kT buildings

Article

Effect of Graphene Oxide as a Nanomaterial on the Durability
Behaviors of Engineered Cementitious Composites by
Applying RSM Modelling and Optimization

Naraindas Bheel

check for
updates

Citation: Bheel, N.; Mohammed, B.S.;
Liew, M.S.; Zawawi, N.A.W.A. Effect
of Graphene Oxide as a Nanomaterial
on the Durability Behaviors of
Engineered Cementitious Composites
by Applying RSM Modelling and
Optimization. Buildings 2023, 13,
2026. https://doi.org/10.3390/
buildings13082026

Academic Editors: Bo-Tao Huang
and Xiaoyong Wang

Received: 29 May 2023
Revised: 15 June 2023
Accepted: 21 June 2023
Published: 9 August 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Bashar S. Mohammed *

, M. S. Liew and Noor Amila Wan Abdullah Zawawi

Civil and Environmental Engineering Department, Universiti Teknologi PETRONAS,
Seri Iskandar 32610, Perak, Malaysia
* Correspondence: bashar mohammed@utp.edu.my

Abstract: Engineered Cementitious Composites (ECC) are widely used in various structures due to
their high strength, durability, and ductility. However, they are still vulnerable to environmental
factors such as sulphate and acid attack. These attacks damage the concrete matrix, which leads to
cracking and corrosion of the reinforcing steel. To mitigate these issues, various techniques have
been developed, including the addition of graphene oxide to the ECC mix. Graphene oxide has
shown potential in improving the mechanical properties and durability of ECC. The purpose of
this study was to use multi-objective optimization to identify an appropriate GO by the weight of
the cement and polyvinyl alcohol (PVA) fiber volume fraction in an ECC mixture. Using RSM’s
central composite design (CCD), thirteen mixtures of various possible combinations of variables
(GO: 0.05 percent to 0.08 percent, PVA: 1-2 percent) were established, and eight response responses
(compressive strength, change in length, weight loss, pH test, weight gain, expansion, rapid chloride
permeability test and water absorption) were examined. However, analysis of variance was used
to effectively design and evaluate eight (six quadratic and two linear) response models. All the
models had extremely high R? values, ranging from 84 percent to 99 percent. The multi-objective
optimization produced ideal variable values (GO: 0.05 percent and PVA: 1%) and projected optimum
response values. The predicted values were verified experimentally and found to correlate extremely
well with the experimental data, with less than a 5% error. The outcome showed that the maximum
increase of 30% in the compressive strength was recorded at 0.05% of GO as a nanomaterial in ECC.
In addition, the expansion due to sulfate resistance and change in length due to acid attack were
decreased by 0.0023% and 0.28%, respectively, when the use of 0.08% of GO as a nanomaterial in the
ECC matrix was reinforced with 1% PVA fiber for 28 days. Moreover, the weight loss and weight
gain of ECC combined with 1% of PVA fiber due to chemical attack decreased by 66.70% and 77.80%,
respectively, at 0.08% of GO as a nanoscale particle than that of the reference mix for 28 days. In
addition, the pH value due to acid attack, rapid chloride permeability test value, water absorption,
and slump flow of the fresh mixture were decreased as the concentration of GO rose in ECC. The
results indicated that the incorporation of 0.05% GO as a nanomaterial and 1 to 1.5% of PVA fiber will
provide the best outcomes for the construction industry.

Keywords: graphene oxide (GO); nanomaterial; engineered cementitious composites; compressive
strength; water absorption; sulfate attack; acid attack; durability properties; RSM modeling; optimization

1. Introduction

Engineered cementitious composites (ECC) are a kind of high-performance fiber-
reinforced cementitious composite (HPFRCC) characterized by a distinctive combination of
high ductility and an intermediate fiber-volume fraction. Utilizing theoretical approaches
relying on microstructures [1,2], ECCs are constructed to incorporate good hardening and
toughness properties even in normal or extreme situations. ECCs are composite materials
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considered to assist the concrete sector in maximizing appropriate product utilization
and decreasing waste, in addition to providing economic and eco-friendly benefits, and
improved structural durability [3,4]. In addition to exhibiting high resistance to cracking,
good ductility, and the capacity to control crack width, an ECC is a suitable composite for
enhancing the durability of infrastructure projects [5]. This is due to the fact that ECCs are
capable of forming stable and numerous microcracks that significantly enhance their service
life in terms of tensile strength and ductility [6]. An ECC is approximately 3-5% more
efficient than control concrete in terms of high tensile strength [7]. According to research
findings, its crushing strength ranges from 20.00 MPa to 95.00 MPa; its compressive strain
varies from 0.40% to 0.65%; and its tensile strength ranges from 4.00 MPa to 12.00 MPa [8].

Despite the fact that ECC provides a number of benefits over regular concrete, there
are a number of downsides connected with its usage. Initially, the ECC mixture’s drying
shrinkage was greater than that of regular concrete, resulting in less eigenstrain in the
matrix when restricted. Since ECC lacks coarse particles, its Young’s modulus is lower
than that of standard concrete, resulting in higher strain when the material reaches its
compressive strength [9]. In addition, concrete constructions are frequently exposed to
corrosive environmental surroundings caused by a variation of naturally happening and
synthetic chemicals. Sulfate serves as one of the most significant features contributing
to the degradation of concrete and mortar constructions [10]. The impacts of sulfate are
a result of the reaction between sulfate particles and the calcium aluminate hydrate and
calcium hydroxide existing in Portland cement (PC) [11,12]. These materials, ettringite and
gypsum, cause concrete to expand and fracture, resulting in a surface that is consequently
brittle and less durable [13,14].

Sulfate also reduces the adhesion forces of the concrete by deteriorating the primary
components of hydrate Portland cement, i.e., calcium hydroxide and calcium silicate,
thereby decreasing the concrete’s durability. This leads to a decline in concrete strength and
durability [15]. The exposure of concrete to acid is typically a second potential risk factor.
There are various ways in which acid can attack concrete. Acids in groundwater or soil
can corrode deep underground concrete structures, whether they are produced naturally
or as a result of the disposal of industrial wastes. Acid leakage and accidental spills may
also happen in industrial applications [16]. The method of acid attack differs depending
on the kind of acid, with carbonic, hydrochloric, sulfuric, and nitric acids being the most
frequently occurring acids in concrete. The end outcome is the dissolution of cement
hydrates and calcium hydroxide into calcium salts that deteriorate the exposed concrete.
Moreover, the acid attacks differ from sulfate attacks in that acid-attack degradation is not
accompanied by considerable expansion. Particularly in comparison to cement hydration
products, the carbonaceous material is vulnerable to acid attack [17]. In contrast to other
acids, sulfuric acid (H»SOj) can dissolve and swell concrete. Numerous scientists have
discovered that concrete subjected to sulfuric acid loses weight. As sulfuric acid reacts with
calcium hydroxide and calcium silicate hydrate gel, it generates gypsum. This mechanism,
which results in the dissolving and expansion of concrete, is known as gypsum corrosion.
The alkalinity of concrete reduces as a consequence of gypsum corrosion, leading to
microbiological corrosion. Corrosion generates a poor compound devoid of cementitious
qualities, resulting in fast degradation, loss of strength, and, in severe situations, the total
disintegration and collapse of the concrete structure. In the second phase of the corrosion
of concrete by sulfuric acid, gypsum may undergo a second cycle of the reactions defined in
the section on sulfate attack to form ettringite and/or thaumasite. Nevertheless, ettringite
and thaumasite are not reliable in an acidic situation [18,19], so, the primary reaction result
of a sulfuric acid attack will be gypsum.

Reducing the permeability of concrete or using different mineral fillers to lessen the
quantity of calcium hydroxide developed throughout the hydration of PC are two of the
many techniques studied by researchers to enhance the protection of concrete against acid
attack [20]. The substitution of specific weight ratios of cement with additives, special
mortars, and concrete have been made to ensure the implementation of the aforementioned
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important approaches; these have shown promising results against sulfate attacks [21,22].
Nanoparticles are utilized in some mineral admixtures that are added to concrete to lessen
the effects of sulfate and acid attacks [23,24]. The performance of a pozzolanic reaction is
clear because it is inversely correlated with the surface area of amorphous nanoparticles.
In general, incorporating pozzolan improves concrete’s density and resistance to sulfate
and acid attack, but it also lowers or completely removes the free, leachable calcium
hydroxide [25]. Therefore, graphene oxide (GO) [26] is identified as being among the
principal beneficial graphene derivatives for PC-based mixtures due to its solid connection
to several oxygen functional groups (FG), resulting in greater reactivity with PC as a
result of its high surface area [27,28]. The availability of hydrophilic FG in GO indicates
that dispersion is still the optimal method for preparing composites [9]. Graphene is an
outstanding nanoscale filler and durable in the production of PC matrix; according to
earlier studies, GO-PC composites have much better compressive and flexural properties
than traditional cementitious composites with the same amount of ingredients [29,30]. This
is because the incorporation of GO as a nanomaterial increases the toughness of ECC by
optimizing the micropore’s structure, stopping the initiation and proliferation of crack
formation at the initial phase, improving transport properties (gas permeability, water
permeability, and chloride penetration tolerance), and continuing to increase freezing and
tanning process tolerance [9]. It was also revealed that the overall porosity of cementitious
composites comprising 1% of GO decreased from 25.21% to 10.61% [31]. GO is anticipated
to raise the ultimate percentage of C-5-H, decrease the microstructure’s porosity, and
stabilize the composite materials [32].

