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a b s t r a c t

A crucial aspect of the design approach for bar-reinforced concrete buildings is the proper

transfer of loads between the concrete and steel reinforcement via bonding. Bar pull-out

tests were done to see how graphene oxide (GO) affected the bond strength, bond en-

ergy, and bond stresseslip response of deformed reinforcing bars implanted in engineered

cementitious composites (ECC). This was done to improve the bond strength of steel/

concrete composites. This article examines the bonding behaviour of steel reinforcing bars

in a mixture of GO-modified ECC. The findings of pull-out assessments conducted on two

distinct diameters (12 and 16 mm) of reinforcement steel bar inserted in ECC are initially

provided. The investigation's findings are then utilised to determine the bond-slip in-

teractions that describes the relations between the ECC mixtures and steel reinforcement

bars. According to the experiment results, the introduction of GO as a nano-reinforcement

in the ECC mixture had a considerable positive effect on the bar-matrix interactions owing

to its bridging function. After 28 days, the bond strength of steel bars with widths of 12 and

16 mm was increased by 54.80% and 26.70%, respectively, when 0.05 wt% of GO was added

to 1% of PVA fibre. The response surface methodology (RSM) is employed for developing

predictive algorithms, which are then utilised in performing multi-variate optimization on

bond-slip parameters, including bond strength, bond slip and bond energy. The acquired

actual and predicted findings suggest that the created models are adequate for interpreting

the bond performance of reinforcement steel bars in the GO-ECC.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
(N. Bheel).
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1. Introduction

In the past couple of decades, scientists have intensified their

efforts to produce high-performance fibre-reinforced cementi-

tious composites (HPFRCC) as a result of their desire to enhance

structural performance. The various kinds of fibres, binders,

aggregates, additives, and chemical additives have been utilised

to generate a variety of HPFRCC products [1,2]. Engineered

cementitious composites (ECC) is the form of HPFRCC product

and it is created using micromechanics concepts. By modifying

the behaviour of the fibre, cementitious mixtures, and fibre-

mixtures interconnect, ECC may create strain-hardening and

multiple fracturing properties underneath uniaxial stress.

Typically, theECCutilises2%or lessoffibrebyvolumefraction to

achieve these characteristics. Prior to the appearance of soft-

ening [1,3,4], the multiple cracking qualities produced

commence a pseudo-strain hardening characteristics that may

obtain strains between 3 and 8%, which is about 300 and 800

times that of conventional concrete. The compressive strength

ranges from 35 to 100 MPa, whereas the usual tensile strength

ranges from 2 to 7MPa [1,3e5]. Due to their superiormechanical

qualities, ECC composites have been researched for a variety of

structural design, restoration, and retrofit purposes [6e8] in an

effort to reduce deterioration, improve elastic properties, and

enhance performance beneath extreme loading situations. The

enhanced mechanical characteristics of ECC components may

result in increased load and shear capacity, impact resistance,

fracture toughness, and energy absorption [8,9]. This will

improve the safety, durability, efficiency of development, and

long-termgrowthof infrastructure facilities. Similarly, slabsand

beams built using ECC materials exhibit enhanced flexural

toughness, superiorductility, andenergyabsorption [3,5,10].The

increased characteristics of ECCmaterials may reduce the rein-

forcing demands of structural components for both flexure and

shear [11,12].However, somedegreeof reinforcement isrequired

to achieve sufficient strength. The propagation of bond stresses

in ECC results in the combined interaction between the rein-

forcement steel and ECC. The bond quality of reinforcement

structures has an impact on designing the structural elements,

particularly in the context of development dimension,

anchorage, and splice requirements [13]. In the same way, the

ability of a fibremixbond to transmit stress throughout the fibre

content-matrix stages also governs the utilisation of dis-

integrating fibres to enhance the toughened assets ofmixes [14].

In contrast to Portland cement (PC) and high-volume fly ash, a

varietyof ingredientshavebeenusedtogenerateECCmixes.The

substitutions for cement components like metakaolin, ground

granulatedblast furnace (GGBFS), silica fume,flyash,millethusk

ash,wheat strawash, nanosilica (NS), andnano-TiO2havebeen

used for partial or whole substitution [4,15,16]. The majority of

the alternative materials have been included to either reduce

manufacturing costs or enhance the performance of ECC com-

ponents in construction. There has been minimal study on

strengthening the steel matrix bond in nanomaterial-modified

ECCs, particularly graphene oxide (GO)-modified ECCs, despite

the fact that several usesof ECCsubstanceshavebeenproposed.

GO is regarded as among the most beneficial graphene

derivatives for cementitious mixtures due to its durable

attachment with a variety of oxygen-functional groups [17].
Due to the presence of reactive hydroxyl groups in GO, com-

posites diffuse efficiently [18]. It workswell as an activator, but

it is brittle and expensive to use graphene in cement products.

Previous studies [19] showed that the bending/compressive

forces of mixtures blended with GO were much higher than

those of controlmixture. This is due to the recognition that GO

boosts the ECC's toughness through a beneficial activation

procedure, restricting the initiation and spread of crack for-

mation, improving transport properties, and raising the

sensitivity of the freezing and tanning processes [18]. In

addition, the total porosity of cementitious composites

incorporating 1% GO decreased from 25.21% to 10.61% [20].

The goal of GO is to help improve the final product's concen-

tration of calcium silica hydrate (CeSeH), decrease the

porousness of the microstructure, and stabilise the composite

components [21]. As compared to ordinary fibres, the addition

of GO improves nanoscale productivity owing to the enhanced

specific surface area and more availability of functional

groups [22]. As a consequence, it delivers nanoscale perfor-

mance that is notably better than that of its competitors. The

addition of GO enhances the reactivity of PC hydration prod-

ucts and stimulates the building of covalent bonds [23].

Consequently, it improves the structural interface and pro-

ductivity of PC-based mixtures [18].

GO is utilised to growth the hydration of cement, resulting

in more stable and durable concrete [24]. The oxygenation

functions of GO contribute to it being a highly soluble

cementitious matrix-reinforcing component in contrast to

numerous carbon-based nanomaterials, which agglomerate

rapidly in cementitious matrix [25]. Prior studies indicate that

the introduction of GO accelerates the PC hydration in matrix.

This may be attributable to the oxygenation functional groups

affixed to GO nanosheets' shape, which renders them readily

available to PC components, thereby improving the cement-

water relationship by serving as nuclei for cement stages

[26]. GO, like graphite nanoparticles, seems to be a promising

nanoparticle for enhancing the characteristics of cement-

based composites [23].

The design of experiment method known as the response

surfacemethodology (RSM) procedure is used to investigate the

impact and interactions between various components of the

variable associated with the response. The main objective is to

streamline the testing process and improve the findings, much

like the traditional Taguchi method. The RSM technique, ac-

cording to Bradley et al. [27], involves evaluating the response

surface shape as well as the closest maximum (þ1), minimum

(�1) and ridges approach in order to pinpoint the ideal response

spot. To create a response surface that defines the optimal

values for the response factor, the RSM approach assesses the

combined effect of the first order, second order, and combina-

tion effects amongst the elements. The RSMmethod, like other

experimental design approaches, uses a mathematical method

to resolve an issue, lowering the quantity of laboratory experi-

ments as well as the cost and length of the study. In order to

increase the model's accuracy and reliability, it also assesses

how each element interacts with the others. Nonetheless, the

quadratic order to which the empirical findings correlate may

not accurately representall curvedstructures [28].RSMprovides

acomprehensiveanalysis tool forfindingsanddiscoveries,but it

isunabletogovernhowdata iscollected.Thereareotherwaysto
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gather data besidesusing theorthogonal Array, like theTaguchi

technique.Anumber ofapproaches areused, including theBox-

Behnken design (BBD), the central composite design (CCD), and

three levels (3 k) of complete designs with factorial elements.

