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A B S T R A C T  
 

The application of nanomaterials to concrete is an innovative approach to enhance mechanical properties and 
durability performances. In this work, the addition of a combination of Graphene Oxide Nano-Platelets 
(GONP) and Ground Granulated Blast Furnace Slag (GGBFS) was studied as admixture in concrete. Tests on 
mechanical and chloride permeation properties were conducted. The results showed that the mix with 0.05 % 
GONP and the mix with 30 % GGBFS obtained better mechanical strength than the rest of the mixes. The 
highest electrical resistivity was achieved for the 90-day cured sample with 50 % GGBFS in CONP-free 
concrete and the 0.01 % GONP in GGBFS-free concrete, which was found to be the most effective in 
increasing concrete resistance to chloride permeation. The mix with 0.1 w % GONP and 50 w % GGBFS 
exhibited considerable performance even with other mechanical and durability performances. The addition of 
0.1 % graphene oxide and 50 % granular slag increased the compressive strength of the concrete sample by 
19.9 % during 28 days and 17.6 % during 90 days compared to the conventional concrete sample. Concrete 
with a combination of 0.1 % graphene oxide and 50 % granular slag experienced an increase in flexural 
strength by 15 % during 28 days and 13.6 % during 90 days. A significant reduction in electrical conductivity 
from 4012C to 1200C was observed for 90-day cured samples containing 0.1 wt % GO and 50 wt % GGBFS 
compared to the conventional sample. Response Surface Method (RSM) applied to the test data presented an 
optimized concrete mix containing 0.08 w % GONP and 50 w % GGBFS, the outcome of which was in close 
agreement with the experimental results. 
 

https://doi.org/10.30501/jree.2022.293613.1227 

1. INTRODUCTION1 

Concrete remains the most widely used industrial material and 
new-found modifiers help improve its durability, mechanical 
properties, and specifically corrosion resistance [1, 2]. An 
important issue about marine structures is chloride permeation 
causing rapid rebar corrosion and interference in protection 
systems including cathodic protection so much so that it has 
been reported to be the main problem in concrete structures 
worldwide [3-8]. Even inland, temperature, and humidity 
fluctuations causing cyclic expansion-contraction and 
hydration-dehydration could cause the initiation and 
propagation of cracks in concrete, instigating rebar corrosion 
and concrete spalling with the subsequent loss of load-bearing 
capacity. In a chloride-containing environment, its permeation 
from solution-filled pores, chlorine contaminated cement, or 
diffusion along paths in the matrix of the concrete may 
exacerbate the rate of deterioration manifold. Total amount of 
chloride in concrete consists of bound and free chlorides and 
the latter is responsible for breaking the passive layer on the 
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bars [9, 10]. In effect, the level of chloride bound to concrete 
could directly affect corrosion as these immobile ions 
diminish the overall diffusion rate and accumulation of Cl- at 
the rebar-concrete interface [11, 12]. The rate of chlorine ion 
permeation depends on the materials used and the production 
parameters such as water-to-cement ratio, additives, and 
degree of hydration [13]. 
   The application of nanomaterials to concrete is an 
innovative approach to enhancing its mechanical and 
durability properties. Nanomaterials in concrete have many 
advantages including the enhancement of mechanical strength 
and filling of the voids at a nano level. Concrete has pores on 
both nano (10-9 m) and micro (10-6 m) scales. Compaction of 
concrete reduces the amount of porosity. However, small 
cavities remain in the concrete composite. The strength of 
concrete depends on the formation of calcium hydrate silicate 
products (C-S-H), and the products are pore-dependent at 
nano and micro levels. Filling of these pores with inert or 
reactive materials can increase the strength and durability 
properties, reduce crack formation, and so on. Upon applying 
pozzolanic materials to concrete, it can only fill small cavities. 
Therefore, nanometer pores can be filled using these 
nanomaterials [14, 15]. Nanoparticles react with calcium 
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hydroxide (Ca (OH)2) and CSH gels in the pores. This 
measure creates a denser structure and fills pores on the 
cement [15]. Many researchers have studied the mechanical 
and durability properties of concrete with nano admixtures 
and as usual, it exhibits better results than conventional 
cement composites [16, 17]. A large number of researchers 
have demonstrated the incorporation of nanomaterials. In 
recent years, carbon nanomaterials such as Carbon Nanotubes 
(CNTs), Carbon Nanofibers (CNFs), and Graphene Oxide 
(GO) have attracted the attention of many concrete researchers 
due to their unique mechanical, thermal, chemical, and 
electrical properties [18-20]. However, the application of 
materials such as carbon nanotube is difficult due to their poor 
dispersibility. GO sheets with oxygenated functions are more 
accessible to cement particles, thus allowing nano sheets to act 
as cores for cement phases and increase the reaction of cement 
with water [21]. Graphene oxide nano plates have been 
studied because of their hydrophobic effect at low 
concentrations [22-26]. Graphene oxide contains functional 
oxygen groups in its layered structure that increase the inter-
planar space causing easier thinning out in aqueous 
environments. It has been reported that admixing of GO nano 
plates to cement expedites its hydration process and increases 
the total hydration products [26]. This has been attributed to 
its high surface energy that facilitates the absorption of 
hydration products that acts as nucleation sites for hydration 
reaction [25]. Yang et al. reported that with the addition of  
0.1 wt % GO, cement hydration increased by 10.4 % on Day 
28 [27]. Graphene oxide nano particle effect on cement 
hydration could change the intra-structural porosity with a 
subsequent increase in cement strength and toughness. Wang 
et al. maintained that the microstructure of the GO-reinforced 
cement matrix had a massive crystal structure covering, 
implying that leaching of Calcium Hydroxide (CH) during the 
hydration stages was enhanced on Day 28 (curing age) [28]. 
Addition of GO to cement-based composites has an adverse 
effect on performance due to its large area that tends to absorb 
more water molecules for wetting and its large high-capacity 
lateral size due to the clustering of GO nanoplates [29, 30]. 
Regardless of the disadvantages mentioned above, combining 
a small amount of GO at about 1 % by weight of cement 
improves the compressive strength by 63 % [31]. Lu et al. 
confirmed that the addition of only 0.05 wt % nano-sized 
graphene oxide caused 10.4 % and 12.6 % improvements in 
compressive and flexural strengths after 28 days. Other 
researchers claimed the improvement rates of 78.6 %, 60.7 %, 
and 38.9 % in tensile, flexural, and compressive strengths, 
respectively, by 0.03 % GO addition [32, 33]. Gang Xu et al. 
reported a 29 % increase in the compressive strength of 
cement pastes after 28-day curing by admixing 0.02 wt % GO 
[26]. Hue peng et al. pointed to a 21.86 % increase in flexural 
strength and overall toughness by admixing 0.03 wt % GO 
with the cement [25]. The addition of 0.05 % GO was 
reported to enhance the compressive strength by 15-33 % and 
flexural strength by 41-58 % [17, 34]. Shang et al. stated that 
the compressive strength with the inclusion of 0.04 % GO to 
the cement paste was enhanced by 15.1 % compared to the 
plain cement paste [35]. The compressive and tensile strengths 
increased by over 40 % with the inclusion of 0.03 % GO by 
weight of cement to OPC (Ordinary Portland Cement) paste 
on Day 28 at the curing age [36]. In the research done by Lee 
et al., cementitious composites replaced with conventional 
cement additives, such as Fly Ash (FA), Silica Fume (SF), 
Nano-Silica (NS), and Ground Granulated Blast-furnace Slag 

