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Abstract: In this work, the addition of a combination of Graphene Oxide Nanoplatelets (GONPs) and Ground
Granulated Blast Furnace Slag (GGBF'S) was studied as admixture in concrete. Tests on physical and mechanical
properties and chloride permeability were conducted. GGBFS was replaced with Ordinary Portland Cement (OPC)
and it was determined that GGBFS Up to 50% by weight improves the physical and mechanical properties of
concrete. GONPs with an optimal amount of 50% by weight of GGBF'S were added to the concrete and the physical
and mechanical properties of the samples were determined. It was observed that the addition of GONPs was effective
in improving the mechanical strength and physical properties of specimens. The results indicated that addition of
0.1 wt.% GO and 50 wt.% GGBFS would increase the compressive strength of the concrete sample up to 42.7%
during 28 days and 46% during 90 days compared to OPC. Concrete with a combination of 0.1 wt.% GONPs and
50 wt.% GGBFS witnessed an increase in its flexural strength up to 58.5% during 28 days and 59.2% during 90
days. The results indicated that by adding 0.1 wt.% GO and 50 wt.%, concrete chloride permeability decreased
substantially 72% for 90 day cured samples compared to OPC. GONPs as an alternative to cement up to 0.1% by
weight can accelerate the formation of C-S-H gel, thereby increasing the strength and improving the resistance of
water absorption and chloride permeability. The effects of pozolanic reaction in the concrete leading to the filling

of the pores were significant factors in the proposed curtailment mechanism.
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1. INTRODUCTION

Concrete plays an important role in the
development of the modern world and in the
meantime, Ordinary Portland cement (OPC) is a
main and integral material in the construction
industry. [1, 2]. The production of each ton of
cement consumes 1.5 tons of raw materials and
emits 0.9 tons of CO» into the atmosphere. This is
equivalent to 7% of the world's total carbon
dioxide emissions [1, 3-6]. On the other hand, The
industry consumes 60% of the raw materials in
the lithosphere, which is equivalent to 32% of the
world's resources. According to studies, the
industry consumes 12% of the world's water and
40% of the world's energy resources. Also, one of
the problems of concrete structures at the seaside
is the penetration of chlorine ions in the corrosion
of reinforced steel and the destruction of concrete
[8, 9]. The use of industrial waste materials in the
production of sustainable alternatives to cement
use in concrete instead of cement is one of the
effective methods to reduce the consumption of
raw materials, reduce energy costs, a significant
reduction in greenhouse gas emissions from
cement production, increase the corrosion