Poor information gathering and performance outcomes result

from the need formore tests as the variety of levels rises [29]. As

a result, in comparison to RSM, its applicability is rather

restricted. Numerous studies [30] have looked at the effective-

ness of the latter three techniques. The past 10 years have seen

an increase in the use of optimal experimental designs

compared to conventional methods. This is because they are

more flexible and able to handle awider range of problems than

conventional designs [26]. RSM, which includes research de-

signs, combination proportioning, building numerical models,

and combination optimization, was performed using design

expert software. In this study, GO and polyvinyl alcohol (PVA)

fibreareusedas independent variables inorder toexamine their

effects on the bonding behaviors of ECC.

In this study work, the bonding ability of steel reinforcing

embedded inGO-ECC isstudied. Pull-out samplesare frequently

utilised for evaluating the features of a bond because they are

easy to make and easy to evaluate [23,24]. However, because of

the stress fields, specimens subjected to pull-out tests are the

least representative and hence do not accurately model a bond

situation in actual structure [25]. Still, a number of the problems

with thepull-outexaminationcouldbefixedbymakingchanges

to theequipmentused to test thesamples.This isdonetoreduce

the influence of the compressive stress on the steel rod surface

throughout the compression test [23]. In spite of their short-

comings, pull-out tests provide a simple and inexpensive

method for comparing bond behaviour with regard to concrete

forms, cover, rebar dimensions [23], types of fibres, and fibre

volume [26]. Pull-out testingwas utilised to analyse the pull-out

loads, failure mechanisms, and bonding stress of GO-ECC

samples. The examinations were carried out for the reasons

listedbelow: (i) to examine the influence ofGO inECC ingredient

on bonding stress of reinforcement steel rod, (ii) tomeasure the

impact of reinforcement diameter and cover on the reinforcing

steel rod, and (iii) to assess the composite contributions of

various fibre volumes and GO quantity in ECC materials. In

addition, a RSM mathematical model is provided, and multi-

objective optimization solution characteristics are established

and experimentally confirmed.
2. Research significance

The application of GO in ECC for assessing bond strength,

bond energy, and bond slip is of great scientific significance

due to its potential to revolutionise the area of building
Table 1 e XRF of PC and FA.

Materials Compound (%)

SiO2 Al2O3 Fe2O3 MnO CaO MgO

FA 57.01 20.96 4.15 0.033 9.79 1.75

Cement 20.76 5.54 3.35 e 61.4 2.48
materials. The extraordinary mechanical and chemical char-

acteristics of GO, a two-dimensional (2D) nanomaterial

generated from graphene, might improve the performance of

cementitious composites. To begin, examining the bond

strength between GO and cementitious matrices can provide

useful information regarding the material's capacity to

enhance ECC adhesion qualities. Conventional cementitious

composites often have poor interfacial bonding, resulting in

decreased durability and structural integrity. Experts may

examine the augmentation in bond strength, which can lead

to enhanced load transmission, fracture resistance, and

overall mechanical strength of ECC structures, by introducing

graphene oxide.

Secondly, evaluating the bond energy in GO-modified ECC

(GO-ECC) can provide useful information regarding the energy

required to break the interfacial bonds between the nano-

material and the cementitious matrix. Understanding the

bond energy is crucial for predicting the composite material's
performance under various loading conditions and identifying

potential failure mechanisms. In addition, it can help opti-

mize the concentration and distribution of GO to accomplish

the desired bond energy, harmonising the strength and

ductility of the material. Finally, Examining the bond slip

characteristics of GO-ECC can reveal its ability to endure

deformation and prevent slippage between reinforcing fibres

and the cementitiousmatrix. Thismakes it ideal for increased

structural performance, including seismic-resistant con-

structions, by identifying the material's ability to avoid

debonding and improve fracture resistance.

The importance of this study is seen in the possible ad-

vantages that GO-ECC may provide for the building sector.

ECC structures may display better mechanical qualities,

higher durability, and improved resistance to environmental

degradation by enhancing the bond strength, bond energy,

and bond slip characteristics. As a result, less maintenance

and repair work may be required as infrastructure becomes

more durable and sustainable. Furthermore, by compre-

hending the basic principles behind the bond strength, bind-

ing energy, and bond slip in GO-ECC, it will be possible to

improve the composition of the material, its production

methods, and its application strategies. This information may

be used to direct the design and engineering of sophisticated

cementitious composites, facilitating the creation of cutting-

edge building materials with higher performance and a vari-

ety of uses. In conclusion, research into the usage of GO in ECC

for figuring out bonds' strengths, energies, and slips is

important since it might progress the development of con-

struction materials. The results of this study have the poten-

tial to solve the problems facing the construction industry and

advance materials science and engineering by enabling the
Specific
Gravity

Blaine
fineness
(cm2/g)

Loss on
ignitionNa2O K2O T2O

2.23 1.53 0.68 2.38 2900 1.25

0.19 0.78 e 3.15 3250 2.20



Table 2 e Properties of polyvinyl alcohol fibre.

Type Grade Length Diameter Aspect
Ratio (l/d)

Tensile
Strength

Modulus of
Elasticity

Specific
Gravity

PVA REC S-15 12 mm 40 mm 462 1600 MPa 41 GPa 1.3
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creation of infrastructure that is more robust, long-lasting,

and sustainable.
3. Experimental program

3.1. Materials

In this research, PC is used as a binding agent, which is in line

with ASTM C150 [31]. Though, Class F fly ash (FA) that satisfies

ASTM C618 [32] requirements is applied in this investigational

determination, Table 1 lists the X-ray fluorescence (XRF) and

physical characteristics of PC and FA. However, GO is

employed in varying amounts as a nanomaterial in the ECC

combination. The sand is used as fine aggregates that pass

through a No. 4 screen. In addition, the PVA fibre created by

Kuraray Japan is used as a fibre in this experimental effort.

The fibre surfacewas treated using 1.2% oil byweight to adjust

the fibre content/matrix interaction characteristics. Table 2

lists the qualities of the fibre. The superplasticizer is applied

as chemical admixture in the ECC and it is utilised in various

amounts within the ECC combination. In addition, the potable

water is used for the purpose of mixing and curing this sci-

entific investigation.

3.2. Mixture proportions of ECC

To achieve the objective of this research, the RSMmethodwas

used, and the two independent variables (input factors) tested

were GO and PVA at three levels: 0.05, 0.065, and 0.08% of GO

by cementweight and 1%, 1.5%, and 2% of PVA fibre by volume

fraction, correspondingly. However, the FA-to-cement ratio,

water-to-binder ratio, and sand-to-binder ratio for all ECC

mixes were 1.20, 0.30, and 0.36, respectively; obviously, it
Table 3 e Mix proportion of GO-ECC generated by RSM.