(GGBS) and graphene oxide were studied for comparison. 
The cementitious composites replaced with GO had 
compressive strength of 10.6–41.5 % higher than that of the 
plain mixture and also, higher than that obtained with other 
cement additives. In this study, the pore structure analysis 
revealed that the majority of pores had micro pores with 
diameters not exceeding 2.5 nm which improved their strength 
[37]. Kudžma et al. studied the effect of graphene oxide with 
low oxygen content on Portland cement based composites. In 
this study, the amounts of GO investigated were 0.02 %,    
0.04 %, and 0.06 % by weight of cement, while for mortars, 
an extra composition with 0.1 % was also prepared. 
According to the results, the fluidity of cement paste and 
mortar increased and the hydration process was slightly 
retarded with the addition of GO. However, improvements in 
compressive and flexural strength were established in the 
mortars containing GO. The maximum effects (~ 22 % and    
~ 6 %, respectively) were obtained with the addition of 0.06 % 
GO [38]. 
   Hassani et al. used a dose of 0.1 to 2 % GO and observed 
that high bond strength was created due to the nuclearization 
of C-S-H by GO shells. As demonstrated by the results, there 
was an increase in the amount of C-S-H gel which helps 
reduce the permeability of concrete and increase the durability 
of concrete structures [39]. Gong et al. studied the effect of 
GO admixture on cement paste with an optimal dose of GO 
0.03 % by weight of cement and found that due to the 
reduction of the cavity structure, the mechanical strength 
increased by more than 40 % compared to the conventional 
matrix [36]. They observed changes in efficiency, heat of 
hydration, and cavity structures. Analysis of pore structure 
indicated that the total porosity and capillary pores were 
reduced by 13.5 % and 27.7 % and gel pores increased. 
According to the results of this study, more C-S-H products 
are produced, leading to a reduction in capillary pores and an 
increase in gel pores. Wang et al. used 0.02, 0.04, 0.06 and 
0.08 % Graphene oxides. At 0.08 % dosage, the flexural 
strength and compressive strength were at maximum, i.e., 
increased by 27 % and 16.4 %, respectively. They observed 
that at low amounts of graphene oxide, hydration products 
bound to each other and remained in specific locations, and 
when the dose increased, the hydration product would tend to 
form clusters such as structure to prevent the propagation of 
small cracks [40]. Kai Guo et al. investigated the impact of 
GO on chloride penetration resistance of concrete and 
demonstrated that the addition of 0.06 wt % GO nano plates 
was enough to achieve the highest chloride penetration 
resistance [23]. Therefore, previous studies have shown that 
the chances of improving the mechanical properties, 
permeability, and durability of cement when using graphene 
oxide are higher. The required dose of GO is lower than other 
nanomaterials to obtain the same effect [41, 42]. 
   Other nano-sized additives such as Ground Granulated Blast 
furnace Slag-GGBFS are mainly used to reduce free chloride 
by binding it to concrete [43-48]. GGBFS is a by-product of 
iron production in the blast furnaces where slag is water or 
steam quenched and ground to a fine mesh powder [49]. 
Researchers report the beneficial effect of GGBFS on 
compressive strength while adversely affecting the hydration 
rate, thus prolonging the time to attain maximum mechanical 
strength [50-52]. Chen et al. reported the effect of around     
45 wt % GGBFS on reducing the chloride penetration [53]. 
Samad et al. found that GGBS concrete gained much more 
strength than the Portland cement concrete until 56 curing 
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days [54]. Khatib and Hibbert et al. reported a significant 
flexural strength increase with up to 60 wt % GGBFS 
admixture; however, additional increases would adversely 
affect it [55]. Dejian Shen et al. investigated the residual 
tensile stress and the cracking potential of concrete and 
reported improvements to both parameters with up to 50 wt % 
GGBFS addition [56]. The beneficial effect of GGBFS was 
reported upon affecting the pore size, hence curtailing 
permeability [52]. Güneyisi et al. observed that only minute 
amounts typically less than 1000 Coulombs of charged 
chloride ion would be detected during the RCPT test when  
20-50 wt % GGBFS was added to concrete. Others reported a 
29 % reduction in passing electrical charge by adding up to  
50 wt % GGBFS [57]. The diffusion coefficient of chloride in 
concrete also decreased with the addition of GGBFS [58, 59]. 
It has been observed that GGBFS can be effectively used to 
reduce the pore sizes and cumulative pore volume 
considerably, leading to more durable and impermeable 
concrete. According to the studies of Hwang and Lin, GGBFS 
has the potential to replace cement in high percentages 
because of its in-built cementitious property. The continued 
use of slag cement in the construction industry requires a 
consideration of the effect of electrochemically reducing pore 
solution on depassivation of steel reinforcement in cement 
system. Studies revealed that the inhibition of corrosion in 
slag concrete resulting from its low electrical conductivity 
caused a refined pore structure [48]. Nowadays, due to 
different environmental conditions, structures do not work as 
expected. Damage in the form of structural cracks due to 
stresses as well as scaling and shrinkage due to loss of fine 
aggregates and high wear, leakage, etc. lead to failure of 
concrete structures, and the use of ordinary concrete leads to 
premature destruction of structures. Therefore, the use of 
high-strength modified concrete as a building material in 
marine structures can be useful. The advantage of 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 or saving the 
required materials. The use of GO in concrete is progressing 
due to its exceptional properties. Interest in GO has increased 
in various fields around the world because GO  is more 
inexpensive than multi-walled CNTs, single-walled CNTs, 
and CNFs (which are 250, 1280, and 218 times more 
expensive than GO per 100 g, respectively) [60]. Therefore, 
GO became the best candidate for this research. This 
investigation was carried out to develop a nano-reinforced 
concrete composite in addition to GONP and GGBFS with 
varying percentages by weight of cement. No study has been 
reported on GO and GGBFS inclusion in concrete composites 
with regard to compressive strength, flexural strength, 
chloride permeation, and the cost analysis to get a clear 
picture whether this investigation is helpful for practical 
application in the construction industry. The present study 
focuses on the use of GONP-GGBFS as a nano-filler to 
develop a concrete for industrial applications in marine 
environment. The present research examines the effect of 
GONP and GGBFS addition on mechanical and permeability 
properties of concrete structures in marine environment. The 
optimized pozzolanic composition is achieved through the 
RSM optimization method to test this approach to designing a 
chlorine-resistant concrete for marine environments. The 
following are the specific objectives and scope of the present 
study: 

