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In this study, concrete samples were prepared by adding 0.1 wt. % Graphene Oxide (GO) and 50 wt. %
Ground Granulated Blast Furnace Slag (GGBFS). Tests on the mechanical and chloride permeation
properties were also conducted. Concrete samples were exposed to pressurized 3.5 % NaCl aqueous
solution under a certain time and temperature condition. The water pressures were 0.1, 0.3, and 0.7 MPa,
respectively. The chloride concentration profiles under different conditions were measured. 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 19.9 % during 28 days and 17.6 % during 90 days compared to ordinary concrete
sample. Concrete with a combination of 0.1 wt. % graphene oxide and 50 wt. % granular slag witnessed
an increase in its flexural strength up to 15 % during 28 days and 13.6 % during 90 days. Compared to the
ordinary concrete, 90-day cured concrete containing GGBFS and GO undergone high reduction in Rapid
Chloride Permeability (RCP) from 4012 C to 1200 C. Chloride ion content was substantially enhanced
upon increasing water pressure and exposure time. In this study, convection-diffusion coupling was the
main mechanism of the chloride ion transfer in the concrete. The mix with 0.1 wt. % GO and 50 wt. %
GGBFS exhibited acceptable performance in terms of chloride penetration in the concrete. Compared to
ordinary concrete, this admixure reduced the chloride penetration by 17.6 % in 90 days. Chloride ion
penetration was curtailed while adding GO and GGBFS to the ordinary concrete. The effects of pozolanic
reaction in the concrete leading to the filling of the pores were significant factors in the proposed
curtailment mechanism.

d https://doi.org/10.30501/ACP.2021.304143.1072

1. INTRODUCTION

Hydrostatic water pressure can lead to rapid chloride
concrete,

diffusion into the

concentration gradients in different directions, and its
spread through the mass of marine structure [1-3]. The
surface of the concrete exposed to the environment may

establishment  of experience dry and wet cycles, and in the presence of
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dissolved chlorine ion, it will diffuse into the concrete
[4]. Even if the concrete is dense and thick, chloride ions
will eventually reach the interface of any rebar inside the
structure. The rate of chlorine ion penetration into the
concrete depends on its matrix structure, which itself is
controlled by the quality of used materials and concrete
preparation process [1]. Parameters such as the water-to-
cement ratio, gravel and sand, especially the additives
and cement replacement materials, and degree of
hydration process can significantly determine the final
structure of the concrete. In the marine environments, the
immersion depth and temperature also critically affect
the ingression [4]. Many parameters affect the durability
of the reinforced concrete structures in coastal and
offshore marine environments with chloride-induced
corrosion of rebar as a key problem [5,6]. Generally,
concretes form a passive layer on the steel rebar which
protects it from corrosion; however, chloride ions from
marine environment diffused into the concrete will
damage this layer that initiates corrosion [7-9]. Efforts
have been made to minimize chlorine penetration into the
concrete, including replacing cement with admixtures
such as GGBFS and additives like Carbon nanotubes
(CNTs), Carbon nanofibers (CNFs), Nano-SiO, and
nano-TiO, particles, Graphene, and Graphene Oxide
(GO) nanoplatelets [10-16].

Ying et al. showed that addition of Nano-SiO; and
nano-TiO, particles refined the pore structure of
Recycled Aggregate Concrete (RAC) and enhanced its
resistance to chloride diffusivity of RAC. They also
found that Nano-TiO; slightly outperformed Nano-SiO;
in terms of refining RAC [16]. In comparison with
Natural Aggregate Concrete (NAC), RAC is more porous
because of the old adhered cement and its total porosity,
and the average pore diameter increased with an increase
in the Recycled Coarse Aggregate (RCA) content [16].
Ying et al. examined the effects of RCA distribution on
chloride diffusion with different RCA replacement ratios.
The results indicated that chloride diffusivities of the
RAC would generally increase with an increase in the
RCA replacement ratios [17].

Ground Granulated Blast Furnace Slag (GGBFS) is a
green mineral admixture that improves both mechanical
and durability properties. Replacement of slag with
Portland cement is beneficial since it reduces cement
consumption in the concrete and CO; emissions in the
global cement industry[18]. Further, addition of slag
modifies the hydration process and physico-chemical
properties (such as porosity and transport properties) of
cementitious materials [19]. Teng et al. showed that
concrete with GGBFS was characterized by higher
strength, lower permeability, and improved durability
[20]. Sideris investigated the mechanical characteristics
and durability of Self-Compacting Concrete (SCC)
produced from ladle furnace slag. According to the
findings, slag enhanced the durability characteristics of
the concrete, thus leading to environmentally-friendly