Mix ID Ingredients (%)

GO PVA PC

M0 0.00 2 583

M1 0.05 1.5 583

M2 0.065 2 583

M3 0.065 1.5 583

M4 0.08 1.5 583

M5 0.065 1.5 583

M6 0.065 1 583

M7 0.05 2 583

M8 0.065 1.5 583

M9 0.05 1 583

M10 0.065 1.5 583

M11 0.08 1 583

M12 0.065 1.5 583

M13 0.08 2 583
depends on the proportions for the most extensively utilised

ECC in the majority of research (ECC-M45) [33,34] and a plas-

ticizer of 1% by weight of PC was used in this experiment. In

addition, the thirteen experimental runs were produced using

the RSM CCD approach. As shown in Table 3, the mixes

included several combinations and concentrations of the

input variables, as well as five random repeats of each

parameter. The goal of the duplicate mixes was to verify the

experiment's validity and safeguard against any variances. In

addition, the RSM evaluates the effect of input element re-

lationships on answers. As reactions developed, bond

strength, bond energy, and bond slip were explored.

3.3. Testing procedure for pull-out test setup

The cubical samples (50 mm � 50 mm x 50 mm) were cast and

tested for compressive strength by obeying the BS EN 12390-3

[35] standards as shown in Fig. 1 (a). Similar to this, the Japa-

nese Society of Civil Engineers (JSCE) protocol was followed to

test the tensile strength of dog-bone-shaped specimens

(420 mm � 120 mm x 30 mm) made with GO-ECC combined

with various concentrations of PVA fibre as shown in Fig. 1 (b)

[36]. However, Pull-out testing was done using cylindrical

samples (200 mm � 100 mm) and concentrically positioned

steel bars as shown in Fig. 1 (c). The investigational program

examined the impact of various factors on the bonding be-

tween GO-ECC mixes and implanted steel bar reinforcement.

Throughout the fabrication of the samples, attentionwas paid

to guarantee that the quantity of deformations (ribs) is the

similar for each diameter and length of implanted reinforce-

ment. With a tolerance of 0.5 ribs, the total quantity of de-

formations (ribs) introduced into every sample depending on

the dimension of a reinforcement was kept the same [37]. As

seen in Fig. 1(c), samples made of GO-ECC for pull-out testing
Number of Constituents used in ECC (kg/m3)

Fly Ash Sand Water

700 467 385

700 467 385

700 467 385

700 467 385

700 467 385

700 467 385

700 467 385

700 467 385

700 467 385

700 467 385

700 467 385

700 467 385

700 467 385

700 467 385



Fig. 1 e Experimental testing setups for (a) Compressive strength, (b) Tensile strength and (c) Pull out Testing.
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were constructed in cylindrical moulds with reinforcing bars

(d ¼ 12 and 16 mm) placed in the centre of the mould. The

bonding length at the mid-embedded length was established

at 9 times the bar diameter for each diameter size of rein-

forcing bar (9 d). This was done to achieve a consistent

spreading of bonding stress and to prevent steel bars from

yielding under the maximum pull-out force [38,39]. The

debonding length for every reinforcement rod was isolated at

both edges of the implantation length by applying a flexible
plastic hose with a dimension similar to dimension of steel

rod. A silicone type of sealant was used to prevent substantial

ECC from entering the debonded length at each end of the

hose covered. In order to implement monotonic direct tensile

forces, the specimens shown in Fig. 1(c) were fastened to a

1000-kN-capacity electro hydraulically controlled testing

actuator. The actuator was equipped with a load cell to

monitor the load that was placed by means of an internal

amplification system attached to the controller. The
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information was obtained from coupled information gath-

ering system and controller input network. The assessment

was carried out with controlled displacement. An actuator

with a built-in linear variable differential transducer (LVDT)

and an outer linear potential differential transducer (LPDT)

were used to measure the displacement at the loaded end on

UTM. On the other hand, a separate external LPDTwas used to

measure the displacement at the unloaded end. To allow

sufficient time to catch variations throughout the test, the

displacement frequency was kept at 0.010 mm per second.

The bond slip is the relative difference between a steel rein-

forcement rod and an ECC cylinder sample. Bond slip is a

difference between LVDT assessments and the steel rein-

forcement rod's elongation on the outside of the ECC sample.

Therefore, the greatest recorded slip, which causes a signifi-

cant pull-out force, accurately reflects the highest local

bonding slip at midway point of the implanted length of the

steel rod [38]. Because the bond length is very small in com-

parison to the specimen size and is located in the centre of the

embedded length of the steel rod, it is appropriate to assume

that the stress distribution remains constant throughout the

investigated bond length [38]. The goal of the assessment was

to evaluate the distribution of bonding stress and the associ-

ated bond slip displacement during testing time. Bonding

strength is defined by the maximum bonding stress in the

bonding stress-slip curve, whereas bond energy is estimated

as the area underneath the bond stress-slip curve [38].
4. Results and discussions

4.1. Compressive strength of GO-ECC

Fig. 2 indicates the outcome of compressive strength were

performed ECC samples introducing the several content of GO
Fig. 2 e Compressive streng
as nanoparticle along with various percentages of PVA fibre

after 28 days. The maximum compressive strength was

observed by 78.60 MPa at 0.05% of GO as nanoparticle along

with 1% of PVA fibre while the minimum strength was

calculated by 58.40 MPa at 0.08% of GO as nanomaterial rein-

forced with 1% of PVA fibre at 28 days respectively. Similarly,

the highest outcome of compressive strength was recorded at

0.05% GO and minimum strength was noted at 0.08% of GO

accumulation with 1.5% and 2% of PVA fibre in ECC at 28 days

consistently. Finding has been indicated that the usage of

0.05% GO as nanoparticles provides optimum outcome as

compared to other all mixtures of ECC and further inclusion of

GO in ECC, the strength gets reduce. This enhancement in the

compressive strength is ascribed to the GO as nanoparticle

which seals the voids of ECC [40,41]. Moreover, it is attribut-

able to the accumulation of nanoparticle sizes of GO that

occupy the voids left by the remaining ECC ingredients [40,41].

In addition, the intense interface interaction between GO and

mortar in a matrix, requiring physical linking and chemical

interaction, influences the mechanical characteristics of

reinforced composites. GO's convex edges improve its me-

chanical interaction with the cementitious binder. The

development of covalent connections is a consequence of

chemical reactions between oxygen functional groups and

products of hydration [42]. According to research by Yang et al.