resistance of concrete and increasing the
durability of concrete [7, 10]. Based on the above
explanations, extensive studies have been
conducted on the replacement of waste materials
instead of cement (above 50%), which can be
referred to the wuse of complementary
cementitious materials such as blast furnace slag,
fly ash (FA), silica fume, etc. Alternatives to
cement such as ground granulated blast furnace
slag (GGBFS) is used as a complementary
cementitious  alternative to cement for
construction applications for enhanced properties
and also maintaining environmental sustainability
and reduce cost [5, 6]. Materials such as ground
blast furnace slag, fly ash (FA), silica fume, etc.
are added to concrete mix at more than 50% by
weight to produce concrete with enhanced
durability, corrosion resistance, mechanical at the
same time reducing CO; emissions, raw materials
and energy consumption thus, help with drive for
sustainability in construction industry [5, 6].
Milled slag enhances the cement hydration
process and general physico-chemical properties
by affecting the final product's porosity and
transport properties [3, 7]. Although cements
containing 50 wt.% steel slag are shown to have
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good binding performance [7] according to the
conducted studies, GGBFS-added concretes are
slow at gaining the maximum strength, but this
can be counteracted by temperature and curing
time [8-12] and those containing 40, 60, and 80
wt.%, exhibited enhanced mechanical and
flexural strength with the 60 wt.% one having the
maximum tensile and flexural strength [13]. Mo
et al. [14] report a near 24% reduction in the 28-
day compressive strength in the 60% samples,
while Gsoglu et al. [15] showed an 11% in 90-day
compressive strength of the same. Investigation
of the strength, porosity, and chloride permeation
characteristics of concretes containing high slag
content 50 wt.% or more GGBFS indicated higher
resistance to chloridesion penetration [8].
Experiments on similarly composed concretes for
up to 180 days showed significant reduction in the
chloride ion diffusion [16-27]. In a longer
duration experiment on electrical resistivity of
two concrete mixes with 50% and 70% slag,
Kayali et al. [28] report 35% and 24% reduction
respectively in the Coulomb charge passed of
concrete specimens at the age of 350 days. Yeau
and Kim showed that the chloride ion diffusion
coefficient of concrete samples decreased after 28
days with partial replacement of cement with 55%
slag compared to ordinary concrete [21]. Similar
results are reported from steel making slag
fortified self-compacting concretes’ mechanical
and durability characteristics that are both
environment-friendly and low cost [29]. A
comprehensive study covering the, mineralogical,
physico-chemical as well as mechanical effects
on the concrete upon addition of slag showed a
markedly improved strength and rheological
properties [30]. As mentioned above, addition of
slag is beneficial only within a percentage range.
Gupta showed decreased water permeation in
concrete containing 60% slag for 90-day cured
samples [23]. Very long term follow up of the
effect of slag admixed concretes on chloride
penetration; one for 25 years [31] on two concrete
mixes with 45% and 65% slag exposed to
intermittent tide and the other for 50 and 100
years [32] both confirm the retarding effect of
slag additions. Fraj et al. [33] investigated the
ingress of chlorides during the hardening of slag-
blended mortars that may have been exposed at
the outset to chlorides and showed the slowing
down of the hydration reaction and the filling of
capillary pores. The gradual formation of the
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hydrates within the hardening microstructure
obstructs the chloride diffusion paths, lowering
the overall chloride diffusion coefficient which
was measured as 12 x 10712 m?/s after 28 days of
exposure is, for 0%, 14.2 x 102 m*s for 30%
and 14 x 10" m%*s for 60% slag mixed
concretes. In a similar way, Duraman and
Richardson [34] demonstrate that GGBFS lowers
CH formation and porosity while the effect of slag
on reducing super saturation of pore solutions
with respect to CH and inhibiting the nucleation
and growth of C—S—H is also shown [35]. Milled
slag effect on reducing porosity has been
observed [36, 37]. Sadawy and Nooman [38]
report that concretes incorporating nano sized
blast furnace slag results in a higher density and
diminished  XRD-peaks intensities from
portlandite. ~ Furthermore, such  addition
significantly enhanced the mechanical properties,
durability and corrosion resistance. The
combination of slag and as much as 2% silica
fume causes improved strength and corrosion
properties [39]. Fly ash has similar positive effect
on the strength and the durability of concrete due
to the higher pozzolanic activity which
significantly increased the interfacial bond
strength of the concrete [40]. This concrete
exhibited good chloride penetration resistance
due to reactions between the alkali activated slag
and cement to form C-S-H (hydrated calcium
silicate), and C-A-H (hydrated calcium
aluminate) gels [41]. The admixture of around 1%
nano-CaCQOj; improves compressive strengths and
durability properties of slag blended concretes
[1]. Nanomaterials have been used as additives to
enhance strength and curtail chloride penetration
in concretes. Concurrent addition of GGBFS and
GO enhanced both compressive, tensile and
flexural strength with improved resistance to
chloride permeation [42-48]. In general, two
mechanisms of nanomaterial additions i.e.
seeding and nucleation and filler effect are
presented to explain increase in the mechanical
strength of cementitious composites the first
postulates that the large surface area specific to
the nanomaterials provides numerous nucleation
sites for hydration process while the latter helps
with filling the pores inside the concrete matrix
[49]. The effects of GO on the microstructure and
mechanical properties of cement-based concrete
at the micro level has been published leading to a
denser microstructure by reducing the total pore
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volume of the cementitious composite [50-55].
However, despite proven acceleration in
hydration process its effect on the C-S-H,
formation is not conclusively shown. The faster
hydration by addition as little as 0.05-0.2 wt.%
GO as demonstrated by work of Jing et al. [56]
leads to enhanced mechanical properties
including up to nearly 80% increase in tensile
strength, 40% improved compressive strength
with variable results in reported [57-62]. GO
could help improve the basic properties for the
cement-based by altering the microstructure of
cement hydration products and refining the
crystal size, to form a dense less porous and
uniform structure. This will retard crack initiation
and growth [62-65]. GO addition has also been
shown to decrease formation of large capillary
pores thus impeding diffusion of chloride [66].
Promising trends indicative of prolonging of
service life of concretes containing G, GO, and
GGBS are published [67]. One of the main
problems encountered when admixing G or GO
nano particulates is their satisfactory dispersion.
Improved GO dispersion was observed by adding
silica fume or fly ash to the cement paste [68-70].
GO has found increased use in place of the
various single and multi-walled CNT and CNFs
in different fields since it is cheaper sometimes by
a factor of 1000 times [71]. Nowadays, under
different environmental conditions, structures do
not function as expected. Damages in the form of
structural cracks caused by stress as well as
scaling and shrinkage caused by loss of fine
aggregates and high wear, leakage, etc. lead to the
failure of concrete structures. In addition, use of
ordinary concrete leads to premature destruction
of structures. Therefore, use of high-strength
concrete containing GGBFS and GO as a building
material in marine structures can be useful. Using
such high-performance concretes can reduce the
cost of materials by reducing the thickness of the
structure, increasing the mechanical, physical and
corrosion properties, and saving the required
materials.

No study has been reported on GO and GGBFS
inclusion in concrete composites with regards to
durability and chloride permeation to get a clear
picture of whether or not this investigation will be
helpful for practical application in construction
industry. To this end, this study was carried out to
develop a Nano-reinforced concrete composite
with addition of GO and GGBFS. The present

study put the main focus on the application of
GO-GGBFS as a Nano-filler in developing a
concrete for industrial applications in marine
environment. In this paper, durability and the
chloride ion penetration into the ordinary concrete
and that containing GO and GGBFS under
different conditions was measured.

2. EXPERIMENTAL PROCEDURES

Ordinary Portland cement (OPC) according to
ASTM C150 [72] standard was used. The
chemical composition of the cement are shown in
Table 1. The microstructural and analytical
studies such as Field emission scanning electron
microscopy (FE-SEM), X-Ray Diffraction
(XRD), energy-dispersive X-ray spectroscopy
(EDS), X-ray fluorescence (XRF) and Fourier
transform infrared spectroscopy (FTIR) were
performed on the materials or concrete samples.
The nanoparticle size distribution pattern of the
used OPC has been shown in Fig. 1.
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Fig. 1. Particles distribution pattern of ordinary
Portland cement

The GGBFS was procured from local sources
with Blaine fineness of 3500 cm’g’'. The
CaO/Si0; ratio was 1.4 based on XRF analysis
(Table 1).