concrete mixtures with lower cost [21]. Chen et al.
evaluated the effect of curing conditions on the strength,
porosity, and chloride ingress characteristics of concretes
made of High Slag Blast Furnace Cement (HBFC) and
Ordinary Portland Cement (OPC). The results indicated
that the HBFC concretes exhibited higher resistance to
chlorides ion penetration than the OPC concretes [22].
Boucetta et al. employed Glass Powder (GP) obtained
from the recovery of glass bottles and Granulated Slag
(GS) of blast furnaces as admixtures in the concrete.
Accordng to the conducted tests, incorporation of GP and
GS would improve the mechanical strength of concretes
and reduce the capillary water absorption and chloride
ion diffusion [23]. Ozbay et al. reported that in concretes,
where 40, 60, and 80 wt. % slag was replaced by cement,
exhibited much higher strength with 60 wt. % slag
showing the maximum tensile and flexural strength [15].
Fan et. al used the slag/fly ash as the binding material.
Their results revealed that the interfacial bond strength of
the concrete increased significantly when the slag content
was 50 wt. %, which was 62 % higher than that of OPC.
Compared to OPC, this concrete exhibited the best
chloride penetration resistance in the case of 50 wt. %
slag content. In addition, some reactions occured
between the alkali activated slag and cement, hydrated
calcium silicate (C-S-H), and hydrated calcium
aluminate (C-A-H) gels [24]. Chen et al. showed that the
apparent chloride diffusion coefficient decreased with an
increase in the exposure time, followed by an exponential
relationship. In their study, slag had a positive effect on
the concrete resistance to chloride penetration [18].
According to the conducted studies, GGBFS-added
concretes are slow at gaining the maximum strength, but
this can be counteracted by temperature during curing.
[25-29]. Shi et al. evaluated the effect of GGBS addition
on the chloride penetration into the concrete and found
that 50 wt. % or more GGBFS could reduce permeability
[25]. Ramezanianpour studied the penetration of chloride
ion in concrete samples with 50 wt. % slag during for 1,
28, and 180 days. The results showed 26.64 %, 74.52 %,
and 82.58 % reduction in the chloride ion diffusion in 1,
28, and 180 days, respectively [30]. Bagheri et al.
observed that chlorine ion permeability decreased in
concrete samples containing 50 % slag with a curing time
of 28, 90, and 180 days [31]. Jau and Tsai also reported a
decrease in the concentration of chloride ions in concrete
samples by replacing 50 % slag with cement compared to
ordinary concrete samples [32]. Haj Sadok et al. studied
chloride permeation in concrete samples containing 50 %
slag. The results showed that less chloride ion penetration
occurred in concrete samples containing 50 % slag during
270 days [33]. Sengul and Tasdemir observed lower
penetration of chloride ions in concrete samples
containing slag as a cement substitute [34]. Kayali et al.
observed 35 % and 24 % reduction in the charge passed
(Coulombs) of concrete specimens at the age of 350 days
including 50 % and 70 % slag, respectively [35]. Yeau
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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 [36]. Through accelerated
tests, Cheng et al. observed a significant decrease in the
chlorine ion permeability among concrete samples
containing 60 % slag [37]. Gupta employed a type of
cement with 60 % slag to reduce the water penetration
depth among 28- and 90-day concrete samples [38]. Dhir
et al. observed lower chloride penetration into concretes
containing 50 % and 66.7 % slag on 28 days of age. In
this study, upon increasing the amount of slag , the
permeability of chlorine ion would decrease [39]. Berndt
observed lower chloride permeability among concrete
samples during a year by replacing the cement with 50 %
and 70 % slag [40]. Thomas et al. showed that concretes
with 45 % and 65% slag as a cement substituted by a
lower water/binder ratio reduced the chloride penetration
after 25 vyears of tidal exposure. The chloride
permeability further decreased by increasing slag content
[41]. Mo et al. found 23.72 % reduction in the 28-day
compressive strength of concrete specimens by partial
replacement of cement with 60 % slag [42]. Gsoglu et al.
showed 10.73 % reduction in 90-day compressive
strength of concrete samples with 60 % slag as a cement
substitute [43]. Aly and Sanjayan observed 82.89 and
54.54 reduction in the compressive strength of one- and
seven-day concrete samples by partial replacement of
cement with 65 % slag [44]. Elahi et al. found lower
chloride diffusion coefficient of concrete samples by
partial replacement of cement with 50 % and 70 % slag
[45]. McNally and Sheils showed that 50-70 % slag in the
concrete contributed to the reduction in the chloride
diffusion in the service life of 50 and 100 years [46].
Aprianti et al. observed less porosity in the concrete
containing 50 % slag than that in the ordinary concrete
[47]. Nazari and Riahi studied several researches on
microstructural, thermal, physical and mechanical
behavior of the self compacting concrete [48-53].They
reported that use of 45 % and 60 % slag in concrete as a
substitute for cement reduced the seven-day compressive
strength and increased it at 28 and 90 days of age [50].
Johari et al. showed that as a result of using 60 % slag as
a cement substitute the porosity of mortar samples was
reduced at the age 28 days [54].

Currently, several studies have been conducted on the
effect of GO on the microstructure and mechanical
properties of cement-based composites. According to a
number of these studies, changes in the mechanical
properties were mainly caused by changes at the micro
level. Lyu et al. believed that a combination of the right
amount of GO could significantly improve the
microstructure of the mortar mainly due to its sigjnificant
role in the formation of cement hydration products [55].
The results obtained by Mohammad et al. revealed that
composition of GO could not only improve the
compaction and pore structure of cement mortar but also