[43] and Lu et al. [44], GO serves as an establishment site for

the cement hydration. The presence of functional groups

found on GO basal surfaces might significantly increase the

interfacial binding between them and Ca2þ ions derived from

CeSeH, according tomolecularmechanics studies. Because of

the stronger link between the GO and PC matrix, stress may

travel from one area to another more easily, enhancing the

compressive strength [45]. The incorporation of greater than

0.05% GO nanomaterial in the ECC mixture reduces its

compressive strength after each curing time. The decline is a
th of GO-ECC mixture.
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result of a higher percentage of GO agglomerates, which

weakens the interfacial connection between GO particles and

cement hydration [46]. In contrast, this decrease in strength is

attributed to the detrimental effect of greater quantities of GO,

which causes dispersion problems of GO in the mixture of

cement, thereby delaying the suitable use of GO to improve

the mechanical properties of the cement matrix [47]. Several

investigations have determined that thoroughly mixed GO

nanomaterials aremuch less effective thanwell-dispersed GO

sheets in enhancing the mechanical characteristics of the

mortar matrix due to their more substantial surface area uti-

lisation in accelerating the process of hydrating through

nucleic action [48]. Moreover, the decrease in compressive

strength of the ECC combination is caused by the addition of

additional PVA fibre reinforcement, which results in a stiffer

mixture with more spaces, both of which reduce compressive

strength. On the other hand, the weak spots in the combina-

tion where there is an inadequate quantity of cement paste

are caused by the clumping effect of fibre, which causes the

strength to decrease with higher fibre concentration. These

results are comparable to those stated by Wang et al. [26] and

Kang et al. [49].

4.2. Direct tensile strength of GO-ECC

Fig. 3 depicts the tensile strength at 28 days of an ECC com-

bination including varying concentrations of GO as nano-

particles and 1%, 1.5%, and 2% PVA fibre. At 28 days, the

maximum tensile strength is 5.80 MPa at 0.05% GO, whereas

the lowest tensile strength is 4.60 MPa at 0.08% GO particles in

ECC combined with 1% PVA fiber. In a similar way, after 28

days, the highest tensile strength of ECC containing 1.5% PVA

fiber is 5.60 MPa at 0.05% GO, and the smallest tensile strength

of ECC added with 1.5% PVA fiber is 4.20 MPa at 0.08% GO
Fig. 3 e Direct tensile stren
particle. It has been determined that the tensile strength of

ECC containing 1.5% PVA fiber and different concentrations of

GO is higher at 1% PVA and multiple concentrations of GO.

Furthermore, the greatest tensile strength is projected to be

5.50 MPa at 0.05% GO, whereas the smallest amount of tensile

strength is reached at 4.0 MPa at 0.08% GO particle in ECC

mixed with 2% PVA fiber on 28 days. According to the study's
findings, the tensile strength decreases as the quantity of PVA

fibre in the ECC increases. This decrease in tensile strength is

caused by increased air spaces and porosity as a consequence

of inadequate compaction of a large amount of PVAfibre in the

ECC. Moreover, the tensile strength is seen to be greatest at

0.05% GO particle in the ECC, with additional incorporation of

GO in the ECC causing the tensile strength to drop. The fine-

ness of nanoscale particles of GO in comparison to the

remaining ingredients in ECC replaces the voids left by the

remaining elements of the ECC up to 0.05%, resulting in an

increase in the ECC inter-transition zone [41,43,50e54]. On the

Other hand, the improvement in strength is associated to the

bridging effect of GO particle to certain limit in ECC [53,55e59].

The incorporation of 0.05% GO into the ECC reduces the

strength owing to GO agglomerate; it is difficult to attain ho-

mogeneous dispersion of GOwithin the cementmatrix, which

may be caused by GO sliding over one another [53,54].

4.3. Pull out loads of GO-ECC

The findings of pull-out tests conducted on 12-mmand 16-mm

reinforcement bars made of steel imbedded in a cylindrical

sample after 28 days of curing are depicted in Figs. 4 and 5,

respectively. A comprehensive investigation of pull-out

experiment outcomes reveals that the pull-out load in ECC

samples integratedwithGOdeveloped during the study period

augmented as the quantity of GO components, PVA filaments,
gth of GO-ECC Mixture.



Fig. 4 e Pull out load of GO-ECC of 12 mm diameter steel bar.
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and steel bar diameter increased. After 28 days, it showed that

the incorporation of 0.05%GOand1%, 1.5%, and2%of PVAfibre

in 12 mm diameter of steel reinforcement rod increased pull-

out force by approximately 54.80%, 24.50%, and 14.16% in

comparison with the control ECC compositions respectively.

However, the minimum pull-out load of ECC accumulation

with 1.5% and 2% of PVA fibrewas recorded by 20% and 26.77%

at 0.08%of GOparticles of 12mmreinforcement steel bar for 28

days correspondingly. Similarly, after 28 days, the
Fig. 5 e Pull out load of GO-ECC o
combination containing 1%, 1.5%, and 2% PVAfibres and 0.05%

GO particles increased pull-out loads in 16-mm diameter

reinforcement steel rods by 26.70%, 11.86%, and 9.95% when

compared to the control mix. Moreover, the pull-out load of

ECC accumulation with 1.5% and 2% of PVA fibre was recorded

by 10.70% and 19.36% at 0.08% of GO particles which is lower

than that of control mixture of 12 mm reinforcement steel bar

for 28 days correspondingly. These findingsdemonstrated that

the pull-out load of GO-ECC steel reinforcement bonds
f 16 mm diameter steel bar.
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increased for diameters of 12mm and 16mmwhen compared

to other GO-ECC mixes mixed with 1.5% and 2% PVA fibre. In-

vestigations in scientific literature have demonstrated that

integrating GO and PVA fibres tends to strengthen the bonding

between PC mixture and reinforcement steel rod, which is

consistent with the findings of our research. In a comparable

work, Lee et al. [39] used PVA fibre to create an ECCmix that, in

comparison to regular concrete, had a greater binding tension

between the steel reinforcement and the ECC matrix. The

strain-hardening tendency brought on by the connection be-

tween the fibre and matrix led to greater bond stress. Accord-

ing to research by Noushini et al. [60], adding 0.25% PVA fibres

to PVA fibre reinforced concrete boosted its 28-day compres-

sive strength by 11.6% and 7.5%, correspondingly. The inter-

play of the fibre-matrix and the PVA fibres' capacity to bridge

cracks is what leads to the increase in compressive strength.

The addition of nanomaterials to PVA fibremixtures increases

packing density throughout the interfacial transition zone

(ITZ) and PC mixture [61,62]. The packing density and tough-

ness of the ITZ connecting PVA fibre as well as PC mix affect

interfacial resistance [62,63]. According to published research,

nanoparticles enhance ITZ characteristics, which correspond

to an increase in bond strength rather than a chemical bond

[64,65]. As depicted in Figs. 4 and 5, an increase in bond

strength enhances the composite's pull-out load and bonding

stress. In the same way, Table 4 displayed the bond energy

which increases with the enhancement of ITZ between the

reinforcement steel rod andPCmixture and PVAfilaments and

PC mixture [62]. This may be attributed to the higher bonding

strength at the ITZs of reinforcement steel rod and PVA fila-

ments as a result of a stronger composite [62]. Moreover, this

reduction in pull-out force of the ECC combination is caused by

theaccumulationof additional PVAfibre reinforcement,which

results in a stiffer mixture with more spaces, which cause

reduction in pull-out force. In addition, the weak spots in the

combination where there is an inadequate quantity of cement

paste are caused by the clumping effect of fibre, which causes

the pull-out load/bond strength to decrease with higher fibre

concentration.
Table 4 e Outcomes of pull-out test.