Fig. 2 shows the FTIR spectroscopy results of
GONPs used in this study from Hummer method.
As observed, Graphene oxide has different
functional groups including hydroxyl, epoxy,
carboxyl, phenol, ether, and aldehyde. The strong
vibration band in the region of 3399.77 cm™? is
attributed to the OH hydroxyl group resulting
from moisture absorption. The tensile vibration
bands in 1727.69 cm™! and 1620.71 cm™! are
related to carbonyl bonds C=0O and bond C=C,

respectively.
T
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Table 1. Chemical analysis of Portland cement and GGBFS (wt.%)

Material Supplier SiO: ALOs3 | Fex03 CaO MgO Na;0 | K:O
Cement Tehran Cement Company 21 4.50 4 65.6 2.3 0.25 0.41
GGBFS Boton Sabz Company 31.10 9.16 1.17 43.64 6.17 0.55 1.11

While the tensile vibration in 1364.36 cm™?! band
belong to C-OH bond, 1226.86 cm™! and
1064.76 cm™! belong to CO bond of epoxy
group.

The vibration band of 515.51 cm™! indicates CH
bond. Peak intensities confirm the presence of
these functional groups as the main groups in
graphene Nano-oxide after the oxidation process,
which is consistent with the findings from the
published literature [73].
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Fig. 2. FTIR graph of GO produced by Hummer
method

The XRD diagram of graphene Nano-oxide used
in this study is shown in Fig. 3. Based on the
obtained diffraction spectrum, all peaks related to
primary graphite are removed, and the only peak
observed in the XRD spectrum is related to
graphene oxide Nano-plates which is in
agreement with the results from the literature [ 74,
75]. The singular peak shown at the scattering
angle of 20= 12° corresponds to the (001)
graphene oxide plate, and lack of any other peak
is indicative of complete graphite oxidation and
high purity of graphene oxide. The results
confirmed that oxygenated functional groups
were introduced between the primary graphite
plates, thus weakening the interactions among
them. This helps the graphene oxide sheets
disperse more easily as stable suspension. The
plate spacing in the graphite structure is 2.9 to 3.6
angstroms and in the case of graphene oxide, it is
about 7 angstroms, which is indicative of an
increase in the distance between the primary

¢ B

graphite plates in the process of producing
graphene oxide, thus confirming the entry of
functional groups between the graphene oxide
plates [74, 76].

The FE-SEM microstructure images of GO
nanoplatelets used in this study are shown in Fig.
4, according to which the particle length varies
from 2 pm to 15pum and the average thickness is
7.7 nm. The FE-SEM images show the
morphology of graphene oxide nanosheets to be
wrinkled thin lamellar layers interlinked to form
a three-dimensional porous structure. The inter-
planar distance in the crystalline GO structure
could be calculated from XRD pattern using
Bragg's law: A= 2dsin(8), where A is the X-ray
beam wavelength (in this case A=1.54 A°), d is the
distance between adjacent layers, © the
diffraction angle. According to XRD analysis in
Fig. 3 and microstructure images in Fig.4, d=A/2
sin (0)= 1.54 A°/2sin(0) which for the initial sharp
peak would come to 6.8 A. The elemental analysis
and physical properties of the GO are shown in
Fig. 5 and Table 2.
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Fig. 3. XRD analysis of dry GO before dispersion in
water

Concrete mixes with compositions shown in
Table 3. Polycarboxylate was used as a super
plasticizer and 0.5% by weight of cement in all
samples. GGBFS was used as a replacement of
Portland cement and GONPs added to concrete as
an additive.
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Fig. 4. FE-SEM images of graphene oxide Nano sheets
Table 2. Physical properties of commercially procured GONPs

7
~
MIRAY TESCAN

RMRC FESEM

MIRAS TESCAN|

RMRC FESEM

. - Platelet Size Purity
Supplier Original Packaged Form | No. of Layers Thickness (nm) | (um) (%)
India Tech Company Black powder 5-8 7.5-8.5 2-16 > 99
Table 3. Quantity of materials used in m? of Concrete Samples
. GGBFS GO GGBFS (Kg/| GO OPC Water 3 CA SP
Series MIX (Wt.%) (Wt.%) m?) Kgm®) | (kg/m®) | (kg/m?) FA (kg/m’) (kg/m®) | (kg/m’)
OPC 0 0 0 0.0000 425 170 1005.5 | 676.5 | 0.0425
S30 30 0 127.5 0.0000 | 297.5 170 1005.5 | 676.5 | 0.0425
GGBFS | $S40 40 0 170 0.0000 255 170 1005.5 | 676.5 | 0.0425
S50 50 0 2125 0.0000 | 212.5 170 1005.5 | 676.5 | 0.0425
S60 60 0 255 0.0000 170 170 1005.5 | 676.5 | 0.0425
S50-
GO0.01 50 0.01 2125 0.0425 | 212.5 170 1005.5 | 676.5 | 0.0425
GO- S50-

GGBFS | G00.05 50 0.05 2125 0.2125 | 2125 170 1005.5 | 676.5 | 0.0425
S50-G00.1] 50 0.1 212.5 0425 | 212.5 170 1005.5 | 676.5 | 0.0425
S50-G00.2| 50 0.2 212.5 0.85 212.5 170 1005.5 | 676.5 | 0.0425

)
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Fig. 5. Energy-dispersive X-ray spectroscopy (EDS
area elemental analysis of GO

Totally, two series of mixtures were prepared in
the laboratory trials. GGBFS series mixtures were
prepared by cement and 0%, 30%, 40%, 50% and
60% by weight of GGBFS replaced by Portland
cement and GGBFS-GO series were prepared
with different contents of GO Nano platelets.