prevent the spread of fine cracks in cement mortar [56].
Many other studies have shown that GO could create a
denser microstructure of cement-based materials and
reduce the total pore volume of the cementitious
composite [57-62]. Wang et al. showed that the main
reasons why GO could improve the mechanical strength
of cement-based materials were to promote secondary
hydration, reduce pore volume, and refine CH crystals
[63]. Yang et al. confirmed that GO had no effect on the
structure of C-S-H, and that the improvement of its
mechanical properties resulted from the acceleration of
hydration [64]. According to their findings, followed by
addition of 0.2 wt. % GO [64], the compressive strength
of cement-based composite increased up to 42.3 % and
35.7 % in three and seven days, respectively. Liu et al.
evaluated the correlation between the damage
development in concrete and resistivity reaction of
cementitious composites infilled with Graphene Nano-
Platelets (GNPs). They also showed that the
piezoresistivity of smart concrete containing GNPs could
be a promising tool for detecting damages in detail [65].
Xu et al. reported that GNPs additive could reduce the
diffusion coefficient of chloride ion into the cement
matrix [66]. Somasri and Kumar showed that GNPs were
incorporated into the concrete to improve the
performance characteristics [67]. Lv et al. reported
78.6 %, 6.6 %, and 39.9 % increase in the tensile strength,
flexural strength, and compressive strength, respectively,
as a result of adding just 0.03 wt. % Graphene Oxide [68].
Gong et al. reported that adding 0.63 wt. % GNPs would
result in a 40 % increase in both compressive strength and
tensile strength of the concrete due to the reduction in the
pore size in the cement matrix as well as enhanced
cement hydration rate [69]. Of note, GNPs surface is
suitable for C-S-H nucleation, thus enhancing the
hydration process [70]. Jiang et al. showed that adding
GO would decrease the porosity and proportion of large
capillary pores curtailing the diffusion of chloride [71].
In addition, temperature could significantly affect
diffusion with an adequate temperature gradient
providing the driving force for chloride ion diffusion
[72-74]. Isteita et al. found that coupled temperature and
chloride concentration gradients appreciably increased
the diffusion rate of chloride [74]. On the contraty,
Yuan et al. and Nguyen et al. showed that higher
temperature would result in enhanced chloride diffusion
and greater permeation depth [75,76]. Al-Khaja studied
the durability of high-strength and ordinary concrete
exposed to 5 % NaCl environments at temperatures of 20
and 45 °C and reported a significant increase in the
chloride ingress with temperature [77]. Other researchers
have proposed some models and took into account both
temperature and pressure in their modeling for silica
fume, slag, and fly-ash containing concretes [78-85].
Nowadays, under different environmental conditions,
structures do not function as expected. Damages in the
form of structural cracks caused by stress as well as
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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.
As predicted, addition of GGBFS and GO enhanced both
compressive and flexural strength as well as resistance to
chloride permeation into the concrete. Moreover, use of
GGBFS and GO in the concrete is progressing due to its
exceptional properties. Further, incorporation of GGBFS
and GO would increases the compressive and tensile
strength of the concrete and its resistance to chloride
permeation into the concrete, mainly due to reduction in
pore size in the cement matrix as well as enhanced
cement hydration rate. GO has become popular and
widely used in different fields around the world since it
is cheaper than multi-walled CNTSs, single-walled CNTs
and CNFs (which are 250, 1280, and 218 times more
expensive than GO per 100 g, respectively) [86].

Therefore, the mix of GGBFS and GO is the best
candidate for this research. No study has been reported
on GO and GGBFS inclusion in concrete composites
with regards to 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, the chloride ion penetration
into the ordinary concrete and that containing GO and
GGBFS under different conditions was measured, taking
into account the temperature, pressure, and time.

2. MATERIALS AND METHODS

The present study employed concrete mixes with the
chemical composition and mechanical properties
according to ASTM C109, ASTM C136, and ASTM
C117 standards made from type Il Portland cements to
form samples. Samples were made according to ASTM
C192M-16. The samples were kept in the mold in the
laboratory for 24 hours and placed in a bath containing
lime for 90 days at 25 °C and a relative humidity of
95 %. Both ordinary concrete and that containing
50 wt. % GGBFS and 0.1 wt. % GO were employed in
this study. The mix was selected due to the good behavior
of concrete with 50 wt. % slag and that with 0.1 wt. %
graphene oxide independently in sources. In addition,
50 wt. % GGBFS substitution was as a cementing

material in the concrete, and 0.1 wt. % GO as a additive.
Table 1 shows the mixing ratio of the concretes. GGBFS
with blaine fineness of 3500 cm?g™? and CaO/SiO; ratio
of 1.4 corresponding to ASTM E1621-13 was used as the
cement replacement in samples containing graphene
oxide. Infrared Fourier Transform Spectroscopy (FTIR)
was empolyed to determine the amount and type of
functional groups present in graphene oxide.

Table 1. Quantity of materials used in m? of concrete samples

Mix
; C1 Cc2
Materials (Ordinary Concrete) (Concrete Containing
GGBFS and GO)

GGBFS (wt. %) 0.00 50
GO (wt. %) 0.00 0.10
GGBFS (Kg/m?®) 0.00 2125
GO (Kg/m®) 0.0000 0.4250
OPC (kg/m?) 425 2125
Water (kg/m?) 170 170
FA (kg/m?) 1005.5 1005.5
CA (kg/m®) 676.5 676.5
SP(kg/m?®) 0.0425 0.0425

© OPC: Ordinary Portland Cement, GO: Graphene Oxide, GGBFS:

Ground Granulated Blast Furnace Slag, FA: Fine Aggregate, CA:
Coarse Aggregate, SP: (Carboxylate based) Super Plasticizer