Mix ID Steel reinforcement Bar 12 mm diameter

Optimum pull
out load
(KN)

Bond
strength
(MPa)

Bond
energy
(N-mm)

Bond
slip
(mm

M1 126.66 31.12 495.767 2.35

M2 94.84 23.30 290.697 2.75

M3 97.43 23.94 345.929 2.58

M4 81.30 19.98 337.233 2.86

M5 97.43 23.94 345.929 2.58

M6 141.09 34.67 503.157 1.52

M7 116.14 28.54 324.402 2.48

M8 98 24.08 346.24 2.59

M9 157.50 38.70 722.631 1.22

M10 98.4 24.18 345.929 2.59

M11 126.76 31.15 460.47 2.02

M12 97.8 24.03 345.98 2.57

M13 74.505 18.30 207.081 2.95
4.4. Influence of steel bar on the maximum pull-out
loads

After analysing the pull-out assessment findings given in Figs.

4 and 5 and Table 4, it became clear that a greater force was

required as the diameter of the deformed steel reinforcement

bars rose to remove them from the composite material. For

mix 9 in Table 4, it is found that the ultimate pull-out force

was noted by 157.5 KN when the diameter of the deformed

reinforced steel bar is 12 mm and by 183.30 KN when it is

increased from 12 to 16-mm. Improvements are seen for

various mixes as the diameter grows. The rise in pull-out load

with increasing rod diameter is a result of the dimensional

characteristics of the steel bar segments growing with

increasing bar diameter [65].

4.5. Bond strength of GO-ECC

Figs. 6 and 7 show the bond strength measured using pull-

out tests of reinforcement bars made of steel with di-

ameters of 12-mm and 16-mm at 28 days for all mixes of

ECC combined with varying amounts of GO as nanoparticles

and 1%e2% PVA fibres. The optimum bond strength of ECC

blended with 1% of PVA fibre is recorded by 38.70 MPa at

0.05% of GO particle of 12 mm diameter of reinforcement

steel bar while the minimum bond strength of ECC accu-

mulation with 1% of PVA fibre is estimated by 31.14 MPa at

0.08% of GO particle of 12 mm diameter of steel bar after 28

days respectively. Similarly, the highest bond strength

pattern of ECC inclusion with 1.5% and 2% was found by

31.12 MPa and 28.54 MPa at 0.05% of GO while the minimum

bond strength pattern of ECC inclusion with 1.5% and 2%

was noted by 19.98 MPa and 18.30 MPa at 0.08% of GO par-

ticle of 12 mm diameter of reinforcement steel bar for 28

days respectively. Finding has been displayed that the bond

strength of GO-ECC reinforced with 1% PVA fibre is

providing maximum output as compared to the bond

strength of GO-ECC blended with 1.5% and 2% of PVA fibre

after 28 days consistently. In the same way, the optimum
Steel reinforcement Bar 16 mm diameter

)

Optimum pull
out load
(KN)

Bond
strength
(MPa)

Bond
energy
(N-mm)

Bond slip
(mm)

161.8575 22.37 339.851 1.45

137.1825 18.96 274.075 1.88

149.34 20.64 334.191 1.70

129.20 17.85 232.085 1.92

149.34 20.64 334.191 1.70

178.815 24.72 496.164 1.38

159.09 21.99 309.582 1.65

150 20.73 335.215 1.71

183.30 25.34 544.258 1.15

150.2 20.76 334.191 1.70

177.28 24.50 367.848 1.75

149.4 20.65 334.320 1.71

116.675 16.12 174.305 2.05



Fig. 6 e Bond Strength of GO-ECC mixture of 12 mm diameter steel bar.
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pull-out strength of ECC reinforced with 1% PVA fibre was

noted by 25.34 MPa at 0.05% of GO particle while the

smallest pull out strength of ECC blended with 1% of PVA

fibre was recorded by 24.50 MPa at 0.08% GO particle of

16 mm diameter of steel bar at 28 days respectively. Besides,

the highest bond strength pattern of ECC inclusion with

1.5% and 2% was found by 22.37 MPa and 21.99 MPa at 0.05%

of GO while the minimum bond strength pattern of ECC

inclusion with 1.5% and 2% was noted by 17.86 MPa and

16.13 MPa at 0.08% of GO particle of 16 mm diameter of
Fig. 7 e Bond Strength of GO-ECC mix
reinforcement steel bar for 28 days respectively. It was

determined that the bond strength of GO-ECC blended with

various content of PVA fibres is getting decreased with

increased the diameter of steel reinforcement bar. Similar

trend was observed in Ref. [65]. The outcome of bond

strength of GO-ECC reinforced with several proportions of

PVA fibre is dropped while increasing in the diameter of

steel reinforcement bar. The bond strength of GO-ECC of

16 mm diameter of steel bar is recorded lower as compared

to the bond strength of GO-ECC blended with several
ture of 16 mm diameter steel bar.



Fig. 8 e Correlation between bonding strength and compressive strength of GO-ECC of 12 mm diameter of steel bar.
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content of PVA fibre of 12 mm diameter of steel reinforce-

ment bar. The drop in bond strength caused by increasing

reinforcement diameter of Steel bar is attributable to a

decrease in limiting impact and concrete cover size [38]. The

size of the concrete cover influences the confining mecha-

nisms that govern bond tensions. The increased concrete

cover in a lesser diameter bar adds to better confinement

and, as a result, stronger bond strength [37,66]. A rise in the

effect region related to an enhance in the diameter of steel

rod without a corresponding rise in dimensions of the

sample can contribute to the number of radial stresses
Fig. 9 e Correlation between bonding strength and compres
surrounding the ribs, thereby changing the mechanism of

failure to fracturing [65]. Figs. 8 and 9 display the strong

correlation between the bond strength of GO-ECC blended

with various proportions of PVA fibre of 12 and 16-mm

diameter of steel bar and compressive strength of GO-ECC

reinforced with several content of PVA fibre after 28 days

respectively. The equation in Figs. 8 and 9 may be applied to

calculate the bond strength of GO-ECC reinforced with 1%e

2% of PVA fibre of 12 and 16-mm diameter of steel bar or

compressive strength of GO-ECC blended with several con-

tent of PVA fibre while one characteristic strength of them is
sive strength of GO-ECC of 16 mm diameter of steel bar.



Fig. 10 e Correlation between bonding strength and direct tensile strength of GO-ECC of 12 mm diameter of steel bar.
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known. In addition, Figs. 10 and 11 show the significant

relationship between the bond strength of GO-ECC rein-

forced with different amounts of PVA fibre after 28 days and

the tensile strength of GO-ECC reinforced with different

amounts of PVA fibre after that time, respectively. The bond

strength of GO-ECC reinforced with 1%e2% of PVA fibre of 12

and 16-mm diameter steel bars or the tensile strength of

GO-ECC blended with various contents of PVA fibre may

both be calculated using the equations in Figs. 10 and 11,

provided that one of their characteristic strengths is known.
Fig. 11 e Correlation between bonding strength and direct ten
4.6. Bond stress slip behaviour of GO-ECC

Figs. 12e14 displayed the 12mmdiameter reinforcement steel

rod implanted in GO-ECC mixes combined with varied quan-

tities of PVA fibre show nominal stress against end slip

displacement outcomes of pull-out samples. Table 4 sum-

marises nominal stress vs. end slip for reinforcement steel rod

with diameters of 16 mm. The bond stress was calculated as

the area that lies below the bond stress-slip curve, and the

mean pull-out forces of three samples for every diameter size
sile strength of GO-ECC of 16 mm diameter of steel bar.