- To study properties of concrete with the inclusion of 
GONP and GGBFS, thereby obtaining the mechanical 
performance of nano-modified concrete designed for 
industrial applications in marine environment; 

- To determine the durability performance of nano-
modified GONP-GGBFS based concrete mixes;  

- To study the microstructural behavior of selected GONP-
GGBFS-based concrete mixes through SEM and XRD 
analyses. 

 
2. EXPERIMENTAL 

2.1. Meterials 

Type-II Portland cement with the chemical composition of 
Table 1 and the mechanical properties of the cement mortar in 
Table 2, measured per ASTM C109, was used. The sand and 
gravel gradation per ASTM C136 and ASTM C117 is shown 
in Tables 3 and 4. The GGBFS was procured from local 
sources with Blaine fineness of 3500 cm2g-1. The CaO/SiO2 
ratio was 1.4 based on the semi quantitative XRD (Figure 1) 
and XRF analysis (Table 5) corresponding to ASTM E1621-
13. The water-to-cement ratio (W/C) was kept at 0.4. The   
FE-SEM microstructure images of nanoplatelets are shown in 
Figure 2, according to which the particle length varies from    
2 µm to 15 µm and the average thickness is 7.7 nm. The     
FE-SEM images show the morphology of graphene oxide 
nano-sheets to be wrinkled thin lamellar layers interlinked to 
form a three-dimensional porous structure [21, 61, 62]. 
According to previous studies [22, 63-66], the inter-planar 
distance in the crystalline GO structure could be calculated 
from XRD pattern using Bragg's law: λ = 2dsin (Ɵ), where λ is 
the X-ray beam wavelength (in this case, λ = 1.54 A˚), d the 
distance between adjacent layers, Ɵ the diffraction angle. 
According to XRD analysis in Figures 3 and 4, d = λ/2 sin (Ɵ) 
=1.54 A˚ / 2sin (Ɵ) which would come to 6.8 Ả for the initial 
sharp peak. The elemental analysis and physical properties of 
the GO are shown in Tables 6 and 7. 

 
Table 1. The chemical analysis and hydration times of type-II 

cement according to ASTM C114 and ASTM C191 

Constituent % 
SiO2 21 

Al2O3 4.5 
Fe2O3 4 
CaO 65.6 
MgO 2.3 
NaO 0.25 
KO 0.41 

Alkaline equivalent 0.52 
SO3 1.2 
Cl 0.02 

Insoluble residue 0.2 
3CaO.SiO2 66.9 
2CaO.SiO2 9.8 

3CaO·Al2O3 6.2 
4CaO.Al2O3.Fe2O3 12.2 

Initial hydration time (min) 104 
Final hydration time (min) 225 
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Table 2. Compressive strength of portland type-II cements mortar 
according to ASTM C109 

Age (days) Compressive strength (N.mm-2) 
3 20.60 
7 23.40 

28 25.86 
90 31.03 

 
 

Table 3. Gradation of sand per ASTM C106 and ASTM C117 

Cumulative percentage of 
remained sand on the sieve (%) 