The introduction of GO provides a practical alternative to conventional fibers because
it develops amendments and performs well at the nanoscale owing to its larger specific
surface area and accessibility to major FGs [33]. Strong covalent bonds are formed when
GO is added, forming pathways for the interaction of PC hydration products [34]. As a con-
sequence, the structural interaction and functioning of nanocomposites are improved [9]. In
order to increase the cementitious material’s hydration and develop denser, longer-lasting
concrete, graphene oxide (GO) has been utilized [35]. GO serves as a highly soluble reinforc-
ing agent in cementitious materials when contrasted to other carbon-based nanomaterials
which readily agglomerate in the PC matrix [36,37]. As stated in the literature [38], GO
incorporation improved the porous structure of GO-reinforced cement-based composite
materials, increasing their resistance to chloride-ion infiltration and decreasing their sorp-
tivity value. Previous research has demonstrated that adding GO helps to accelerate the
cement’s hydration process. This could be attributed to the oxygenated FGs bonded to
GO nanomaterials, which contribute to making them supplementarily hospitable to the
PC matrix and enhancing the cement-water reaction by serving as the cement phases’
nuclei [39]. The accumulation of GO in concrete, therefore, appears to be an interesting
nanoparticle for improving the PC-based matrix and it is a graphene derivative that may be
considered a graphene texture with implanted oxygen FGs [40]. The interfacial connectivity
between these active functional groups and the host materials can be strengthened by their
preference for engaging in chemical or physical interactions. Pan et al. [41] conducted
studies to demonstrate the benefits of GO in cement-based matrixes, and their findings
showed that just 0.05% GO is enough to significantly increase the compressive strength
by between 25% to 33%. Fan et al. [42] found that the utilization of 0.06% GO improved
the compressive strength by 72.7% compared to that of the reference mix. Additionally,
Lee et al. [43] revealed that the air concentration in GO-reinforced cementitious is 10.7%
smaller than that of the plain mixture, showing that GO reduces the pore arrangement and
significantly increases gel porosity. This is because GO acts as a surfactant that promotes the
formation of voids. Lin et al. [34] stated that the presence of GO promotes the interaction of
PC hydrates and the development of significant covalent bonds. In addition, Zheng et al. [9]
discovered that GO improved the structural functionality and enhanced the characteristics
of composite materials. By strengthening the weak bond of the cementitious materials’
matrix, the incorporation of GO has the ability to mitigate the challenges related to the
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implementation of an ECC on a large scale as well as the harmful impacts of sulphate and
acid attacks.

Furthermore, there has been only a very limited study done on the use of GO as a
nanoscale ingredient in ECC using RSM modelling for determining the durability properties
of ECC. The independent variables and concrete characteristics exhibited either linear or
quadratic relationships, according to the RSM model. In addition, this study maximized
or minimized the expected results by maximizing or minimizing the overall influence
of these criteria. GO as a nanoscale particle in an effective mixture design for ECC that
incorporates RSM and improves the toughness and durability characteristics. RSM can
predict properties such as compressive strength and durability behavior under sulphate
and acid assault, cutting down on the time and tedium of endless laboratory experiments.
The duration of construction is reduced when these attributes are accurately and quickly
assessed, especially when they are required for quick project execution. By using RSM in
this inventive way, it is possible to adjust the mixing proportions of concrete components
as needed to achieve design objectives. In addition, using such a technique prevents
the production of concrete with an abnormally high strength or the failure to meet the
necessary design strength. This approach always results in the economical exploitation
of raw resources, fewer construction breakdowns, and reduced construction costs [44,45].
RSM has developed changeable, mathematically confirmed modelling techniques that may
be used to determine the ideal design of processes [46]. When many factors influence one
or more performances or response attributes, RSM is frequently employed. Additionally,
it could potentially be applied to optimize one or many responses to meet a certain set of
conditions. The nonlinear response surfaces of the data obtained from experiments are also
well interpreted experimentally by RSM [47]. The response surface methodology (RSM) is
a powerful statistical approach for constructing models, analyzing the impacts of factors,
and finding the best conditions for experiments [48-50]. A quadratic function is fitted
to a set of simultaneously fluctuating elements in RSM [51]. RSM provides a number of
advantages for optimization compared to the time-consuming one of the substances-at—a-
time technique, which does not take into consideration the link between variables [52,53].
A a model that use mathematics to predict the necessary qualities, RSM analyses each
of the components to obtain the ideal mix proportion [54]. The primary objective of the
present study was to evaluate the compressive strength, water absorption, rapid chloride
permeability test, and durability properties due to resistance to acid and sulphate attacks
of an ECC containing varying amounts of PVA fibers and a GO nanomaterial by applying
RSM modelling and optimization.

2. Research Significance

Engineered Cementitious Composites (ECC) are widely used in various structures
due to their high strength, durability, and ductility. However, they are still vulnerable to
environmental factors such as sulphate and acid attack. These attacks damage the concrete
matrix, which leads to cracking and corrosion of the reinforcing steel. To mitigate these
issues, various techniques have been developed including the addition of graphene oxide
to the concrete mix. Graphene oxide has shown potential in improving the mechanical
properties and durability of concrete. However, there is a gap in the literature regarding
the effectiveness of graphene oxide in enhancing the durability of ECC against sulphate
and acid attacks. Therefore, this study aimed to investigate the effect of graphene oxide
on the durability of ECC subjected to sulfates and acids, and to evaluate its potential to
mitigate the deterioration of concrete caused by these environmental factors. This study
will also contribute to the growing body of literature on the use of nanotechnology in
the construction industry and will provide a foundation for further research in this area.
Overall, this research has significant potential to advance the field of civil engineering and
improve the longevity of concrete structures.
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3. Materials and Methods
3.1. Materials

Portland cement (PC) was utilized as a binding agent in the production of the ECC,
which met the ASTM C150 [55] requirement. The fly ash (FA) utilized in the experiments
was classified as class F fly ash and fulfils ASTM C618 standards [56]. X-ray fluorescence
spectroscopy (XRF), Blaine fineness, and specific gravity of PC and FA data are provided
in Table 1. Graphene oxide (GO) was employed as a nanomaterial in various amounts in
the ECC and river sand was used in this study as fine aggregates that had passed through
a #4 sieve (less than 4.75 mm in size). Additionally, the polyvinyl alcohol (PVA) fiber
manufactured in Japan by Kuraray was utilized as fiber content in the ECC mixture by
the volume fraction of the ECC mixture. To modify the fiber /matrix interface properties,
the surface of the fiber was coated with 1,2% oil by mass. The fiber’s characteristics are
listed in Table 2. Moreover, a modified polycarboxylate-based high-range water reducer
was used as a superplasticizer (SP) in the ECC mixture, which had a pH value and specific
gravity of about 6.2 and 1.08, respectively. It was added as 0.99% by the weight of PC in the
mixture of the ECC. In addition, potable water was used for blending and curing purposes
in the ongoing research study.

Table 1. XRF of PC and FA.

Material Compound (%) Specific Blaine Fineness
T1 .
AEHAE S0, ALO; Fe,03 MnO  CaO  MgO NaO K,0 T,0  Gravity (m?/kg)
PC 20.76 5.54 3.35 - 61.4 248 0.19 0.78 - 3.15 290
FA 57.01 20.96 415 0.033 9.79 1.75 2.23 1.53 0.68 2.38 325
Table 2. Properties of polyvinyl alcohol fiber.
Compound (%) Specific Blaine Loss on
Materials . Fineness ces
Si0, ALO; Fe,03 MnO CaO MgO Na,O K,0 T,0  Gravity (m2/Kg) Ignition
FA 57.01 20.96 4.15 0.033 9.79 1.75 2.23 1.53 0.68 2.38 290 1.25
Cement 20.76 5.54 3.35 - 61.4 2.48 0.19 0.78 - 3.15 325 2.20

3.2. Mix Proportions of GO-ECC

The RSM approach was applied to meet the goal of this study; the two independent
variables (input factors) that were investigated were GO and PVA at three levels of 0.05,
0.065, and 0.08% by weight of PC and 1%, 1.5%, and 2% of PVA fiber by volume fraction,
respectively. However, the fly ash-to-PC ratio, water-to-binder ratio, and sand-to-binder
ratios for all ECC mixes were 1.2, 0.3, and 0.36, correspondingly, depending on the percent-
ages for the most widely applied ECC in the majority of studies (ECC-M45) [57,58], and a
plasticizer of 1.0% by weight of PC were used in this experimental work. Moreover, the
thirteen experimental runs were developed by utilizing the central composite design (CCD)
method of RSM. As indicated in Table 3, the mixtures comprised various combinations and
concentrations of the input variables, as well as five random repetitions of each parameter.
The purpose of the duplicate mixtures was to validate the experiment’s competence and
protect against any potential variations. In addition, the RSM was used to assess the impact
of the relationship between input elements on responses. The compressive strength, water
absorption, sulfate attack, acid attack and a rapid chloride permeability test (RCPT) were
investigated as responses.
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Table 3. Mix Proportion of GO-ECC generated by RSM.

. Materials (%) Quantity of Materials Used in ECC Mixture (kg/m?3)
Mix 1D GO PVA PC Fly Ash Sand Water
MO 0.00 2 583 700 467 385
M1 0.05 1.5 583 700 467 385
M2 0.065 2 583 700 467 385
M3 0.065 1.5 583 700 467 385
M4 0.08 1.5 583 700 467 385
M5 0.065 1.5 583 700 467 385
M6 0.065 1 583 700 467 385
M7 0.05 2 583 700 467 385
M8 0.065 1.5 583 700 467 385
M9 0.05 1 583 700 467 385
M10 0.065 1.5 583 700 467 385
Mil1 0.08 1 583 700 467 385
M12 0.065 15 583 700 467 385
M13 0.08 2 583 700 467 385

3.3. Sample Preparation and Testing Methods

The mixing arrangement of the GO-ECC mixtures was utilized in this experimental
work. In a dry condition, the sand, PC, and FA were simultaneously added to the concrete
mixer and mixed for almost two minutes. Afterward, the determined amount of water
combined with GO and 1% of SP were added while the mixer continued to rotate; this
procedure took an additional 2-3 min until the mixture was homogeneous. As proposed by
prior studies, GO was mixed with polycarboxylate-based SP to aid nanoplatelet dispersion
without sonication. Finally, the PVA fiber was added carefully to the revolving mixer for
another 2-3 min, until the fibers were dispersed throughout the mixture. To achieve a
workable mixture, SP was added to the mixtures with a high GO concentration to make
up for the reduction of flowability. The fresh concrete mixture was made into a variety
of specimens for compressive strength, sulfate attack, acid attack, water absorption, and
RCPT testing.

