

GRCs are generally produced by spray and premix
methods [29]. In this study, all mixtures were produced as
a premix. Cement, aggregate, calcined kaolin, and glass
fiber, which are the main materials of GRC, were dry
mixed in the amounts in Table 3 for three minutes. The
desired amount of SWCNT was added to 70 % of the
mixing water. According to the information provided by
the company, it is necessary to mix the material in a certain
amount of water for a minimum of 20 minutes to disperse
it. SWCNTs with dispersant added in black pieces were
mixed in an impeller blade shape mixer at 2000 rpm.
During the mixture, the dispersion success was tested by
laying the sample taken with a glass baguette on paper.
The best dispersion success was observed after 40 min.
The dispersed carbon nanotube was added to the mixture
and the mixing process continued for 3 minutes. In the next
step dispersed carbon nanotubes were added while the
mixture continued. Then, the superplasticizer (SP) was
added with the remaining 30 % of the water and the mixing
process was terminated after 2 minutes. The stages of the
mixing procedure are schematically given in Fig. 2.

3 TTP+Water (30%)

&
CNT+Water (70%)

Premix-GRC

Fig. 2. A schematic view for the mixing procedure



Table 3. Mixture design and contents of mortars

No| Cement, g| Calcined kaolin,gSilicasand,g]VinyI acrylic, g | Glass fiber, vol.% | Superplasticizer, %wt | Water, g| SWCNT, wt.%
1 7340 306 7650 153 0 0.9 2440 0

2 7340 306 7638 153 2.5 0.9 2440 0.007

3 7340 306 7632 153 2.5 0.9 2440 0.010

4 7340 306 7626 153 2.5 0.9 2440 0.015

5 7340 306 7614 153 2.5 0.9 2440 0.020

The water/binder ratio was kept at 0.32 in all mixtures.
HP was added as 0.9 % by the weight of cement. The
prepared mixtures were poured into molds and removed
from the molds after 24 hours, and the specimens were
cured for 7 and 28 days.

2.3. Test methods

After the mixtures were prepared, a slump test was
performed according to TS EN 1170-1 [30] to check their
workability. This standard covers a test method that makes
it possible to check the suitability of the water / cement
ratio in glass fiber reinforced cement (GRC) and the
workability of the mixture (suitability for pumpability and
compression). The test is carried out by placing the
mixture in a 55 mm high, 57 mm inner diameter pipe and
lifting the pipe in a vertical direction. The average
diameter of the circularly radiating mixture indicates the
slump value.

7 and 28-day 50 mm cube specimens produced for the
determination of compressive strength were tested
according to the TS EN 196-1 [31] standard. Before the
compressive strength test (28-day), the dry density and
capillarity values of the same specimens have been
specified according to TS EN 1170-6 [32]. Within the
scope of this standard, the density of the GRC specimen is
measured following the Archimedes principle. Also, to
investigate the effect of SWCNT on the hardness of GRCs,
the Leeb hardness test was performed on cube samples
according to ASTM-A956 [33]. To determine the strength
of composites to impact, tests following the [34] standard
were carried out on 10 x 15 x 110 mm sized specimens.

7 and 28-day 200 x 15 x 10 mm specimens were used
to determine the flexural strength of composites and tested
according to TS EN 1170-4 [35]. Direct tensile tests were
carried out on 250 x 25x10 mm sized specimens
according to TS EN 1394 [36]. For all experiments, three
from each mixture were tested and average values were
taken. Field Emission Scanning Electron Microscopy (FE-
SEM) analyzes were performed to determine the
morphological and internal structures of the produced
GRC-CNT composites. FE-SEM is an advanced
technology used to capture the microstructure image of the
materials. FE-SEM is typically performed in a high
vacuum because gas molecules tend to disturb the electron
beam and the emitted secondary and backscattered
electrons used for imaging. The SEM, EDX device used
was the Quanta FEG 250 type of the FEI (Field Electron
and lon Company) producer, with high resolution Schottky
Field Emission and magnification from 14 to 1 million. For
FE-SEM analysis, samples were taken from the crack
regions after compressive strength. Since cementitious
materials are insulators, SEM images cannot be obtained at

the desired quality. Samples were first coated with a
conductive material (Au/Pd) to obtain the desired images.

