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Abstract: Concrete is a worldwide construction material, but it has inherent faults, such as a low
tensile strength, when not reinforced with steel or other forms of reinforcement. Various innova-
tive materials are being incorporated into concrete to minimise its drawbacks while concurrently
improving its dependability and sustainability. This study addresses the research gap by exploring
and enhancing the utilisation of glass fibre (GF) concerning its mechanical properties and reduction
of embodied carbon. The most significant advantage of incorporating GF into concrete is its capacity
to reduce the obstruction ratio, forming clusters, and subsequent material solidification. The study
involved experiments wherein GF was incorporated into concrete in varying proportions of 0%, 0.5%,
0.75%, 1%, 1.25%, 1.50%, 1.75%, and 2% by weight. Mechanical tests and tests for durability were
conducted, and Embodied carbon (EC) with eco-strength efficiency was also evaluated to assess the
material’s sustainability. The investigation found that the optimal percentage of GF to be used in
concrete is 1.25% by weight, which gives the optimum results for concrete’s mechanical strength and
UPV. Adding 1.25% GF to the material results in increases of 11.76%, 17.63%, 17.73%, 5.72%, and
62.5% in C.S, STS, F.S, MoE, and impact energy, respectively. Concrete blended with 1.25% of GF has
the optimum value of UPV. The carbon footprint associated with concrete positively correlates with
the proportion of GF in its composition. The optimisation of GF in concrete is carried out by utilising
the response surface methodology (RSM); equations generated through RSM enable the computation
of the effects of incorporating GF in concrete.

Keywords: glass fibre; compressive strength; split tensile strength; flexural strength; mechanical
properties; embodied carbon; eco-strength efficiency; RSM

1. Introduction

Concrete is widely used as a building material owing to its durability, strength, and
affordability [1]. Concrete exhibits a high compressive strength (CS) but a relatively low
tensile strength (T.S.), rendering it a brittle and potentially fragile material [2]. In recent
years, extensive research has been conducted to address this issue, resulting in the utilisation
of various materials in concrete to enhance its strength. Recently, there has been a growing
interest in fibre-reinforced concrete, in which fibres are used in concrete to improve its
stability [3,4]. FRC is a composite mix of a cementitious matrix and discrete fibres [5]. The
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incorporation of fibres into the concrete mixture results in the augmentation of its strength,
toughness, and flexibility [6].

Additionally, this process enhances the concrete’s ability to withstand impact, cracking,
and other forms of failure [7]. Various fibre types are currently under investigation for their
potential positive effects on concrete strength [8]. These include PVA (Polyvinyl alcohol)
fibre, fibre of carbon, jute fibre, steel fibre, nylon fibre, basalt fibre, coir fibre, and glass
fibre [9]. Previous studies have indicated that incorporating various materials, such as
fibre-reinforced polymer, into the concrete mixture can enhance the strength of the con-
crete [10–12]. The incorporation of fibres into the cementitious matrix results in the suppres-
sion of crack propagation within the material. This phenomenon decreases the probability
of fracture occurrence under external stress, thus averting the failure of the matrix [10].
Several researchers experimented using glass, carbon, asbestos, and polypropylene. Fur-
thermore, filaments serve a crucial role in preventing the formation of micro cracks at
the mortar–aggregate interface. Before reaching its ultimate point of failure, the phe-
nomenon, as mentioned earlier, transforms an inherently vulnerable substrate, such as
cement concrete, with limited tensile strength and impact resistance, into a durable com-
posite material with enhanced fracture resistance, increased malleability, and unique
post-cracking characteristics [9–11].

Glass-fibre-reinforced polymer, often known as GFRP, is chosen over other polymer
forms due to its high ratio of surface area to weight and strong tensile qualities relative
to its unit cost [13,14]. In the 1950s, fibreglass concrete, a composite comprised of a
concrete matrix and reinforcing GF, was first used in Russia [15]. However, the relatively
high cost, low resistance to an alkaline environment, and lack of in-depth studies of the
material’s physicochemical parameters, which have a significant impact on the vitality,
deformation characteristics, and toughness of GFRC (GF-reinforced concrete) structures,
prevented the widespread use of the material in the building industry [16]. Following the
development of fibre resistant to Alkali, the utilisation of GFRC (GF-reinforced concrete)
in the construction sector has gained momentum [17]. This progression ensued after
manufacturing GF. The substance above exhibits several benefits, such as heightened
immunity to corrosion, a significantly reduced mass relative to concrete reinforced with
fibres, and enhanced tensile potency in contrast to standard concrete [18]. Due to its matrix,
fibre glass concrete can be employed in diverse settings, such as fortifying buildings and
other structural frameworks [19]. When devising techniques for reinforcing reinforced
concrete and concrete structures in chemical and oil refineries, it is crucial to employ repair
materials with enhanced corrosion resistance, high strength, and adhesive properties. These
characteristics must be present in the materials used for restorations [20]. Studies have been
conducted on the strength characteristics of GFRC (GF-reinforced concrete) utilising GF,
produced by Saint-Gobain Vetrotex. Studies have been performed on goods from Chinese
manufacturers used in repairs [21].

Kasagani et al. (2018) [22] performed an initial examination of M30 concrete, utilising
differing proportions of mono GF with volume (ranging from 0.1% to 0.5%) and fibre
lengths of 3 mm to 20 mm. The combination of stress reinforcement and practicability is
achieved using graduated fibres [23–26]. Graded fibres have been found to modify the
stress and strain behaviour of GFRC. An analysis was conducted on the flexible power
of GFRC using measurements of fibre capacity characteristics. Compared to MGRFC,
there is a greater degree of energy distortion and increased efficiency in power absorption.
The figure’s illustration indicates that fibre-reinforced composites may experience fibre
capacity concerns. The study performed by Arif Ulu et al. [27] found that adding GF to
concrete reduces the density of concrete by including GF content in concrete, and also, the
compressive and flexural strength of concrete reduces by adding GF.

