Case Studies in Construction Materials 20 (2024) e02967

Contents lists available at ScienceDirect

CASE STUDIES IN
CONSTRUCTION
MATES

Case Studies in Construction Materials

ot : =3
ELSEVIER journal homepage: www.elsevier.com/locate/cscm

Check for

Investigating the synergistic effects of carbon fiber and silica fume ="
on concrete strength and eco-efficiency

Ahsan Wagqar , Muhammad Basit Khan °, Muhammad Talal Afzal”, Dorin Radu®,
Teofil Galatanu ¢, Christiana Emilia Cazacu®, Yakubu Dodo ‘, Fadi Althoey ©,
Hamad R. Almujibah

2 Department of Civil & Environmental Engineering, University Technology PETRONAS, Seri Iskandar, Perak 32610, Malaysia
Y punjab Irrigation Department, Government of Punjab, Old Anarkali Road, Lahore 54000, Pakistan

€ Faculty of Civil Engineering, Transilvania University of Brasov, Romania

4 Architectural Engineering Department, College of Engineering, Najran University, Najran, Saudi Arabia

¢ Department of Civil Engineering, College of Engineering, Najran University, Najran, Saudi Arabia

f Department of Civil Engineering, College of Engineering, Taif University, P.O. Box 11099, Taif 21944, Saudi Arabia

ARTICLE INFO ABSTRACT
Keywords: The present study endeavors to quantitatively evaluate the performance of concrete by incor-
Carbon fiber porating carbon fiber reinforcement and micro silica addition. A comprehensive experimental

Environmental assessment
Micro silica

Response surface methodology
Mechanical properties

investigation is conducted to examine the effects of these two additives on the concrete proper-
ties. Additionally, an eco-efficiency analysis is performed to assess the environmental impact of
the modified concrete. Furthermore, a response surface optimization technique is employed to
optimize the concrete mix design based on desired performance criteria. The findings of this study
provide valuable insights into enhancing the performance and eco-efficiency of concrete by uti-
lizing carbon fiber reinforcement and micro silica addition. To accomplish this objective, varying
percentages of CF (ranging from 0% to 0.80%) and different densities of micro silica (ranging
from 0 kg/m3 to 50 kg/m3) were incorporated into the concrete mixtures. Subsequent tests were
conducted to evaluate the mechanical properties, including compressive strength, split tensile
strength, and flexural strength, at least 3 specimens for each mix were tested. Furthermore, the
eco-strength efficiency of the concrete mixtures was assessed by determining the ratios of
embodied carbon. The results demonstrate that the inclusion of 0.60% CF and 26.5 kg/m3 of
micro silica in the concrete mixture yields the optimal proportion, leading to a significant
enhancement in compressive strength (CS), split tensile strength (STS), and flexural strength (FS)
by 54.11%, 80%, and 36.6%, respectively, compared to a control sample devoid of CF and micro
silica. Through thorough experimentation, a response surface methodology (RSM) was employed
to develop an optimized model. Consequently, the derived equations enable the calculation of the
impact of adding carbon fiber to concrete.
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1. Introduction

Concrete, globally favored for its affordability and high compressive strength, is primarily made with cement, which has negative
environmental impacts. To promote sustainable construction, various materials are being used as replacements for cement. A variety of
materials are currently used for cement replacement in sustainable construction [1-3], including fly ash, bottom ash, wood ash,
meta-kaolin, palm oil fuel ash, Ground Granulated Blast-furnace Slag (GGBS), volcanic pumice powder ash, Rice husk, Sugarcane
bagasse ash, coir fiber ash, and silica fume, among others [4]. These materials can be used as cement replacements and positively affect
concrete’s mechanical properties. One of the promising materials used as cement replacement material (CRM) is silica fume. Incor-
porating silica fume, an extremely pozzolanic byproduct of the ferrosilicon industry, can strengthen and increase the durability of
concrete [5,6]. The study conducted by Shijun Zhao et al. [7] has recommended that producing high-performance concrete with
excellent mechanical qualities may be accomplished by using SF as a replacement for modest volumes of cement in the mix. When
silica fume is added to concrete, dynamic tensile loading produces improved results in terms of the material’s mechanical charac-
teristics and performance.

Extensive research has been conducted on silica fumes due to their remarkable physical and mechanical characteristics. The results
have demonstrated a significant improvement in the dynamic tensile strength of samples, particularly when subjected to higher strain
rates. The investigation carried out by Salim Barbhuiya et al. [8] found that 15% replacement of silica fume with cement has a positive
impact on the mechanical properties of concrete. In one more prior research [9], it was determined that 10% SF is the optimal amount
to be used as a cementitious material, with a compressive strength of approximately 32.5 N/mm? and a fracturing tensile strength of
3.45 N/mm?; further addition of silica fume results in a decrease in strength. There have been advancements in the production of
concrete, resulting in the creation of new varieties with enhanced properties and remarkable usability. In addition to conventional
constituents, these concrete also contain novel and innovative substances [10].