3. RESULTS AND DISCUSSION
3.1. Workability

The slump flow values of GRC-CNT composites are
shown in Fig. 3. The SWCNT ratio had a significant effect
on the slump flow. While the slump value of the reference
was 142 mm, the slump value of the 0.02 wt.% SWCNT
added mixture decreased by 45 % to 78 mm. Most studies
[37, 38] have confirmed that the workability of MWCNT
cement is reduced. The high specific surface area of CNTs
is the main reason for reduced workability. Therefore,
since SWCNTs have higher specific surface areas than
MWCNTSs, these nanomaterials can further affect the
workability of cement. In one study [39], the interaction of
CNTs with aluminate phases (mainly C3A) and their ability
to cause a reduction in the workability of the mixture was
noted. In fresh concrete, the CsA phase has a key role in
affecting workability [38]. In the study of Makar and Chan
[24], it has been reported that SWCNTSs cause inhibition of
CsA formation. On the other hand, the rapid concentration
of C-S-H on the SWCNT, which acts as the core, is
another potential reason for workability to decline.
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Fig. 3. Slump flow values of mixtures

3.2. Density and capillarity

The filler and nucleation effects of the CNTs can
increase the density of the cement matrix and make it more
compact [38]. Generally, the effects of MWCNT on the
properties of cementitious materials have been studied, and
research on the effect of SWCNT is very limited. Besides
that, it has been noted in the literature that MWCNT has
indefinite effects on the density of cementitious materials.
It has been reported that increasing the density by adding
MWCNT in [40, 41] studies, decreasing the density in [42]
research, and being ineffective in [43]. In the study of
Chaipanich et al. [41], the density of CNT added fly ash



mortar was 2.29, the density of only fly ash mortar was
2.19, and density of normal Portland cement mortar was
2.23 g/cm®. In this study, the density of 0.007 wt.%,
0.01 wt.% and 0.015wt.% SWCNT added composites
increased by 1%, 1.3% and 2 %, respectively (Fig. 4 a).
However, the density of the composite containing 0.02 %
SWCNT was reduced by 0.5 % compared to the reference.
This is due to the low workability and the permanent voids
that occur during insertion.

Rashad [37] reported that the three main advantages of
using CNT in cementitious materials are reducing porosity,
permeability and water absorption. In cementitious
materials, the porosity ratio can be reduced and a denser
matrix can be obtained by filling the voids between the
hydration products with the condensed C-S-H on CNT.
The 90 minute capillary test results of composites
containing different amounts of SWCNT are compared in
Fig. 4 b. Parallel relationship between capillarity and
density values can be seen in Fig. 4. The weights of 0,
0.007, 0.01, 0.015 and 0.02wt% SWCNT added
composites increased by 2.212, 0.972, 1.087, 0.865 and
2.320 %, respectively, after the test. The weight gain due
to water absorption depends on the porosity ratio of the
composites. Looking at the time-weight curves, the weight
gain for all composites is more evident in the first
15 minutes. The capillary curve of the 0.015 % SWCNT
added composite has continued at a lower speed compared
to the others and has gradually fixed in the horizontal
direction. The capillarity curve of the composite containing
0.02% SWCNT has continuously increased due to the
imperfections caused by the low consistency.
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3.3. Mechanical test results

Compressive, flexural and tensile strengths of 7 and
28-day old GRC-CNT composites are given in Fig. 5,
Fig.6 and Fig.7, respectively. Considering all the
mechanical test results, parallelism is observed between
them. When the flexural and tensile test results are
examined, it is understood that the age effect is more
pronounced than the compressive strength. The average
compressive, flexural and tensile strengths of the 28-day
specimens have increased as 16 %, 38% and 37 %,
compared to 7-day, respectively. CNTs increase the
hydration speed and accelerate the formation of C-S-H, so
compressive strength is expected to improve at an early
age [24]. The increase in the rate of SWCNT revealed that
the age effect was more pronounced. Xu et al. [38], stated
that some water molecules are absorbed by siphoning into
the cavities of nano-tubes. As the CNT ratio increases, the
amount of water absorbed increases. With the increase of
the CNT ratio, the amount of water absorbed increases and
the hydration rate slows down, so, logically the
compressive strength increases further in older ages. With
the increase of the CNT ratio up to 0.015wt.%, the
compressive strength increased, but when the CNT ratio
became 0.02 wt.%, the compressive strength decreased to
the strength level of the reference specimen. However, the
compressive strengths of 28-day composites containing
0.007, 0.01, 0.015 and 0.02% SWCNT increased
compared to the reference as 0.04, 0.14, 0.62 and 0.19 %,
respectively.
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Fig. 5. 7 and 28-Day compressive strength results

Kang et al. [22] investigated the strength of 0, 0.02,
0.04 and 0.06 wt.% (by weight of cement) SWCNT added
cement composites. The positive effect of SWNT was
observed in mixtures using dispersion additive. The
maximum compressive strength has been obtained for the
composite containing 0.06 wt.% SWCNT. Keriené et al.
[40] examined the effect of MWCNTSs on non-autoclaved
aerated concrete and autoclaved aerated concrete
separately. According to the results of the mixture with
different ratios of MWCNT, it has been reported that the
maximum compressive strength belongs to the 0.02 wt.%
nanotube added mixture, by an increase of 11.03 %. Also,
reductions in shrinkage during the heating period have
been detected. According to the research results of Musso
et al. [44], there was deterioration in mechanical properties
with  functionalized CNTs, while a significant



improvement was achieved with both grown and annealed
CNTs.