The mixtures were prepared with the cement
replacement by GO Nano platelets with 0.01%,
0.05%, 0.1% and 0.2%. The binder content of all
mixtures was 425 kg/m®. The mixing was carried
out at the room pressure. The water to cement
ratio (W/C) was kept at 0.4 throughout. The total
dispersion of the graphene oxide is achieved
through sonication using a 300W and 20 kHz
frequency transducer for 30 minutes (Fig. 6). The
graphene oxide and cement and aggregates mortar
were mixed in a shear mixer for 3 minutes
followed by 30 seconds on a shaker. The W/C
ratio was kept constant by adding just the
difference between the total water required and
the water used to make the GO solution. Samples
were made according to ASTM C192M-16 [77].
The samples were kept in the mold in the
laboratory for 24 hours and placed in a bath
containing lime for 28 and 90 days at 25°C and a

relative humidity of 95%.

Several types of tests were carried out on the
prepared specimens. ASTM C39 [78] and ASTM
C293 [79] standard tests were respectively carried
out to examine the compression and flexural
strength of concrete specimens.

Split tensile tests were done in accordance o the
ASTM C496 standard [80]. Rapid chloride
permeability test (RCPT) was performed per
ASTM C1202 standard test [81].

The total coulombs of electricity thus passed,
would be proportional to the electrical resistance
of the specimen which, inversely relates to
chloride ion penetrating the sample. So, the lower
the electric current passed indicates higher
resistance to chloride ingress. For determining the
resistivity of concrete, Resistivity test was applied
with modifications based on AASTHO TP 95-11
standard [82, 83] using a Wenner array probe.
Water absorption values of concrete samples were
measured as per ASTM C642 standard [84] after
28 and 90 days of curing. Conduction calorimetry
test was performed in accordance o the ASTM
C1679-08 standard [85] at 22°C for a maximum
of 70 h. Total porosity and pore size distribution
were determined using mercury porosity
(Mercury Intrusion Porosimetry-MIP) based on
ASTM D4404 standard [86] with a maximum
pressure of 200 MPa. A contact angle of 130
degrees and pores between 10 and 1000 nm were
selected.

Thermogravimetric  analysis (TGA) and
differential thermogravimetric (DTG) analysis
were performed on the samples as per ASTM
C1872-18 standard [87]. Specimens which were
cured for 28 days were heated from 105 to
1000°C, at a heating rate of 10 “C/min and in an
inert N> atmosphere.



http://dx.doi.org/10.22068/ijmse.2725
https://food.iust.ac.ir/ijmse/article-1-2725-en.html

[ Downloaded from food.iust.ac.ir on 2026-02-23 ]

[ DOI: 10.22068/ijmse.2725 ]

Iranian Journal of Materials Science and Engineering, Vol. 19, Number 4, December 2022

In order to perform the -electrochemical
impedance spectroscopy (EIS) tests, specimens
were prepared. To make concrete specimens, steel
reinforcement was placed in the center of the
fabricated cylinder mold. Before placing the steel
reinforcement in the concrete sample, a height of
6 cm was selected as the test surface and the rest
of the reinforcement was sealed with epoxy
primer and Teflon tape on it to prevent the
penetration of chlorine ions and damage the
reinforcement. Fig. 7 shows a concrete sample
prepared for the EIS test and test set up.

All specimens were immersed in a 3.5% brine
(NaCl) solution for 3 day before test. Silver
chloride electrode (Ag/AgCl) was used as a
reference electrode and a 304 stainless steel sheet
in a semicircle around the concrete sample was
used as an auxiliary electrode. The frequency of
the test was considered from 1-10 MH and the
voltage range was 10 mV. The corrosion test
results were evaluated by Z-View software.

Concrete rebar

3. RESULTS AND DISCUSSION

Table 4 shows the physical structure characteristics
of concrete specimens. Table 4 shows that in
GGBFS specimens with increasing GGBFS
content, the total volume of specific pores of
concrete decreases and the diameter of concrete
pores decreases. This decrease in porosity is
attributed to the addition of GGBFS, which caused
the samples to condense. According to the results
of Table 4, after the addition of GO and GGBEFS,
the structural porosity of concrete is significantly
reduced and a denser structure is created.

The effects of pozzolanic reaction in concrete fill
the pores and cracks and due to the filling of pores
and cracks, the concrete is compacted and its
resistance to chloride ion penetration is improved
[88]. When GGBFS is added to the cement
mixture, the hydrated calcium silicate is formed
instead by the direct interaction of calcium
hydroxide and GGBFS [92-93].
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Fig. 7. Concrete sample prepared for EIS (a, b) and test set up for EIS (c, d)

& %



http://dx.doi.org/10.22068/ijmse.2725
https://food.iust.ac.ir/ijmse/article-1-2725-en.html

[ Downloaded from food.iust.ac.ir on 2026-02-23 ]

[ DOI: 10.22068/ijmse.2725 ]