Fig. 12 e Bond Stress of GO-ECC blended with 1% of PVA fibre of 12 mm diameter of Steel bar.
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were used to calculate the bond's energy. Themaximum bond

stress in a bond stress-slip curve was also employed to

calculate the bond strength. Similarly, the end slip was

calculated by averaging the LVDT and LPVT values obtained

throughout the pull-out tests. Table 6 lists the bonding energy,

optimum bonding strength, and bonding slip at the highest

bonding strength of steel bars in two distinct diameters
Fig. 13 e Bond Stress of GO-ECC blended with 1.5%
(12 mm and 16 mm), as calculated from the pull-out reactions

of GO-ECC reinforced with various percentages of PVA fibre.

For each given percent of PVA fibre mixes, the effects of

various GO nanoparticle concentrations are examined. Using

0.05% of GO nanoparticles for mixes of 1.0%, 1.5%, and 2% PVA

fibres increases the final bond stress (bond strength), as seen

in Figs. 12e14, but corresponding slips at the same stress level
of PVA fibre of 12 mm diameter of Steel bar.



Fig. 14 e Bond Stress of GO-ECC blended with 2% PVA fibre of 12 mm diameter of Steel bar.
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reduce. The binding energy improved for these mixes in a

similar manner. For example, when up to 0.05% of GO parti-

cles were added to 1% PVA fibre, the bond energy improved.

Moreover, GO nanoparticles and PVAfibresworked together to

enhance the fibre-matrix interface, which encouraged GO-

ECC to exhibit strain-hardening characteristics throughout

the pull-out experiment. On the samples' surface, further

microscopic cracks were seen. As a consequence, the energy

released through the de-bonding of the fibres is enhanced.

The area under the curve was enhanced by the many micro-

cracks and the strain-hardening tendency [13]. The enhanced

component hardness, which prevents splitting fractures by

fibre bridging of cracks, is responsible for the higher bonding

energy and bonding slip of the GO-ECCs [13]. The stability of a

structure is enhanced by this tendency.
5. Response surface methodology and
multivariate optimization

The non-linear response of ECC, concrete as well as cemen-

titious ingredients as a result of a series of variations in their

component ingredients and manufacturing techniques ne-

cessitates the resolution of non-linear optimization issues

[67]. The RSM is diagrammatic description of responses ac-

quired via the use of one or even more parameters in math-

ematical or statisticalmodelling techniques [68]. The response

surface (RS) evaluates the impact and relevance of each

parameter. Several cement and concrete qualities have been

optimized using the RSM [69e71]. The mixture's constituents

serve as independent variables in the concrete matrix, while

the concrete's characteristics serve as dependent indicators.

Building response surface of the investigational information
and thematchingmodel thatmost closely fits the information

are required for the application, which is then followed by a

determination of the model's accuracy [69,70]. A response

surface may easily describe the whole system after defining

the empirical relationship between at least two independent

variables and one dependent variable (response) [67]. The

graphical response allows you to clearly identify the inde-

pendent factors that influence the overall system. After

identifying the important independent variables, the

approximate solution to the answer is achieved. Amodelmust

be created in order to optimize the experimental variables.

The RS is optimized to provide the optimal answer for the

response parameters. A generic, optimum solution to the

problem must be produced using the model. Develop a model

necessitates the collection of experimental evidence [69].

Multi-objective optimization issues exist in a variety of do-

mains, including the aircraft industry, oil and gas sector,

vehicle design, the financial sector, product and process

design, or anywhere optimum choices must be made in the

middle of competing goals, including trade-offs [72]. Examples

of multiobjective optimization concerns are: maximizing

benefits and minimizing the price of the product; a vehicle's
fuel consumption is minimised by decreasing weight while

improving a specific component's strength, increasing the

ECC's Young's modulus, improving compressive strength, and

maintaining the requirements of micromechanics [61,72].

5.1. Experimental design in RSM

Analysis of variance (ANOVA) was used to fit a quadratic

model to the response surface technique. The responses that

are analysed and considered include bond strength (ultimate

bonding stress), bonding energy and bonding slip. A strategy



Table 5 e Experimental design of GO-ECC mixture by applying RSM.

Run Factor 1
A: PVA (%)

Factor 2
B: GO (%)

Response 1
Bond strength

(MPa)

Response 2
Bond slip
(mm)

Response 3
Bond energy

(N-mm)

1 1.5 0.065 23.9425 2.58 345.929

2 2 0.065 23.306 2.75 290.697

3 1.5 0.065 23.9425 2.58 345.929

4 1 0.08 31.1492 2.02 460.47

5 1.5 0.065 23.9425 2.58 345.929

6 1 0.065 34.6706 1.52 503.157

7 2 0.05 28.5389 2.48 324.402

8 1.5 0.05 31.1265 2.35 495.767

9 1 0.05 38.7031 1.22 722.631

10 1.5 0.065 23.9425 2.58 345.929

11 1.5 0.08 19.98 2.86 337.233

12 1.5 0.065 23.9425 2.58 345.929

13 2 0.08 18.3084 2.95 250
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for multi-objective optimization based on response models

from RSM is provided. The GO and PVA proportions were

chosen as independent variables (factors) in this technique.

According to available experimental information as well as

trial combinations, the collection of independent variables is

selected. Table 5 shows the several combinations of variables

as well as the associated responses such as bond strength,

bond energy and slip for GO-ECC mixes provided in RSM
Table 6 e ANOVA outcomes.

Response Source Sum of
Squares

Df

Bond Strength Model 412.20 5 82

A-PVA 196.88 1 19

B-GO 139.50 1 13

AB 1.79 1 1.

A2 52.46 1 52

B2 2.35 1 2.

Residual 3.10 7 0.

Lack of Fit 3.10 3 1.

Pure Error 0.000 4 0.

Cor Total 415.29 12

Bond Slip Model 3.11 5 0.

A-PVA 1.95 1 1.

B-GO 0.53 1 0.

AB 0.027 1 0.

A2 0.54 1 0.

B2 2.262E-003 1 2.

Residual 0.011 7 1.

Lack of Fit 0.011 3 3.

Pure Error 0.000 4 0.

Cor Total 3.12 12

Bond Energy Model 1.823Eþ005 5 36

A-PVA 1.124Eþ005 1 1.

B-GO 40853.51 1 40

AB 8813.36 1 88

A2 3867.73 1 38

B2 8971.77 1 89

Residual 3391.65 7 48

Lack of Fit 3391.65 3 11

Pure Error 0.000 4 0.

Cor Total 1.857Eþ005 12
design. Samples were prepared and assessed for each

response at the age of 28 days.

5.2. Response predictive mathematical models

The RSM was applied to generate the optimum predictor sta-

tistical approach shown in Equation (1) in order to establish

the ideal situations for the different replies [73].
Mean
Square

F-Value p-value > F Significance

.44 186.21 <0.0001 Yes

6.88 444.69 <0.0001 Yes

9.50 315.09 <0.0001 Yes

79 4.05 0.0842 No

.46 118.50 <0.0001 Yes

35 5.32 0.0545 No

44

03

000

62 384.02 <0.0001 Yes

95 1205.23 <0.0001 Yes

53 326.48 <0.0001 Yes

027 16.83 0.0046 Yes

54 332.66 <0.0001 Yes

262E-003 1.40 0.2755 No

617E-003

774E-003

000

463.96 75.26 <0.0001 Yes

124Eþ005 231.95 <0.0001 Yes

853.51 84.32 <0.0001 No

13.36 18.19 0.0037

67.73 7.98 0.0256 No

71.77 18.52 0.0036

4.52

30.55

000



Fig. 15 e Predicted versus Actual Plots for (a) Bond Strength, (b) Bond Slip, (c) Bond Energy for 12 mm diameter of steel bar.
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Fig. 16 e (a) 2D contour plot and (b) 3D response surface diagram for Bond Strength.

