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of ordinary Portland cement (OPC), the essential binding 
agent in concrete, poses a significant environmental chal-
lenge, contributing to nearly 8% of the world’s total CO2 
emissions [3]. In an effort to curb the ecological footprint 
of cement production and foster sustainable building prac-
tices, there is an increasing focus on developing innovative 

1  Introduction

Concrete, the world’s most extensively utilized construction 
material, is projected to see a surge in production, reach-
ing an astounding 18  billion tonnes annually by the mid-
dle of the 21st century [1, 2]. However, the manufacturing 
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Abstract
This study investigates the synergistic effects of graphene oxide (GO) and limestone calcined clay cement (LC3) on 
the mechanical properties and durability of concrete. Various concrete mixes were prepared, including a reference mix, 
conventional concrete with 0.04% GO, and LC3 mixes with different clinker to calcined clay ratios (50:30, 45:35, and 
40:40), both with and without GO. The mechanical properties were evaluated through compressive strength and split 
tensile strength tests, while durability was assessed using rapid chloride permeability, rapid chloride migration, water 
absorption, and corrosion rate measurements. The results revealed that the incorporation of GO in conventional concrete 
significantly improved both mechanical and durability properties. Among the LC3 mixes, the 45:35 clinker to calcined 
clay ratio exhibited the best performance. The combination of GO and LC3 resulted in remarkable enhancements, with the 
LC3 mix containing 0.04% GO and a 45:35 clinker to calcined clay ratio demonstrating the highest strength and durability 
performance. A strong positive correlation between compressive strength and split tensile strength was observed, and a 
power function equation was derived to predict split tensile strength based on compressive strength. The findings highlight 
the potential of combining GO and optimized LC3 for the development of sustainable and high-performance concrete with 
enhanced mechanical properties and durability.
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alternative binders and integrating cutting-edge materials 
into concrete compositions [4, 5].

Limestone calcined clay cement (LC3) has surfaced as 
a potential replacement for OPC, providing improved per-
formance and reduced environmental impact [6, 7]. LC3 is 
produced by blending clinker with limestone and calcined 
clay, which are abundant and easily accessible materials [8]. 
The use of LC3 can significantly lower the clinker content 
in cement, leading to a decrease in CO2 emissions related to 
cement production [9]. Furthermore, the pozzolanic reac-
tion of calcined clay aids in the creation of additional hydra-
tion products, enhancing the “mechanical properties and 
durability of concrete” [10, 11].

Numerous studies have explored the performance of LC3 
as an alternative to OPC. Scrivener et al. (2018) reported 
that LC3 can achieve comparable or superior compressive 
strength compared to OPC at both early and later ages, 
contingent on the composition and fineness of the materi-
als [12]. Krishnan et al. (2019) also revealed that LC3 con-
crete exhibited enhanced compressive strength at 28 days 
compared to OPC concrete, with values spanning from 30 
to 50 MPa [13]. The enhanced mechanical properties of 
LC3 concrete are due to the pozzolanic reaction of calcined 
clay, which produces more calcium silicate hydrate (C-S-H) 
gel, resulting in a more compact and uniform microstruc-
ture. [14, 15]. Similarly, several studies have also delved 
into the durability aspects of LC3 concrete; Maraghechi et 
al., (2018) Findings have shown that LC3 concrete with a 
clinker to calcined clay ratio of 50:30 demonstrated a 60% 
reduction in chloride ion penetration compared to OPC 
concrete at 28 days, with values ranging from 500 to 1000 
coulombs [16]. Furthermore, LC3 concrete with the same 
clinker to calcined clay ratio exhibited a 45% reduction in 
carbonation depth compared to OPC concrete after 56 days 
of exposure, with values spanning from 5 to 10 mm [17]. 
The enhanced durability of LC3 concrete is attributed to 
the pozzolanic reaction of calcined clay, which refines the 
pore structure and forms additional hydration products like 
C-S-H and C-A-H, creating a denser, less permeable micro-
structure [18].

Recent progress in nanotechnology has enabled the cre-
ation of novel high-performance concrete materials [19]. 
One such material, graphene oxide (GO), a two-dimensional 
nanomaterial obtained from graphite, has attracted consid-
erable interest owing to its exceptional thermal, mechanical, 
and electrical properties [20, 21]. Adding GO to cement-
based materials have been demonstrated to improve the 
mechanical strength, fracture toughness, and durability of 
concrete [22, 23]. GO’s distinctive features, including its 
large specific surface area and outstanding dispersibility in 
water, render it a perfect choice for use as a nano-reinforce-
ment in concrete [24].