Cube specimens (50 mm x 50 mm x 50 mm) were made of GO-ECC for determining
the compressive strength of the GO-ECC after 3, 7, 14, and 28 days by following the BS EN
12390-3 [59] specifications. In addition, the cubical samples (50 mm x 50 mm x 50 mm)
were examined for weight loss and compressive strength as a result of acid attack while
prism samples were cast for change in length as a result of acid attack. These specimens
were submerged in a 5.0% sulfuric acid (H2S04) solution for weight loss, loss in compressive
strength and change in length, and their monthly reduction was monitored. In addition,
the external humidity on the concrete sample was dried and wiped away after 28 days of
standard curing. The pH values of three ECC specimens combined with varying amounts
of the GO nanomaterial were determined by analyzing the samples’ pH levels. The concrete
specimens were ground into a powder, and then 10 grams of the powder were dissolved
in 100 milliliters of distilled water, stirred for 10 min. The pH of the solutions was then
measured using a pH meter. Moreover, cubical samples, and Bar (prism) specimens
(285 mm x 25 mm x 25 mm) were made and dipped in a 5% sodium sulfate (Na;SO4)
solution to assess the weight gain, compressive strength, and expansion, respectively.
On a monthly basis, the weight gain, compressive strength, and length change of the
samples were recorded. In addition, the water absorption was performed on the cubical
samples prepared with GO-ECC by confirming the BS 1881-122:1983 [60] code standard
at 28 days. Furthermore, to perform the RCPT test, cylindrical concrete disc samples of
100 x 50 mm were originally wet-cured for 28 days. The experiments were conducted
using the rapid chloride permeability test procedures described in AASHTO T277-15 [61]
and ASTM C1202-19 [62]. The edges of the concrete sections were first covered with quick-
setting epoxy. The cylindrical sample was put in a vacuum chamber for 3 h after the sealant
coating had been allowed to cure until it was no longer sticky when touched. The cylinder
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was then placed in the testing apparatus with two distinct cells in interaction with the disc’s
two uncoated surfaces. The cell containing 3% (by weight) sodium chloride (NaCl) mixture
in distilled water served as the anode, whereas the cell containing 0.3 N sodium hydroxide
(NaOH) concentration in distilled water served as the cathode. The monitoring apparatus
was then attached to a potential differential of 60 volts DC, which was measured and
sustained for a duration of six hours. During the six-hour test, the total charge transported,
as assessed in coulombs, was monitored every thirty minutes. The apparatus calculates
or records the overall quantity of electric charge (in coulombs) that travel through the
disc specimen. This total charge indicates the quantity of chloride ions that permeate
the examined concrete specimen, as stated in the researchers’ earlier article [63]. The
experimental testing setup is shown in Figure 1. Furthermore, the schematic diagram of
this research work is shown in Figure 2.

Figure 1. Cont.
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Figure 1. Experimental testing setup: (a) compressive strength; (b) weight loss; (c) change in length;
(d) RCPT; (e) pH test; and (f) prisms for sulfate attack test.
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4. Results and Discussion
4.1. Slump Flow of Fresh GO-ECC

This test evaluated the workability of the freshly produced ECC accumulating PVA
fiber and the 0.05, 0.065, and 0.08% GO nanoparticles, as illustrated in Figure 3. For all
fresh combinations of concrete, the slump flow was between 650 and 850 mm, according to
the EFNARC [64]. Nevertheless, the least value was observed at 645 mm when 0.08% of the
GO was combined with 2% of PVA fiber in the manufacturing of the ECC, while the largest
slump flow was recorded at 792 mm at the control combination of ECC. It has been shown
that the slump flow decreases as the quantity of GO increases as nanoscale particles in ECC.
This result is consistent with Arun et al.’s [65] observation that when MK rises, the fresh
mixture’s workability declines. Same observation was found by Bheel et al. [66,67]. It is
evident that a rise in GO resulted in a fall in the slump flow of the fresh mixture. A control
mixture with 0% of GO showed a high slump flow. The lowest slump flow values, however,
were seen in mixtures with 0.06 and 0.08% GO, respectively. The mix’s capacity to flow
freely is decreased when the GO rises because less gravitational shearing force is needed to
compensate for the mix’s yield stress [68]. In order to hydrate its huge surface area, the GO
reduces the quantity of free water in the mixture, which is the cause of the phenomenon.
Additionally, it has been illustrated that the negatively charged particles of GO are drawn
to the negatively charged PC particles by electrostatic force, which causes flocculation
and aggregation, which trap water and decrease the fluidity of the mixture [40,68]. As the
viscosity rises, this stops the mixture from flowing. Abdulkadir et al. [69] reported that
the use of GO as a nano-additive component resulted in self-compacting ECC, which then
resulted in reducing the slump flow of fresh concrete. According to Wei et al. [70], the flow
rate of cement matrixes comprising 0.01, 0.02, and 0.03% of GO, decreased by 7.9%, 10.0%,
and 13.1%, respectively. In a similar vein, Lee et al. [71] observed that the inclusion of GO
in cementitious composites reduced slump by 22.7-45.5%. The same observations were
made by Zhao et al. [40].

Slump Flow (mm)

0.05% GO ' 0.065% GO . 0.08% GO

Figure 3. Slump flow of fresh GO-ECC.
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4.2. Compressive Strength of GO-ECC

Figure 4 depicts the compressive strength of ECC mixtures including varying per-
centages of GO as nanoparticles and 1-2% PVA fiber by volume fraction at 3, 7, 14, and
28 days. The maximum strength was calculated by 40.70 MPa, 43.90 MPa, 61.20 MPa, and
78.60 MPa at 0.05% of GO as a nanomaterial, whereas the lowest strength was 31.60 MPa,
34.70 MPa, 46.80 MPa, and 58.40 MPa at 0.08% of GO as a nanoparticle at 3, 7, 14, and
28 days, consistently. It has been argued that the introduction of 0.05% GO by weight of PC
to the ECC mixture provides the best compressive strength and that with further additions
of GO to the ECC mixture, the strength begins to decrease with each subsequent curing age.
The optimal strength of ECC combined with 0.05% GO as a nanoparticle is attained as a
result of the following variables: (i) Function of GO: the good mechanical properties of GO
contribute significantly to the strengthening of the cement matrix. The wrinkled GO may
interconnect several phases in the cement matrix, increasing the fracture surface hardness;
and (ii) Pore-filling impact: because GO is a nanosized material, it easily and frequently
fills the pore spaces of the cementitious matrix, resulting in increased densification; the
densified matrix has improved mechanical properties [38,41,72,73]. As a result, it is clear
that GO plays a significant role in boosting the mechanical assets of the ECC mixture.
Moreover, high GO inclusion may cause GO aggregation in the cementitious matrix; thus,
insufficient GO dispersion decreases the compressive strength of the ECC mixture. In the
same way, the highest compressive strengths are anticipated to be 39.30 MPa, 42.10 MPa,
54.90 MPa, and 69.80 MPa at 0.05% of GO, whereas the lowest strengths are assessed to
be 30.50 MPa, 33.60 MPa, 44.20 MPa, and 56.90 MPa at 0.08% of GO as nanoparticles in
the ECC reinforced with 1.5% PVA fiber after 3, 7, 14, and 28 days, respectively. It was
indicated that the compressive strength of the ECC mixture reinforced with 1% of PVA fiber
and various proportions of GO is greater than that of the ECC blended with 1.5% of PVA
fiber and various proportions of GO by the weight of PC at each curing time. Moreover,
the highest compressive strength of the ECC mixture reinforced with 2% of PVA fiber by
volume fraction was documented as 37.90 MPa, 40.70 MPa, 53.20 MPa, and 66 MPa at 0.05%
of GO, and the lowest strength was noted as 27.70 MPa, 30.10 MPa, 40.10 MPa, 53.10 MPa
at 0.08% of GO as a nanomaterial on 3, 7, 14 and 28 days, correspondingly. The outcome
showed that the compressive strength of the ECC mixture inclusion with 1.5% of PVA fiber
was observed to be greater as compared to the compressive strength of that blended with
2% of PVA fiber along with various percentages of GO while the compressive strength of
ECC reinforced with 1% of PVA fiber along with different percentages of GO is noted to
have greater value than that of compressive strength of the ECC blended with 1.5% and
2% of PVA fiber along with several proportions of GO. Based on the research findings, the
compressive strength of ECC mixtures containing varying proportions of GO decreases
as the proportion of PVA fibers in the mixture increases. This decrease in the compressive
strength of the ECC mixture is due to the incorporation of more PVA fiber, which stiffens
the mixture and creates more spaces, thereby decreasing its compressive strength. In fact,
the decrease in strength at higher fiber concentrations is due to the clumping action of
fiber, which causes weak spots inside the mixture where there is a limited quantity of
the cementitious matrix. Several investigations have demonstrated that flocculated GO
nanoparticles are much less efficient than well-distributed GO sheets in enhancing the
mechanical characteristics of the cementitious matrix, owing to the latter’s larger surface
area utilization in enhancing hydration through nuclei action [40]. These findings are
consistent with the results obtained by Kang et al. [74] and Wang et al. [75]. Bheel et al. [76]
reported that the use of GO as nanoscale particles up to 0.05% is provided the highest
compressive strength for a 28-day period.
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Figure 4. Compressive strength of GO-ECC mixes.