ASTM C39M-18 and C78M-18 standard tests were
carried out to examine the compression and flexural
strength of concrete specimens. Chloride permeability
resistance was evaluated per ASTM C1202 accelerated
test [87]. 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, Wenner test was
applied with modifications based on AASTHO TP 95-11
standard [88,89]. Total porosity and pore size distribution
were determined using mercury porosity (Mercury
Intrusion Porosimetry-MIP) based on ASTM D4404 with
a maximum pressure of 201 MPa. A contact angle of 140
degrees and pores between 10 and 1000 nm were
selected. Further, permeation tests were performed on the
specimens using the apparatus shown in Fig. 1. One side
of the samples was exposed to 3.5 % NacCl solution from
a especially constructed reservoir which enabled sealing
the face in contact with solution which was then put in
contact with water under pressure in the experiment
duration. The existing Chinese standard JTJ270-98 was
taken into consideration to build a penetration test set up
[82]. Water pressures of 0.1, 0.3, and 0.7 MPa was
exerted on the samples to determine the amount of
chlorine ion in different immersion depths. Table 2
shows the factors and levels of permeation tests. After the
time set for each test, the sample was removed from the
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penetration test set-up, and its chloride content was
determined based on ASTM C 1556 by drilling in six
different depths with a 2.5 cm drill in the Z direction.
Fig. 2 shows a schematic of concrete sampling on the
drilling direction. Chloride content was measured
through chemical analysis described in ASTM C1152
and ASTM C1218 and titration method according to
ASTMC124. Titration with silver nitrate solution
according to AASHTO T269 and ASTM C114 was taken
into account to measure the complete concentration.

Concrete Concrete Concrete
3.5 wt. 9% Nacl Sample Sample Sample
Water Solution
--| contralof . WaterSolution | | WaterSolution | | WaterSolution
Temperature
Concrete Concrete Concrete
Sample Sample Sample

Pump Water Solution | | WaterSolution | | Water Solution

Control of Concrete Concrete Concrete
Pressure Sample Sample Sample

L5 WaterSolution | | waterSolution »| Water Solution

Figure 1. Permeability test set up to study chloride penetration
under constant pressure and temperature

Table 2. Factors and levels of permeation tests

Test Factor Values Level
Pressure 0.1 MPa, 0.3 MPa, 0.7 MPa 3
Temperature 25°C,35°C,55°C 3
Pressuring Time 24 h,72h, 144 h 3
Cone e Qb e Conere
Test Samples 54

3. RESULTS AND DISCUSSION

Fig. 3 shows the FTIR spectroscopy results of the
nanoparticles 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. 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 [90]. X-Ray
Diffraction (XRD) diagram of graphene nano-oxide used
in this study is shown in Fig. 4. 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
[91,92].

Drilling Site

hY
-
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]
H i
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Figure 2. Schematic of concrete sample and sampling and
powdering areas
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Figure 3. FTIR graph of GO produced by Hummer method
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Figure 4. X-ray diffraction diagram (XRD) of GO

The singular peak shown at the scattering angle of
26 = 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 in
aqueous solutions, hence prepeartion of a stable
suspension. The plate spacing in the graphite structure is
2.9t0 3.6 A and in the case of graphene oxide, it is about
7 A, which is indicative of an increase in the distance
between the primary graphite plates in the process of
producing graphene oxide, thus confirming the entry of
functional groups between the graphene oxide plates
[91,93].

FE-SEM images from the powder sample in Fig. 5
show wrinkled thin layers, thus creating a porous lattice
morphology that is somewhat a recognizable and
distinctive feature of the material, as previously reported
by other researchers [94-104]. According to this figure,
the dimensions of the graphene oxide plates range from
2 to 15 um, and the average thickness of the plates is
about 7.7 nm. The results of XRD and XRF analysis of
GGBFS used in this research are shown in Fig. 6 and
Table 3, respectively. According to Table 3, the main
constituents are CaO and SiO,, followed by Al,Os; and
MgO. The main peaks belong to Ca:MgSi.O7
Ca2Al,SiO7, and Ca,SiO4 (as shown in Fig. 6 as red,
green, and blue lines) that are in accordance with the
results from previous sources [105]. According to
ASTM E1621, and results given in Table 3, the ratio of
CaO to SiO is calcuated as 1.4.

Fig. 7 presents the results of the mechanical and
physical tests for samples of 28 and 90 curing days,
showing marginal improved compressive strength,
flexural strength, electrical resistivity, and electrical
conductivity in the concrete containing GGBFS and GO
at the curing time of 28 and 90 days.
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0y

&

= \
&
SEM HV: 15.0 kV WD: 9.25 mm 1 MIRA3 TESCAN
SEM MAG: 15.0 kx Det: SE
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SEM HV: 15.0 kV WD: 9.28 mm MIRA3 TESCAN|
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Figure 5. FE-SEM images of graphene oxide nano sheets
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Figure 6. XRD analysis of granular slag

Table 3. XRF analysis of granular slag

Constituent %
Na,O 0.55
P,Os 0.06
CaO 43.64
SrO 0.18
MgO 6.17

S 1.25
TiO, 1.81
BaO 0.32

Al,O3 9.16
Cl 0.02
MnO 1.96
L.O.1. 1.50
SiO, 31.10
K0 111
Fe,03 117
Total Sum 100.00

As observed, addition of admixture was effective in
improving the mechanical strength of specimens. This
was true for 28- and 90-day cured samples, hence in good
agreement with the published literature [74]. Upon
increasing the curing time, the mechanical strength
increased (Fig. 7-a and 7-b) mainly because the hydration
reactions took place completely and thus, the final
structure of the produced concrete would turn into a
flawless structure [33]. It has been reported in previous
studies that upon increasing the curing time of concrete
samples containing graphene oxide, their compressive
strength would also increase [106].