D. Rezakhani, A. H. Jafari

This is a good adhesive and results in improved
mechanical and physical properties. Anhydrous
cement is composed of four types of minerals
namely alite (C3S), belite (C,S), aluminate (C3A)
and ferrite (C4AF). Upon adding water to cement
grains, various chemical reactions occur
simultaneously to give rise to the formation of a
rigid cement paste. The resulting porous multi-
phase matrix contains CH with traces of
aluminates and unhydrated clinker embedded into
the binding agent, C—S—H gel. The CH by-product
is responsible for the cement alkalinity. Thus, extra
attention should be paid towards dispersing
nanomaterials in a high pH value cement medium.
Moreover, the heterogeneous nature of cement
contains mostly calcium ions with traces of
magnesium, aluminum, iron, potassium, sodium
and sulfur ions. The interaction of nanomaterials
Table 5 shows the calorimetric conductivity of
GGBFS samples. One peak corresponds to the
production of C-S-H and CH gels, and the other

peak to the conversion from ettringite (AFt) to the
calcium monosulfo-aluminate (AFm) phase
through dissolution and reaction with AI(OH)*.
The heat rate values in Table 5 show that
increasing the percentage of GGBFS in the pastes
accelerates the peak time. The total heat released
decreased with increasing GGBFS. The presence
of GGBFS in concrete reduces its heat of
hydration. According to the results shown in
Table 5, increasing the percentage of GO
nanoparticles up to 0.1 wt.% reduced the peak
times and heat rates. It is noteworthy that GO
functional groups play a very important role in
this phenomenon [57, 94].

Fig. 8 shows the TGA and DTG results of the
GGBFS and GO-GGBFS samples measured in
the 110-1000°C range. The results show that after
28 days of curing, the weight loss of the samples
increases with increasing GGBFS content in
concrete (Fig. 8(a) and Table 5).

Table 4. Properties of the pores in GGBFS and GO-GGBFS specimens

Total Specific | Most Probable P it Average Pore size Distribution (mL/g)
Sample Pore Volume | Pore Diameter O(T;S)I Y Diameter Pores Pores Pores
(mL/g) (nm) o (nm) (10-50 nm) (50-200 nm) (>200 nm)

OPC 0.0341 17 9.12 11.4 0.0061 0.0114 0.0039
S30 0.0308 15 7.00 9.6 0.0069 0.0093 0.0032
5S40 0.0279 13 6.86 9.2 0.0078 0.0089 0.0030
S50 0.0263 11 6.69 8.4 0.0089 0.0081 0.0027
S60 0.0276 12 6.79 8.7 0.0081 0.0085 0.0029
S50-

GO001 0.0235 11 6.00 7.3 0.0089 0.0071 0.0026
S50-

GO0.05 0.0223 9.7 5.87 6.8 0.0093 0.0066 0.0024
S50-

GOO.1 0.0211 9.1 5.78 6.2 0.0096 0.0061 0.0021
S50-

GO0 2 0.0220 10.2 5.86 6.5 0.0092 0.0063 0.0022

Table 5. Calorimetric results and weight loss (%) of the pastes in the range of 105-1000°C at 90 days of curing
of C0-GGBFS and N-GGBFS specimens.

Total Heat First Peak Second Peak Total Weight Loss in the
Sample . . Rate Time Rate o
(Kj/Kg) Time (h) (Wike) (h) (W/ke) Range of 105-10000C (%)
OPC 412.3 3.6 0.98 29.3 5.51 11.45
S30 398.5 3.3 0.95 27.3 5.40 11.93
S40 380.1 3.1 0.89 26.8 5.37 12.09
S50 363.4 2.9 0.79 26.1 5.21 12.33
S60 370.7 3.1 0.86 26.0 5.32 12.67
S50-GO0.01 365.2 2.7 0.89 25.7 5.23 12.82
S50-GO0.05 368.1 2.4 0.91 25.2 5.28 12.98
S50-GOO0.1 373.1 2.1 0.95 25.0 5.37 13.64
S50-GO0.2 369.4 2.2 0.93 25.1 5.31 14.43
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Fig. 8. (a) Thermogravimetric analysis (TGA) and (b) differential thermogravimetric (DTG) analysis in GGBFS
and GO-GGBFS specimens

Also it can be seen, with increasing GO
nanoparticles in concrete up to 0.1% by weight,
the weight loss changes of the samples have
increased. Generally, GO accelerates the rate of
hydration by providing preferential nucleation
site at its oxygen functional groups [57]. As
shown in Fig. 8(a) and (b), three significant
decomposition stages can be found in the curves,
i.e. 105-400°C, 400—-600°C and 600-800°C. The
first peak can be assigned to the evaporation of
free water (before 105°C) and the decomposition
of ettringite (110-170°C), carboaluminate
hydrates and C-S-H (105-400°C) [95, 96]. The
second peak is related to the decomposition of
portlandite while the third peak is related to the
decomposition of calcium carbonates [95, 97].

The functional groups of GO plays a major role
as the growth points of hydration products by
attracting CsS, C,S and Cs;A. GO addition does
In general, the addition of GONPs improve the

not change the types of hydration crystals, but
only promotes the formation of hydration
productions. The hydration crystals closely
interweave with each other and form a compact
microstructure. Obtained results suggest the
oxygen functional groups of GO could act as
nucleation sites for crystals, which subsequently
reinforces the generation of hydrated productions.
Furthermore, the amount of functionalized
oxygen groups has significant influences on the
hydration and mechanical strength of hardened
cement paste. More oxygen groups lead to higher
hydration degree and more productions, which
contributes to the improvement in mechanical and
physical properties.

This research provides an in-depth understanding
of the role of oxygen functional groups in the
formulation of GO modified cement composites
[94].

structure of concrete pores. GONPs has several

& &
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important roles in this process, including [49,

98]:

1. GONPs as a filler increases the density of
concrete and this phenomenon leads to a
significant reduction in the porosity of
concrete.

2. GONPs as an activator accelerates the
hydration of cement.

3. GONPs acts as a nucleus in the cement paste,
which reduces the size of the Ca(OH); crystal
and makes tropism more random.