The study by Jawad Ahmad et al. (2022) [28] revealed that incorporating GF into
concrete decreased slump. This can be attributed to the increased surface area of the fibres,
which subsequently resulted in heightened resistance to flowability. Concrete exhibits
notable enhancements in its tensile and flexural strength, augmenting its capacity to
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withstand cracking. This, in turn, reduces its permeability and renders it a viable option for
deployment in marine settings. The crucial consideration of the impact of GF on concrete
necessitates a critical examination of the water content in the concrete. In one of the most
recent studies, it was found that GFRP (glass-fibre-reinforced polymers) increases the beam
cracking load up to 27%, consequently resulting in increasing the moment of inertia of
shafts by 33% to 75% with a fibre content of 5 to 10% [29].

Limited studies have been carried out on using Alkali-resistant GF in concrete to
investigate the mechanical properties of concrete, and also, an environmental assessment
of concrete blended with GF has never been performed as per the available literature. To
fill this gap in the literature, this study aims to carry out a series of experiments to study
the effect of GF on concrete’s mechanical characteristics and its impact on the environment
by evaluating the embodied carbon (EC) and eco-strength efficiency (ESE). Based on the
model developed using RSM, equations are also generated for predicting the mechanical
and environmental properties of concrete containing GF. This research specifically focused
on reinforcement and its impact on the phenomenon under investigation. The study’s
primary objective is to explore the effectiveness of support (GF) in concrete mechanical
strength and its effect on the environment; by narrowing the focus to specific factors, this
study aims to establish a clear and direct relationship between GF and observed outcomes.

2. Design of Experiments
2.1. Background

The empirical evidence suggests that the Design of Experiments (DoE) is a potent
approach for handling diverse inputs and streamlining the decision-making process con-
cerning various alternatives. Numerous commercial and industrial sectors and service
providers have adopted this methodology to improve the efficacy of experiments. In the
past, the OVAT (one variable at a time) method has been utilised to address complex
problems by separating distinct elements and evaluating each separately [30,31]. This
experimental strategy involves holding all variables constant except for the variable of
interest and undertaking multiple experiments to obtain optimal results for the investigated
variable. The iterative method is used to solve for each variable until the correct solution
is found, taking into account the problem’s inherent multiple variables. This is achieved
through consideration of the issue’s intrinsic factors. While the methodology is precise and
uncomplicated, it requires big datasets and an assortment of trials, both resource-intensive
and time-consuming, necessitating substantial labour. This poses a significant challenge for
investigating construction materials such as concrete. The present study differs from prior
research that concentrated on a solitary response parameter, such as magnitude or volume,
by exploring the interdependence among various response parameters. The current study
seeks to investigate all response variables associated with concrete properties within the
context of material substitution.

Various interdependent criteria influence the overall performance of high-strength
and SCC (self-consolidated concrete). By elucidating the effect of discrete components on
the investigated response variable, the design of the experiment has effectively reduced the
quantity of data required for statistical modelling to produce desirable results. Scholars with
insufficient subject knowledge and an ill-defined approach to problem-solving may need
help tackling the wide variety of DoE analyses. The DoE has been extensively employed
to study construction materials in contemporary times. The DoE has been involved in
multiple stages of concrete research, encompassing the assessment of concrete durability
and the design of concrete composition formulations. The limitations of NDT outcomes
in assessing the potency of concrete necessitate the utilisation of numerical equations in
specific scenarios during the non-destructive testing (NDT) of traditional concrete.

In this scenario, it is customary to utilise the method of simple linear regression
(SLR) in conjunction with a scatter plot. Novel evaluation methods such as the Response
Surface Method have emerged as valuable tools for producing exact and comprehensive
predictions. The efficacy of the DoE protocols for identifying feasible alternatives to



Sustainability 2023, 15, 11147 4 of 25

materials has been noteworthy. Various Design of Experiments (DoE) methodologies
have been employed to assess the effectiveness of different alternative materials, such as
tyre rubber and fly ash. Previous studies have utilised diverse research methodologies
such as response surface analysis, curve-fitting techniques, and artificial neural network-
based approaches to enhance novel concrete design techniques that frequently integrate
traditional environmental waste constituents.

2.2. Response Surface Methodology

RSM is a prevalent experimental design technique employed in research. This method-
ology analyses the effects of multiple response variable factors and their interactions. RSM
is a statistical approach used to construct a model and optimise the correlation between
input variables and their associated outcomes [32,33]. This approach is frequently used
in academic investigations to determine the most effective amalgamation of input factors
that generate the intended result. Response surfaces are commonly employed in engineer-
ing, chemistry, and physics to model and optimise input variables in various scenarios.
These surfaces are used to replicate and assess the impacts of diverse input variables and
ultimately ascertain the best amalgamation of variables for attaining maximum output.
This study adopted a research approach similar to the Taguchi strategy, with the primary
objective of streamlining the testing process and enhancing the success rate. The Response
Surface Methodology (RSM) is a mathematical and statistical technique that forecasts the
correlation between the input and output variables. By executing RSM-planned experi-
ments with the input variables, it is possible to foresee the nature of this relationship.

This investigation utilised the optimal design option for modelling and optimising
GF. The optimum design option in RSM is the technique or strategy used to identify the
optimal settings for input variables to attain the anticipated output. Depending on the
nature of the problem and the objectives of the research or study, the optimal design option
may employ several distinct methods. The most common approach in optimal Design is to
utilise the response surface model to develop the contour plot. The contour relationship
between input and output variables can be observed through that plot. The setting of
optimal design options can be identified by determining the point at which output response
increases or decreases.

The advanced optimisation approach is utilised to optimise responses, such as a
multi-objective optimisation process and robust optimisation of input variables; this strat-
egy can reach equilibrium among many competing goals or include the impacts of uncer-
tainties in both the input variables and the response model. Both of these outcomes are
possible with the use of this method.