Sieve 
number 

Square mesh 
size (mm) 

0.0 3.8 9.500 
9.6 4.0 4.750 
35.3 8.0 2.360 
58.0 16.0 1.180 
75.0 30.0 0.600 
84.9 50.0 0.300 
95.1 100.0 0.150 
97.7 200.0 0.075 

Table 4. Gradation of gravel per ASTM C106 and ASTM C117 

Cumulative 

percentage of 

remained pea 

gravel on the 

sieve (%) 

Cumulative 

percentage of 

remained oval 

gravel on the 

sieve (%) 

Sieve 

number 

Square 

mesh size 

(mm) 

0.0 0.0 2 50.00 

0.0 0.0 1.5 37.50 

0.0 0.0 1 25.00 

0.0 5.3 3.4 19.00 

31.3 65.7 1.2 12.50 

62.8 93.6 3.8 9.50 

99.6 99.9 4 4.75 

99.9 99.9 8 2.36 

 
 

 
Figure 1. XRD analysis of GGBFS 

 
Table 5. XRF and XRD chemical analysis results of GGBFS 

Constituent wt % 
Na2O 0.55 
P2O5 0.06 
CaO 43.64 
SrO 0.18 

MgO 6.17 
S 1.25 

TiO2 1.81 
BaO 0.32 

Al2O3 9.16 
Cl 0.02 

MnO 1.96 
L.O.I 1.50 
SiO2 31.10 
K2O 1.11 

Fe2O3 1.17 
TOTAL SUM 100.00  
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Figure 2. FE-SEM image of GO nanolayers with an average 

thickness of about 7.7 nm 

 
Figure 3. XRD analysis of dry GO before dispersion in water 

 
 

 
Figure 4. EDS area elemental analysis of GONP 

 
 

Table 6. Elemental EDS analysis of graphene oxide nanoparticles 

Element C N O S Ca 
% 70.87 0.88 27.81 0.28 0.16 

 
 

Table 7. Physical properties of commercially procured GONP 

Purity 
(%) 

Size 
(µm) 

Platelet 
thickness(nm) 

No. of 
layers 

Original 
packaged form 

> 99 2-16  7.5-8.5  5-8 Black powder 
 
2.2. Mortar mixing and curing procedure 

Concrete mixes with compositions shown in Table 8 
containing 30, 40, and 50 wt % of GGBFS and 0.01, 0.05, and 
0.1 wt % of GONP were prepared. The GO solution for each 
mixing design was prepared according to the following: 

1. For 0.01 wt % GO mix; 0.85 g of GO powder was added 
to 170 g water and 42.5 g polycarboxylate as a super 
plasticizer; 

2. For 0.05 wt % GO mix; the total needed amount of GO 
powder (4.25 g) was divided into two equal parts and 
each was added to 508gr water and 21.25 g 
polycarboxylate, 

3. For 0.1 wt % GO mix; the total amount of GO powder 
(8.5 g) was divided into three equal parts and each was 
added to 691.3 g water and 14.16 g polycarboxylate. 

   The weight percentage of GO was kept at 0.4 % in all 
solutions so as to homogenize them. The total dispersion is 
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achieved through sonication using a 300W and 20 kHz 
frequency transducer for 30 minutes. The graphene oxide 
solution 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. ASTM C192M-16 standard was followed to 
make samples, which were kept in the molds in laboratory 
conditions for 24 hours and then, cured for 28 and 90 days at 
25 °C and relative humidity of > 95 % in a water bath 
containing Lime. Polycarboxylate was used as a Super 
Plasticizer and 0.5 % by weight of cement in all samples. 

 
Table 8. Quantity of materials used in m3 of concrete samples 

MIX GGBFS 
(wt %) 

GO 
(wt %) 

GGBFS 
(kg/ m3) 

GO 
(kg/m3) 

OPC 
(kg/m3) 

Water 
(kg/m3) 

Fine aggregate 
(kg/m3) 

Coarse aggregate 
(kg/m3) 

SP 
(kg/m3) 

C 0.00 0.00 0.0 0.0000 425 170 1005.5 676.5 0.0425 
G1 0.00 0.01 0.0 0.0425 425 170 1005.5 676.5 0.0425 
G2 0.00 0.05 0.0 0.2125 425 170 1005.5 676.5 0.0425 
G3 0.00 0.10 0.0 0.4250 425 170 1005.5 676.5 0.0425 
S1 30 0.00 127.5 0.0000 297.5 170 1005.5 676.5 0.0425 
S2 40 0.00 170.0 0.0000 255 170 1005.5 676.5 0.0425 
S3 50 0.00 212.5 0.0000 212.5 170 1005.5 676.5 0.0425 

SG1 30 0.01 127.5 0.0425 297.5 170 1005.5 676.5 0.0425 
SG2 30 0.05 127.5 0.2125 297.5 170 1005.5 676.5 0.0425 
SG3 30 0.10 127.5 0.4250 297.5 170 1005.5 676.5 0.0425 
SG4 40 0.01 170.0 0.0425 255 170 1005.5 676.5 0.0425 
SG5 40 0.05 170.0 0.2125 255 170 1005.5 676.5 0.0425 
SG6 40 0.10 170.0 0.4250 255 170 1005.5 676.5 0.0425 
SG7 50 0.01 212.5 0.0425 212.5 170 1005.5 676.5 0.0425 
SG8 50 0.05 212.5 0.2125 212.5 170 1005.5 676.5 0.0425 
SG9 50 0.10 212.5 0.4250 212.5 170 1005.5 676.5 0.0425 
� OPC - Ordinary Portland Cement, GO – Graphene Oxide, GGBFS – Ground Granulated Blast Furnace Slag, SP – (Carboxylate based) Super Plasticizer 

 
3. METHOD 

3.1. Mechanical tests 

ASTM C39M-18 and C78M-18 standard tests were followed 
for examining the compression and flexural strength of 
concrete specimens. 
 