Fig. 9 shows the XRD results of the GGBFS and

GO-GGBEFS samples. The enhancement in the

formation of hydrated products can also be seen

in Fig. 9 that shows the XRD results of the

GGBFS and GGBFS-GO samples. The three

main hydration peaks (A, D, E) are much more

pronounced for S50-GOO0.1 compared with either

PC or any other composition tested. According to

Fig.s 8 and 9 GONPs played important role in the

formation of Ca(OH), and C-S-H gels at early

ages of cement hydration.

Fig. 10 depicts the SEM images of OPC, S50 and

A: CH B:C c:Q

Calcium Hydroxide Calcium Carbonate Silicon Dioxide

$50-G00.2 _._

$50-G00.1

S50- 0.1GO samples after 28 and 90-day curing
time. As can be clearly seen obviously, after
replacement of GGBFS, the structural porosity of
the concrete was significantly reduced, hence a
dense structure. Beneficial effects of GGBFS on
concrete are due to the modified microstructure of
the cement paste, which has more capillary pores
filled with C-S-H gel with a lower density than
the Portland cement paste [95-104]. Fig. 10 shows
the areas with folded plate morphology of
graphene oxide sheets and a more compact
mixture after all days of curing which indicate
rapid formation of C—S—H gel in presence of GO
nanoparticles. As shown before, both milled slag
and GO modify microstructure by filling the
pores with lower density C-S-H gel and speeding
up the process of hydration and crystal nucleation.
Although powdered slag on its own can
effectively reduce the pore size through acting as
nucleation sites its chemical reactivity in calcium
hydroxide environment to form C-S-H gel and its
movement through capillary passages leads to a
dense microstructure.

D:C-S-H E:C-A-H

Calcium Silicate Hydrate Calcium Aluminate Hydrate
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Fig. 9. XRD results indicating the formation of hydrated products for different GGBFS and GO-GGBFS
specimens
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-

Fig. 10. SEM micrographs of (a) OPC specimen, (b) S50 specimen, (c) S50- 0.1GO specimen and at 28 days
(series 1) and 90 days (series 2) of curing

In order to investigate the composition—
microstructure relationship for the GO-cement
composites, energy-dispersive X-ray spectroscopy
(EDS) was employed to analyze the 5 points
marked in Fig. 10 and results are shown in Table
6. It should be noted that element H cannot be
detected by EDS due to its very low atomic
weight. C—S—H gel is essentially composed of Ca,
Si, and O, with a small amount of Al, S, and Fe,
indicating that the C—S—H gel interwove with
AFt/AFm and C-H at 90 days. After the addition
of GO, a large percentage of element C and a
considerable increase in element O were observed
in C—S—H for Points 3 and 4. It is noticed that a
small amount of element C was also found in C—
S—H for Point 5. This may be due to the fact that

the GO absorbed a large amount of water
molecules and ions and became the nucleation
sites of hydration products, which in return
regulated and refined the formation of hydrated
crystals.

Fig. 11(a) show the compressive strength of
GGBFS specimens after 28 and 90 days of curing
which are all increased by increasing GGBFS up to
50%. Fig. 11(a) also show the compressive strength
of GO-GGBFS specimens at 28 and 90 days of
curing. The results show that the compressive
strength increases by adding GO nanoparticles up
to 0.1 wt.% replacements and then it decreases.
As mentioned above, the hydrated calcium
silicate is formed instead by the direct interaction
of calcium hydroxide and GGBFS.

Table 6. Major element composition of the sample points in Fig. 10

. Element Weight Percentage (wt. %)

Point No. 0 Al Si S Ca Fe C
Point 1 45.43 5.87 2.75 10.2 35.33 0.42 -
Point 2 21.65 2.45 14.23 1.11 58.28 2.28 -
Point 3 35.58 3.12 10.58 - 17.84 - 32.88
Point 4 37.03 3.75 11.12 - 16.54 - 31.56
Point 5 27.71 2.13 17.14 0.61 46.71 1.09 4.61

11
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This is a good adhesive and results in improved
mechanical properties. Using more than 50%
GGBFS has reduced the compressive strength of
the specimens. It may be as a result of the reduced
CaO content in GGBFS in comparison with
Portland cement. This may reduce the amount of
crystalline Ca(OH), and hence C—S—H gel. The
functional groups of GO plays a major role as the
growth points of hydration products. The amount
of functionalized oxygen groups has significant
influences on the hydration and mechanical
strength of hardened cement paste. More oxygen
groups lead to higher hydration degree and more

productions, which contributes to the
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improvement in compressive strength. The
reduced compressive strength by adding more
than 0.1 wt.% GO nanoparticles may be due to
this fact that the higher the amount of graphene
oxide in the cement field, the greater the
possibility of agglomeration of the particles and
therefore their homogeneous distribution in all
cement fields will be difficult [105, 106].