S.C. Devi et al. (202) have demonstrated the efficacy 
of GO in improving the mechanical properties of cement 
composites and concrete. For instance, her research has 
shown that incorporating a small percentage of GO by 
weight of cement can lead to significant increases in the 
28-day compressive strength of cement composites, with 
values reaching 60–70 MPa [25]. Similarly, the addition of 
GO has been found to enhance the compressive strength of 
strain-hardening cementitious composites and cement mor-
tar, with improvements ranging from 24.8 to 38.9% at 28 
days [26, 27]. These enhancements in mechanical properties 
are attributed to the ability of GO to refine the microstruc-
ture, fill micro-cracks, and enhance the interfacial bonding 
between the cement matrix and the reinforcing materials 
[28].

The durability aspects of GO-modified concrete have 
also been investigated, focusing on its resistance to “chlo-
ride ion penetration, water absorption, and freeze-thaw 
cycles”. Studies have reported that incorporating GO can 
result in significant reductions in chloride ion penetration 
and water absorption compared to plain cement concrete. 
For example, Mohammed et al. (2015) research has shown 
that adding 0.04% of GO by weight of cement can lead 
to a 45% decrease in chloride ion penetration and a 28% 
decrease in water absorption at 28 days [29]. The improved 
durability of GO-modified concrete is attributed to the abil-
ity of GO to fill micro-cracks, refine the pore structure, and 
improve the interfacial bonding between the cement matrix 
and the aggregates, resulting in a more compact and less 
permeable microstructure [30]. These results underscore the 
promise of GO as an innovative nanomaterial for creating 
high-performance and long-lasting concrete. Adding GO 
to concrete mixtures can substantially enhance mechanical 
strength and durability, paving the way for sustainable and 
enduring construction materials [31, 32].

Combining limestone calcined clay cement (LC3) and 
graphene oxide (GO) in concrete mixtures provides a prom-
ising path for creating environmentally friendly and high-
performance construction materials. However, the potential 
synergistic effects of these materials on the “mechanical 
properties and durability of concrete” have not been thor-
oughly explored. Prior research has largely focused on the 
individual impacts of either LC3 [33, 34] or GO [35, 36] on 
the characteristics of concrete, leaving a gap in understand-
ing their combined influence. To fully harness the potential 
of this innovative combination, a comprehensive investi-
gation is necessary to elucidate the interplay between LC3 
and GO and their effects on various performance indicators, 
such as “compressive strength, tensile strength, and durabil-
ity metrics”. By unraveling the synergistic mechanisms at 
work, this research direction holds promise for the develop-
ment of advanced concrete formulations that excel in both 
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sustainability and performance, paving the way for a new 
era of green and resilient construction materials.

Research Novelty: This study introduces a novel 
approach by investigating the synergistic effects of graphene 
oxide (GO) incorporation into Limestone Calcined Clay 
Cement (LC3) mixes, exploring various clinker to calcined 
clay ratios. Unlike previous research focusing solely on LC3 
or GO in isolation, this study comprehensively evaluates the 
mechanical properties and durability of concrete, including 
“compressive strength, split tensile strength, chloride per-
meability, chloride migration coefficient, water absorption, 
and corrosion rate of steel reinforcement”. Furthermore, it 
employs regression analysis to establish predictive models 
for the relationship between “split tensile strength and com-
pressive strength”, offering valuable insights into concrete 
performance. The optimization of LC3 mixes alongside 
GO integration promises to yield sustainable and high-
performance concrete formulations, thus addressing envi-
ronmental concerns while advancing construction material 
design. This research expands the existing knowledge base 
on sustainable construction materials, providing practical 
guidance for the development and application of advanced 
concrete mixtures in real-world construction scenarios.

2  Materials and methods

2.1  Materials

The OPC used conformed to the requirements of IS 
12,269 − 2013 [37], which specifies the chemical and physi-
cal properties of 53 grade OPC, as shown in Table 1. LC3 
was prepared by blending clinker with limestone and cal-
cined clay in varying proportions. Three different clinker-
to-calcined clay ratios were used: 50:30, 45:35, and 40:40. 
The limestone and calcined clay were obtained from local 
mines and ground to a fineness similar to that of OPC. The 
chemical composition of OPC and the raw ingredients/
binders of LC3 was determined using “X-ray fluorescence 
(XRF) spectroscopy”. The samples were finely ground and 
pressed into pellets before being subjected to XRF analy-
sis, their outputs are listed in Table 1. The results provided 
insights into the major and minor oxides present in the bind-
ers, which influence their hydration behavior and perfor-
mance. The GO used in this study had a purity of 99% and 
was prepared using the Hummers method [38], as shown in 
Fig. 1. Elemental analysis revealed that GO consists of 51% 
Carbon (C), 45% oxygen, 1.5% hydrogen, 1% nitrogen, and 

Table 1  Chemical characteristics (weight%) and physical characteristics of binders
CaO Al2O3 SiO2 Fe2O3 K2O SO3 TiO2 Na2O LOI Sg# SSA(m2/kg)*