3.2. Resistance to chlorine permeation test (RCPT) 

Chloride permeability resistance was evaluated per ASTM 
C1202 accelerated test on cylindrical samples with 10 cm 
diameter and 5 cm length made specifically for the test. An 
electrical current passed through the concrete sample under a 
constant 60 V DC potential difference for six hours on the one 
side and was measured on the other side. One end was 
immersed in 3 % sodium chloride solution and the other in a 
0.3 M solution of sodium hydroxide [67]. The total coulombs 
of electricity passed, becoming proportional to the electrical 
resistance of the specimen which inversely relates to chloride 
ion penetrating the sample. Therefore, the lower the electric 
current,  the higher the resistance to chloride ingress. 
 
3.3. Electrical resistivity of concrete 

Wenner's four-point line array test is a well-established 
technique for measuring the resistivity of soil and 
semiconducting materials. For determining the resistivity of 
concrete, this test is applied with modifications based on 
AASTHO TP 95-11 standard. In a more common form, four 
equally spaced electrodes are arranged linearly to measure the 
electrical resistivity. The two outer electrodes apply an AC 
current to the concrete surface, while the electrical potential is 
measured between the inner probes. The electrodes in a four-
probe square array are arranged in a square position at 50 to 
100 mm spacing [68, 69]. 

3.4. Response surface optimization and statistical 
analysis 

The selection of the optimal concrete composition in terms of 
the highest electrical resistance and mechanical properties was 
done by Response Surface Method (RSM). The experimental 
data were the required input for the Design-Expert software 
version 7.0.1.0 and a Central Composite Face centered Design 
(CCFD) comprising technique was employed. The variables 
considered in the optimization were the weight percentages of 
graphene oxide and granulated blast furnace slag, whereas the 
response variables were the compressive strength, flexural 
strength, RCPT data, and electrical resistance. The software 
assigns the required number of experiments based on the 
number of variables (Percentages of GGBFS and GO) and 
responses measured (RCPT, Electrical resistance, compressive 
strength, and Flexural strength) which comes to 10 runs 
(Table 9).The experimental data were fitted to a polynomial 
model of quadratic equations and the optimization software 
performed an analysis for determining the best combination of 
maximum mechanical properties and electrical resistivity and 
the lowest RCPT possible. For each response, a function that 
related it to the two variables of weight percentages of 
graphene oxide and ground granulated slag was determined 
(Table 10). Finally, a goal function was determined that gave 
the general desirability of the combined four different 
responses. 
 
4. RESULTS AND DISCUSSION 

4.1. Mechanical properties 

Figures 5 and 6 show the results of mechanical tests for 
samples following 28 and 90 curing days demonstrating the 
marginal enhancement of mechanical properties, mainly in 
G1, G2, S1, SG1, and SG3 mixes. 
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Table 9. The designed experimental runs as fed to the software modified for higher accuracy 

Run No. A (GGBFS) 
(wt %)/100 

B(GO) 
(wt %)/100 

Compressive 
strength (R1) 

Flexural 
strength (R2) 

RCPT (R3) Electrical 
resistivity (R4) 

1 0 0.0000 28.4 2.2 7008.46 14 
2 0.40 0.0000 33 2.4 4352.14 38.1 
3 0.50 0.0000 34.1 2.3 3788.19 49 
4 0.30 0.0005 32.4 2.9 7702.52 36.6 
5 0.30 0.0010 35.1 2.9 4250.64 28.9 
6 0.40 0.0005 33.7 2.6 3766.93 36.3 
7 0.40 0.0010 33.8 2.5 2428.01 36.8 
8 0.50 0.0005 34.4 2.5 3460.95 45.6 
9 0.50 0.0010 33.4 2.6 2058.18 40.8 
10 0 0.0010 32.9 2.8 5862.41 12.4 

 
 

Table 10. The models selected for each response (variables are A: GGBFS wt % and B: GO wt %) 

Response Model Final equations for each response R2 
Compressive 
strength (R1) 

Quadratic R1=+28.22493+16.35659 * A +4444.14506* B -10071.42857 *A* B -9.50178* 
A^2+4.33096E+005 * B^2 

0.9273 

Flexural strength 
(R2) 

Quadratic R2=+2.21221+1.89760 * A +1164.36197* B -785.71429 * A * B -3.52313 
* A^2 5.69751E+005 * B^2 

0.8515 

RCPT (R3) Quadratic R3 =+7096.35542 +528.13747 *A  +3.71687E+006 * B -1.39000E+006* A * B 
-16135.60973 * A^2 - 4.88790E +009 * B^2 

0.8388 

Electrical 
resistivity (R4) 

Quadratic R4= +13.91885 +64.69156* A + 5545.50359 * B -9214.28571 * A * 
B+2.73428* A^2-6.72432E+006* B^2 

0.9755 

 

 
Figure 5. Compressive strength of concrete samples on 28 and 90 days (curing time) 

 
 

 
Figure 6. Flextural strength of concrete samples on 28 and 90 days (curing time) 
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These results show that the addition of 30 wt % GGBFS in 
GO-free concrete samples resulted in 21.8 % and 29.0 % 
increases in compressive strength at curing time 28-days and 
90-days, respectively. Literature reports indicate that 
increasing the GGBFS content delays the curing time of 
concrete to reach maximum strength [56-59, 70, 71]. This is 
because of the slow calcium hydroxide-dependent pozzolanic 
reaction of GGBFS (Eq.1): 