Fig. 11(b) and Fig 11(c) also show the flexural
strength and the split tensile strength of GGBFS
and GO-GGBFS series concretes. Similar to the
compressive strength, the flexural strength and
the split tensile strength of all GO-GGBFS
specimens is more than those of GGBFS specimens.
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In addition, the flexural strength and the split
tensile strength of GO-GGBFS series is increased
by adding GO nanoparticles up to 0.1 wt.% and
then it is decreased, similar to the compressive
strength results. Fig. 11(d) and Fig. 11(e) show
Wenner test and RCPT results for 28 and 90-days
cured samples respectively. The observation that
the addition of GGBFS in 28 and 90 days cured
samples significantly decreases the charge
conducted in RCPT tests signifies the increased
resistance against chloride penetration. Free
chloride is known for fast diffusion into concrete,
but GGBFS in concrete may reduce this by
concrete's chloride binding capacity [107-109].
The ASTM 1202-12 Standard designates such
charge conduction as low chloride permeability
(Table 7) [81]. The addition of 0.1 wt.% GO could
effectively reduce the passing current in the
conductivity test and enhance the resistance of
concrete to chloride penetration. The highest
electrical resistivity was achieved (47.6 kQ.cm)
for 90-days cured S50-GOO0.1 sample. Overall,

GO in GGBFS concrete, has great impact on
chloride permeability. Fig. 11(f) show the water
absorption percentages in the GGBFS and GO-
GGBFS series at 28 and 90 curing time. The
results show that the percentage of water
absorption in GGBFS and GO-GGBFS decreased
with increasing GGBFS and GO nanoparticles.
Therefore, it can be seen that with long-term
curing, increasing the age and percentage of GO
nanoparticles can lead to a reduction in permeable
pores. This is due to the performance and high
filler effects of GGBFS and GO nanoparticles.

Fig. 12 shows the results obtained from the EIS
tests for OPC and S50-GO0.1 samples. Increasing
the radius of the Nyquist semicircle in modified
concrete can be considered as reducing the
structural porosity inside the concrete (Fig. 12(a))
[110]. It can be concluded that the behavior of
S50-GO0.1 sample is somewhat closer to the
capacitive behavior (Fig. 12(b)). Bode plots were
also drawn (Fig. 12(¢c)). This indicates a deviation
of the system from the ideal capacitive behavior.

Table 7. Chloride ion penetrability based on charge passed according to ASTM 1202-12 Standard [81]

The charge passed (C) Chloride ion permeability
>4000 High
2000-4000 Moderate
1000-2000 Low
100-1000 Very low
<100 Negligible
18000 70 OPC
« OPC ot .
16000 w SR0 GED Lot . 60 < 550-0.1GO
14000 g o®
T 12000 ._.". _
bu o® o
N 10000 .J,--' »° 3
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Fig. 12. AC impedance diagrams: a) Nyquist curves b) Bode-phase plots ¢) Bod plots of OPC and S50-GOO0.1
samples after 90 days
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The data obtained from the impedance test were
entered and analyzed in Z-view software. The
best circuit justified the experimental data. This
circuit is shown in Fig. 13. In this circuit, Rp is
the polarization resistance of the reinforcement,
Rs is the ohmic resistance in the electrolyte, Rcon
is the structural resistance of concrete which is
related to its porous structure and CPEdl and
CPEcon are values of the constant phase element
relative to reinforcement and concrete
respectively.  The electrochemical  values
according to the selected circuit were obtained
(Table 8). The results clearly show that the
corrosion resistance of 0.1 Wt.% GO and 50
Wt.% GGBFS concrete is higher than that of OPC
concrete.

Rs Rp Rcon

Fig. 13. The equivalent circuit used to simulate the
experimental data

The cost of casting the mixed designed were
analyzed and reported in Tables 9 and 10. The cost
of concrete composites was evaluated using the
commercialized market prices of the materials.
The economic Index for strength (compressive
strength/cost per m* of concrete) was observed to
have maximum value at the mix S50-GO0.1 (with
0.1% GO inclusion) compare to rest of the mixes
and The economic Index for Rapid chloride
permeability (Rapid chloride permeability/cost
per m?) shows that the mix S50-GOO0.1 is a better
mix than the rest in terms of strength, chlorine ion
permeability and economy.

Table 10 shows that the cost of materials for
making S50-GOO0.1 sample is 23% higher than
this cost for OPC, but considering economic
Index for Rapid chloride permeability, using this
mix is cost-effective. According to this table, the
economic Index for strength of S50-GOO0.1 has
increased more than 1.17 times compared to OPC
and the economic Index for the rapid chloride
permeability of S50-GO0.1 has decreased more
than 4.46 times compared to OPC.

4. CONCLUSIONS

Throughout this study, the following concluding

remarks were made:

e Incorporating GGBFS up to 50% by weight
into the concrete improves its mechanical
properties and the durability by producing a
dense structure higher than OPC sample. It
has been argued that utilizing GGBFS
content more than 50 wt.% reduces the
amount of CaO which is required for
Ca(OH); and subsequent C—S—H gel.

e  Prolonging the curing duration in concrete
samples with GONPs and GGBFS is
essential to achieving higher levels of
mechanical and physical properties.

e As the content of GO nanoparticles is
increased up to 0.1 wt.%, the compressive
strength, split tensile strength and flexural
strength of the specimens is increased. This
is due to more formation of hydrated
products in presence of GO nanoparticles.

e  Addition of 0.1 wt.% GO and 50 wt.% GGBFS
would increase the mechanical strength of the
concrete sample compared to OPC.