4.3. Weight Loss Due Acid Attack

Cubical samples made of GO-ECC were used to evaluate weight loss due to acid
attacks. The weight loss of each specimen was measured for one month, and the findings
are depicted in Figure 5. However, the maximum weight loss of GO-ECC blended with
2% of PVA fiber was recorded as 9% at 0.08% of GO, while the minimum weight loss of
GO-ECC reinforced with 1% of PVA fiber was observed to be 4% at 0.08% of the nanoparticle
over 28 days, consistently. The use of 1% PVA fiber by volume fraction in GO-ECC provided
the minimum weight loss due to acid attack as compared to the weight loss of GO-ECC
blended with 1.5% and 2% of PVA fibers in the production of GO-ECC. In addition, the
trial mixes M2, M4, M7, M8, and M13 had comparatively more weight loss than the other
trial mix proportions. Because it is alkaline, GO-ECC is susceptible to acid attacks. In the
interaction between calcareous materials and acid, calcium salts are produced. The salts
produce a decrease in ECC density and cement matrix cohesiveness. Moreover, calcium-
silicate-hydrate (C-S-H) gels react with sulfuric acid to produce a fragile gel, thereby
decreasing the GO-ECC'’s strength. In addition, the composition of dissolved calcium
salts (i.e., calcium sulfate) will result in the generation of reaction products including
gypsum and ettringite. In the presence of these reaction products, the density of the ECC
increased, which augmented the hydration reaction of the ECC mixture. Ettringite and
gypsum lowered the ECC’s porosity even more. In other words, the ECC gained a little
weight when subjected to an acidic environment [77]. The reaction that occurs when ECC
is subjected to a sulphuric acid solution is represented by Equations (1) and (2) [78].

Ca(OH)2 + HySO4 — CaSOy4 x 2H, 1

3Ca0 x 25i0 * 3Hy0 + HpSO4 — CaSOy4 x 2H,0 + Si(OH), 2)

The outcomes of this experiment may be attributed to how the concentrations of
the two parameters, PVA and GO, fluctuate. The presence of more PVA particles in the
ECC produced microcracking in the specimens, allowing acidic media to penetrate deeper.
However, in the ECC reinforced with a lower proportion of PVA mixture, fewer fractures
appeared and the component elements were less readily separated, resulting in a lower
proportion of weight loss, owing to deterioration. The GO in the mixture also helped
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Average weight loss (%)

to improve the ECC’s durability performance whenever exposed to extreme conditions
such as acidic environments. The mixtures with less GO exhibited larger proportions of
weight loss owing to ECC degradation, while those with more GO were more durable. By
assessing mixtures with the 1% PVA concentration but differing GO levels, the higher GO
level generated superior weight loss outcomes.
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Figure 5. Weight loss due to Acid Attack.

4.4. Change in Length Due to Acid Attack

The acid attack test was conducted on ECC prisms reinforced with various amounts
of GO as a nanoparticle. The length change after 28 days was measured. The length change
of samples exposed to acid assault at various intervals was reported. Variations in the
length of the samples is a strong indicator of degradation. Samples submerged in the acid
solution for 28 days were extracted, dried, and excess loose material was scraped from
the surface using a wire brush. The length variation of the surface-cleaned samples was
assessed using vernier calipers. Before being immersed in the acid solution, the length
of the specimens was measured using digital vernier calipers, as seen in Figure 6. The
acid resistance was evaluated based on variations in the physical aspects and change in
dimension after 28 days of being subjected to exposure. However, the average change
in length was measured by comparing the length of the prism samples before and after
immersion in a 5% sulfuric acid solution dispersion after 28 days, respectively. Next, the
percentage increase/decrease was computed. According to the findings, M11 (0.08% GO
and 1% PVA) had the smallest average percentage of change in length at 0.28% while M7
(0.05% GO and 2% PVA) exhibited the greatest expansion, as measured by a change in length
percentage of 0.83%. Moreover, M1 (0.065% GO and 1.5% PVA fiber), M2 (0.065% GO and
2% PVA), M3 (0.65% GO and 1.5% PVA fiber) and M7 (0.05% and 2% PVA fiber) exhibited
the greatest change in length but these all-mixture values were lower than the control
mixture after 28 days in the production of ECC, respectively. Similar trends were observed
for ECC blends containing varying amounts of GO and crumb rubber as fine replacement
ingredients. Nonetheless, the GO reduced the length change significantly [79]. These
outcomes can be explained by the existence of PVA fiber at concentrations of 1%, 1.5%, and
2%, as well as the percentage of GO present in the range of 0.05% to 0.08%. Because of the
presence of micropores around the sample surface, which allow for greater absorption of
immersed media, mixtures with a greater PVA content exhibited a greater change in length.
The greater the amount of PVA in a mixture, the greater the number of micro-voids, leading
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to more length change. This is consistent with the study’s conclusion that the change in
length of ECC mixes containing more than 1% PVA was greater than that of the control
sample. Moreover, the GO concentration had positive effects on lowering the length change
of the ECC because it was resistant to the media’s infiltration by the acidic solution in
ECC. Moreover, when acid was thrown at ECC composites with GO reinforcement, they
were more resistant to breaking down. After 28 days, the GO-ECC demonstrated superior
performance in terms of acid resistance. Gu, Bennett, and Visintin [80] made comparable
observations, as did Chintalapudi and Pannem [81].
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Figure 6. Change in length due to acid attack.

4.5. Compressive Strength Due to Acid Attack

Figure 7 depicts the outcome of a compressive strength analysis conducted on ECC
samples treated to acidic attack for 28 days. For the prepared GO-ECC samples, a measure-
ment for strength properties after an acid attack was extremely important for determining
the harshness of the acid attack’s impact and the degradation rate. Samples submerged in
a 5% solution of sulfuric acid for 28 days were subjected to compressive strength testing.
Figure 7 displays the mean compressive strength of the control samples as well as samples
exposed to a 28-day acid assault and their percentage reduction in compressive strength.
A standard control sample lost up to 12% of its compressive strength. After 28 days, the
acid assault caused the compressive strength loss of ECC reinforced with 1% PVA to be
decreased for 0.05% of GO nanoparticles to as low as 3%. After being exposed to an acid
attack for 28 days, the compressive strength loss in the GO-ECC sample, which contained
0.05% GO by weight of cement, decreased. Also, the usage of GO as a nanoparticle increased
in the ECC combination offered less strength loss from acidic assault than the reference
mixture’s compressive strength. In addition, the accumulation of 0.05 percent GO in the
ECC mixture increased hydration in its mechanical characteristics, including compressive
strength. In addition, when exposed to 28 days of acid attack, the GO-ECC sample exhibited
superior resistance to degradation and compressive force resistance. The GO-ECC samples
with a 0.05 percent GO concentration exhibited a 3% reduction in compressive strength
loss. The incorporation of composite GO as a nanomaterial in ECC formulations resulted
in a significant decrease in degradation and an improvement in sulfuric acid resistance.
The loss of compressive strength is attributed to a rise in micro-voids and porosity in the
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acid-attacked concrete samples [82]. Similar findings were reported by Aiken et al. [83]
and Chintalapudi and Pannem [81]. Figure 8 illustrates the strong correlation between
compressive strength and compressive strength due to acid attack at day 28. If a single
one of these parameters exists, the formulas displayed in Figure 8 may be used to predict
compressive strength or compressive strength due to acid attack.

0.05% GO ; 0.065% GO

0.08% GO

Loss in Compressive Strength (MPa)

Figure 7. Compressive Strength due to Acid Attack.
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Figure 8. A relationship between compressive strength and compressive strength due to acid attack.
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4.6. pH Test

The measurement of the pH value of ECC is crucial for the evaluation of acidic assaults
that might lead to severe harm to reinforced concrete, since embedded steel displays long-
term durability only at pH values of 9 or above. Data from the concrete samples made of
ECC incorporating 0.05% to 0.08% of GO as a nanoparticle for monitoring the pH value
after 28 days consistently are shown in Figure 9. The pH values of ECC reinforced with
1% of PVA fiber were recorded as 10.10, 10.01 and 9.55 with 0.05%, 0.065% and 0.08% of
GO as a nanomaterial, respectively, which were lower than that of control mixture over
28 days consistently. Similarly, the pH outcome was 10.40, 10.24, and 9.82 with 0.05%,
0.065% and 0.08% of GO as nanoparticle, respectively, in the ECC reinforced with 1.5% of
PVA fiber, which was a lower pH value compared to control mixture at 28 days consistently.
It was shown that the use of 1% of PVA fiber in ECC accumulation with several different
amounts of GO as a nanoparticle provided a lower pH value as compared to the 1.5% of
PVA fiber in the production of ECC with the addition of several different amounts of GO as
a nanoparticle. Moreover, the pH values of ECC blended with 2% of PVA fiber were 10.91,
10.68, and 10.32 while using 0.05%, 0.065% and 0.08% of GO as a nanoparticle, respectively,
and the pH values for all mixtures were lower than that of the control mixture on 28 days
consistently. The findings showed that the accumulation of PVA fibers increases in the
production of ECC incorporating various amounts of GO as a nanoparticle increased the
pH value but these all-pH values were observed to be lower than the pH value of the
control mixture. Moreover, the pH value of ECC reinforced with several amounts of PVA
fiber was reduced when the quantity of GO as a nanoparticle increased in the mixture. This
reduction in the pH value of ECC reinforced with various amounts of PVA fiber was due
to the filling effect of GO as a nanomaterial, which seals the pores of ECC to prevent the
acid attack and environmental impacts on the ECC, which results in reducing the pH value.
According to Wan et al. [84], carbonation reduces the pH value from approximately 13.2 to
as low as 8.0. The conclusion is that carbonation not only decreases the pH value but also
releases bound chloride. This is one of the most evident reasons why the combined effect of
chloride ingress and carbonation speeds the corrosion of steel and reduces the operational
life of buildings constructed of reinforced concrete. Kumari et al. [85] showed that when
the fraction replacement of nanomaterials increased by up to 2%, the pH value of concrete
climbed and then progressively dropped. A similar kind of observation was made by
Zeng et al. [86]. Figure 10 illustrates the strong correlation between weight loss and pH
tests due to acid attacks at day 28. If a single one of these parameters exists, the formulas
displayed in Figure 10 may be used to predict weight loss or pH tests due to acid attacks.