The admixture could effectively reduce the passing
current in the conductivity test and enhance the concrete
resistance to chloride penetration. According to Fig. 7-c,
the lowest charge was passed in the concrete containing
GGBFS and GO. High reduction was observed in the
electrical conductivity from 4012 C to 1200 C for 90-day
cured concrete containing GGBFS and GO. This
observation that addition of admixture in 28 and 90 days
cured samples could significantly decrease the charge
conducted in Rapid Chloride Permeability tests (RCPTS)
signifies increased resistance against chloride penetration

(in Coulombs). Fig 7-d shows the Wenner test results
from C2 samples that exhibit high surface electrical
resistivity as well as the least electrical charge conduction
(1200 to 2058 C) as a sign of high resistance to chloride
ingress.
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Figure 7. Mechanical and physical tests results of concrete
samples at curing time 28-days and 90-days
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ASTM 1202-12 Standard designates such charge
conduction as low chloride permeability (Table 4).
Electrical charge transfer during the RCPT was
significantly declined in the concrete containing GGBFS
and GO, thus confirming the positive role of GGBFS and
GO in decreasing the chloride permeability and
movement by immobilizing the free chloride.

Table 4. Chloride ion penetrability based on charge passed
according to ASTM 1202-12 Standard

The Charge Passed (C)

Chloride lon Permeability

>4000 High
2000-4000 Moderate
1000-2000 Low
100-1000 Very low

<100 Negligible

Fig. 8 shows the penetration of chloride ions in both
ordinary concrete and that containing GGBFS and GO at
the constant water temperature of 25 °C, constant time of
144, and pressures of 0.3, 0.5, and 0.7 MPa. In all
experiments, upon increasing pressure, the penetration of
chlorine ions into the ordinary concrete and that
containing GGBFS and GO would increase. According
to Fig. 8, water pressure is an important factor in the
penetration of chlorine ions into the concrete. For
example, at a pressure of 0.3 MPa, which is equivalent to
30 meters of water depth, penetration of chlorine ions
into the concrete is less than 0.5 and 0.7 MPa. The direct
effect of the water pressure on the penetration of chlorine
ions has already been proven in other studies [82-85].
Equation (1) shows Fick's second law, where D is the
diffusion coefficient, z the distance from the surface, C
the chloride concentration, Cs the surface concentration,
and t the time (s).

C,t = Cs (1 - erf(ziﬁ)) @

This equation makes it possible to derive
concentration-dependent diffusion formulas and relate
localized concentration to time [29,107]. The mechanism
of the transfer of chloride ions under hydrostatic pressure
is elaborated according to Fick's second law. In this
study, the chloride diffusion coefficient in concrete was
calculated using the least squares method and
experimental data. Fig. 9 shows the diffusion coefficient
of chloride ions in both ordinary concrete and that
containing GGBFS and GO at the water temperature of
25 °C, time of 144 h, and pressures of 0.3, 0.5, and 0.7
MPa, respectively. According to this Figure, with an
increase in the water pressure, the diffusion coefficient of
chlorine ions in both types of concrete would increase.
Based on these results, the highest diffusion coefficient
of chlorine ion in both ordinary concrete and that
containing GGBFS and GO is related to 0.7 MPa are

6.37x10 m?/s and 5.78x10'* m?/s, respectively. The
lowest penetration coefficients related to 0.3 MPa are
3.18x10 m?s and 3.08x10' m?s, respectively.
Accordingly, upon increasing water pressure from
0.3 MPato 0.7 MPa, the diffusion coefficient of chlorine
ion in both ordinary concrete and that containing GGBFS
and GO would increase up to 100 % and 87 %,
respectively. The diffusion coefficient of chlorine ion in
the concrete is shown in Fig. 10 at water temperatures of
25, 35, and 55 °C, respectively, and they are compared
with each other. According to the results listed in this
figure, the diffusion coefficient of chlorine ions is
directly related to water temperature; in other words, it
increases with an increase in the water temperature. This
trend can be seen in both types of concrete. These results
are consistent with those of the previous studies [72-
77,108,109].
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Figure 8. Profiles of chlorine ions penetration in Ordinary
concrete(C1) and concrete containing GGBFS and GO (C2) at
water temperature of 25 °C, time of 144 h and at pressures of
0.3,0.5and 0.7 MPa
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Figure 9. Chloride ion diffusion coefficient in both ordinary
concrete (C1) and that containing GO and GGBFS (C2) at time
of 144 hours, water temperature of 25 °C, and pressures of 0.3,
0.5,and 0.7 MPa
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Fig. 10 shows the effects of pressure and temperature
on the diffusion coefficient of chlorine ion in both
ordinary concrete and that containing GGBFS and GO in
144 hours. According to the results from this figure, the
diffusion coefficient of chlorine ion is directly related to
pressure and temperature. On the contrary, the diffusion
coefficient of chlorine ion in the concrete containing
GGBFS and GO in all test cases is less than that in the
ordinary concrete.

The main mechanism of chlorine ion transfer in the
concrete at low pressures results from capillary
adsorption. Increased chloride ion penetration caused by
an increase in the pressure is indicative of a change in the
chloride ion diffusion mechanism in a way that at high
water pressures, the diffusion mechanism is considered
the main mechanism for chlorine ion to enter the concrete
in concrete [82,83]. A comparison of the the results in
these two types of concrete in Figures 8-10 revealed that
the concrete containing GGBFS and GO exhibited
greater resistance to chlorine ion penetration. In addition,
an increase in the chloride ion penetration resistance in
this type of concrete is caused by an improvement in the
pore structure [10,110-112]. Table 5 shows the physical
structure characteristics of the tested concrete specimens,
including ordinary concrete and that containing GGBFS
and GO obtained from porosity test. Fig. 11 shows the
pore size distribution in these two types of concrete used
in this study. These results were obtained from the
porosity test using mercury. This information includes
the total amount of pores (more than 10 nm), small
capillary pore volume, large capillary pore volume, and
medium pore size (D50). Concrete has different pores in
different sizes. The volume value of pores with different
sizes occupies about one gram of cement paste that is
called the pore size distribution [113].