Table 8. Electrochemical impedance spectroscopy data calculated with Z-view software

Sample Code | Rp () | CPEdI-T (F) | CPEdI-P(n) | Rcon (Q)

CPEcon-T (F) | CPEcon-P (n)

OPC 1119 1.15x10-9 0.90

66550 0.0013 0.56

S50-GO0.1 280 2.90 x10-9 0.90

94510 0.0013 0.67

Table 9. Cost of materials

Materials Cost (USD/kg)

Ordinary Portland Cement 0.1
Graphene Oxide 16.32

Ground Granulated Blast Furnace Slag 0.15
Water 0.0007

Fine Aggregate 0.02

Coarse Aggregate 0.013

Carboxylate based Super Plasticize 1.6
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Table 10.Cost analysis of different mixes per m® of concrete

. Economic
Cost (USD) Properties Ind
Series Mix GGBE Toml ndex
g | GO | OPC |Water| FA | CA SP C"Ot:t CS |RCP | ElIl | ER2
OPC 0 0 42500 | 0.119 | 20.11 | 8794 | 0.068 | 71.591 | 43.7 | 3956 | 0.610 | 55.258
S30 9562 | 0 36.125 | 0.119 | 20.11 | 8.794 | 0.068 | 77.966 | 48.7 | 2745 | 0.625 | 35.208
GGBFS| sS40 [19.125] o0 29.750 | 0.119 | 20.11 | 8794 | 0.068 | 80.091 | 559 | 2250 | 0.698 | 28.093
S50 | 28.687] © 23375 | 0.119 | 20.11 | 8.794 | 0.068 | 82.216 | 50.8 | 1642 | 0.618 | 19.972
S60 [38250] o0 17.000 | 0.119 | 20.11 | 8.794 | 0.068 | 84.341 | 47.9 | 2270 | 0.568 | 26.915
G%SOO('H 28.687 | 0.694 | 23375 | 0.119 | 20.11 | 8.794 | 0.068 | 8291 | 53.8 | 1520 | 0.649 | 18.333
GO- S30- | 5687 | 3468 | 23375 | 0119 | 2011 | 8794 | 0068 | 85684 | 589 | 1335 | 0.687 | 15580
GGBFS | GO0.05 ’ ' ’ ' ' ’ ' ’ ’ ’ '
S50-GOO.1|28.687 | 6.936 | 23.375 | 0.119 | 20.11 | 8.794 | 0.068 | 89.152 | 63.8 | 1104 | 0.716 | 12.383
S50-GO0.2| 28.687 | 13.872 | 23.375 | 0.119 | 20.11 | 8.794 | 0.068 | 96.088 | 57.7 | 1380 | 0.600 | 14.362

OPC: Ordinary Portland Cement,

GO: Graphene Oxide,

GGBFS: Ground Granulated Blast Furnace Slag,
FA: Fine Aggregates,

CA: Coarse Aggregates,

SP: (Carboxylate based) Super Plasticizer,

CS: Compressive Strength,

RCP: Rapid Chloride Permeability,

EIl: The economic Index for Strength,

EI2: The economic Index for Chloride Permeability

e  GGBFS and GONPs had a more pronounced
role in developing the concrete resistance
against chloride penetration and Combined
GONPs and GGBFS additions enhanced the
resistance to chloride permeation.

e Addition of 0.1 wt.% GO and 50 wt.%
GGBFS would increase the compressive
strength of the concrete sample up to 42.7%
during 28 days and 46% during 90 days
compared to OPC. Concrete with a
combination of 0.1 wt.% GONPs and 50
wt.% GGBFS witnessed an increase in its
flexural strength up to 58.5% during 28 days
and 59.2% during 90 days.

e By adding 0.1 wt% GO and 50 wt.%,
concrete chloride permeability decreased
substantially 72% for 90-day cured samples
compared to OPC.

e GONPs as an alternative to cement up to
0.1% by weight can accelerate the formation
of C-S-H gel by increasing the crystalline
content of Ca(OH),, thereby increasing the
strength and improving the resistance of
water absorption and chloride permeability
and corrosion.

e Increased resistance to chloride ion
penetration in concrete modified with GO

and GGBFS can be attributed to the
improvement of pore structure and increase
in concrete density. Due to the filling of
pores, resistance to chloride ion penetration
is improved.

A significant improvement in corrosion
resistance of steel imbedded in concrete has
been attained by increasing GONPs and
GGBFS.

The passivity of steel bars increases with the
increment of GGBFS up to 50% and GONPs
up to 0.1% by weight in the concrete.

The economic Index for strength and the
economic Index for the rapid chloride
permeability of 0.1 wt.% GONPs and 50 wt.
% GGBFS is more than 1.17 and 4.46 times
compared to OPC respectively.
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C-S-H:
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C3S:
C2S:
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C4AF:
Aft:

AFm:

FE-SEM: Field

Graphene Oxide

Self-Compacting Concrete

High Slag Blast Furnace Cement
Hydrated Calcium

Hydrated Calcium Silicate

Hydrated Calcium Aluminate

Alite (Tricalcium Silicate)

Belite (Dicalcium Silicate)

Tricalcium Aluminate

Ferro Calcium Aluminate

Ettringite (Hexacalcium Aluminate
Trisulfate Hydrate)

Calcium Monosulfo-Aluminate
Emission Scanning
Microscopy

Electron

XRD: X-Ray Diffraction

EDS: Energy-Dispersive X-ray Spectroscopy

XRF: X-ray Fluorescence

FTIR: Fourier Transform Infrared
spectroscopy

FA: Fine Aggregates

CA: Coarse Aggregates

SP: (Carboxylate based) Super Plasticizer

CS: Compressive Strength

RCPT: Rapid Chloride Permeability Test

MIP: Mercury Intrusion Porosimetry

TGA: Thermogravimetric analysis

DTG: Differential Thermogravimetric

W/C: Water to Cement Ratio

EIS: Electrochemical Impedance
Spectroscopy

Ry Polarization ~ Resistance =~ of  the
Reinforcement ()

Rs: Ohmic Resistance in the Electrolyte (€2)

Reon: Structural Resistance of Concrete ()

CPEq: Constant Phase Element Relative to
Reinforcement (F)

CPEcon: Constant Phase Element Relative to
Concrete (F)

EIl: Economic Index for Strength

EI2: Economic  Index  for  Chloride
Permeability
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