OPC 64.28 5.06 18.76 4.76 0.38 1.43 0.56 0.71 4.06 3.12 405
Clinker 62.10 4.83 19.32 3.84 0.27 0.68 0.16 0.24 8.56 3.19 350
Calcined clay 1.10 22.75 59.67 4.73 0.32 0.02 1.64 0.10 9.67 2.50 920
Limestone 50.12 1.52 11.07 1.87 0.15 0.02 0.42 0.05 34.78 2.56 660
*SSA: Specific surface area, #Sg: Specific gravity

Fig. 1  Preparation of graphene 
oxide
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cohesive concrete mix. Concrete specimens were prepared 
following “ASTM C192/C192M-19” guidelines [41]. Raw 
materials were accurately weighed and mixed in a 50-liter 
laboratory pan mixer. Dry ingredients were initially blended 
for 2 min, followed by the addition of water and GO (for 
mixes M1, M5, M6, and M7). Mixing continued for 3 min 
to ensure homogeneity. Freshly mixed concrete was poured 
into molds for testing. “Cubic molds (150 mm × 150 mm 
× 150 mm) were used for compressive strength, cylindrical 
molds (diameter 150 mm, height 300 mm) for split tensile 
strength, and disk molds (100 mm diameter, 50 mm thick-
ness) for durability tests”. The concrete was placed in three 
layers and consolidated using a vibrating table. The speci-
mens were covered with plastic sheets and cured for 24 h at 
ambient temperature. Subsequently, they were immersed in 
a water curing tank maintained at 27 ± 2 °C until the required 
testing age (3, 7, or 28 days) to ensure proper hydration and 
strength development [42]. A total of 504 samples were pro-
duced and tested.

2.3  Test methods

The compressive strength was assessed using ASTM C39/
C39M-20 [43], where concrete cubes were subjected to 

1.5% sulfur. In accordance with 383–2016 [39], the physical 
properties of both fine and coarse aggregates, including gra-
dation, moisture content, and bulk density, were evaluated 
to verify their conformity with the applicable standards, as 
depicted in Fig. 2; Table 2.

2.2  Methods

2.2.1  Mix proportions and specimen preparation

Following IS 10,262 − 2019 [40], mix proportions were 
designed to reach a target compressive strength of 38.25 MPa 
at 28 days, as specified in Table 3. The water-to-binder ratio 
was maintained at 0.45, and the total binder content was 
kept constant at 450  kg/m³ for all mixtures. Adjustments 
to fine and coarse aggregate contents were made to main-
tain a consistent volume fraction, ensuring a workable and 

Table 2  Physical properties of aggregates
Materials properties Aggregates

Fine Coarse
Specific gravity 2.66 2.74
Water absorption (%) 1.11 0.60
Fineness modulus 2.56 7.35
Bulk density 1.46 1.51

Table 3  Mix calculations (kg/m3)
Mix detailing Mix designation OPC LC3 Aggregates Water

(liters)
GO

Clinker Calcined clay Limestone Gypsum Fine Coarse
Conventional concrete (CC) Ref. 450 --- --- --- --- 624 1220 186 ---
CC + 0.04% GO M1 450 --- --- --- --- 624 1220 186 18
LC3 50:30 M2 450 225 135 67.5 22.5 624 1220 186 ---
LC3 45:35 M3 450 202.5 157.5 67.5 22.5 624 1220 186 ---
LC3 40:40 M4 450 180 180 67.5 22.5 624 1220 186 ---
LC3 50:30 + 0.04%GO M5 450 225 135 67.5 22.5 624 1220 186 18
LC3 50:35 + 0.04%GO M6 450 202.5 157.5 67.5 22.5 624 1220 186 18
LC3 40:40 + 0.04%GO M7 450 180 180 67.5 22.5 624 1220 186 18

Fig. 2  Gradation curve for aggregates
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technique (ASTM G59-97(2020)) [48], employing a three-
electrode system to measure polarization resistance and cal-
culate corrosion current density. To gain insights into the 
significance of factors influencing the properties of the con-
crete mixes, statistical analysis, including “analysis of vari-
ance (ANOVA) and regression analysis”, was conducted 
[49]. ANOVA was used to evaluate the impact of GO and 
LC3 on various mechanical and durability properties, while 
regression analysis was employed to establish correlations 
between “compressive strength and split tensile strength”. 
Figures  3–7 depicts the experimental photographs of the 
above listed test methods.

3  Results and discussion

3.1  Compressive strength

Figure  8 illustrates the compressive strength progression 
of the different concrete mixtures at 3, 7, and 28 days. The 
mixes comprise the reference mix (M0), conventional con-
crete with 1% graphene oxide (GO) (M1), and limestone 
calcined clay cement (LC3) mixes with different clinker to 
calcined clay ratios, both with and without GO incorpora-
tion. The addition of GO in conventional concrete (M1) led 
to a notable enhancement in compressive strength compared 
to the reference mix (M0) at all ages. At 28 days, the com-
pressive strength of M1 reached 45.38 MPa, surpassing that 
of M0 (41.12 MPa) by 10.35%. The enhancement can be 
attributed to the unique features of GO, such as its large 
specific surface area and outstanding mechanical properties, 
which facilitate the formation of a denser microstructure 
and stronger bonding between the cement matrix and aggre-
gates [50, 51].