3. Materials and Methods
3.1. Materials

For this investigation, since GF is one of the necessary components that must be
incorporated into concrete, it was sourced from regional suppliers. Due to the necessity of
the ingredient, no concessions were made throughout procuring the materials. It is crucial
to consider the properties of GF when its application in concrete is required. Durability, the
condition of the material, and environmental exposure were significant considerations when
purchasing materials. For this study, alkali-resistant GF, also known as alkali-purchased,
has a size of 36 mm. These fibres are fundamentally resistant to Alkali, which can degrade
the fibre over time and lead to a loss of strength. In concrete, A.R. glass is used for durability.

Additionally, the local vendor used and bought ordinary Portland cement Type I. In
the current experiment, micro silica that was purchased from a local supplier was used.
After that, the necessary material was made available, and it was analysed for its density in
addition to its other relevant qualities. According to the study’s findings, the substance’s
features have a tight relationship with a decreased capacity for water absorption and an
improved ability to permeate materials with a given particle size or diameter. The results
of this inquiry into its qualities led to the revelation of this fact. The choice of the coarse
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aggregate provider came from within the immediate neighbourhood of the construction
site. For the research, fine aggregate readily accessible in the area was used. Regional
sources provided a superplasticizer with 1200 kg/m3 density to make the self-compacting
concrete used in manufacturing. The superplasticizer’s primary purpose was to satisfy the
water requirements of the concrete.

3.2. Mix Proportioning

A controlled concrete mixture was formulated by the directives outlined in ACI 211.1-91,
devoid of any GF component. Mix proportioning with varying percentages of GF was de-
veloped using the RSM design Expert 13 software, and the findings of each model were
verified by applying ANOVA. GF was used as the input and independent variable; the RSM
methodology entails modifying the independent variable being investigated, analysing
the natural effect of this manipulation on the variable being studied, and utilising the
optimal design option that was available inside the design expert 13 software allowed for
the production of the mix percentage. The percentage of GF varies from 0% to 2%. The
output variables for this study include the CS, STS, FS, MOE, Embodied carbon (EC), and
Eco-strength efficiency (ESE). All the other materials were kept constant, such as cement,
FA (fine aggregate), silica fume, CA (coarse aggregate), superplasticizer, and water. RSM
has developed different proportions with varying percentages of GF, shown in Table 1.

Table 1. Mix proportioning by RSM.

MIX Cement
Kg/m3

GF.
%

Silica Fumes
Kg/m3

Fine
Aggregate

Kg/m3

Coarse
Aggregate

Kg/m3

Water
Kg/m3

Superplasticizer
%

GF0% 550 0% 55 600 950 143 1.5%
GF0.5% 550 0.50% 55 600 950 143 1.5%

GF0.75% 550 0.75% 55 600 950 143 1.5%
GF1% 550 1.00% 55 600 950 143 1.5%

GF1.25% 550 1.25% 55 600 950 143 1.5%
GF1.5% 550 1.50% 55 600 950 143 1.5%
GF1.75 550 1.75% 55 600 950 143 1.5%
GF2% 550 2.00% 55 600 950 143 1.5%

3.3. Preparation of Samples

A circular drum mixture was used for mixing the materials. All dry materials were
mixed properly in the combination. After thoroughly incorporating all dried components,
such as cement and aggregates, into the mix for at least two minutes, the procedure was
completed by adding water and a superplasticiser. W/C was kept constant for all the combi-
nations, which was approximately 0.26. This mixture was wholly incorporated into the mix,
becoming concrete after a few minutes of agitation. The process of progressively scattering
GF over the concrete while it was being prepared lasted several minutes and the entire
time it was being designed. Following the accurate preparation of the concrete, specimens
were fabricated. Samples exhibiting compressive strength, measuring 100 mm in length,
100 mm in width, and 100 mm in height, were produced as per the guidelines outlined
in ASTM C78/C78M [34]. Similarly, split tensile strength specimens, measuring 100 mm
in diameter and 200 mm in height, were fabricated according to the standards specified
in ASTMC496 [35]. The samples were subsequently assessed on the 28th day following
their creation. The FS of the specimen was evaluated by conducting a test by the ASTM
C78/C78M-21 standard [36]. For the modulus of elasticity, the cylindrical sample with a
height of 300 mm and diameter of 100 mm was cast in compliance with ASTM C469 [37]
and tested on the 28th day of casting. As per the code, Equation (1) is utilised to calculate
the MoE. For the impact resistance test, samples with a diameter of 100 mm and a height of
50 mm were prepared for the ACI544 [38] drop mass test in which a 4.5 kg ball is dropped
from the specific elevation of 457 mm onto the specimen [27]. Figure 1 shows the samples



Sustainability 2023, 15, 11147 6 of 25

and testing machines utilised for performing tests and Table 2 displays the codes followed
for investigations. Equation (1) [28].

E =
(σ1 − σ2)

(ε2 − 0.00005)
(1)

E = modulus of elasticity.
σ1 = The stress corresponding to 40% of the ultimate load (MPa).
σ2 = The stress corresponding to a longitudinal strain of 0.00005 (MPa).
ε2 = Lateral strain at the mid-height of the specimen at a stress of δ2.
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Table 2. Codes and specifications.