As with the compressive strength results, the flexural
and tensile strength increased with the increase of the CNT
ratio to 0.015 % and the strength decreased when the CNT
ratio increased to 0.02%. The flexural strength of
composites containing 0.007, 0.01, 0.015 and 0.02 %
SWCNT increased by 15, 26, 45 and 20 %, respectively.
Kang and Al-Sabah produced 0.02-0.04 wt.% SWCNT
(by weight of cement) added mortars and examined their
mechanical strength. They reported 10-20 % positive
effects of SWCNT on the flexural strength of mortars.
Also, the tensile strength of the samples with the same
mixtures increased by 17, 33, 56 and 32 %, respectively,
compared to the reference. In this study, while the flexural
strength of GRC-SWCNT composites was
9.78-14.18 MPa, it was reported as 4.50-9.95 MPa for
the GRC matrix in different studies. [45, 46].

In many studies [47, 48], positive effects of CNTs on
the flexural strength of cementitious materials have been
reported. However, some inconsistencies regarding
flexural strength have also been reported across studies.
Inconsistencies in flexural strength may be related to the
CNT dispersion and bonding property of CNT-cement. In
CNT reinforced cementitious materials, the bond between
CNT and cement is the most important factor for flexural
strength. However, the CNT dispersion type, quality and
property can significantly affect the bond mechanism.
Considering these factors, it is useful to develop a
probabilistic model for estimating flexural strength.
Ramezani et al. [49], suggested a probabilistic model by
using the Kelly-Tayson theory for the estimate of flexural
strengths of CNT reinforced cement composites. The
model suggests that the CNT aspect ratio ranges from 400
to 800, and the concentration of 0.08 wt.% to 0.18 wt.%
(cement-wt) yields the highest flexural strength. Finally,
model variables were validated by comparing them with
experimental study variables. For example, with the
increase in the CNT ratio in the composite, it was revealed
that the age significance was more pronounced.
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Fig. 6. 7 and 28-day flexural strength results

Since the general usage areas of GRCs are shell
elements, tensile strength is also important. There are
limited studies in the literature regarding the direct tensile
strength of GRCs. Peled et al. [50], investigated the tensile
strength of size stabilizing additive, acrylic polymer and
blast furnace slag added GRCs, along with other
mechanical properties. Among the tensile strengths of

2.8-7.6 MPa obtained for different mixtures, the biggest
improvement has been observed for mixtures with acrylic
polymer and slag addition. In a study conducted by Ali et
al. [45], the split tensile strength of 0.5vol.% fiber
reinforced GRC composites at 28-180 days was obtained
as 3.5—4.5 MPa. In this study, 7 and 28-day direct tensile
strength for 2.5 vol.% glass fiber reinforced GRC matrix
was obtained as 4.73 and 7.48 MPa, respectively.
Maximum tensile strength has been reported as 11.64 MPa
for 0.015 wt.% CNT added composite. The age effect was
more pronounced in high CNT dosage composites on
tensile strength as in compressive and flexural strength
results. The age effect for 0.007 wt.% and 0.02 wt.% CNT
added composites was 23 % and 62 %, respectively.

Relationships between the mechanical properties of
composites were examined in Fig.8. The correlation
coefficient of over 80 confirms bilateral relationships. In
the literature [51,52], it is stated that the correlation
coefficient should be at least 70 for the estimated model
between the two factors to be suitable. Considering the
equations in the figure, the flexural/compressive strength
rate is higher than the others. This is compatible with some
studies in the literature [45, 46]. Also, according to the
correlation coefficients, R =0.9753 proves that the
equation between flexural-tensile is plausible than other
equations. In Ali et al.'s study [45], the relationships of
compressive- splitting tensile and compressive- flexural
found for GRCs are given in Eg. 1 and Eq. 2, respectively.
According to ACI Committee 363 [53], Eq. 3 and Eq. 4 are
available for the relations of compressive- splitting tensile
and compressive- flexural, respectively. In these equations,
fr is the flexural strength, f., compressive strength, and fsp
splitting tensile strength. These equations are generally
more compatible for coarse aggregate concretes.
According to the literature, the fr/fc ratio may be higher in
fine aggregate concrete types. For example, in the study of
Arslan et al. [54] and Aygormez et al. [55], fc-f, relations
were obtained as Eq.5 and Eg.6, respectively, for
geopolymer concretes.