4.7. Rapid Chloride Penetration Test (RCPT)

This study’s objectives included investigating the effect of nanomaterials on the water
transport characteristics of ECC. Thus, the impact of water transport on the diffusion
coefficients was studied and compared. When chloride ions permeate mortar or ECC, they
should bind to various hydration products. Consequently, total chloride ions entering
the ECC mixture are composed of both free chloride ion concentration in the pore spaces
and bound chloride ions. Free chloride ions moving through ECC pores and penetrating
rebar start the rusting process. In the present study, the chloride permeability, which is
reliant on two variables, such as the w/c ratio and the chemical characteristics of the
concrete [87], was determined as acid-soluble chloride (total chloride) in conformity with
ASTM C1202 [62].

In this investigation, the applied current discharged over 6 h was recorded as a
measurement of chloride permeability. Figure 11 demonstrates the RCPT measurements
of 28-day-hydrated ECC mortars in terms of the charge discharged. At 28 days, the RCPT
values for the control mixture and a composition comprising GO nanoparticles with low
chloride permeability according to ASTM C1202 [62] ranged from 695 to 1650 coulombs. In
addition, the inclusion of GO nanoparticles significantly decreased the charge on the ECC
mixture. Furthermore, the synthesis of ECC with a higher GO concentration reduced the
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pH of ECC

Weight Loss due to Acid Attack (%)

chloride ion permeability. The RCPT values of ECC mixture blended with 1% of PVA fiber
was recorded as 880 Coulombs, 748 Coulombs and 695 Coulombs at 0.05%, 0.065% and
0.08% of GO as a nanomaterial, which is lower than control mixture of ECC after 28 days,
respectively. Similarly, the RCPT value of ECC reinforced with 1.5% of PVA fiber at 0.05%,
0.065% and 0.08% of GO as a nanoparticle were recorded as 1042 Coulombs, 955 Coulombs
and 820 Coulombs, respectively, which were lower values when compared to the control
mix at 28 days.

13 +

12 +

11

0.05% GO 0.065% GO 0.08% GO

Figure 9. pH value of GO-ECC due to Acid Attack.
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Figure 10. A relationship between weight loss and pH value due to acid attack.
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Figure 11. Rapid chloride penetration test of GO-ECC.

The RCPT value of ECC mixture blended with 2% of PVA fiber for 0.05%, 0.065%
and 0.08% were lowered by 17.27%, 28.24% and 36.36%, respectively, concerning the
control specimen after a period of 28 days. The researchers found that the making of ECC
involving increasing amounts of GO nanomaterials caused a reduction in the RCPT of
the ECC mixture. This reduction in RCPT values is attributable to the microstructural
densification and decreased microporous interconnectivity of ECC. It was anticipated
that GO, as nanoparticles with nanoscale dimensions, would be capable of developing a
packed and compact microstructure that exhibited greater chloride penetration resistance.
Khotbehsara et al. [87] wrote about how nanomaterials such as SnO,, ZrO,, and CaCOs
can be used to determine the RCPT in self-compacting mortar. Yet, the RCPT value
decreased with increasing nanomaterial concentrations up to a specific limit. As stated
earlier, nanomaterials work as fillers to fill the holes and increase the density of the structure.
Moreover, they aid in accelerating hydration. Thus, a more developed pore structure is
attained sooner, resulting in less chloride ion transport. These findings demonstrate the
need for adding nanoparticles to cement mortars in order to increase their resistance to
chloride ion infiltration. A part of the chloride ions interacts with the cementitious matrix
and binds, resulting in a decrease in the rate of diffusion. Schwarz and Neithalath [88]
observed that the chloride permeability of concrete mixes with glass powder was lower
than that of the control sample. Miyandehi et al. [89] reported that the addition of copper
oxide nanoparticles significantly reduced the amount of the transmitted charge.

4.8. Weight Gain Due to Sulphate Attack

The sulphate resistance test was conducted on ECC specimens reinforced with 1,
1.5%, and 2% PVA fiber, with varying amounts of GO nanomaterial. The study was
performed using samples immersed in a 5% sodium sulphate (Na;SO4) mixture. The
sulphate resistance was evaluated based on variations in physical aspects and weight after
28 days of being subjected to exposure. For reference, specimens were also submerged
in distilled water. After 28 days of exposure to sodium sulphates, minute changes were
seen in the GO-ECC specimens. The weight change of GO-ECC specimens exposed to
sodium sulphate for up to 28 days is shown in Figure 12. Figure 12 shows the results of the
sulphate assault on the proportional change in mass of the samples of the reference mix of
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ECC and the ECC mixture integrating varied contents of GO as nanomaterials compared
to the original weight of the samples at 28 days of curing. The percentage gain in mass
was comparatively high for the ECC mixture without the addition of GO. However, the
mass gain of the ECC mixture incorporated with 1% of PVA fiber was reduced when the
content of the GO was increased in the mixture by up to 0.08% at 28 days. This reduction
in the weight change of ECC blended with 1% of PVA fiber is due to the fine particles of
GO, which fills the pore spaces and harden the ECC, which resulted in a reduction the
penetration of the sulfate attack in the GO-ECC specimen. On the other hand, the reduction
in the percentage change in mass may be attributed to the activity of the wick, which
permits the sulphate solution to penetrate the concrete through diffusion and capillary
action. It reveals and degrades the surface by evaporating the sulphate ion crystallized on
the concrete’s outermost layer. In addition, the mass gain of ECC mixture blended with
1.5% and 2% of PVA fiber increased as the quantity of GO as a nanoparticle was increased in
ECC but the weight gain for all GO-ECC mixtures were decreased when compared with the
control mixture after 28 days. This increment in weight change is due to the increase in the
content of the PVA fiber in ECC which produced microcracking in the specimens, allowing
sulfate media to penetrate deeper. However, in the ECC reinforced with a lower proportion
of the PVA mixture, fewer fractures appeared and the component elements were less readily
separated, resulting in a lower proportion of weight change owing to deterioration. The
GO in the mixture also helped to improve the ECC’s durability performance whenever
exposed to extreme conditions. Furthermore, the mixtures with less GO exhibited larger
proportions of weight gain in the GO-ECC reinforced with 1% of PVA fiber owing to ECC
degradation, while those with more GO were more durable. By assessing mixtures with
a 1% PVA concentration but differing GO levels, the greater GO level generated superior
weight change outcomes. Similar kind of investigations were performed by Devi et al. [35]
and Luhar et al. [90].
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Figure 12. Weight gain of GO-ECC due to sulphate attack.

4.9. Expansion Due to Sulphate Attack

Figure 13 displays the outcomes of the expansion due to the sulfate attack of ECC
matrix accumulation with several content of GO as nanomaterials. The average expansion
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was measured by comparing the length of prism samples before and after immersion in a
5% sodium sulfate (Na;SO4) solution dispersion after 28 days. Next, the percentage increase
was computed. According to the findings, M11 (0.08% GO and 1% PVA) had the smallest
average percentage of expansion at 0.0023% while M1 (0.05% GO and 1.5% PVA) exhibited
the greatest expansion, as measured by an expansion percentage of 0.0065%. Moreover,
M1 (0.05% and 1.5% PVA fiber), M2 (0.065% GO and 2% PVA fiber), and M7 (0.05% GO
and 2% PVA fiber) exhibited the greatest expansion after 28 days in the production of
ECC. Similar trends were observed for ECC blends containing varying amounts of GO and
crumb rubber as fine replacement ingredients. Nonetheless, the GO reduced the length
change significantly [79]. These outcomes can be explained by the existence of PVA fiber at
concentrations of 1%, 1.5%, and 2%, as well as the percentages of GO present in the range
of 0.05% to 0.08%. Because of the presence of micropores around the sample surface, which
allow for greater absorption of immersed media, mixtures with a greater PVA content
exhibit a greater expansion. The greater the amount of PVA in a mixture, the greater the
number of micro-voids, leading to more expansion. This is consistent with the study’s
conclusion that the expansion of concrete mixes containing more than 1% PVA was greater
than that of the control sample. Moreover, the GO concentration had positive effects on
lowering the expansion of the concrete because it was resistant to the media’s infiltration
by the sulfate solution in ECC. The electrical resistivity of ECC introducing GO improved
during the dissolution and establishment phases due to a reduction in free water, which
was due to the superior adsorption capability of GO over large surface areas. During
hydration, the increase in solid hydration by-products and the decrease in porosity tended
to impede the ions’ conducting routes in the GO paste-containing ECC, hence the increase
in resistance. Due to the penetration of sulfate suspension, a higher GO content can lessen
the effects of concrete expansion. The development of cracks and holes filled with ettringite
on the cement composite’s surface was another factor contributing to the increase in length
change [91,92]. Furthermore, the expansion and cracking behavior of ECC is caused by the
formation of ettringites, which use a larger area [93]. This is consistent with prior findings
on the impact of sulfate on cement and concrete [77,94].
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Figure 13. Expansion of GO-ECC due to sulphate attack.
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4.10. Compressive Strength of GO-ECC Due to Sulphate Attack