Tests Codes

Compressive strength ASTM C78/C78M [34]

Split tensile strength ASTMC496 [35]

Flexural strength ASTM C78/C78M-21 [36]

Modulus of elasticity ASTM C469 [37]

Impact resistance ACI544 [38]

4. Results and Discussion
4.1. Mechanical Properties
4.1.1. Compressive Strength

Figure 2 depicts GF’s compressive strength (CS) at different percentages. The experi-
mental results indicate that the control mixture containing no GF exhibits a compressive
strength of approximately 52 MPa. As GF is added to the concrete, it can be seen that
strength increases to some extent. By adding 0.50% of GF, CS is enhanced by 3.36%. Further
inclusion of GF of approximately 0.75% increases the strength by 5.76%. If the amount
of GF is increased to 1%, CS is increased by 9.30% in contrast to the control mix, while
blending the concrete with 1.25% of GF enhances the CS by 11.76%. Further inclusion of
GF in concrete results in the depletion of CS. Adding 1.5% of GF increases the strength by
11.52%, less than GF1.25%. GF1.75% increases the strength by 8.26% by adding 1.75% of GF.
GF2% has less strength than other proportions containing GF. In GF2%, including 2% of GF
increases the strength by 5.13%. According to the study by Mastali et al. [39], 1.25% of GF
in concrete is the optimal percentage for compressive strength, which is also supported by
this investigation. It has been discovered that incorporating GF into concrete improves the
material’s microstructure, thereby reducing the formation and size of microcracks. This
ultimately increases the concrete’s density and compressive strength [40]. When GF is
incorporated into concrete, its high energy absorption capacity dissolves energy during
compressive deformation. The energy absorption property evidenced by GF increases the
overall toughness of concrete, allowing it to withstand high compressive forces [41]. A
study conducted by T. Thaker et al. [42] concluded that adding 1.2% of GF to concrete
improves compressive strength by 21.2%.
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4.1.2. Split Tensile Strength

The split tensile strength (STS) of each proportion is illustrated in Figure 3. Based
on the results, it is evident that the control proportion exhibits a split tensile strength of
4.99 MPa. The incorporation of GF results in an improvement in split tensile strength. As
per the investigation, adding 0.50% of GF to concrete increases the STS by 3.20%, further
increasing the GF content to 0.75% increases the STS by 8.81%, and raising the quantity
of GF to 1% results in an increase in STS of 13.62% in comparison to the control sample.
If the GF amount is increased to 1.25%, STS is increased by 17.63%. Adding 1.50% of GF
enhances the STS by 15.43%, which shows that 1.25% of GF is the optimum amount of GF
that increases the strength by 17.63%. Further addition of GF results in the depletion of STS.
If the content of GF is augmented to 1.75%, strength increases by just 8.81%. A 2% addition
of GF in concrete increases the strength by 6%. As per the study’s findings and experimental
data, it can be seen that 1.25% of GF is the ideal percentage of GF to be used in concrete,
which provides the maximum strength, but more increases in the amount of GF results in
the depletion of strength. As per the investigation performed by Kushartomo et al. [43], the
optimum percentage of GF to be used in concrete is 2%, at which the split tensile strength
(STS) is maximum. The accumulation of fibres in concrete has led to a reduction in the
propagation of fractures, which has led to an increase in the material’s resistance to injury
under tensile forces [44]. Utilising glass fibre reinforcement (GF) in concrete structures
facilitates load dispersion over a larger surface area, thereby transferring tensile stresses to
a larger region. This phenomenon effectively mitigates the likelihood of concrete fracture
by reducing the tension concentration. GF acts as a bridge between fractures and their
propagation, inhibiting their growth. This mechanism for preventing cracks also increases
the split tensile strength of concrete [40]. A study by T. Thaker et al. [42] concluded that
adding 1.2% of GF to concrete enhances the split tensile strength by 14.48% in contrast to
the control sample.
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Figure 4 provides a graphical representation of the relationship between concrete’s
compressive and split tensile strengths. The coefficient represented by the variable “R”
denotes a significant relationship between concrete’s compressive and tensile strengths.
The equation depicted in Figure 4 regarding the correlation between STS and CS can be
used to determine either the STS or the CS if one of the two is already known.
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4.1.3. Flexural Strength

Experimental data for the flexural strength of concrete blended with GF is shown
in Figure 5. It is clear from the findings that the inclusion of GF in concrete increases the
FS control mix with 0% of GF content having a minimum FS of approximately 4.23 MPa.
Including 0.50% of GF results in a 7.56% increase in the FS. GF0.75%, in which 0.75% of GF
is added to the concrete, enhances the strength by 9.92%. The inclusion of 1% of GF
shows a 13.00% rise in the FS content of GF. When the inclusion is increased to 1.25%,
the FS is increased by 17.73%, which is the optimum percentage to be added, and the
maximum rise in FS can be seen by adding 1.25% in contrast to the control sample. Further
addition of GF in concrete results in decreased FS, which can be seen in GF1.5% by adding
1.5% of GF. By increasing the amount of GF to 1.75%, FS is reduced compared to GF1.25%.
GF1.75% has an FS 10.87% more than the control sample, and the GF2% sample exhibits
a strength approximately 8.27% greater than that of the reference sample. A study by
Mastali et al. [39] found that, regarding the increase in flexural strength, the GF with a
concentration of 0.75% in the specimen exhibited the highest rate. However, the GF with
concentrations of 1.25% and 0.75% in the samples demonstrated optimal initial fracture
and ultimate impact resistance performances, respectively. The incorporation of glass fibre
into concrete has been observed to enhance its flexural strength owing to the ability of
GF to facilitate the transfer of load to diverse regions of the material and the consequent
distribution of the load over a wider surface area. The load-transferring mechanism
employed by GF serves to mitigate the stress concentration at discrete locations and confer
resistance against flexural stresses [42]. GF in concrete creates a 3-dimensional network
providing more strength and stiffness; this reinforcement helps reduce the cracks, distribute
the loads, and enhance the overall flexural strength of concrete [22]. A study conducted by
T. Thaker et al. [42] concluded that adding 1.2% of GF increases flexural strength by 10.15%
compared to the control sample, and this is the optimum percentage to be used in concrete.