Among the LC3 mixes without GO (M2, M3, and M4), 
M3 with a 45:35 clinker to calcined clay ratio demonstrated 
the highest compressive strength at all ages. The 28-day 
compressive strength of M3 reached 44.37 MPa, surpassing 
that of M2 (50:30 ratio) and M4 (40:40 ratio) by 4.69% and 
10.48%, respectively. This finding suggests the presence 
of an optimal clinker to calcined clay ratio for achieving 
enhanced mechanical properties in LC3 concrete [6]. The 
synergistic effect of combining GO with LC3 was evident 
from the improved compressive strength of LC3 mixes con-
taining 1% GO (M5, M6, and M7) compared to their corre-
sponding LC3 mixes without GO. The 28-day compressive 
strength of M6 (LC3 with a 45:35 clinker to calcined clay 
ratio and 1% GO) reached 52.39 MPa, exceeding the refer-
ence mix (M0) by 27.40% and the conventional concrete 
with 1% GO (M1) by 15.44%. This remarkable improve-
ment underscores the potential of optimizing LC3 mixes 

a constant loading rate of 0.25  MPa/s until failure. Split 
tensile strength was determined following ASTM C496/
C496M-17 [44], with cylindrical specimens exposed to a 
diametral compressive load until failure. Resistance to chlo-
ride ion penetration was evaluated using two methods: The 
“Rapid Chloride Permeability Test (RCPT) as per ASTM 
C1202-19” [45], measuring the total charge passed through 
the specimen over a 6-hour period, and the “Rapid Chloride 
Migration Test (RMT) according to NT BUILD 492” [46], 
determining the depth of chloride penetration using a colo-
rimetric method. Water absorption was assessed using the 
sorptivity test (“ASTM C1585-13”) [47], where the rate of 
water absorption was determined by measuring mass gain 
over time. The corrosion rate of steel reinforcement was 
evaluated using the linear polarization resistance (LPR) 

Fig. 4  Experimental setup for RCPT & RCMT

 

Fig. 3  (a) Experimental photograph of compressive strength test setup. 
(b) Experimental photograph of Split tensile strength test setup
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transition zone (ITZ) between the cement paste and 
aggregates [54].

3.2  Split tensile strength

Figure 9 presents the split tensile strength results of vari-
ous concrete mixes at 3, 7, and 28 days. The incorpora-
tion of 1% GO in conventional concrete (M1) resulted in 
a substantial increase in split tensile strength compared 
to the reference mix (M0) at all ages. At 28 days, the split 
tensile strength of M1 reached 4.41 MPa, surpassing that 
of M0 (3.52 MPa) by 25.28%. This enhancement can be 
ascribed to the ability of GO to improve the tensile capac-
ity of the cement matrix through crack bridging and stress 
transfer mechanisms [36] & [55]. Among the LC3 mixes 

with GO addition to achieve superior mechanical properties 
[26] & [52].

The compressive strength development of all mixes 
exhibited a similar trend, with a rapid increase in early 
ages (3 and 7 days) followed by a more gradual increase 
up to 28 days. This behavior aligns with the hydration 
kinetics of cement-based materials, where the major-
ity of strength gain occurs in the initial stages [53]. The 
outcomes of this study align with prior research on the 
application of GO in cement-based materials [30] & [53]. 
Previous studies have shown that adding GO improves 
the mechanical properties of concrete through several 
mechanisms, including filling micro-cracks, accelerat-
ing hydration reactions, and enhancing the interfacial 

Fig. 7  Accelerated corrosion test setup

 

Fig. 6  Experimental photo graph of sorptivity test

 

Fig. 5  (a) Silver nitrate sprayed on the specimens after RCMT test. (b) chloride ions penetration measurement by colorimetric method
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by 45.45% and the conventional concrete with 1% GO 
(M1) by 16.09%. This exceptional improvement high-
lights the synergistic effect of combining GO with LC3, 
where GO’s ability to enhance tensile capacity comple-
ments the refined pore structure and improved interfacial 
bonding provided by the optimized LC3 system [25–27]. 
All mixtures displayed a split tensile strength develop-
ment pattern resembling that of compressive strength, 
characterized by a swift increase at early ages (3 and 7 
days) followed by a more gradual rise up to 28 days. This 
behavior aligns with the strength gain characteristics of 
cement-based materials, where the majority of tensile 
strength development occurs in the initial stages [57]. 
The results of this study align with prior research on the 
application of GO in cement-based materials, which has 
demonstrated notable enhancements in tensile strength 
[25] & [26]. The mechanisms behind the enhanced ten-
sile capacity of GO-modified concrete include the ability 
of GO to arrest and deflect micro-cracks, distribute stress 
uniformly, and improve the interfacial bonding between 
the cement matrix and aggregates [54].