The loss in compressive strength of sulphate-attacked concrete was measured and
compared to that of non-attacked sulphate samples that were water-cured for 28 days.
Figure 14 depicts the end outcome. The decrease was fairly small with up to 0.05% GO as
nanoparticles in comparison to the control mix, but there was a significant drop of 6.80% in
the control mix after 28 days. The loss in compressive strength of the ECC mixture blended
with 1% was 2.20%, 2.80% and 3.50% at 0.05%, 0.065% and 0.08% of GO as nanoparticle
after 28 days consistently. In the same way, the loss in strength of the ECC blended with
1.5% of PVA was shown to be 2.70%, 3% and 3.82% when using 0.05%, 0.065% and 0.08% of
the GO as a nanoparticle in ECC at 28 days, respectively. The same pattern was observed
in GO-ECC reinforced with 2% of the PVA fiber. According to the findings, 0.05% of GO
may provide significant resistance against sulphate assaults. In addition, when subjected
to a chemical assault, ECC performance often declines, and the immersion duration is
extended due to physical damage and the unwanted chemical breakdown of the mixture.
Figure 10 shows how the addition of GO increased resistance to sulphate attacks. The
compressive strength of concrete mixes subjected to sulphate assaults was measured after
28 days of being subjected to them, and the results were related to water-cured mixtures.
The strength loss was defined as the difference in strength between water-cured and
sulphate-treated mixtures. The findings shown in Figure 10 show that all the mixes had
lost strength. The loss was shown to be larger whenever the control ECC mix was coupled
with those of the GO-ECC mixtures. Additionally, the sulphate assault triggers the release
of calcium components from C-S-H gels, lowering composite stiffness, causing the samples
to deteriorate [95]. Honglei et al. [96] discovered two layers of gypsum on the surface
of concrete specimens, with just a trace of ettringite and monosulfate. Sulfate attack is
distinguished by a loss of strength and adherence as opposed to cracks and swelling [97].
Sulfate reactions changed all the mixtures, resulting in a loss of strength. The findings
are comparable to those reported by Behfarnia and Farshadfar [98] and Khan et al. [99].
Figure 15 illustrates the strong correlation between compressive strength and compressive
strength due to sulfate attack at day 28. If a single of these parameters exists, the formulas
displayed in Figure 15 may be used to predict compressive strength or compressive strength
due to sulfate attack.

4.11. Water Absorption of GO-ECC

Figure 16 illustrates the water absorption of samples comprised of an ECC mixture
incorporated with varying proportions of PVA fibers and 0.05% to 0.08% of GO as nanopar-
ticles and cured for 28 days. The water absorption of ECC blended with 1% PVA fiber
was calculated by 1.2%, 0.90%, 0.80% at 0.05%, 0.065%, and 0.08% of GO as nanoparticle
at 28 days consistently. In the same way, the water absorption of ECC accumulation with
1.5% PVA fiber was recorded by 1.5%, 1.2%, 1% at 0.05%, 0.065%, and 0.08% of GO as
nanoparticles for 28 days, respectively. The findings showed that the water absorption
of the ECC mixture blended with 1% of PVA fiber provided good results as compared to
the water absorption of ECC accumulation with 1.5% of PVA fiber along with 0.05% to
0.08% of the GO as nanoparticles. Moreover, the water absorption of the ECC mixture
reinforced with 2% PVA fiber was shown to be 2.2%, 2.0%, 1.80% at 0.05%, 0.065%, and
0.08% of the GO as nanoparticles in ECC after 28 days, respectively. The findings showed
that increases of PVA fiber in the ECC mixture resulted in enhanced water absorption.
This enhancement in water absorption of the ECC mixture with the accumulation of PVA
fiber may be a result of more water being absorbed by the PVA fiber when the amount
of PVA fiber was increased in ECC. In addition, the water absorption of the ECC mixture
reinforced with 1%, 1.5% and 2% of PVA fiber was reduced when the accumulation of GO
as a nanoparticle increased in ECC. This enhancement in water absorption is attributable
to the GO as nanoparticles that occupy the voids left by the remaining ECC components.
Similar observation was done by Bheel et al. [76] showing that the water absorption of ECC
is reduced as the concentration of GO rises.
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Figure 14. Compressive Strength of GO-ECC due to Sulphate Attack.
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Figure 15. A relation between compressive strength and compressive strength due to sulfate attack.
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Figure 16. Water Absorption of GO-ECC.

5. Predictive Model Developments Using Response Surface Methodology (RSM)
and Optimization

The response surface approach is a set of mathematics and statistical tools for develop-
ing an analytical model that uses a response (an output) that is associated with numerous
independent input parameters [100]. The approach can be employed to analyse the impact
of each variable and the correlation between them on the response [101,102]. RSM was
utilized in this study to generate prediction models and optimize the compressive strength,
sulfate attack, weight loss, water absorption and drying shrinkage, and the amount of GO
and PVA (as independent variables) in the GO-ECC. For the RSM analysis, the Design of
Experiment (DOE) program was employed. The most frequently utilized design method-
ologies in building construction are Box-Behnken design (BBD) and central composite
design (CCD). The design approaches and optimizations were generated using design
expert software 13. The optimization procedure consists of three primary steps: (1) per-
forming a statistically designed experimental investigation; (2) estimating the parameters
in a mathematical model; and (3) forecasting the model’s responses and validating its
suitability [103,104]. The established statistical models might assume either a linear or
higher-degree polynomial relationship between independent factors and responses. Equa-
tion (3) depicts a first-order solution representing the linear model. Equation (4) presents
the polynomial equations. The y sign symbolizes response models; x; and x; are the coded
values of the input parameters; i and j are the linear and quadratic parameters; 3o denotes
the intercept on the y-axis; k denotes the number of independent variables utilized in the
model; and is the error in the produced model.

y = Bo+ B1x2 + Bax2 + Puxn + € (3)
k k , & j=1

y=po+ Zﬁixi + Z Biix; + Z Z ,Bijxixj +e€ 4)
i=1 i=1 j=2i=1

After calculating the statistical significance of the variables using a p-value of 0.05,
a variance analysis was conducted. The fundamental and interacting features of the pa-
rameters with p-values less than 0.05 were considered important in influencing the model
responses, whereas those with p-values more than 0.05 were deemed unimportant [105,106].
Except for words required to maintain the model’s structure, only relevant terms are con-
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sidered in prediction models. A face-cantered central composite design (FCCD) with two
distinct variables was employed to develop the mixture design formulas for the GO-ECC. In
this experiment, GO and PVA were the two parameters considered. Compressive strength,
weight loss, length change, CS due to acid attack, pH test, rapid chloride penetration test
(RCPT), weight gain, expansion, CS due to sulfate attack and water absorption were the vari-
ables investigated in this investigation. The software developed thirteen random mixtures
with five duplicates for each response. The five duplicates are the primary benchmarks the
computer employs to enhance the experiment’s response to any potential deviations.

5.1. Analysis of Variance (ANOVA)

RSM'’s objective is to develop response surface models and analyse them using analysis
of variance (ANOVA). For RSM modeling and optimization in this study, the compres-
sive strength and durability characteristics of ECC mixes containing between 0.05 and
0.08 percent GO nanoparticles and different levels of PVA fiber were studied. In addition,
quadratic models were deemed most suitable for compressive strength (CS), length change,
CS due to acid attack, pH test, rapid chloride penetration test, weight gain, CS due to
sulfate attack and water absorption whilst linear models were deemed more suited for
expansion, and weight loss response. Furthermore, each of these responses is encoded
in Equations (5)—(14). Equations defined in terms of coded components can be used to
forecast the effect of varying parameter quantities. The maximum levels of the components
are displayed as +1 by default, while the minimum values are shown as —1. Using the
factor variables, the coded equations may be utilized to evaluate the parameters’ relative
importance by applying their respective weighting. A and B are input variables (GO and
PVA). The results of the ANOVA are summarized in Table 4.

Table 4. ANOVA outcomes.

Response Source Sum of Df Mean F-Value p-Value >F  Significance
Squares Square
Model 531.85 5 106.37 59.08 <0.0001 Yes
A-PVA 81.40 1 81.40 45.21 0.0003 Yes
B-GO 352.67 1 352.67 195.87 <0.0001 Yes
AB 13.32 1 13.32 7.40 0.0298 No
A2 0.098 1 0.098 0.054 0.8223 No
B2 70.11 1 70.11 38.94 0.0004 Yes
Compressive Strength Residual 12.60 7 1.80
Lack of Fit 12.57 3 4.19 538.66 <0.0001 Yes
Pure Error 0.031 4 7.780 x 1073
Cor Total 544.45 12
Model 24.17 2 12.08 26.25 0.0001 Yes
A-PVA 24.00 1 24.00 52.14 <0.0001 Yes
B-GO 0.17 1 0.17 0.36 0.5607 No
Weight Loss Residual 4.60 10 0.46
Lack of Fit 1.80 6 0.30 0.43 0.8303 No
Pure Error 2.80 4 0.70
Cor Total 28.77 12
Model 0.28 5 0.056 64.96 <0.0001 Yes
A-PVA 0.062 1 0.062 71.40 <0.0001 Yes
B-GO 0.19 1 0.19 215.59 <0.0001 Yes
AB 0.026 1 0.026 29.47 0.0010 Yes
Change in Length A? 5.255 x 1073 1 5.255 x 1073 6.05 0.0435 Yes
B? 4.729 x 1073 1 4.729 x 103 5.44 0.0524 No
Residual 6.080 x 1073 7 8.686 x 104
Lack of Fit 5.800 x 1073 3 1.933 x 1073 27.62 0.0039 Yes
Pure Error ~ 2.800 x 104 4 7.000 x 107>
Cor Total 0.29 12
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Table 4. Cont.