4.1.4. Modulus of Elasticity

The modulus of elasticity of concrete was investigated as per ASTM C469 [37]; for
calculation, the MoE Equation (1) was utilised. The findings on the modulus of elas-
ticity of concrete with different proportions of GF are presented in Figure 6. It is indi-
cated that incorporating GF into concrete yields a beneficial impact on the material’s
MOE (modulus of elasticity). The MOE of the control sample containing zero per cent GF
is approximately 33.89 GPa, while adding 0.50% GF to concrete boosts its strength by 1.66%.
The MOE increases by 2.84% when 0.75% GF is added. Including 1% GF in GF1% increases
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the modulus of elasticity by 4.55%. The utmost increase in MOE that can be achieved
by adding 1.25% GF is 5.72%. The incorporation of additional GF diminishes the MOE.
Compared to GF1.25%, GF at 1.5% increases the MOE by 5.61%. GF1.75% has an MOE
that is 14.05% points higher than the control sample, while GF2% has an MOE of 2.53%
points; thus, introducing more GF than 1.25% reduces the MOE. The GF has high rigidity
because it can resist deformation [43], which increases the MOE of concrete. An excessive
amount of GF in concrete lessens the MOE due to the formation of clusters that reduces
the workability and cohesiveness of concrete. At high concentrations of GF of more than
1.25%, the increased abundance of fibres can potentially disrupt the concrete matrix’s inter-
nal structure. This disturbance can produce fissures, micro-cracks, or interfacial defects,
compromising the structural integrity of the composite material and lowering its modulus
of elasticity.
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4.1.5. Impact Resistance

Table 3 depicts the number of blows at which each sample reached its initial and
ultimate crack. It can be seen that the control mix has the minimum resistance to impact
loading. The addition of GF has enhanced the ability of concrete to resist sudden impact on
concrete. The inclusion of GF shows a positive effect by improving the impact resistance,
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as can be seen in Figure 7, with up to 1.25% addition of GF. Moreover, 1% and 1.25% can be
considered the optimal percentages of GF that can be used to provide a higher degree of
resistivity to sudden impact loadings on concrete. Further addition of more than 1.25% GF
results in a declination of resistance to impact. Impact energy is also evaluated in Table 3
and Figure 7. The results show that the control mix has the minimum energy for both
initial and final cracks, which are 2467.8 and 3475.48 J, respectively. Including 0.50% of
GF, the impact energy for initial and final cracks increases by 25% and 13.01%. Further
addition of 0.75% enhances the impact energy by 37.5% and 20.11%. Moreover, 1% of GF
in concrete increases the impact energy by 55.83% and 41.42% in contrast to the control
sample. Adding 1.25% of GF in concrete increases the impact energy by 62.5% and 45.56%;
this is the maximum impact energy among all the mixes. Further addition of GF results in
a decline in impact resistance; this is due to the excessive content of fibre, because of which
fibres are not properly bonded with the cement matrix in surroundings, resulting in weak
interfacial bonding.

Table 3. Number of blows to initial and final cracks with impact energy.

Mix
Initial Crack Final Crack Impact Energy

q1 q2 E1 E2

GF0% 120 169 2467.8 3475.485

GF0.5% 150 191 3084.75 3927.915

GF0.75% 165 203 3393.225 4174.695

GF1% 187 239 3845.655 4915.035

GF1.25% 195 246 4010.175 5058.99

GF1.5% 189 237 3886.785 4873.905

GF1.75% 178 218 3660.57 4483.17

GF2% 156 197 3208.14 4051.305
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4.2. Durability
Ultrasonic Pulse Velocity

We employed a non-destructive test to examine the concrete’s quality, durability,
and integrity. Ultrasonic pulse travel time measurement is a technique that can assist in
identifying areas within concrete structures that exhibit reduced strength, cracking, or
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delamination. Figure 8 depicts the UPV of mixes with varying amounts of glass fibre. The
value of UPV is between 447 m/s and 452 m/s. The control mix has the lowest UPV of
447 m/s, whereas GF0.5% with 0.50% of GF has a UPV value of 449 m/s. Further addition
of GF content results in an increase in UPV, which shows that the addition of GF also
increases the UPV to an optimum percentage. Beyond that, UPV starts to decline. It can be
seen that GF1.25% has the maximum UPV of 452 m/s, which is approximately 1.11% more
than the control mix; adding more GF beyond 1.25% results in a reduction in UPV, which
shows that 1.25% is the optimum percentage to be used in concrete for better durability,
better integrity, and fewer defects. A study carried out by Sandeep L. Hake et al. [45] shows
that all the mixes containing various proportions of GF exhibit superior UPV, which shows
that it improves the quality of concrete and concrete exhibits higher velocity due to its
density, homogeneity, and uniformity in comparison to other materials. The inclusion of
GF improves the UPV, which may be because of the enhanced bonding between the GF,
cement matrix, and aggregate particles. GF has a high density as it is added to concrete. It
also increases the overall density of concrete, which UPV increases. UPV starts declining
after some extent due to fibre clustering in concrete and inadequate bonding between
cementitious materials, the aggregate, and GF.
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Figure 9 shows the correlation between the compressive strength of concrete and
UPV. The value of R2 indicates that there is a solid relationship between both UPV and
compressive strength. The equation in Figure 9 can be used to estimate the value of UPV
or compressive strength if either of them is known. “X” in this equation represents the
compressive strength, while “Y” is the value of UPV.
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4.3. Assessment of Sustainability
4.3.1. Embodied Carbon

The calculation of embodied carbon for each substantial proportion containing differ-
ent percentages of GF has been conducted through a comprehensive literature review. The
embodied carbon factor for each material was taken from the available literature review, as
shown in Table 4.

Table 4. Embodied carbon factors.