Fig. 17 e (a) 2D contour plot and (b) 3D response surface diagram for Bond Slip.
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Fig. 18 e (a) 2D contour plot and (b) 3D response surface diagram for Bond Energy.
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The responses were independently analysed, and a model

(quadratic) was chosen based on an examination of summary

graphs information for the important factors. The 2D and 3D

plots were used to determine the appropriateness of the pro-

posed models. In order to determine the accuracy of the

models' predictions, their R2 coefficients are evaluated. The

probability was used to validate the model parameters with a

95% degree of assurance and a 5% level of significance. The

parameter with a probability value that was not statistically
Table 7 e Specifications for model validation.

Model Validation Constraints Bond Strength

Standard Deviation 0.67

Mean 26.58

Coefficient of Variance (%) 2.50

PRESS 26.85

�2 Log Likelihood 18.25

R2 0.9925

Adj R2 0.9872

Pred R2 0.9354

Adeq Precision 46.678

BIC 33.64

AICc 44.25
significant were deleted, with the exception of those neces-

sary to preserve the model's term hierarchy. Furthermore, the

investigational information was fitted to quadratic types of

statistical models, guaranteeing a representation of the rela-

tionship between the predicted and the investigational results

by adjusting the model's parameters.

5.3. Analysis of variance (ANOVA)

The ANOVA in Table 6 demonstrates that the bonding slip,

bonding strength, and bonding energy are correlated. For each

outcome, the difference between the adjusted R2 and the ex-

pected R2 is significantly less than 0.2. This suggests there is a
Bond Slip Bond Energy

0.040 22.01

2.39 393.38

1.68 5.60

0.12 32696.59

�54.70 109.23

0.9964 0.9817

0.9938 0.9687

0.9631 0.8239

63.440 30.772

�39.32 124.62

�28.70 135.23



Table 8 e Optimization goals and results.

Factors Input Factors Responses (Output Factors)

GO (%) PVA (%) Bond Strength (MPa) Bond Slip (mm) Bond Energy (N-mm)

Value Minimum 0.05 1 18.30 1.22 722.63

Maximum 0.08 2 38.70 2.95 250

Goal Range Range Maximize Minimize Minimize

Optimization Results 0.05 1.00 39.30 1.21 710.54

Desirability 0.991 (99.10%)
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strong correlation between the investigational and predicted

information. In addition, the desired limit is shown by the

ratio of signal to noise of suitable accuracy being well above 4,

which also approves that models may be utilised to travel

within the user-defined design space of the RSM. ANOVA in

Table 6 is also used, with a significance level of p < 0.05, to

evaluate the significance value of the approaches and model

variables (PVA fibre and GO) for different responses like

bonding strength, bonding energy and bonding slip. In these

instances, A, B, AB, A2 and B2 are key parameters formodels of

bonding strength, bonding slip, and bonding energy response.

This suggests that the major model terms are enhancing the

design approach. The model factors with a probability value

greater than 0.05 were deemed statistically insignificant and

were consequently eliminated, with the exception of those

necessary to preserve the model's hierarchical structure. The

PVA fibres were responsible for themajority of the decrease in

bond energy as well as bond strength, while decreasing in

bond slip, whereas GO particles were responsible for the

quadratic impact. Fig. 15 depicts the comparison between the

predicted and actual values of the responses in order to

further validate the appropriateness of the models. All of the

points on the actual vs. predicted plots for the responses fell

along the straight line, indicating high agreement. This
Fig. 19 e Optimizatio
verifies that themodelsmay be utilised to get about the area of

design effectively. Bonding strength, bonding slip, and

bonding energy were calculated using the quadratic model as

specified in the software depend on input factors. The models

were chosen depending on the non-aliased sum of squares of

a polynomial of greater order, and the variables in the math-

ematical framework were statistical significance.

5.4. Finding the research parameters through RSM
modelling

The RSMmay be visually represented by plotting the output as

a purpose of two factors (GO nanoparticles and PVA fibre).

Figs. 13e15 depict the 2D and 3D response surface analyses of

the determined GO-ECC parameters for bonding strength,

bonding slip, and bonding energy of an ECC mixture blended

with various contents of PVA fibre in a pull-out steel rein-

forcement bar having a 12 mm diameter. The 2D and 3D

response surface plots highlight the effects of the indepen-

dent variables (GO nanoparticles and PVA fibre) proportions

on the bonding energy, bonding slip and bonding strength

responses. These graphs show the influence of GO nano-

particles and PVA fibres on the investigational circumstances

of the outcomes. It is clear that the impact of PVA fibres on the
n solution ramp.
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responses is greater than that of GO nanoparticles. The con-

tours and sloped lines depict the relationship between the

independent factors. Nevertheless, the functional relation-

ships among the factors had a bigger impact on the outcomes

owing to their synergistic significance.

Figs. 16e18 depict three-dimensional response diagrams of

bonding slip, bonding strength, and bonding energy were

assessed from pull-out measurements of steel reinforcement

rod having 12 mm diameter implanted in GO-ECC samples as

a consequence of PVA fibres and GO nanoparticles. According

to the ANOVA results, a nonlinear relationship was formed

among the bonding slip, bonding energy, and bonding

strength, as well as the PVA fibre content and GO proportions.

The 3D RSM graphs in Fig. 16 (b) and 18 (b) reveal that as the

proportions of PVA fibres rise in the ECC mixture, that results

in reducing the bonding energy and bonding strength, but

increases the bonding slip, while the 0.05% of GO used as a

nanoparticle in ECC increases the bonding strength and

bonding energy. With more accumulation of GO particles to

ECC, the bonding strength and bonding energy start reducing.

The cumulative impact of PVA fibres and GO nanoparticles

resulted in increased bonding energy and strength after 28

days correspondingly. Moreover, the bonding strength and

bonding energy of ECC combination comprising 1% PVA fibres

and 0.05% GO nanoparticles was obtained optimum as

compared to the other mixtures. Besides, the bond slip is

noted reduced at 0.05% of GO along with 1% of PVA as

compared to the other mixture. As a result, the maximum

improvements in bond strength and bond energy that can be

produced with PVA fibres and GO nanoparticles are 39.30 MPa
Fig. 20 e 3D diagram for the des
and 750N-mm, correspondingly,while the lowest reduction in

bonding slip was 1.96 mm, achieved from a combination

containing 1% PVA fibres and 0.05% GO nanoparticles. Though

the amount of 1% PVA fibres along with 0.05% GO nano-

particles boosts bond strength, it would also influence the

ductile characteristics, strain-hardening, and various fracture

behaviours of GO-ECC, potentially resulting in a material loss

of resilience.