3.3  Correlation between the compressive strength 
and split tensile strength

Figure 10 illustrates the relationship between the “com-
pressive strength and split tensile strength” of the differ-
ent concrete mixtures at various ages (3, 7, and 28 days). 
The linear regression analysis indicates a robust positive 
relationship between the two mechanical properties, with 
a coefficient of determination (R²) of 0.988. This suggests 
that approximately 98% of the variability in split tensile 
strength can be ascribed to the compressive strength of 
the concrete mixes [58].

The “relationship between compressive strength 
(CS) and split tensile strength (CST)” can be expressed 
by a power function equation, as shown in Eq.  1. This 

without GO (M2, M3, and M4), M3 with a 45:35 clinker 
to calcined clay ratio exhibited the highest split tensile 
strength at all ages. The 28-day split tensile strength of 
M3 reached 4.32 MPa, exceeding that of M2 (50:30 ratio) 
and M4 (40:40 ratio) by 5.63% and 10.20%, respectively. 
This finding suggests that the optimal clinker to calcined 
clay ratio identified for compressive strength also favors 
the development of tensile strength in LC3 concrete [56].

The incorporation of 1% GO to LC3 mixes (M5, M6, 
and M7) led to a remarkable enrichment in split tensile 
strength compared to their corresponding LC3 mixes 
without GO. The 28-day split tensile strength of M6 (LC3 
with a 45:35 clinker to calcined clay ratio and 1% GO) 
reached 5.12  MPa, surpassing the reference mix (M0) 

Fig. 10  co-relation between the compressive strength and split tensile 
strength

 

Fig. 9  Split tensile strength test results

 

Fig. 8  Compressive strength test results
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contributing to the advancement of sustainable construc-
tion practices.

3.4  Rapid chloride permeability test

Figure  11 displays the Rapid Chloride Permeability Test 
(RCPT) results for the different concrete mixtures. These 
findings provide important information about the resistance 
of the studied concrete mixtures to chloride ion penetration, 
which is a critical factor affecting the durability of concrete 
structures in environments with high chloride content [61]. 
Adding 1% GO to conventional concrete (M1) led to a sig-
nificant decrease in the charge passed compared to the refer-
ence mix (M0), suggesting an enhancement in the resistance 
to chloride penetration. The charge passed for M1 was 1853 
coulombs, which is 16.35% lower than that of M0 (2156 
coulombs). The improvement can be attributed to GO’s 
capability to refine the pore structure of the cement matrix 
and enhance the interfacial bonding between the cement 

equation indicates that the split tensile strength increases 
non-linearly with increasing compressive strength, align-
ing with the findings of previous studies on the relation-
ship between these two mechanical properties in concrete 
[59, 60].

CST = 0.0578(CS1.1347)� (1)

The experimental and predicted values of split tensile 
strength for the different concrete mixtures at various 
ages are shown in Table  4. The power function equa-
tion derived from the compressive strength results was 
used to calculate the predicted values. The comparison 
between the experimental and predicted values reveals 
a good agreement, with relatively small deviations. The 
mean absolute percentage error (MAPE) between the 
experimental and predicted values is 5.6%, indicating the 
reliability of the derived equation in estimating the split 
tensile strength from the compressive strength of the con-
crete mixes. The high R² value of 0.988 further confirms 
the accuracy of the prediction, indicating a strong rela-
tionship between the experimental and predicted split ten-
sile strength values. This robust correlation supports the 
application of the power function equation as a depend-
able method for predicting the split tensile strength of 
concrete mixtures based on their compressive strength, 
within the scope of the investigated parameters [60].

The results underscore the importance of considering 
the “relationship between compressive strength and split 
tensile strength” in the design and evaluation of concrete 
mixes, particularly when incorporating novel materials 
such as GO and LC3. The ability to predict the split ten-
sile strength from the compressive strength can facilitate 
the optimization of mix designs and the assessment of 
the potential benefits of incorporating these materials 
in terms of mechanical performance. By leveraging this 
relationship, researchers and engineers can streamline 
the development of high-performance concrete mixes 
that exhibit enhanced mechanical properties, ultimately 

Table 4  Predication of split tensile strength
Mixes Experimental values Predicted values

CST=0.0578CS
1.1347

Compressive strength Split tensile strength Split tensile strength
3days 7days 28days 3days 7days 28days 3days 7days 28days