Material Embodied Carbon Factor
CO2 (Kg/Kg) References

OPC 0.82 [46]

S.F. (Silica fume) 0.024 [47]

GF 1.54 [48]

F.A. (Fine Aggregate) 0.0139 [49]

Super Plasticizer 0.72 [50]

C.A. (Coarse Aggregate) 3.4 [51]

Water 0 [52]

Figure 10 displays the embodied carbon for each proportion. It shows that the ac-
cumulation of GF in concrete increases the embodied carbon. The embodied carbon of
the control mix is 499.3 Kg·CO2/kg. The accumulation of 0.50% GF in concrete has an
embodied carbon of 503.53 Kg·CO2/kg more than the control sample. Further inclusion of
0.75% GF has embodied carbon of 505.65 Kg·CO2/kg. The control mix has the minimum
embodied carbon, and GF2% with 2% of GF has the maximum embodied carbon of ap-
proximately 516.24 Kg·CO2/kg, which is 3.39% more than the control sample, which is
justifiable because of GF’s high embodied carbon factor.
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4.3.2. Eco Strength Efficiency

Concrete cannot be selected only because its low embodied carbon is more sustainable,
so the selection of concrete’s eco-strength efficiency should be considered. Eco-strength effi-
ciency (ESE) is the evaluation of the environmental sustainability of concrete based on the
proportion of its mechanical strength to its embodied carbon footprint. This research seeks
to evaluate the effectiveness of concrete in terms of its mechanical performance while min-
imising its environmental impact. This study computed the ESE (Effective Stress Exerted)
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values for various concrete formulations containing variable amounts of glass fibre. Eco-
strength efficiency is the ratio of CS (compressive strength) and EC (embodied carbon) of
concrete. The compressive strength of concrete is considered to calculate the eco-strength
efficiency as it is the principal mechanical property of concrete that is considered while se-
lecting the concrete. Figure 11 shows the eco-strength efficiency (ESE) of concrete, and it can
be seen that the control mix has the lowermost ESE of approximately 0.104 MPa/kgCO2·m3.
Eco-strength efficiency increases with increases in GF up to 1.25% of GF inclusion, which
has the maximum eco-strength efficiency. GF1.25% has 9.44% more ESE than the control
sample. As the content of GF rises more than 1.25%, ESE decreases. GF1.5% with 1.5% of
fibre inclusion has an ESE 8.77% higher than the control mix, and GF 1.75% increases the
ESE by 5.14%. Blending concrete with 2% fibre increases the ESE by 1.68%. GF1.25% is
recommended as it has the highest ESE among all the mixtures.
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5. ANOVA (Analysis of Variance)

Employing the RSM model, Table 5 examines GF’s impact on the hardened qualities
of concrete and evaluates the material’s potential to be sustainable. This method is well-
known for its increased accuracy and dependability [53]. The RSM experimental dataset
analysed multiple regressions in the context of this specific research. The tabular data
presented herein depict the ANOVA results obtained from the anticipated model utilising
the optimal design alternative. The statistical significance level for the sum of squares (S.S.),
p-values, and F-value is 0.005 [54]. The statistical significance of each component is assessed
using p-values of 0.05 and 0.01 [55]. The values above suggest good concordance between
the observed and anticipated values. The ANOVA analysis findings indicate that the input
component demonstrates model p-values equal to or lesser than 0.005 [56,57]. After 28 days
of curing, the RSM model produced F-values of different concrete properties. The study
determined the F-values for various properties of concrete, including CS, STS, FS, MoE,
UPV, EC, and ESE. The obtained F-values were 52,976.01, 1087.28, 78.02, 42,321.97, 120.46,
3.822 × 107, and 34,273.33, respectively. Table 5 presents the values mentioned earlier. The
statement serves to emphasise the importance of the models that were obtained.
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Table 5. Results of ANOVA for each response.

Responses Source Sum of Squares df Mean Square F-Value p-Value Significance

Compressive Strength Model 59.04 5 11.81 52,976.01 <0.0001 significant

A-GF 5.68 1 5.68 25,474.78 <0.0001

A2 0.7915 1 0.7915 3550.80 <0.0001

A3 0.9558 1 0.9558 4288.04 <0.0001

A4 0.0122 1 0.0122 54.64 0.0002

A5 0.4587 1 0.4587 2057.61 <0.0001

Residual 0.0016 7 0.0002

Lack of Fit 0.0016 2 0.0008

Pure Error 0.0000 5 0.0000

Cor Total 59.04 12

Split Tensile Strength Model 1.16 6 0.1935 1087.28 <0.0001 significant

A-GF 0.0588 1 0.0588 330.19 <0.0001

A2 0.0037 1 0.0037 21.04 0.0037

A3 0.0047 1 0.0047 26.21 0.0022

A4 0.0008 1 0.0008 4.29 0.0836

A5 0.0014 1 0.0014 7.90 0.0308

A6 0.0016 1 0.0016 8.74 0.0254

Residual 0.0011 6 0.0002

Lack of Fit 0.0011 1 0.0011

Pure Error 0.0000 5 0.0000

Cor Total 1.16 12

Flexural Strength Model 0.6396 2 0.3198 78.02 <0.0001 significant

A-GF 0.2031 1 0.2031 49.55 <0.0001

A2 0.3643 1 0.3643 88.87 <0.0001

Residual 0.0410 10 0.0041

Lack of Fit 0.0410 5 0.0082

Pure Error 0.0000 5 0.0000

Cor Total 0.6806 12

Modulus of elasticity Model 5.95 5 1.19 42,321.97 <0.0001 significant

A-GF 0.5520 1 0.5520 19,647.23 <0.0001

A2 0.0810 1 0.0810 2883.15 <0.0001

A3 0.0902 1 0.0902 3211.08 <0.0001

A4 0.0014 1 0.0014 50.02 0.0002

A5 0.0428 1 0.0428 1523.30 <0.0001

Residual 0.0002 7 0.0000

Lack of Fit 0.0002 2 0.0001 1.218 × 106 <0.0001 significant

Pure Error 4.035 × 10−10 5 8.071 × 10−11

Cor Total 5.95 12

Embodied Carbon Model 442.99 5 88.60 3.822 × 107 <0.0001 significant

A-GF 8.28 1 8.28 3.571 × 106 <0.0001

A2 0.0000 1 0.0000 16.85 0.0045

A3 0.0000 1 0.0000 9.50 0.0178

A4 0.0001 1 0.0001 28.12 0.0011

A5 0.0000 1 0.0000 11.33 0.0120

Residual 0.0000 7 2.318 × 10−6

Lack of Fit 0.0000 2 8.113 × 10−6

Pure Error 0.0000 5 0.0000

Cor Total 442.99 12
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Table 5. Cont.