The above-mentioned impact may be seen in the 2D plots

(Figs. 16e18), which are used to assess the impact on out-

comes of GO-ECC characteristics. A variables curve, beginning

from the reference value, demonstrates that the model an-

ticipates the response is going to change when the parameter

is increased or decreased in the mixture. In the instance of

bonding strength and bonding energy, the steady rise in the

proportions of PVA fibre and GO nanoparticles from aminimal

concentration (information encoded - 1) to a higher one (in-

formation encoded þ 1) resulted in an enhance and conse-

quent drop in bonding strength and bonding energy.

Moreover, the bonding slip is going to increasewhen the ratios

of PVA fibre and GO nanoparticles are raised. According to the

2D plots in Figs. 16e18, the usage of 2% PVA fibres and 0.08%

GO nanoparticles caused the greatest increase. Nevertheless,

a significant loss in bond strength and bond energy was seen

in excess of this percentage, even though a rise in bond slip

was reported. The impact of the PVA fibre and the GO nano-

particles may be connected to the change in bonding slip,

bonding strength, and bonding energy of mixes with varying

PVA fibre and GO particle proportions. After 2%, the fraction of

GO nanoparticles may surpass the threshold of accessible
irability of the optimization.



Table 9 e Experimental validation.

Responses Experimental Outcomes Predicted Outcomes Percentage Error (%)

Bond Strength (MPa) 38.703 39.301 1.545

Bond Energy (N-mm) 722.631 710.54 1.673

Bond Slip (mm) 1.22 1.217 0.246
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calciumhydroxide response in the ECCmixture. Thismay also

have an impact on the homogeneous distribution of PVA fibre

in the mixture, the subsequent efficient development of

numerous fractures, and the strain-hardening activity of the

GO-ECC. In accordance with Table 7, the variance between the

adjusted and predicted R2 readings is lower than 0.20, and

suggesting the model is quite accurate. The standard devia-

tion (SD) is below 5.0%.

5.5. Optimization for multiple responses using RSM

The technique of multi-objective optimization involves the

continuous evaluation of multiple linear regressions for out-

puts [74]. Table 8 describes the goals and requirements for the

optimization of this incident. According to Table 8, the

objective of optimization is to maximize two answers and

minimize one output. Equations (2)e(4) show and describe the

correlation between the independent factors (GO nano-

particles and PVA fibre) of the ECC mixes and their observed

predictor variables. Using multi-objective optimization, the

optimal situations for the independent factors thatmay create

the response situation were determined. After building the

regression model between the parameters of the design mix

and the outputs, all parameters were concurrently and indi-

vidually modified to optimize the performance parameters.

These optimum approach parameters attempt to fulfil the

needs of each response without sacrificing any of the needs

unduly [75]. The independent variables of the GO-ECC mixes

are concurrently adjusted to optimize the objective functions

separately and continuously. The goal of optimization is to

find the optimal settings for the independent factors so that

the response (multi-objective) parameter may be optimized.

Table 8 shows the criterion parameters for the GO-ECC mixes

employed. For continuous optimization of the replies, an

optimization strategy applying the mathematical approach

and utilizing the desirability feature established for every

response may be applied [2,76]. The limit of variance of the

desirability functions is ranging from 0 to 1. However, indi-

vidual desirability functions range from 0 to 1, with 0 being

utterly undesirable and 1 being completely desired. Desir-

ability values close to one reflect the worldwide best mixture

of several criteria, implying that the responses are the objec-

tive values. The objective of a mathematical optimization

strategy might be to apply mixed parameters or outputs.

Depending on the provided criteria, there are different ap-

proaches to calculating the desirability function. The intended

set of objectives for answers might be in the context of a

lowest, optimum, target, or range. The multivariate optimi-

zation of the responses to build general solution parameters is

conducted in the Design-Expert program using the criteria

established in Table 5. To obtain an optimal GO-ECC solution

that maximizes the potentials of structural resilience, greater

attention should be placed on simultaneously maximizing
bonding energy and bonding strength. While minimizing

bonding slip. Figs. 19 and 20 illustrate the ramps of the opti-

mum model parameters and the 3D desirability (D) generated

from multi-objective optimization. The optimal solution is

found from the ramps exhibited at PVA ¼ 1% and GO ¼ 0.05%,

with the expected outcomes of bonding strength ¼ 39.30 MPa,

bonding energy¼ 710.54 N-mm, and bonding slip¼ 1.217mm,

assessed at a desirability rate of 0.991. Though, a durable GO-

ECCmay be realizedwith great values of bonding slip, bonding

strength, and bonding energy at defined parameters of multi-

variate outcome optimization. However, the multi-variate

optimization approach may be utilised to build a robust GO-

ECC with the desired set of parameters and outputs required

for the stated objectives.

Bond Strength¼ þ 24:14� 5:73�A� 4:82� B� 0:67� ABþ 4:36

�A2 þ 0:92� B2

(2)

Bond Slip¼ þ 2:58þ 0:57�Aþ 0:30� B� 0:082� AB� 0:44

�A2 þ 0:029� B2 (3)

Bond Energy¼ þ 349:81� 136:86� A� 82:52� Bþ 46:94� AB

þ 37:42�A2 þ 56:99� B2

(4)

5.6. Validation of the prediction model

After using multivariate optimization to find the best pro-

jected solution for the parameters (A: PVA and B: GO), at least

three samples of the GO-ECC combination shown in Fig. 5

were made and tested for pull-out. The GO-ECC combination

was generated using the fixed mixture components listed in

Table 3. Following the mixing process, at least 03 specimens

were made for individually testing characteristic, and their

averages were noted. Table 9 provides the average method

used to investigate each testing factor and its related absolute

relative deviation (ARD) from the predicted outcomes. The

observed ARD were estimated using Equation (5), and the

predicted model's precision was determined by evaluating

each parameter [77]. The determined experimental and pre-

dicted findings in Table 9 are in excellent agreement due to the

nominal variance. This verifies the predictability of themodel.

ADR¼Experimental Data� Predicted Data
Experimental Data

� 100 (5)

6. Conclusions

This research studied the pull-out loads and related slips of

two different diameters of steel reinforcing bars implanted in

GO-ECC mixes. The bonding strength, bonding energy, and
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bonding slip were calculated and analysed as performance

measures. On the basis of the test findings and analyses

conducted, the following inferences may be made.

� By integrating GO, an FA-to-cement ratio of roughly 1.2

might be used. This helps with cost savings because of the

decreased cement consumption.

� The usage of GO nanoparticles in combination with PVA

fibre in ECCs has an effect on the material's ductility and

strain hardening properties. Pull-out versus slide charts

demonstrate it. In the majority of graphs with PVA con-

centrations between 1% and 2%, the introduction of GO

nanoparticles at 0.05% enhanced the area under the strain

hardening curve.

� The proposed RSM regression model makes it easier to

figure out the parameters of the bond-slip curve for GO-

ECC samples with steel rebar of different diameters.

Based on the p-value, the results of the ANOVA analysis

also showed that all statistically important design vari-

ables were used. The best answers are found using 1% PVA

fibres and 0.05% GO particles as design factors.

� The statistical models built via multivariate optimization

make an excellent mix-design tool for calculating the

quantities of GO-ECC required to acquire a set of desired

characteristics.
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