Response Source Sum of Df Mean F-Value p-Value >F  Significance
Squares Square
Model 597.95 5 119.59 60.98 <0.0001 Yes
A-PVA 110.13 1 110.13 56.16 0.0001 Yes
B-GO 392.44 1 392.44 200.11 <0.0001 Yes
AB 11.45 1 11.45 5.84 0.0463 Yes
Compressive Strength 5
due to Acid Attack A 0.60 1 0.60 0.31 0.5977 No
B2 66.35 1 66.35 33.83 0.0007 Yes
Residual 13.73 7 1.96
Lack of Fit 13.40 3 4.47 55.24 0.0010 Yes
Pure Error 0.32 4 0.081
Cor Total 611.68 12
Model 1.39 5 0.28 362.31 <0.0001 Yes
A-PVA 0.84 1 0.84 1096.08 <0.0001 Yes
B-GO 0.49 1 0.49 640.52 <0.0001 Yes
AB 4.000 x 1074 1 4.000 x 1074 0.52 0.4944 No
pH Value A2 0.029 1 0.029 37.51 0.0005 Yes
B2 0.049 1 0.049 63.24 <0.0001 Yes
Residual 5.389 x 1073 7 7.698 x 10~*
Lack of Fit 4.989 x 103 3 1.663 x 1073 16.63 0.0101 Yes
Pure Error 4.000 x 10~4 4 1.000 x 10~%
Cor Total 1.40 12
Model 3.671 x 10° 5 73,429.32 199.49 <0.0001 Yes
A-PVA 2.714 x 10° 1 2.714 x 10° 737.22 <0.0001 Yes
B-GO 86,880.67 1 86,880.67 236.03 <0.0001 Yes
Rapid Chloride AB 4225.00 1 4225.00 11.48 0.0116 Yes
Penetration Test
A2 3816.37 1 3816.37 10.37 0.0147 Yes
B2 13.03 1 13.03 0.035 0.8561 No
Residual 2576.63 7 368.09
Lack of Fit 2563.83 3 854.61 267.07 <0.0001 Yes
Pure Error 12.80 4 3.20
Cor Total 3.697 x 10° 12
Model 0.62 5 0.12 63.28 <0.0001 Yes
A-PVA 0.54 1 0.54 273.87 <0.0001 Yes
B-GO 6.667 x 1073 1 6.667 x 1073 3.38 0.1085 No
AB 0.040 1 0.040 20.29 0.0028 Yes
Weight Gain AZ? 0.031 1 0.031 15.49 0.0056 Yes
B2 7.389 x 107> 1 7.389 x 107> 0.037 0.8520 No
Residual 0.014 7 1.972 x 1073
Lack of Fit 0.013 3 4467 x 1073 44.67 0.0016 Yes
Pure Error 4.000 x 104 4 1.000 x 10~4
Cor Total 0.64 12
Model 1.516 x 107> 2 7.582 x 107° 41.11 <0.0001 Yes
A-PVA 3.682 x 1076 1 3.682 x 1076 19.96 0.0012 Yes
B-GO 1.148 x 107> 1 1.148 x 107> 62.25 <0.0001 Yes
Expansion Residual 1.844 x 107° 10 1.844 x 1077
Lack of Fit 1.816 x 10~° 6 3.027 x 107 43.25 0.0014 Yes
Pure Error 2.800 x 10~8 4 7.000 x 10~°?
Cor Total 1.701 x 107> 12
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Table 4. Cont.

Response Source Sum of Df Mean F-Value p-Value >F  Significance
Squares Square
Model 552.25 5 110.45 63.26 <0.0001 Yes
A-PVA 87.78 1 87.78 50.27 0.0002 Yes
B-GO 364.65 1 364.65 208.84 <0.0001 Yes
AB 13.85 1 13.85 7.93 0.0259 Yes
Compressive Strength 5
due to Sulfate Attack A 0.31 1 0.31 0.18 0.6849 No
B2 69.63 1 69.63 39.88 0.0004 Yes
Residual 12.22 7 1.75
Lack of Fit 11.93 3 3.98 54.90 0.0010 Yes
Pure Error 0.29 4 0.072
Cor Total 564.47 12

Model 2.15 5 043 86.25 <0.0001 Yes
A-PVA 1.60 1 1.60 320.86 <0.0001 Yes
B-GO 0.28 1 0.28 56.43 0.0001 Yes
AB 0.000 1 0.000 0.000 1.0000 No
A? 0.19 1 0.19 37.50 0.0005 No
Water Absorption B2 0.010 1 0.010 2.01 0.1987 No

Residual 0.035 7 4992 x 1073
Lack of Fit  6.943 x 1073 3 2314 x 1073 0.33 0.8050 No

Pure Error 0.028 4 7.000 x 10~3

Cor Total 2.19 12

Any prototype or model factor with a frequency below 5% is deemed significant. In
this regard, all generated models are statistically crucial because their probability is lower
than 0.05. The various model terms A, B, AB, A2, and B? for the compressive strength
model have statistical significance. Consequently, the important model terms for the length
change, CS due to acid attack, pH test, RCPT, weight gain, CS due to sulfate attack and WA
models are A, B, AB, A%, and B?. A and B are therefore the most significant model terms for
the expansion, and weight loss models, respectively.

The determination coefficient is a significant performance indicator (R?). The R?
coefficient, which ranges from 0 to 1 or is expressed as a percentage, evaluates the model’s
fit with empirical data (0 to 100 percent). The higher the value, the better the fit, and
vice versa. Table 5 presents R?> and additional model evaluation variables. R? values
for CS, weight loss, length change, CS due to acid attack, pH test, RCPT, weight gain,
expansion, CS due to sulfate attack and WA were 97.69%, 84%, 97.89%, 97.76%, 99.62%,
99.30%, 97.84%, 89.16%, 97.83%, 98.40% for each model, respectively. In addition, “Adeq.
Precision” calculates the signal-to-noise ratio. A ratio larger than four is desired. According
to Table 5, the Adeq precision values for the CS, weight loss, length change, CS due to acid
attack, pH test, RCPT, weight gain, expansion, CS due to sulfate attack and WA are 24.90,
13.29, 27.80, 26, 70.20, 51.09, 26.51, 21, 25.89, 30.55, respectively. These findings suggest that
the models are competent and can be used to accurately anticipate reactions.

CS = +58.64 —3.68 x A —7.67 x B+1.82 x AB +0.19 x A% 4+ 5.04 x B? (5)
Weight Loss = +6.31 4+2.00 x A +0.17 x B (6)

Change in Length = +0.48 +0.10 x A —0.18 x B — 0.080 x AB — 0.044 x A2 +0.041 x B> (7)
CS due to Acid Attack = 45524 —4.28 x A —8.09 x B+ 1.69 x AB+ 0.47 x A>4+4.90 x B> (8)

pH = +10.25+0.38 x A —0.29 x B —0.010 x AB 4 0.10 x A®> —0.13 x B? 9)
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RCPT = +948.38 +212.67 x A —120.33 x B —32.50 x AB+37.17 x A2 +2.17 x B> (10)
Weight Gain = +0.91 +0.30 x A +0.033 x B+0.10 x AB — 0.11 x A2 — (5.17 x 10*3) x B2 (11)

Expansion = (+4.469 % 1073 + 7.833 x 10—4) X A— (1.383 X 10—3) xB  (12)
CS due to Sul fate Attack = +56.53 — 3.82 x A —7.80 x B+ 1.86 x AB +0.34 x A2 +5.02 x B> (13)

WA = +1.18 +0.52 x A — 0.22 x B+ 0.000 x AB + 0.26 x A% —0.060 x B> (14)

Table 5. Specification for Model Validation.

R . CS Due . CS Due
Model Validation o Weight - Change "4 pH  RCPT  'CBM  ppangion  toAdd WA
8 Attack Attack
Std. Dev. 134 068 0.029 140 0028 1919 0044 4295 x 10~ 132 0071
Mean 61.05 631 0.48 5772 1023 96654 0.86 4469 x 1073 5901 133
C.V. % 220 1076 6.14 243 0.27 198 5.18 9.61 224 531
PRESS 12600  7.82 0.058 13593 0051 1866017  0.14 3852x 106 12084 0.1
_2LogLikelihood 3649 2339 6279 3760  —6436 10565 5213 ~168.10 3609  —40.05
R-Squared 09769 08400 09789 09776 09962 09930 09784 0.8916 09783 09840
AdjRSquared 09603 08080 09638 09615 09934 09881  0.9629 0.8699 09629 09726
Pred R-Squared 07686 07281 07976 07778 09637 09495 07854 0.7735 07859 09494
Adeq Precision 24902 13296  27.802 26008 70207 51097 26519 21.004 25800  30.556
BIC 5188 3109 —47.40 5299 4897 121.04 3674 ~160.40 5148 2466
AlCc 6249 3206 3679 63.60 3836 13165  —26.13 15943 6209 1405

Here, A and B indicate the PVA fiber and GO while the CS, RCPT and WA represent
compressive strength, rapid chloride penetration test and water absorption respectively.

The “actual vs. predicted” plots, as shown in Figure 17a—j for the four variables (CS,
weight loss, length change, CS due to acid attack, pH test, RCPT, weight gain, expansion,
CS due to sulfate attack and water absorption), were used as effective model diagnostic
tools for assessing the quality and appropriateness of the generated response models (CS,
weight loss, length change, CS due to acid attack, pH test, RCPT, weight gain, expansion,
CS due to sulfate attack and WA). In every graph, the linearity of the datasets along the fit
line demonstrates the precision of the constructed models.