Capillaries that are classified in two types are large
capillary pores with a size of 50-1000 nm as well as small
capillary pores with a size of 10-50 nm [102]. The
average pore size equals 50 % of the cumulative volume
of porosity that can indicate the pore size distribution
[113]. According to Fig. 11, a comparison of the concrete
containing GGBFS and GO with the ordinary one reveals
that GGBFS can not only reduce the total porosity but
also convert large capillary pores into small capillary
pores. According to Table 5, in ordinary concrete, the
volumes of large and small capillary pores are 33 and
18 ml/g, respectively; and in the concrete containing
GGBFS and GO, these values are 16 and 30 ml/g,
respectively. As a result of adding GO and GGBFS, the
volume of small capillary pores increased, and that of
large capillary pores decreased. According to these
results, the average pore size in the concrete containing
GGBFS and GO was considerbaly reduced compared to
that in the concrete without additives. reduced compared
to that in the concrete without additives. The average
pore sizes in the concrete containing GGBFS and GO and
ordinary concrete are 27 and 87 nm, respectively.
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Figure 10. Chloride ion diffusion coefficient in Ordinary
concrete (C1) and in concrete containing GO and GGBFS (C2)
in 144 hours, at water temperatures of 25, 35, and 55 °C and at
pressures of 0.3, 0.5, and 0.7 MPa

Table 5. Physical structures in ordinary concrete and concrete
containing GO and GGBFS

Sample Large Small D50  Porosity
Code Porosity ~ Porosity  (nm) (%)
Volume  Volume
(mL/gr) (mL/gr)
C1l 33 18 87 13.1
C2 16 30 27 11.1
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Figure 11. Comparison of pore size distributions in ordinary
concrete (C1) and concrete containing GGBFS and GO (C2)

This reduction in porosity results the addition of
GGBFS and GO, which causes more density in the
samples. The effects of pozzolanic reaction in the
concrete contributes to filling the pores and cracks and
consequently, the concrete is compacted, and its
resistance to chloride ion penetration is improved
[105,113]. Fig. 12 shows the penetration of chloride ions
in ordinary concrete and that containing GGBFS and GO
at constant pressures of 0.7 MPa, constant water
temperatures of 25 °C, and different times of 24, 72, and
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144 hours repsectively. According to this figure, the
concentration of the chloride ion increased over time in
both ordinary concrete and that with GGBFS and GO
additives. The concentration of chlorine ions in the
concrete after 144 hours was much higher than that of
chlorine ions in 24 hours and 72 hours in both types of
concrete. According to this Figure, penetration of
chlorine ion in the ordinary concrete sample at a depth of
10 mm from its surface of exposed to salt water
containing chlorine ion for 144 hours is 2.2 times of that
of the concrete sample for 24 hours. However, this
difference was eliminated at greater depths. This
behavior was also observed in the concrete containing
GGBFS and GO sample.

In the environment of water pressure, chloride ion
transfers to the internal parts mainly through convective
motion caused by concentration diffusion and pressure
infiltration [114-116]. The depth of capillary absorption
and penetration is limited, and the convective region
exists only within a certain depth beneath the surface of
the concrete [115]. DuraCrete thought that the depth of
influenced convection was 14 mm [116,117]. Lei
concluded that the depth of a convection zone in an
underground structure was approximately in the range of
5 mm-10 mm [118]. Within this depth, the chloride ion
was transferred into the internal layer of the concrete
under the action of the convection-diffusion coupling. In
case the depth was greater than this value, the chloride
ion transfer was mainly under the influence of diffusion
[115-119]. Hence, the convection-diffusion coupling is
the main machanism of the chloride ion transfer in the
concrete used in this research. Fig. 13 shows the effect of
time on the diffusion coefficient of chlorine ions in both
ordinary concrete and that containing GGBFS and GO at
a pressure of 0.7 MPa and ambient temperature.
According to this figure, exposure time had a
considerable effect on the diffusion coefficient of
chlorine ions in concrete, and upon increasing the time,
the diffusion coefficient of chlorine ions in concrete
would decreases and become more stable over time. Of
note, over time, the concentration of chlorine ions in the
concrete increased much less than that in the concrete
containing GGBFS and GO. Based on these results, the
highest diffusion coefficient of chlorine ion in the
ordinary concrete and that containing GGBFS and GO
related to 24 hr are 22.8x101* m?/s and 20.8x101! m?/s,
respectively. The lowest penetration coefficients related
to 144 hr are 6.37x10' m?s and 5.78x10 m?/s,
respectively. Fig. 14 shows the effect of time and
temperature on the diffusion coefficient of chlorine ion in
both ordinary concrete and that containing GGBFS and
GO at 0.7 MPa. According to this figure, the diffusion
coefficient of chlorine ion is directly related to time and
temperature. According to Fig. 14, upon increasing time
in both types of concrete, the chlorine ion diffusion
coefficient decreases, and upon increasing temperature,
the chlorine ion penetration coefficient increases.
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Figure 12. Profiles of chlorine ions penetration in ordinary
concrete (C1) and concrete containing GGBFS and GO (C2) at
constant water temperature of 25 °C, constant pressure of 0.7
MPa and at times of 24, 72, and 144 h
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Figure 13. Chloride ion diffusion coefficient in ordinary
concrete (C1) and in concrete containing GGBFS and GO (C2)
at a pressure of 0.7 MPa, at water temperatures of 25 °C and at
times of 24, 72, and 144 hours
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Figure 14. Chloride ion diffusion coefficient in ordinary
concrete (C1) and in concrete containing GGBFS and GO (C2)
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However, the diffusion coefficient of chlorine ion in
concrete containing GGBFS and GO in all test cases is
less than that of chlorine ion diffusion in ordinary
concrete. According to the findings, water temperature
also has a significant effect on the penetration of chlorine
ions in concrete. Chloride ion penetrates significantly
into both ordinary concrete and that containing GGBFS
and GO at 55 °C, and this rate of change in ordinary
concrete is greater than that of concrete containing
GGBFS and GO mainly because the pores are filled with
hydration products over time [120-123]. Sun et al.
showed that when hydration reactions continued over
time, the chloride concentration would increase, and the
chloride diffusion coefficient would decrease with an
increase in time at a certain depth [122].