Responses Source Sum of Squares df Mean Square F-Value p-Value Significance

Eco-strength Efficiency Model 0.0002 5 0.0000 34,273.33 <0.0001 significant

A-GF 0.0000 1 0.0000 17,287.13 <0.0001

A2 3.171 × 10−6 1 3.171 × 10−6 3338.66 <0.0001

A3 3.633 × 10−6 1 3.633 × 10−6 3826.08 <0.0001

A4 5.979 × 10−8 1 5.979 × 10−8 62.96 <0.0001

A5 1.749 × 10−6 1 1.749 × 10−6 1841.58 <0.0001

Residual 6.648 × 10−9 7 9.496 × 10−10

Lack of Fit 6.647 × 10−9 2 3.324 × 10−9 75,061.02 <0.0001 significant

Pure Error 2.214 × 10−13 5 4.428 × 10−14

Cor Total 0.0002 12

UPV Model 42.50 2 21.25 120.46 <0.0001 significant

A-GF 36.34 1 36.34 206.02 <0.0001

A2 3.10 1 3.10 17.58 0.0019

Residual 1.76 10 0.1764

Lack of Fit 1.76 5 0.3528

Pure Error 0.0000 5 0.0000

Cor Total 44.27 12

Moreover, the model’s validity and efficacy are assessed using the lack of appropriate
fits and diminished F values. The absence of fits implies the presence of fluctuations in the
data in the vicinity of the model’s fitting region. When the p-value for Lack of Fit exceeds
0.005, it does not attain statistical significance. For CS, MoE, EC, and ESE, the fifth model
was considered the best-suited model; for STS, the sixth model was considered the best-fit
model; for FS and UPV, the quadratic model was suggested as the best-fit model. Model
terms that are significant for compressive strength are A, A2, A3, A4, and A5; for split
tensile strength, effective model terms are A, A2, A3, A5, and A6; effective model terms for
flexural strength are A and A2. At the same time, for the modulus of elasticity, the model
terms are A, A2, A3, A4, and A5. For UPV, they are A and A2. Furthermore, for embodied
carbon, A, A2, A3, A4, and A5 are significant. Lastly, for eco-strength efficiency A, A2, A3,
A4, and A5 are the model’s significant terms.

Table 6 displays a statistical evaluation of the model’s dependability and reliability.
Various metrics can be employed to assess the trustworthiness of a model, such as the
standard deviation and R2 values [58–62]. The term R2 is commonly called the coefficient
of determination in the academic literature [23,63]. The R-squared value, denoted as R2,
measures the level of agreement between the data and the model generated through the
utilisation of response surface methodology (RSM) [61,64]. The value of R2 varies from
0–100% [22,29]. The greater the value of the R2 model, the higher the accurate [54,55]. For
all the developed models in this investigation, it can be seen in the table that the value of R2

is near 0.9, which means that all the developed models have very high accuracy. The value
of R2 for each response, including CS, STS, FS, MoE, UPV, EC, and ESE, is 0.9999, 0.9991,
0.9398, 0.9999, 0.9601, 0.9999, and 0.9999, respectively. Furthermore, the adequate precision
for each response should be more than 4; the more critical the accurate precision, the more
accurate the model will be. It can be seen that adequate accuracy for every response is
more than 4; it also displays the reliability of models. The adequate precision for CS, STS,
FS, MoE, UPV, EC, and ESE is 605.4968, 87.5383, 19.1229, 540.5094, 24.1984, 16,367.6796,
and 471.9818.
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Table 6. Accuracy and dependability of the Response Surface Methodology (RSM) model.

Model Validation Constraints CS STS FS MORE UPV EC ESE

Std. Dev. 0.0149 0.0133 0.0640 0.0053 0.4200 0.0015 0.0001

Mean 55.16 5.40 4.60 34.90 449.92 507.61 0.1086

C.V. % 0.0271 0.2470 1.39 0.0152 0.0934 0.0003 0.0284

PRESS 0.0173 0.1992 0.0571 0.0023 2.61 0.0001 8.137 × 10−8

−2 Log Likelihood −80.47 −85.40 −37.98 −107.39 10.93 −139.83 −241.23

R-Squared 0.9999 0.9991 0.9398 0.9999 0.9601 0.9999 0.9999

Adj R-Squared 0.9999 0.9982 0.9277 0.9999 0.9522 0.9999 0.9999

Pred R-Squared 0.9997 0.8286 0.9160 0.9996 0.9411 0.9999 0.9995

Adeq Precision 605.4968 87.5383 19.1229 540.5094 24.1984 16,367.6796 471.9818

BIC −65.08 −67.47 −30.28 −92.00 18.62 −124.44 −225.84

AICc −54.47 −49.00 −29.31 −81.39 19.59 −113.83 −215.23

Equations (2)–(8) can be used to predict the properties of concrete with varying
amounts of GF. “A” in the equation represents the GF as an input variable. Using the factor-
coded equation, estimating the response for predetermined values of each component is
feasible. It is common practice to assign a matter of one plus to high levels of a factor
and a value of one minus to low levels of the same component [65]. Using an encoded
equation confers advantages in determining the relative impact of the components through
the evaluation of the factor coefficients. We followed the procedures outlined previously to
accomplish this. Figures 12–18 present the predicted and actual models with normal plots
of residuals for each response.