M0 20.94 0.298 30.84 1.78 0.298 2.63 1.82 2.83 3.92
M1 26.22 0.235 33.82 2.42 0.235 3.18 2.35 3.14 4.39
M2 22.95 0.256 33.15 2.05 0.256 3.1 2.02 3.07 4.06
M3 25.68 0.291 36.44 2.26 0.291 3.42 2.30 3.42 4.27
M4 23.71 0.305 31.84 2.12 0.305 2.94 2.10 2.93 3.82
M5 25.39 0.425 38.93 2.21 0.425 3.73 2.27 3.68 4.71
M6 30.14 0.281 43.61 2.93 0.281 4.19 2.76 4.19 5.16
M7 26.14 0.262 37.62 2.38 0.262 3.54 2.35 3.54 4.47

Fig. 11  Rapid chloride permeability test results
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penetration resistance, a critical aspect of concrete durabil-
ity. The synergistic effect of these materials can be attrib-
uted to their ability to refine the pore structure, densify the 
microstructure, and improve the interfacial bonding within 
the cement matrix. By optimizing the clinker to calcined 
clay ratio and incorporating GO, it is possible to develop 
high-performance concrete mixes with exceptional resis-
tance to chloride ion penetration, ultimately leading to more 
durable and sustainable concrete structures in chloride-
laden environments.

3.5  Rapid chloride migration test

Figure 12 depicts the rapid migration coefficients of chlo-
ride ions in various concrete mixes, including the reference 
mix (M0), normal concrete with 1% graphene oxide (GO) 
(M1), and limestone calcined clay cement (LC3) mixes 
with varying clinker to calcined clay ratios, both with and 
without GO addition. The rapid migration coefficient is an 
essential parameter for evaluating the resistance of concrete 
to chloride ion penetration, a key factor in determining the 
durability of reinforced concrete structures in environments 
with high chloride levels [18].

Incorporating 1% GO in conventional concrete (M1) led 
to a significant reduction in the rapid migration coefficient 
compared to the reference mix (M0). The rapid migration 
coefficient of M1 was 6.5 × 10− 12 m2/s, which is 37.84% 
lower than that of M0 (8.96 × 10− 12 m2/s). This enhance-
ment can be attributed to GO’s ability to refine the pore 
structure of the cement matrix, reducing the connectivity of 
capillary pores and increasing the tortuosity of the pore net-
work, thus impeding the migration of chloride ions [22, 63].

Among the LC3 mixes without GO (M2, M3, and M4), 
M3 with a 45:35 clinker to calcined clay ratio demonstrated 
the lowest rapid migration coefficient (7.1 × 10–12 m2/s), 
which is 26.17% lower than that of the reference mix (M0). 
The decrease in chloride ion migration can be ascribed to 
the pozzolanic reaction of the calcined clay, which leads to 
the creation of supplementary hydration products that make 
the microstructure denser and reduce the porosity of the 
cement matrix, consequently improving the resistance to 
chloride ion penetration [5, 6].

The synergistic effect of combining GO and LC3 is evi-
dent from the significant reduction in the rapid migration 
coefficients of LC3 mixes containing 1% GO (M5, M6, and 
M7) compared to their corresponding LC3 mixes without 
GO. Mix M6 (LC3 with a 45:35 clinker to calcined clay 
ratio and 1% GO) exhibited the lowest rapid migration coef-
ficient among all the investigated mixes, with a value of 
2.86 × 10–12 m2/s, which is 65.0% lower than that of the 
reference mix (M0) and 127.97% lower than that of the nor-
mal concrete with 1% GO (M1). The significant decrease in 

paste and aggregates, consequently decreasing the perme-
ability of the concrete [29].

Among the LC3 mixes without GO (M2, M3, and M4), 
M3 with a 45:35 clinker to calcined clay ratio demonstrated 
the lowest charge passed (1623 coulombs), which is 32.8% 
lower than that of the reference mix (M0). The enhanced 
resistance to chloride penetration can be ascribed to the 
pozzolanic reaction of the calcined clay, which results in 
the creation of supplementary hydration products that make 
the microstructure denser and decrease the porosity of the 
cement matrix [62]. The synergistic effect of combining 
GO and LC3 is evident from the substantial reduction in 
the charge passed for LC3 mixes containing 1% GO (M5, 
M6, and M7) compared to their corresponding LC3 mixes 
without GO. Mix M6 (LC3 with a 45:35 clinker to calcined 
clay ratio and 1% GO) exhibited the lowest charge passed 
among all the investigated mixes, with a value of 1103 cou-
lombs, which is 95.46% lower than that of the reference 
mix (M0) and 67.99% lower than that of the conventional 
concrete with 1% GO (M1). This remarkable improvement 
highlights the combined benefits of GO and LC3 in enhanc-
ing the chloride penetration resistance of concrete.