CaOH2CH+SiO2S+H2O=CSH-gel                                                     (1) 

   As the Portland cement gradually hardens by forming 
phases such as allite and billet, calcium hydroxide is released, 
which leaches out and deteriorates concrete. When GGBFS is 
added to the cement mixture, the hydrated calcium silicate is 
formed instead by the direct interaction of calcium hydroxide 
and GGBFS [71]. This is a good adhesive and results in 
improved mechanical properties. 
   Figure 7 shows the effect of GONP and GGBFS 
individually on compressive strength. While additions below 
30 wt % GGBFS to GONP-free concrete have good effect on 
mechanical properties (Figure 7b), any addition above that is 
not beneficial either and may lower the compressive strength. 
For example, a 17.8 % reduction in compressive strength on 
Day 28 (curing time) was observed by increasing GGBFS 
from 30 wt % to 50 wt %. in GONP-free samples. However, 
in this study, some cases even after admixes of up to 40 wt % 
did not exhibit significant reductions in compressive strength 
compared to the 30 wt % case. For instance, following 28 
days curing of 0.01 wt % GONP-40 wt % GGBFS concrete 
mixes (SG4), the compressive strength increased by 

approximately 11 % compared to 0.01 wt % GONP-30 wt % 
GGBFS (SG1); however, for most mixtures containing 
GGBFS and GONP, admixing only 30 wt % GGBFS with 
varying amounts of GONP was enough for achieving high 
levels of compressive strength. This is true for 28- and 90-day 
cured samples (SG3) and 90-day cured (SG1) samples; this 
finding is in good agreement with the published literature [54, 
72]. A reduction by nearly 11.7 % of compressive strength 
after 28 days of curing is reported when 50 wt % GGBFS is 
added [54], although the 0.05 wt % GONP-50 wt % GGBFS 
samples (SG8) cured for 90 days exhibited a 6 % increase in 
the compressive strength as compared to 0.05 wt % GONP- 
30 wt % GGBFS (SG2). In the GONP and GGBFS mixes, the 
effect of GONP addition on mechanical properties exhibited 
an uncertain trend. For example, in 30 wt % GGBFS samples, 
the addition between 0.01 and 0.1 % GONP improved the 28-
day compressive and flexural strength by 20.37 % and 8.33 %, 
respectively; however, the GONP addition to 40 % GGBFS 
samples lowered compressive strength. 
   Overall, based on the reports by other researchers, it can be 
concluded that the discrepancies in the mechanical strength 
observed at shorter curing times do not warrant changing the 
limit for the best weight percentage of GGBFS [54, 73]. 
Therefore, if only mechanical strength is aimed at, a 30 wt % 
GGBFS addition is enough to get the desired increase in 
compressive strength. In the GGBFS-free samples, the 
addition of 0.05 wt % of GONP resulted in 30-40 % 
improvement in compressive strength after 28 and 90 curing 
days; however, this declines when over 0.05 % GONP is used 
(Figure 7a). 

 

 
Figure 7. The effect of (a) GONP and (b)GGBFS individually on compressive strength 

 
 

 
Figure 8. The compressive strength of 40 wt % GGBFS-containing samples with different GO additions 

 
   Figure 8 shows the changes in compressive strength upon 
increasing GONP content in 28- and 90-day cured samples 

(S2), (SG4), (SG5), and (SG6). Overall, higher graphene 
oxide content leads to a delay in gaining strength. An increase 
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in the compressive strength of the GONP-containing concretes 
with curing time was reported and in the present work, the 
highest mechanical strengths were obtained for the G1, G2, 
and SG1 samples following 90 curing days (Table 11). 

 
Table 11. The highest mechanical results for different mixes on 90 

days (curing time) 

 
   GONP’s impact is more pronounced in GGBFS free 
samples [74]. Increases of 15-48 % in compressive strength 
have been reported for 0.05 wt % graphene oxide addition [17, 
33, 36]. Mao Li et al. observed a 16 % decrease in 
compressive strength when 0.05 % GO was added in the 
presence of 25 % GGBFS [75]. In the current study, the 
maximum compressive strength was measured for the 28- and 
90-day cured samples with 0.05 % GO, showing 46 % (35.2 

MPa) and 31 % (37.3 MPa) improvements, respectively. The 
strength-giving property of graphene oxide depends to a large 
extent on the quality of its production, its purity, and its 
proper dispersion in the concrete mix, which has given rise to 
the scatter seen in the results seen in some studies [22]. 
 
4.2. Wenner test and RCPT results 

Free chloride is known for fast diffusion into concrete, but 
GGBFS in concrete may reduce this using the chloride 
binding capacity of concrete [76-79]. Figures 9 and 10 show 
Wenner test and RCPT results for 28- and 90-day cured 
samples, respectively. 
   Figure 9 shows the Wenner test results from SG9 samples 
(0.1 wt % GONP and 50 wt % GGBFS), exhibiting high 
surface electrical resistivity and the least electrical charge 
conduction (1200 to 2058 C), a sign of high resistance to 
chloride ingress. The observation that the addition of GGBFS 
in 28- and 90-day cured samples significantly decreases the 
charge conducted in RCPT tests points to the increased 
resistance against chloride penetration. 

 

 
Figure 9. The Wenner test results of 28- and 90-day cured concrete samples 

 
 

 
Figure 10. The RCPT test results of 28- snd 90-day cured concrete samples 

Sample 
code 

Compressive 
strength (MPa) 

Flexural 
strength (MPa) 

Improvement 
(%) 

G1 37.9 2.8 33.4 
G2 37.3 3.2 31.3 

SG1 37.0 2.5 30.2 
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The ASTM 1202-12 Standard [67] designates such charge 
conduction as low chloride permeability (Table 12). Maochieh 
et al. reported conducted currents following 91 days of curing 
for 40 wt % and 60 wt % GGBFS concretes as 1394 C and 
1883 C, respectively, while other published papers exhibited 
conduction in the region of 1659.6 C [58, 59]. 