fip = 0.604 x\/f. . M
fr = 0755 % \/f.. )
foo =059 x/f; . 3)
fr =094 xf. . )
fr=132xf . 5)
fo=134x[f, ©)

If the equations in Fig.8 are written in

fy =aX \/]Tx format, the following equations can be

suggested for premix GRCs. In these equations f;, fc and f;
are flexural, compressive and tensile strength, respectively.

f. =153 x \/E; )
ft =2.79 X fr ) 9)
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3.3. Impact test results

To determine the impact strength of the produced
GRC-SWCNT composites, the absorb energy values of the
relevant specimens were read by using a device following
the ISO 179-1 standard [34]. Impact strength values of the
specimens have been calculated using Eg. 10 [56]. For
statistical accuracy, 5 specimens from each mix were
tested. The average absorbed energy and impact strength
values obtained have been compared in Fig. 9.

v =

(10)

where Ec is the absorbed energy (kJ); h, the thickness of
the test specimen (m) and b is the width of the tests
specimen (m).

The ISO 179-1 standard is generally a test method that
determines the impact properties of polymeric materials
[57, 58]. However, since the general usage areas of the
GRC-SWCNT composites produced in this study are shell
elements, it is useful to examine the impact behavior using
this test method.

The impact strength and absorbed energy values of
composites are given in Fig. 9. The impact properties of
the 0.007, 0.001, 0.015 and 0.02% SWCNT added
composites has changed by 17.99, 40.84, 28.48 and 6.80 %
compared to the reference. Its absorbed energy values vary
between 3.12-4.72 J and impact strength values between
14.4-21.76 kJ/m?.  While 0.01% SWCNT added
composite showed the best impact properties, the impact
properties of 0.02 % SWCNT added composite remained
below the reference. On the contrary, according to all other
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test results, maximum values were obtained for the
0.015 % SWCNT composite.
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Fig. 9. Impact strength and absorbed energy of composites

3.4. Hardness test results

The Leeb hardness test, which is a non-destructive
method, provides information about the hardness and
estimated strength of construction materials such as stone
and concrete [59, 60]. This method was used to obtain
information about the hardness of SWCNT added GRC
composites produced in this study. The results are
compared in Fig. 10. The hardness value was obtained as
375 HL for the reference GRC specimen. No significant
difference was observed between the hardness of the
0.007 wt.% SWCNT added composite and the reference.
However, the hardness of 0.010 wt.% and 0.015 wt.%
SWCNT added composites increased 7.2 % and 8.8 %,
respectively, compared to the reference. This is because
the SWCNTs form a three-dimensional network,
preventing transverse deformations and micro cracks. In
addition, the density of material in the Leeb hardness test
method also significantly affects the values. Comparing the
hardness values with the density and capillarity results in
Fig. 4 confirms this. Pores smaller than 0.1 pum are formed
in mortars only in the presence of hydraulic phases
(C-S-H) and remain empty due to their size. However, the
presence of sorption pores in C-S-H is a common feature
for both cement putties and mortars. Consequently,
changes in porosity are affected by the presence of CSH
and carbon nanotubes that increase the density of the gel
phases [61]. The hardness of the 0.020 % SWCNT added
composite has reduced by 2 % compared to the reference.
The reason for this is the low density resulting from the
reduced workability.

There are a few Leeb hardness studies on normal
concretes, although limited. But there is no information
about the Leeb hardness of GRCs. Song et al. [62]
investigated the Leeb hardness of sodium silicate based
concrete and normal C30 concrete and concluded that the
average hardness value of normal concrete was 362.4 HL
and that of sodium silicate based concrete was 405.6 HL.
The hardness values of the 28-day GRC-SWCNT
composites produced in this study were measured between
372.68 and 408.10 HL. Therefore, the results prove to be
compatible when compared to normal concrete. Gomez-
Heras et al. [63] stated that the finer the grain size, the
higher the Leeb hardness. Also CK benefits to improve the
surface hardness of concrete [64]. This situation is directly



related to the filling of finegrained minerals into micro and

macropores [65].
450
400
350
300
250
200
150
100
50
0

Leeb hardness, HL

Reference  0.007% 0.010% 0.015% 0.020%

CNT ratio
Fig. 10. Leeb hardness measured for GRC-SWCNT composites
3.4. SEM analysis

Field emission scanning electron microscopy (FE-
SEM) images of pure GRC and SWCNT added composites
are presented in Fig. 11 and Fig. 12, respectively. The
image in Fig. 11 a was taken at 500 times magnification to
display the glass fibers in the matrix. For the visibility of
C-S-H and SWCNTSs, 40000 and 120000 times magnified
images were taken. While micro-cracks parallel to the
fibers were observed in glass fiber composites, no micro-
cracks were observed perpendicular to the fibers. If these
cracks are not prevented, they can expand over time and
compromise the integrity of the composite.