The RCPT results can be categorized according to the 
ASTM C1202 classification [45], which rates the chloride 
ion penetrability of concrete based on the charge passed. 
The reference mix (M0) and conventional concrete with 1% 
GO (M1) fall under the “low” penetrability class, while all 
the LC3 mixes, both with and without GO, belong to the 
“very low” penetrability class. This classification under-
scores the superior performance of LC3-based concrete 
mixes in resisting chloride ion penetration, which is further 
enhanced by the addition of GO [24].

The incorporation of GO and LC3 in concrete mixes has 
proven to be an effective strategy for enhancing the chloride 

Fig. 12  Rapid migration coefficients of LC3
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Among the LC3 mixes without GO (M2, M3, and M4), 
M3 with a 45:35 clinker to calcined clay ratio demonstrated 
the lowest sorptivity coefficient (0.48 mm/min0.5), which 
is 29.16% lower than that of the reference mix (M0). The 
decrease in water absorption can be ascribed to the pozzo-
lanic reaction of the calcined clay, which leads to the cre-
ation of supplementary hydration products that make the 
microstructure denser and reduce the porosity of the cement 
matrix [14].

The synergistic effect of combining GO and LC3 is evi-
dent from the remarkable reduction in the sorptivity coef-
ficients of LC3 mixes containing 1% GO (M5, M6, and M7) 
compared to their corresponding LC3 mixes without GO. 
Mix M6 (LC3 with a 45:35 clinker to calcined clay ratio and 
1% GO) exhibited the lowest sorptivity coefficient among 
all the investigated mixes, with a value of 0.32 mm/min0.5, 
which is 93.75% lower than that of the reference mix (M0) 
and 59.37% lower than that of the normal concrete with 
1% GO (M1). The substantial decrease in water absorption 
underscores the synergistic advantages of combining GO 
and LC3 to improve the durability of concrete.

The decrease in sorptivity coefficients of the LC3 mix-
tures containing GO can be ascribed to the combined 
effects of GO and calcined clay on the microstructure of the 
cement matrix. GO contributes to refining the pore structure 
and decreasing the connectivity of capillary pores, while 
the pozzolanic reaction of calcined clay results in the cre-
ation of supplementary hydration products that further den-
sify the microstructure. This synergistic action produces a 
denser and less permeable cement matrix, which effectively 
impedes the ingress of water through capillary absorption.

3.7  Corrosion rate

Table 5 illustrates the corrosion rates of steel reinforcement 
embedded in various concrete mixes, including the reference 
mix (M0), normal concrete with 1% graphene oxide (GO) 
(M1), and limestone calcined clay cement (LC3) mixes with 
varying clinker to calcined clay ratios, both with and with-
out GO addition. To assess the efficacy of the studied mix-
tures in shielding the steel reinforcement from corrosion, a 
critical factor in the durability of reinforced concrete struc-
tures [66], the corrosion rates were determined at various 
ages (3, 7, and 28 days).

The addition of 1% GO in normal concrete (M1) led to a 
substantial reduction in the corrosion rates compared to the 
reference mix (M0) at all ages. At 28 days, the corrosion 
rate of steel in M1 was 158.16 mm/year, which is 20.2% 
lower than that of M0 (198.32 mm/year). This enhancement 
can be attributed to GO’s ability to refine the pore structure 
of the cement matrix, reducing the ingress of aggressive 

chloride ion migration underscores the synergistic advan-
tages of combining GO and LC3 to enhance the durability 
of concrete.

The decrease in rapid migration coefficients of the LC3 
mixtures containing GO can be ascribed to the synergistic 
effects of GO and calcined clay on the microstructure of the 
cement matrix. GO contributes to refining the pore structure, 
decreasing the connectivity of capillary pores, and increas-
ing the tortuosity of the pore network. Simultaneously, the 
pozzolanic reaction of calcined clay results in the creation 
of supplementary hydration products that further densify 
the microstructure [64]. This synergistic action produces a 
denser and less permeable cement matrix, which effectively 
impedes the migration of chloride ions.

3.6  Sorptivity

Figure 13 showcases the sorptivity coefficients of various 
concrete mixes, including the reference mix (M0), normal 
concrete with 1% graphene oxide (GO) (M1), and limestone 
calcined clay cement (LC3) mixes with varying clinker to 
calcined clay ratios, both with and without GO addition. 
Sorptivity is a vital parameter that characterizes the capil-
lary water absorption behavior of concrete, which is closely 
related to its durability performance, particularly in terms of 
resistance to water and chloride ingress [65].

The inclusion of 1% GO in normal concrete (M1) led to 
a substantial decrease in the sorptivity coefficient compared 
to the reference mix (M0). The sorptivity coefficient of M1 
was 0.51 mm/min0.5, which is 21.56% lower than that of 
M0 (0.62 mm/min0.5). The improvement can be ascribed 
to GO’s capability to refine the pore structure of the cement 
matrix and decrease the connectivity of capillary pores, thus 
restricting water absorption through capillary action [22].