Compressive Strength = 56.8288 + 7.00432 ∗ A − 3.95621 ∗ A2 − 12.782 ∗ A3 + 0.462652 ∗ A4 + 7.11272 ∗ A5 (2)

Split Tensile Strength = 5.67723 + 0.945745 ∗ A − 0.646647 ∗ A2 − 1.46377 ∗ A3 − 1.14357 ∗ A4 + 0.668227 ∗ A5 + 1.25315 ∗ A6 (3)

Flexural Strength = 4.78475 + 0.182492 ∗ A − 0.384031 ∗ A2 (4)

Modulus of Elasticity = 35.4304 + 2.18387 ∗ A − 1.26565 ∗ A2 − 3.92697 ∗ A3 + 0.157147 ∗ A4 + 2.17275 ∗ A5 (5)

Embodied Carbon = 507.769 + 8.45748 ∗ A − 0.0277906 ∗ A2 + 0.0613384 ∗ A3 + 0.033847 ∗ A4 − 0.0538244 ∗ A5 (6)

Eco-strength Efficiency = 0.111917 + 0.0119095 ∗ A − 0.00791816 ∗ A2 − 0.0249211 ∗ A3 + 0.00102504 ∗ A4 +0.013889 ∗ A5 (7)

UPV = 450.501 + 2.44121 ∗ A − 1.12043 ∗ A2 (8)
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6. Optimisation of Glass Fibre in Concrete Using RSM

It might be challenging to successfully obtain ideal values for numerous replies si-
multaneously. As a result, many approaches for multi-objective optimisation are used to
maximise various outcomes. In this research, a compromised approach of optimisation
was used for the numerous responses from eight participants. As was outlined previously,
only one independent variable was included in this study: The amount of GF it contained.
Six dependent variables were used: CS, STS, FS, MoE, EC, and ESE. The study utilised
the Response Surface Methodology (RSM) to identify the most favourable amalgamation
of factors to optimise the six variables. The study employed Design Expert version 13 to
achieve an optimal design. Each variable and answer choice was associated with a certain
degree of importance. A multi-objective optimisation methodology can yield a solution that
closely approximates the upper and lower bounds that have been defined, as demonstrated
in Table 7.

Table 7. Optimisation of variables.

Factors

Variable
(Input Factors) Response (Output Factors)

GF. (%) Compressive
Strength

Split Tensile
Strength

Flexural
Strength MORE Embodied

Carbon
Eco-Strength

Efficiency

Value 0 52 4.99 4.23 33.89 499.31 0.104

2 58.12 5.87 4.98 35.83 516.24 0.113

Goal In range In range Minimise In range In range Minimise Minimise

Optimisation results 0.0124 52.122 4.969 4.23 33.93 499.413 0.104

Desirability 0.991

The standard for desirability is determined by the degree of similarity between the
observed result and the proposed solution. To maximise potential outcomes, individuals
should strive to maintain high attractiveness in their immediate environs. The total desir-
ability value is 0.991, which is close to 1, which suggests that the optimisation response
is feasible. With desirability of 0.991, response values for CS, STS, FS, MoE, EC, and ESE
are 52.122, 4.969, 4.23, 33.93, 499.413, and 0.104. The optimised value of GF to be used
in concrete is 0.0124. Different goals were set for all the input and output factors for the
optimisation process. The goal for GF, CS, FS, and MoE is in range, while the goal for split
tensile strength, EC, and ESE was minimised (Figures 19 and 20).
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7. Validation of Model Developed by RSM

The optimised proportion of GF achieved by the optimisation process through RSM
was to validate each model. As per the optimisation, the optimised value of GF is 0.0124.
The experiments were conducted as per the optimised value, and mechanical strength was
then compared with the optimised value for each response; the margin of error is less than
5%, showing that each model is highly optimised and accurate. Equation (9), mentioned
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below, calculates the error between experimental and predicted values. Table 8 represents
the difference between predicted and observed values.

Error(%) =
(Experimental value − predicted value)

predicted value
× 100 (9)

Table 8. Validation of models.

Response Predicted Experimental Error (%)

Compressive strength 52.1229 53.75 3.12%

Split-Tensile strength 4.96948 5.16 3.8%

Flexural strength 4.23 4.4 4%

MoE 33.9301 33.99 0.17%

8. Conclusions

The principal aim of this study was to examine the impact of glass fibre (GF) on the
mechanical characteristics of concrete with different proportions of GF. RSM was utilised
to design the experimental setup, and by using the RSM, models of each response were
generated to forecast and predict the optimal values for each response. GF was optimised
to find the optimal value of GF to be used in concrete. Then, according to the optimised
value of GF, experiments were conducted to validate each model generated by RSM. The
main findings from this investigation are as follows:

• According to the study, the optimum percentage of GF to be used in concrete is 1.25%,
which results in increasing the compressive strength (CS), split tensile strength (STS),
flexural strength (FS), and modulus of elasticity (MoE) by 11.76%, 17.63%, 17.73%, and
5.72%, respectively.

• Increasing the GF content increases the embodied carbon; a proportion containing 2%
of GF has the maximum embodied carbon, while concrete containing 1.25% GF has
the highest ESE.

• The addition of GF has shown a significant improvement in the sudden impact.
Specifically, 1.00% or 1.25% inclusion of GF is the optimal percentage with high
resistance to sudden impacts on concrete.

• For the assessment of concrete’s quality and integrity, the UPV test was conducted,
which shows that all the proportions with varying quantities of GF improved the
value of UPV, which means GF addition in concrete improves its quality. Concrete
containing 1.25% of GF has the maximum UPV.

• For CS (compressive strength), MoE (modulus of elasticity), EC (embodied carbon),
and ESE (eco-strength efficiency), the fifth model is declared as the best-fit model.
For STS (split tensile strength), the sixth model is declared the best-fit model. The
quadratic model is deemed the most suitable fit for flexural strength (FS).

• The value for the coefficient of determination (R2) for CS (compressive strength), STS
(split tensile strength), FS (flexural strength), MoE (modulus of elasticity),
EC (embodied carbon), and ESE (eco-strength efficiency) are 0.9999, 0.9991, 0.9398,
0.9999, 0.9999, and 0.9999, respectively.

• The optimised values obtained via the process of optimisation of each response using
RSM are 0.0124, 52.122, 4.969, 4.23, 33.93, 499.413, and 0.104 for CS
(compressive strength), STS (split tensile strength), FS (flexural strength), MoE
(modulus of elasticity), EC (embodied carbon), and ESE (eco-strength efficiency).

• The validation process shows that the margin of error among experimental and antici-
pated values is less than 5%, which shows that the model developed by RSM for each
response is highly accurate.
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