Silica Sand“+

Cement Matrix

™ N

AR G!_asé.fiber G

/

b
Fig. 11. FE-SEM images of pure GRC: a—at 500%; b —at 30000*

Considering the general condition of GRC concrete, a
dense structure and good adherence between matrix and
fiber are observed. In Fig.11b, at 30000 times

1]
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magnification, hexagonal crystals from cement products
and needle-like products in between are observed. CSH
phases between typical crystals exhibiting hexagonal
morphology have been confirmed in [66] and [67].
Hydration of tricalcium silicate (3Ca0O-SiO.) in Portland
cement-based materials is a process involving certain
reactions. The most important of these reactions is the
formation of portlandite (Ca(OH);) and calcium-
silicatehydrate (CSH) gel [68]. Portlandite is the result of
hydrolysis of tricalcium (CsS) and dicalcium (C,S)
silicates after a few hours when Portland cement is
combined with water, forming hexagonal crystal plates of
about 40 um in a solid phase. Portlandite constitutes 25 %
of the solid phase of hydrated Portland cement [67]. CSH-
gel is a cement product with many important engineering
properties that ensure the strength of the matrix. There are
two types of CH; hexagonal crystals and fine amorphous
grains closely adsorbed on the CSH-gel surface [68].

Considering the FE-SEM images of the SWCNT
added composites, it is observed that there is a good bond
between SWCNT and C-S-H. In addition, the
homogeneous distribution of nanotubes in the matrix is
remarkable. The reason why SWCNTs look bright is
because they are very good electrically conductive. In the
FE-SEM image of the 0.015 % SWCNT added composite,
it was observed that the crack below 1 pum at 40000
magnification was firmly bonded with SWCNTSs.
SWCNTSs, which act as bridges for cement products,
prevent the development of micro cracks in the matrix and
protect the composite from possible damage. This is
important in terms of mechanical and durability for
cementitious materials. Fibrous products with diameters of
about 50 nm observed in the images (see Fig. 12 a and b)
are known to be CSH, according to the morphology of the
hydration products of the cement [69]. The interaction of
SWCNTSs with these products may be the reason for the
decrease in the workability of the mixtures. The FE-SEM
image of the composite containing the highest dosage of
SWCNT (Fig. 12 d) shows a good network formation on
the matrix surface of the nanotubes. However, the
agglomeration of nanotubes may explain the decrease in
the mechanical strength of this composite.

4. CONCLUSIONS

Five different GRC-SWCNT composites including
reference were produced, their mechanical and physical
properties were examined and their microstructures were
characterized. The following conclusions have been
reached by comparing the obtained values with the
literature in detail;

The addition of SWCNTs to GRC significantly
affected workability. This was explained by the fact that
SWCNTSs have a very high specific surface area. Also, the
interaction between SWCNTs and hydration products of
cement was confirmed by FE-SEM images as the other
reason for this situation.

In this study, the 28-day maximum compressive,
flexural and tensile strengths were obtained for 0.015 wt.%
SWCNT added composites. It has been confirmed in the
FE-SEM images that SWCNTSs act as a bridge for micro-
cracks, causing an increase in strength. In addition to the



harmony of all the obtained results, there were linear
relationships, especially between the mechanical results.
While the SWCNT ratio increased to 0.015 wt.%, the
density increased a little and decreased as it increased to
0.02 wt.%.

d

Fig. 12. FE-SEM images of GRC composites containing:
a—0.007; b-0.010; c—0.015; d—0.020 wt.% of SWCNT
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Capillarity curves obtained depending on the time also
showed parallelism with the density values.

Considering the impact strength and absorption energy
results of composites, 0.01wt.% SWCNT added
composites showed the most satisfactory performance.

Except for of 0.02 wt.%, the Leeb hardness values of
the composites were improved by the addition of SWCNT.
SWCNTSs form a network, preventing micro cracks, filling
pores, and the increase in density in composites as a result
of the development of CSH products explains this
situation.
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