Fig. 13  Sorptivity coefficients for LC3
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minimizing maintenance costs related to corrosion-induced 
damage. Moreover, the standard deviations of the corrosion 
rates for each mix at different ages are relatively low, indi-
cating the consistency and reliability of the experimental 
results. This consistency confirms the reproducibility of the 
corrosion resistance enhancement achieved by incorporat-
ing GO and LC3 in concrete mixes.

4  Conclusions

This study explored the impact of incorporating graphene 
oxide (GO) and optimizing the clinker to calcined clay ratio 
in limestone calcined clay cement (LC3) based concrete 
on “mechanical properties and durability performance”. 
The experimental results and analysis lead to the following 
conclusions:

	● Incorporating 1% GO into conventional concrete (M1) 
considerably improved the “compressive strength, split 
tensile strength, and durability properties” compared 
to the reference mix (M0). The 28-day compressive 
strength and split tensile strength of M1 were 10.35% 
and 25.28% higher than those of M0, respectively. Add-
ing GO also resulted in a significant decrease in “chlo-
ride ion penetration, water absorption, and corrosion 
rate of steel reinforcement”.

	● Among the LC3 mixes without GO (M2, M3, and M4), 
M3 with a 45:35 clinker to calcined clay ratio demon-
strated the best performance in terms of “mechanical 
properties and durability”. The 28-day compressive 
strength and split tensile strength of M3 were 4.69% 
and 5.63% higher than those of M2 (50:30 ratio), and 
10.48% and 10.20% higher than those of M4 (40:40 ra-
tio), respectively. M3 also exhibited the “lowest chlo-
ride ion penetration, water absorption, and corrosion 
rate” among the LC3 mixes without GO.

	● The synergistic effect of combining GO and LC3 was 
evident from the remarkable improvement in the “me-
chanical properties and durability” of LC3 mixes con-
taining 1% GO (M5, M6, and M7) compared to their 

agents like chloride ions and moisture, which are the pri-
mary contributors to steel corrosion [67].

Among the LC3 mixes without GO (M2, M3, and M4), 
M3 with a 45:35 clinker to calcined clay ratio demonstrated 
the lowest corrosion rates at all ages. At 28 days, the corro-
sion rate of steel in M3 was 120.32 mm/year, which is 39.3% 
lower than that of the reference mix (M0). The decrease in 
corrosion rates can be ascribed to the pozzolanic reaction of 
the calcined clay, which leads to the creation of supplemen-
tary hydration products that make the microstructure denser 
and reduce the porosity of the cement matrix, thus restrict-
ing the penetration of aggressive agents [62].

The synergistic effect of combining GO and LC3 is evi-
dent from the remarkable reduction in the corrosion rates of 
steel in LC3 mixes containing 1% GO (M5, M6, and M7) 
compared to their corresponding LC3 mixes without GO. 
Mix M6 (LC3 with a 45:35 clinker to calcined clay ratio and 
1% GO) exhibited the lowest corrosion rates among all the 
investigated mixes at all ages. At 28 days, the corrosion rate 
of steel in M6 was 94.67 mm/year, which is 52.3% lower 
than that of the reference mix (M0) and 40.2% lower than 
that of the normal concrete with 1% GO (M1). The substan-
tial decrease in corrosion rates underscores the synergistic 
advantages of combining GO and LC3 to improve the dura-
bility of reinforced concrete.

The decrease in corrosion rates of steel in the LC3 mix-
tures containing GO can be ascribed to the synergistic 
effects of GO and calcined clay on the microstructure of the 
cement matrix. GO contributes to refining the pore structure, 
decreasing the connectivity of capillary pores, and increas-
ing the tortuosity of the pore network. Simultaneously, the 
pozzolanic reaction of calcined clay results in the creation 
of supplementary hydration products that further densify the 
microstructure [10, 64]. This synergistic action produces 
a denser and less permeable cement matrix, which effec-
tively impedes the ingress of aggressive agents and offers 
improved protection to the embedded steel reinforcement.

These results underscore the significance of optimizing 
the mix design and utilizing advanced materials such as GO 
and LC3 to enhance the durability of reinforced concrete 
structures, consequently prolonging their service life and 

Table 5  Corrosion rate
Mixes Corrosion rate (mm/year)

3 Days Std. deviation 7 Days Std. deviation 28 Days Std. deviation
M0 298.34 0.39128 264.31 0.34511 198.32 0.340441
M1 254.31 0.285832 185.34 0.44978 158.16 0.235797
M2 274.84 0.567098 202.74 0.57236 169.37 0.416773
M3 232.64 0.554256 184.61 0.34073 120.32 0.381576
M4 245.87 0.530189 194.37 0.38974 145.02 0.183303
M5 234.62 0.641561 174.31 0.46184 124.61 0.4996
M6 200.14 1.024305 142.84 0.51884 94.67 0.576888
M7 206.39 0.461303 165.37 0.38974 130.67 0.491223
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