 
Table 12. Chloride ion penetrability based on charge passed 

according to ASTM 1202-12 Standard [67] 

The charge passed (C) Chloride ion permeability 
>4000 High 

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

<100 Negligible 
 
   Electrical charge transfer during the RCPT test significantly 
declines in the concrete containing higher GGBFS content, 
confirming the positive role of GGBFS in decreasing the 
chloride permeability and movement by immobilizing the free 
chloride. In our study, the 28-day 30 wt % GGBFS concrete 
passed nearly 5452 C and after 90 days, it conducted 3017 C 
which is desirable in terms of chloride permeability. In the 
current study, the addition of GONP to ordinary concrete 
increased the conductivity and decreased electrical resistance, 
although for G1 (0.01 wt % GONP), a reduction of nearly    
9.3 % in electrical conductivity was observed. The highest 
electrical resistivity was achieved (49 kΩ.cm) for 90-day 
cured samples with 50 % GGBFS. Maochieh reports the 
electrical resistivity of the 90-day cured 60 wt % GGBFS 

concerts as 34.8 kΩ.cm [80]. Overall, GONP in GGBFS free 
concrete did not have a positive effect on chloride 
permeability. According to results from Figures 9 and 10, the 
lowest charge was passed when concretes contained GGBFS 
and GONP. For example, the addition of 0.1 wt % GONP with 
50 wt % GGBFS reduced the passing charge from 1642 C to 
1200 C. A significant reduction in electrical conductivity from 
4012 C to 1200 C was observed for 90-day cured samples 
containing 0.1 wt % GO-50 wt % GGBFS (SG9) compared to 
the control sample. Based on these results, the addition of    
0.1 wt % GO and 50 wt % GGBFS could effectively reduce 
the passing current in the conductivity test and enhance the 
resistance of concrete to chloride penetration. Figure 11 shows 
the effect of GONP and GGBFS individually on Wenner test 
and RCPT. 
   Addition of GONP to conventional concrete increased the 
conductivity and decreased electrical resistance, although for 
G1 (0.01 wt % GONP), a reduction of nearly 9.3 % in 
electrical conductivity was observed. The highest electrical 
resistivity was achieved (49 kΩ.cm) for 90-day cured samples 
with 50 % GGBFS and 0.1 % GONP to be highly effective in 
increasing concrete resistance to chloride penetration. 
   The values of electrical conductivity for admixture were 
obtained by other researchers in the same condition are shown 
in Table 13 [23, 35-48], proving that the chloride ion 
penetrability value for 90-day cured samples containing       
0.1 wt % GO-50 wt % GGBFS (SG9) is low and this mix has 
good resistance to chlorine ion permeability compared to other 
admixtures. 

 

  
(a) (b) 

  
(c) (d) 

Figure 11. The effect of (a,b) GGBFS and (c,d) GONP individually on electrical resistance and electrical conductivity 
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Table 13. The charge passed values for admixtures obtained from 
some other studies and this research 

Mix The charge 
passed (C) 

Reference 

5 wt % Silica Fume  850 [72] 
30 wt % Fly Ash 2000 [81] 
50 wt % Fly Ash 2550 [81] 
30 wt % GGBFS 1750 [81] 
40 wt % GGBFS 1394 [72] 
40 wt % GGBFS 6300 [82] 
50 wt % GGBFS 1340 [81] 
50 wt % GGBFS 1600 [72] 
60 wt % GGBFS 1883 [72] 
60 wt % GGBFS 3000 [82] 

0.03 wt %GO 1630 [83] 
0.06 wt %GO 1530 [83] 
0.09 wt %GO 1560 [83] 

0.1 wt % GO-50 wt % GGBFS 1200 This paper 
 
4.3. Cost analysis 

The cost of casting the mixed designed was analyzed, as 
reported in Tables 14 and 15. The cost of concrete composites 
was evaluated using the commercialized market prices of the 
materials. The economic Index for strength (compressive 
strength/cost per m3) was observed to have the maximum 
value at the mix G1 (with 0.01 % GO inclusion) compared to 
the rest of the mixes and the economic index for electrical 
conductivity (electrical conductivity/cost per m3) shows that 
the mix SG9 is a better mix than the rest in terms of chlorine 
ion permeability and economy. Table 15 shows that the cost 
of materials for making SG9 sample is 24.5 % higher than that 
of conventional concrete; however, considering economic 

index for electrical conductivity, use of this mix is cost-
effective. According to this table, the value of this index for 
SG9 decreased by more than 4 times compared to that for the 
conventional concrete. 

 
Table 14. Cost of materials 

Materials Cost (USD/kg) 
OPC 0.1 
GO 16.32 

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 

 
4.4. Optimization results 

The levels of the priority given to the responses were RCPT 
(high), Electrical resistance (high), compressive strength 
(moderate), and Flexural strength (low). By feeding the 
experimental data from the mechanical, RCPT, and the Wener 
tests to the response surface method software, the relation 
between each response and GONP and GGBFS alterations 
was modeled, as shown in Figure 12. Optimization results 
helped predict that 0.08 wt % GO and 50 wt % GGBFS and 
90-day curing led to the most desirable mechanical and 
physical properties with a remarkable improvement in 
chlorine ingress resistance. This was shown to be in good 
agreement with the actual results from real-world 
experiments. The desirability level of this composition based 
on the criteria specified for the software was calculated as 
0.831 (Figure 13). 