Concrete containing GGBFS and GO exhibited the
lowest penetration depth of chloride ion at a certain time.
This difference was caused by the improvement of
concrete structure due to the presence of GO and GGBFS
during the test. On the contrary, the diffusion coefficient
of chlorine ion in the concrete containing GGBFS and
GO in all test cases was less than that of chlorine ion in
concrete. In addition, according to Fig. 14, while the
chlorine ion diffusion coefficient decreased upon
increasing time, the value of decrease between 24 and 72
hours was greater than the that of decrease between 72
and 144 hours. This behavior was observed in both types
of concrete with a main difference, i.e., the chlorine ion
penetration coefficient in ordinary concrete samples was
higher than that in the concrete containing GGBFS and
GO. Therefore, it can be concluded that the
microstructure of the concrete changes with time in
different locations. Both chloride ion concentration and
chloride diffusivity varied with time and space [122]. The
coefficient of chloride diffusion decreased over time
because the capillary pore structure was changed due to
the continuous formation of hydration products, thus
reaching a stable value [119,122].

Fig. 15 shows the diffusion coefficient of chloride ions
in both ordinary concrete and that containing GGBFS and
GO under different test conditions. As water pressure and
temperature increased, the diffusion coefficient of
chlorine ions in both types of concrete increased, too;
however, upon increasing time, the diffusion coefficient
of chlorine ions in both types of concrete would decrease.
Based on these results, it can be concluded that the
highest diffusion coefficient of chlorine ion in ordinary
concrete and that containing GGBFS and GO observed at
0.7 MPa, one-day time (24 hr), and 55 °C are
28.1x10M m?/s and 25.7x10** m?/s, respectively. The
lowest penetration coefficients related to 0.3 MPa, six-
day time (144 hr) and 25 °C are 3.18x10* m?/s and
3.08x101* m?/s, respectively. The mix with 0.1 wt. % GO
and 50 wt. % GGBFS showed considerable performance
in terms of diffusion. The results revealed that addition
of 0.1 wt. % graphene oxide and 50 wt. % granular slag
decreased the chloride penetration in the concrete sample

up to 17.6 % during 90 days compared to ordinary
concrete sample. Table 6 lists the values of D in different
concrete samples were obtained through Equation (2) by
other researchers and compares them with the results
from this research [85, 124-139]. According to this table,
the values of D in different concrete samples in this study
are the same as those previously obtaiened by other
researchers.

In order to further investigate the microstructure of
concrete specimens, Fig. 16 depicts the SEM images of
ordinary and concrete containing GO and GGBFS after
90-day curing time. As can be clearly seen obviously,
after addition of GO and GGBFS, the structural porosity
of the concrete was significantly reduced, hence a dense
structure.
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Figure 15. Chloride ion diffusion coefficient in ordinary
concrete and in concrete containing GGBFS and GO under
different experiments

Table 6. Chloride diffusion coefficient values in ordinary
concretes obtained from some other studies and this study

Maximum Exposure Time D Reference
(Day) (m?/s)

1 5E-11 [85]
108 1E-10 [124]
10 8E-12 [125]

1 1E-11 [126]
30 1E-11 [127]
28 2E-11 [128]

1022 5E-12 [129]
25 6E-11 [130]
365 6E-12 [131]

5 9E-12 [132]
240 1E-12 [133]
180 3E-11 [134]
28 2E-11 [135]
30 3E-11 [136]
100 5E-12 [137]
30 1E-12 [138]
60 7E-12 [139]

6 3E-11 to 2E-10 This Paper
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Figure 16. Comparison of pore size distributions in ordinary concrete (C1) and concrete containing GGBFS and GO (C2)

In typical concrete specimens, the microstructure is
generally composed of C-H calcium hydroxide plate
crystals and hydrated needle-shaped compounds along
with hydrated calcium silicate compounds C-H-S. All of
these compounds are formed in the concrete structure as
a result of initial reactions between cement and water in
the hydration process. The initial reaction of cement and
water in the hydration process is as follows [61,99]:

2(3Ca0-Si0,) + 6H,O — 3Ca0-2Si0;:3H,0 +
(Primary C-S—H) 2
3Ca(OH).

In the presence of granular slag, activated SiO, can
react with high-purity calcium hydroxide and calcium
silicate hydrate to make hydrated calcium silicate more
stable. At the same time, activated Al,O3 can react with
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calcium hydroxide to produce hydrated calcium
aluminate. The main reaction is as follows [105,113].

3Ca(0OH); + Slag + H,0 — 3Ca0-2Si02-3H,0 +
(Secondary C-S—H)
4Ca0-Al,03-3H,0  (3)
(Secondary C-A-H)

As a result, secondary reactions of calcium hydroxide
(C-H) crystals in the presence of slag are converted to
C-H-S, and this combination leads to more filling of
cavities and structural pores [105,113].