Using 2D contour plots and 3D response surface graphs, the influence of input pa-
rameter interactions on outputs was illustrated. Figures 18-27 depict the response surface
graphs for the CS, weight loss, length change, CS due to acid attack, pH test, RCPT, weight
gain, expansion, CS due to sulfate attack and WA models, respectively. For instance, given
two input parameters, such as in the present study, the interaction between the variables is
represented. In this instance, 2D contour plots and 3D response graphs for the PVA and GO
interface are displayed. The graphs’ color-coding indicates the size of the reaction as well
as the various values of the input elements under consideration. Figure 18a,b show the 2D
contour and 3D response graphs for CS, correspondingly. The graphs show that a high con-
centration of CS was detected at 0.05% of GO as a nanomaterial among all concentrations
of GO, and the strength value was greatly increased by utilizing up to 0.05 percent GO
in the ECC mixture. This is owing to the previously stated pore-filling and densification
impact of GO as a nanomaterial in an ECC combination. The remaining response surface
graphs for length change, weight loss, and water absorption show a similar pattern.
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Figure 17. Predicted versus actual plots for: (a) CS; (b) weight loss; (c) change in length; (d) CS

due to acid attack; (e) pH test; (f) RCPT; (g) weight gain; (h) expansion; (i) CS due to sulfate attack;
and (j) Water Absorption.
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Figure 18. Compressive strength for (a) 2D contour plot and (b) 3D response surface diagram.
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Figure 19. Weight loss for (a) 2D contour plot and (b) 3D response surface diagram.
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Figure 20. Change in length for (a) 2D contour plot; and (b) 3D response surface diagram.
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Figure 21. CS due to Acid Attack for (a) 2D contour plot and (b) 3D response surface diagram.
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Figure 22. pH Test for (a) 2D contour plot; and (b) 3D response surface diagram.
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Figure 23. RCPT for (a) 2D contour plot and (b) 3D response surface diagram.
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Figure 25. Expansion for (a) 2D contour plot; and (b) 3D response surface diagram.
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Figure 26. CS due to sulfate attack for (a) 2D contour plot and (b) 3D response surface diagram.
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Figure 27. Water absorption for (a) 2D contour plot; and (b) 3D response surface diagram.

Optimization was conducted to obtain the optimal values of the independent factors to
produce the best level of the desired outcome. This was conducted by setting objectives for
the characteristics (input parameters and output) with changing conditions and degrees of
relevance towards attaining the target function. The optimization was evaluated using the
desirability value (0 < dj < 1). The closer the value was to one, the better the result [107].

The objectives and criteria for this instance’s optimization are described in Table 6.
As stated in Table 6, the optimization aimed to maximize four responses and reduce one
output. However, the use of GO was restricted to a range of 0.05 to 0.08 percent, and the
usage of 1%, 1.5%, and 2% PVA fiber was restricted, hence the mechanism may determine
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the optimal amount to fulfil the stated goal. The findings of the optimization indicated that
the highest values of 77.03 MPa, 4.14%, 0.47%, 74.67 MPa, 10.11, 862.89 Coulombs, 0.56%,
0.0050%, 75.37 MPa and 1.20% could be reached for the CS, weight loss, length change,
CS due to acid attack, pH test, RCPT, weight gain, expansion, CS due to sulfate attack
and WA, respectively, by combining 0.5% GO and 1% PVA fiber in the ECC mixture. The
criteria for desirability are determined by the degree of similarity between the suggested
solution and the actual outcome. It is advised to have a desirability closer to one for
optimal outcomes. The desirability value of 0.782 indicated that response optimization
was achievable. Figures 28 and 29 depict the optimum outcome and the 3D diagram for
desirability, correspondingly.

Table 6. Optimization goals and results.

Input Factors

Responses (Output Factors)

Sulfate Attack Acid Attack
Factors GO PVA cs WA RCPT Wt. E . cs Wt. Change
(%) (%) (MPa) (%) (Coulombs)  Gain xpansion Loss inLength  CS pH
? (%) (MPa) o o
(%) (%) (%)
X Min. 0.05 1 53.1 0.80 695 0.40 0.0023 50.86 4 0.28 4858 955
Value
Max. 0.08 2 78.6 2.20 1365 1.20 0.0065 76.87 9 0.83 7624 1091
Goal Range Range Max. Min. Min. Min. Max. Max Min. Min. Max. Min.
Optimization 0.05 1 7703 120 862.89 0.56 0.0050 75.37 414 047 7467 1011
Results
Desirability 78.2% (0.782)
1 2 0.05 0.08
APVA=1 B:GO=0.05
53.1 78.6 T\;ﬁ
CS=77.0378 Weight Loss = 4.14102
\ I .
0.28 083

) o CS due Acid Attack = 74.672
Change in Length = 0.473793

RCPT = 2862.891
pH = 10.1191

_|\ o023 00085

0.4 1.2
Expansion = 0.00506922

_\\

08 22

Weight Gain = 0.584942

50.8698 76.8708

WA =1.20245
CS due Sulfate Attack = 75.3737

Desirability = 0.782

Figure 28. Optimization solution ramp.
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Figure 29. 3D diagram for the desirability of the optimization.

6. Conclusions

The purpose of this research was to determine the effect of GO as a nanoparticle on the

compressive strength as well as the durability of ECC mixes accumulating with 1-2% PVA
by volume fraction of ECC. After the research, the following conclusions were obtained:

The optimum slump flow is recorded as 792 mm at control mixture while the minimum
slump flow was 645 mm at 0.08% of GO along with 25 of the PVA fiber in the ECC.
The slump flow of fresh ECC mixture was reduced as the concentration of the GO as a
nanoscale particle increased;

The optimum compressive strength of the ECC accumulation with 1% of PVA fiber
was shown to be 0.05% of GO while the minimum strength of the ECC accumulation
with 1% of PVA as fiber was recorded as 0.08% of GO as a nanoparticle in ECC. This
indicates that the addition of 0.05% GO by the weight of PC in the ECC provides the
best strength, and with additional accumulations of GO in ECC, the strength starts to
reduce in every curing period;

The weight loss and change in length of ECC were shown to decrease when the
concentration of GO as a nanoscale particle increased for 28 days. The finding showed
that the accumulation of more GO in ECC resulted in more durable ECC. By assessing
mixtures with the same 1% PVA concentration but differing GO levels, the higher GO
level generated superior weight loss outcomes. The GO in the mixture also helped
to improve the ECC’s durability whenever exposed to extreme conditions such as
acidic environments;

The maximum pH value was recorded as 11.86 in the control mixture, while the
minimum pH value was noted as 9.55 at 0.08% of GO as a nanoscale particle, along
with 1% of PVA fiber in ECC. The use of PVA fibers in the production of ECC increased
the pH value, but the all-pH values were lower than that of the control mixture. When
the quantity of GO increased, the pH value decreased;
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e  The weight gain and expansion of ECC due to sulfate attack was reduced when the
concentration of GO as a nanomaterial increased in the ECC. The resistance impact
response to a sulfate attack is attributable to the pozzolanic properties and filling
influence of GO as nanoparticles, which occupy the pore spaces and further prevent
sulfate ion infiltration. Their depleting efficiency may be due to the aggregation of
nanomaterials at high concentrations;

e  The water absorption of the ECC mixture was reduced when the concentration of GO
as nanomaterials increased in the ECC mixture, after 28 days. This reduction in water
absorption is due to the fineness of GO particles which seals the micropores left by
other components of the ECC mixture;

e  The optimum RCPT was observed to be 1650 Coulombs for the control mixture while
the minimum RCPT was shown to be 695 Coulombs at 0.08% of GO along with 1% of
PVA fiber in ECC for 28 days. Higher resistance against chloride ion penetration
was achieved with the use of GO as nanoparticles. The chloride permeability values
reduced with the addition of GO as nanoparticles. All mixes were classified as being
in the very low chloride-permeability range except for the control mixture, M1, M7,
M2 and M13, which were classified in the low permeability group;

e  RSM models were designed to predict the compressive strength, water absorption,
acid resistance, and sulfate resistance at 28 days, depending on the proportions of the
PVA fibers and GO as nanomaterials in the production of ECC. Each model adjusted
R-squared to the predicted R-squared difference was less than 0.2, and had at least a
95% confidence level.

7. Limitations
The following difficulties have been pointed out based on the experimental investigations:

e  Developing a suitable mixing strategy for efficient GO dispersion in large-scale field
applications might result in high GO sheet doses and unsatisfactory performance;

o  The usage of GO as a nanoscale particle in the construction industry is problematic
due to its significantly higher cost when compared to conventional concrete.

8. Future Recommendations:

It is necessary to do more research in the following suggested areas in order to com-
pletely develop the GO-ECC.

e  The characteristics of the mixtures developed for this research were evaluated after
28 days of curing. Therefore, it is important to research how GO affects the long-
term durability behavior and time-dependent deformations such as fatigue and creep
behavior of ECC;

e [t is important to look at how GO affects concrete and the steel reinforced ECC’s
structural performance;

e Additionally, it is possible to conduct research on the chemical connections and be-
havior of GO mixed with other additives, including millet husk ash, wheat straw ash,
silica fume, and other nanoparticles;

e  The utilization of 0.05% GO as a nanoparticle in an ECC mixture reinforced with 1%
of PVA fiber by volume fraction has the potential to reduce the difficulties associated
with the large-scale application of ECC as well as the harmful impacts of sulfate
attacks and acid attacks. Therefore, it is recommended for practical applications in the
construction industry.
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Abbreviations
ECC Engineered Cementitious Composites
GO Graphene Oxide
RSM Response Surface Methodology
CCD Central composite design
PVA Fiber Polyvinyl Alcohol fiber
HPFRCC of high-performance fiber-reinforced cementitious composite
MPa Mega Pascal
PC Portland cement
FG functional groups
FA Fly Ash
XRF X-ray fluorescence spectroscopy
SP Superplasticizer
RCPT rapid chloride permeability test
H,S0, sulfuric acid
NaySOy sodium sulphate
NaCl sodium chloride
NaOH sodium hydroxide
DC Direct Current
MK Metakaolin
C-S-H calcium-silicate-hydrates
ASTM American Society for Testing and Materials
BS British Standard
DOE Design of Experiment
FCCD face-cantered central composite design
CS Compressive Strength
ANOVA Analysis of variance
WA Water Absorption
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