 
Table 15. Cost analysis of different mixes per m3 of concrete 

Mix Cost (USD) Properties Economic index 
GGBFS GO OPC Water FA CA SP Total cost CS EC EI1 EI2 

C 0 0 42.5 0.119 20.11 8.794 0.068 71.591 28.4 4012 0.397 56.040 
G1 0 0.694 42.5 0.119 20.11 8.794 0.068 72.285 37.9 3636 0.524 50.300 
G2 0 3.468 42.5 0.119 20.11 8.794 0.068 75.059 37.3 3817 0.497 50.853 
G3 0 6.936 42.5 0.119 20.11 8.794 0.068 78.527 32.9 3984 0.418 50.733 
S1 19.125 0 29.75 0.119 20.11 8.794 0.068 77.966 34.6 3017 0.444 38.696 
S2 25.5 0 25.5 0.119 20.11 8.794 0.068 80.091 33 2131 0.412 26.607 
S3 31.875 0 21.25 0.119 20.11 8.794 0.068 82.216 34.1 1642 0.415 19.971 

SG1 19.125 0.694 29.75 0.119 20.11 8.794 0.068 78.6601 37 2939 0.470 37.363 
SG2 19.125 3.468 29.75 0.119 20.11 8.794 0.068 81.434 32.4 2801 0.398 34.395 
SG3 19.125 6.936 29.75 0.119 20.11 8.794 0.068 84.902 35.1 2644 0.413 31.142 
SG4 25.5 0.694 25.5 0.119 20.11 8.794 0.068 80.785 33.8 2010 0.418 24.881 
SG5 25.5 3.468 25.5 0.119 20.11 8.794 0.068 83.559 33.7 1821 0.403 21.793 
SG6 25.5 6.936 25.5 0.119 20.11 8.794 0.068 87.027 33.8 1537 0.388 17.661 
SG7 31.875 0.694 21.25 0.119 20.11 8.794 0.068 82.910 27 1565 0.325 18.876 
SG8 31.875 3.468 21.25 0.119 20.11 8.794 0.068 85.684 34.4 1571 0.401 18.335 
SG9 31.875 6.936 21.25 0.119 20.11 8.794 0.068 89.152 33.4 1200 0.375 13.460 
� OPC - Ordinary Portland Cement, GO – Graphene Oxide, GGBFS – Ground Granulated Blast Furnace Slag, FA - Fine Aggregate, CA - Coarse 
Aggregate,  SP – (Carboxylate based) Super Plasticizer, CS – Compressive Strength, EC – Electrical Conductivity, EI1- The economic Index for 
Strength, EI2 - The economic Index for electrical conductivity 
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Figure 12. The effect of GO and GGBFS variation on (a) compressive strength, (b) flexural strength, (c) RCPT results, and (d) surface electrical 

resistivity 
 
 

 
Figure 13. Desirability contour of different compositions and the selected final mixture 

 
5. CONCLUSIONS 

- The addition of slag up to 30 % by weight was effective in 
improving the compressive and flexural strength of 
graphene oxide-free specimens; however, addition of more 
than 30 % by weight could even reduce the compressive 
and flexural strength of concrete specimens. Therefore, the 
addition of 30 wt % GGBFS to concrete after 90 days 

resulted in the highest mechanical properties; however, to 
improve the resistance against chloride penetration, this 
should be increased to 50 wt %, thus forfeiting some 
mechanical strength. 

- Prolonging the curing duration in concrete samples with 
GONP and GGBFS is essential to achieving higher levels 
of mechanical properties. 
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- GGBFS had a more pronounced role than GONP in 
developing the concrete resistance against chloride 
penetration. 

- In the GGBFS-free samples, addition of 0.05 wt % of 
GONP yielded the improvement of compressive and 
flexural strength after 28 and 90 curing days; however, this 
strength declined when using over 0.05 % GONP. 

- In the GGBFS-free samples, addition of 0.01 wt % of 
GONP was enough to achieve the highest chloride 
penetration resistance. 

- Combined GONP and GGBFS additions enhanced the 
resistance to chloride permeation.  

- The addition of 0.1 % graphene oxide and 50 % granular 
slag increased the compressive strength of concrete sample 
by 19.9% during 28 days and 17.6% during 90 days 
compared to the conventional concrete sample. 

- Concrete with a combination of 0.1 % graphene oxide and 
50 % granular slag caused an increase in flexural strength 
by 15 % during 28 days of curing and by 13.6 % during 90 
days of curing. 

- A high reduction in electrical conductivity from 4012 C to 
1200 C was observed for 90-day cured samples containing 
0.1 wt % GO and 50 wt % GGBFS compared to the 
conventional sample. 

- In the GONP-free samples, the addition of 50 wt % 
GGBFS exhibited the highest surface electrical resistivity 
and the least electrical charge conduction, which is a sign 
of high resistance to chloride ingress. 

- Based on experimental data, 0.1 wt % GONP and 50 wt % 
GGBFS admixtures in concrete were of optimal mixing in 
terms of chlorine ion penetration and corrosion resistance. 

- From the cost analysis and the economic index calculated, 
the economic Index for Strength (compressive 
strength/cost per m3) was observed to have maximum 
value at mix G1 (with 0.01 % GO inclusion) compared to 
the rest of the mixes and the economic Index for electrical 
conductivity (electrical conductivity/cost per m3) showed 
that mix SG9 was the optimum mix. 

   Based on experimental data and optimization as well as 
statistical analysis, a concrete mix containing 0.08 wt % 
GONP and 50 wt % GGBFS combined high mechanical 
properties and excellent resistance against chloride ions 
permeation. 
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