The microstructure of the ordinary concrete specimens
is largely composed of needle-shaped grains and plate as
well as hexagonal crystals of calcium hydroxide C-H.
Despite the formation of some hydrated silicon
compounds in them, their amount was negligible enough
to affect the porosity of the concrete structure. Fig. 16
shows the areas with folded plate morphology of
graphene oxide sheets. The analysis of elements from
points A and B shown in the microstructural images of
the concrete containing GGBFS and GO specimens are
shown in Fig. 17. According to the results in Fig. 17,
addition of slag and graphene oxide to the concrete led to
the formation of these secondary compounds with a
lower Ca-to-Si ratio, which is about two in ordinary
cement. However, with the formation of these
compounds, i.e., hydrated calcium silicate, in many parts
of the cementitious background, this ratio would decrease
by 1.4 [140-142].

Slag contains higher amounts of aluminum, silicon and
magnesium, which leads to the formation of
hydrotalacite, resulting in the replacement of silicon by
aluminum in C-S-H and reducing their C/S ratio less than
Portland cement in concrete [142].

The interactions among pressure, time, and
temperature as well as their effect on the concentration of
chlorine ion in both ordinary concrete and that containing
GGBFS and GO at a depth of 20 + 1 mm from the surface
of the sample exposed to water containing chlorine ion
are shown as a three-dimensional diagram and Pareto
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Figure 17. Analysis of point elements in microstructural
images of ordinary concrete (area A) and concrete containing
GGBFS and GO (area B)

diagram in Fig. 18 and Fig. 19, respectively. The Pareto
diagram shows the absolute values of the standardized
effects listed hierarchically from the maximum to the
minimum. The diagram also draws a reference line to
determine which effects are statistically significant. The
reference line for statistical significance depends on the
level of significance (indicated by a). According to Fig.
18, pressure has a greater effect on chlorine ion
penetration than other parameters. After pressure, time is
the most important factor, and temperature is the third
one. In the next positions in terms of their simportamce
are the interaction between pressure and time as well as
concrete composition. Fig. 19 shows the sequence of
factors affecting the release of chlorine ions in the
concrete used in this study. All factors that cross the
reference line (2.31) are statistically significant. The
order of the effective effects of the evaluated parameters
is also shown in this Figure. According to these results
indicate, the level of significance for each evaluated
response is different from the other. These results also
indicated that the level of significance for each evaluated
response is different from the other. According to Fig. 19,
the intensity of the effect of different parameters on the
amount and chlorine ion diffusion in concrete is as
follows:

1- Water pressure

2- Exposed time

3- Water temperature

4- Interaction of water pressure - exposed time

5- Concrete composition

The cost of casting the mixed designed were estimated
and reported in Tables 7 and 8. The cost of concrete
composites was estimated using the commercialized
market prices of the materials. The economic index for
strength (compressive strength/cost per m?) was observed
to have same value at concrete containing GGBFS and
GO compare to ordinary concrete but the economic Index
for electrical conductivity (electrical conductivity/cost
per m®) shows that concrete containing GGBFS and GO
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is a better mix than the ordinary concrete in terms of
chlorine ion permeability and economy. Table 8 reveals
that the cost of materials for making concrete containing
GGBFS and GO sample is 24.5 % higher than this cost
for ordinary concrete; however, given the economic
index for electrical conductivity, using this mix is cost-
effective.
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Figure 18. The interactions of time, temperature and pressure
on the chloride content in ordinary concrete and concrete
containing GGBFS and GO at a depth of 20 + 1 mm
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Figure 19. Effect of time, temperature and pressure and their
interactions on the concentration of chlorine ions in concrete

Table 7. Cost of materials

Materials Cost ( USD/kg)
OPC 0.1

GO 0.02
GGBFS 0.15
Water 0.0007

Fine Aggregate 0.02
Coarse Aggregate 0.013

SP 1.6

© OPC: Ordinary Portland Cement, GO: Graphene Oxide, GGBFS:

Ground Granulated Blast Furnace Slag, SP: (Carboxylate based)
Super Plasticizer

Table 8. Cost analysis of mixes per m? of concrete

C1 Cc2
Mix (Ordinary (Concrete Containing
Concrete) GGBFS and GO)
Compressive Strength (MPa) 28.4 334
Electrical Conductivity (C) 4012 1200
Cost of GGBFS (USD) 0 31.875
Cost of GO (USD) 0 6.936
Cost of OPC (USD) 425 21.25
Cost of water (USD) 0.119 0.119
Cost of Fine Aggregate (USD) 20.11 20.11
Cost of Coarse Aggregate 8.794 8.794
(USD)
Cost of Super Plasticizer 0.068 0.068
(USD)
Total Cost (USD) 71.591 89.152
Economic Index for Strength 0.397 0.375
Economic Index for Electrical 56.040 13.460
Conductivity
4. CONCLUSIONS

Throughout this study, the following concluding
remarks were made:
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. Addition of 0.1 wt. % graphene oxide and 50 wt. % NOMENCLATURE
granular slag increased the compressive strength of
concrete sample upto 19.9 % during 28 days and o Chloride Concentration

17.6 % during 90 days compared to ordinary Cs Surface Concentration
concrete sample. Concrete with a combination of 0.1 D Diffusion Coefficient
wt. % graphene oxide and 50 wt. % granular slag erf Error Function
exhibited an increase in the flexural strength of 15 % t Time
during 28 days of curing and 13.6 % during 90 days X Distance
of curing.
High reduction in electrical conductivity from
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