Various considerations, including mix proportions, water-to-cement ratios, chemical and mineral admixtures, and additional
constituents, have been incorporated into contemporary concrete practices, alongside other significant aspects. Despite its impressive
compressive strength, concrete is acknowledged for its insufficient tensile strength. It is crucial to address possible failures proactively
in order to avert unexpected structural failures resulting from the inherent low tensile strength of concrete when subjected to
continuous loading conditions. Various types of fibers, including synthetic, glass, steel, and natural fibers, are utilized in concrete [11].
The properties of fiber-reinforced concrete are subject to alteration based on the type of concrete used, the fibers’ materials, shapes,
arrangements, orientations, and densities [12]. The substance known as carbon fiber (CF) has an exceptionally high tensile strength
[13,14]. It has been discovered that incorporating carbon fiber into concrete may increase the material’s flexural strength and reduce
the fracture width [15]. In civil engineering, carbon fibers are a popular material composed primarily of carbon atoms. The accu-
mulation of carbon fibers in concrete can augment its durability against fatigue and impact, provided that the right amount is used. The
low density and high thermal conductivity of carbon fibers have captured the interest of engineers [16]. Utilizing carbon fibers can aid
in mitigating drying shrinkage issues and reducing fissure breadth [17]. Carbon fiber reinforced concrete (CFRC) has gained popularity
in various fields due to its exceptional thermal conductivity with low weight and superior modulus of elasticity [18,19]. Numerous
academic studies have been carried out in order to investigate the effect that carbon fibre has on concrete. These studies have shown
that carbon fibre has the ability to improve the fracture resistance, ductility, and post-cracking behavior of concrete [20]. An ex-
amination into the effects of including carbon fibres in several proportions has been carried out, and the findings suggest that adding
carbon fibres in an adequate amount may improve the durability of concrete while without affecting its compressive strength [21].
Furthermore, the utilisation of carbon fiber-reinforced concrete has shown potential in reducing maintenance costs and extending the
operational lifespan of constructions [22]. This makes it an appealing option for a wide variety of applications, ranging from bridge
decks to industrial flooring systems, which makes it a compelling choice for a lot of different uses. In the recent studies by Muhammad
et al. [14], research findings indicate that incorporating CF into concrete can significantly enhance its mechanical characteristics and
that adding 0.60% CF is the optimal amount that can be used in concrete. It increases compressive strength (CS) by 20.93% and split
tensile strength (STS) by 59%. A study by Andrey et al. [23] has concluded that When preparing concrete, it is recommended to
incorporate 0.2% by weight of carbon fibers into the cement. This will yield the finest outcomes. This technique has the potential to
increase the CS (compressive strength) of concrete by 43.4% and the tensile strength (STS) by 17.5% while maintaining a high level of
mechanical stabilization (2.8%).

Silica fume is a notable reactive pozzolans that has gained recognition for its potential to enhance the mechanical properties and
long-lasting nature of concrete [24]. Silica fume is an auxiliary product that is generated from the production operations of silicon and
ferrosilicon alloy [25]. The addition of silica fume to concrete mixtures causes it to go through a reaction with calcium hydroxide,
which is a byproduct of the hydration process that cement goes through. As a consequence of this reaction, an additional gel composed
of calcium silicate hydrate (C-S-H) is produced. Because of the improvements to the microstructure, the compressive strength is
increased, the permeability is lowered, and the material’s resistance to chemical attack and the alkali-silica reaction (ASR) is improved
[26]. There has been a significant amount of investigation on the effectiveness of using silica fume as a partial replacement for cement
in concrete [27,28]. These studies have repeatedly proved the good influence that silica fume has on the strength and durability of
concrete, particularly in situations where the concrete is exposed to tough environmental circumstances, such as coastal projects and
transportation infrastructure [29]. One example of such a scenario is when the concrete is subjected to a scenario where the concrete is
subjected to harsh environmental conditions [30].

The originality of our study resides in the thorough evaluation of carbon fibre and silica fume as important concrete mixture
additions. While earlier research has examined the distinct impacts of carbon fibre or silica fume on the characteristics of concrete, our
study takes a ground-breaking tack by concurrently altering the amounts of both elements. Using this innovative method, we may
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explore a variety of proportions and how they interact to affect the mechanical and structural qualities of concrete. Furthermore, by
incorporating cutting-edge analytical methodologies and experimental procedures tailored to this unique mix, our work transcends the
traditional limitations of concrete research. In order to better understand the intricate interactions between carbon fibre, silica fume,
and the cementitious matrix, cutting-edge analytical methods and computer models are used. Our study has practical implications for
the building sector in addition to the scientific advancements. The results of our investigation might completely alter how concrete
buildings are designed and function. We hope that our work will result in more resilient and long-lasting building materials that
provide advantages such better load-bearing capacity, improved fracture resistance, and longer durability.

To optimize the mechanical properties of concrete, a combination of carbon fibers and micro silica is being investigated. Series of
mechanical tests were conducted to investigate the combine effects of carbon fiber and silica fume on CS, STS, and FS, for investigating
each characteristic 3 samples were prepared for each proportion. Additionally, RSM statistical model was developed for each response
and equation were generated to predict the mechanical strength of concrete containing carbon fiber and silica fume, and also
determined the optimal proportions of carbon fibers and micro silica for use in the construction industry.

1.1. Design of experiments

1.1.1. Background

Design of Experiments (DOE) is a methodology that encompasses the consideration of numerous input variables in order to achieve
comprehensive analysis. [31]. This technique can increase the efficacy of experiments, and numerous industrial sectors utilize it for
this purpose [32]. Empirical research on some aspect of a system, procedure, or product is the focus of a specialized subfield of applied
statistics. This line of inquiry centers on modifying the values of the input variables to examine how these modifications influence the
measured variables. The scope of DOE extends to both real-world physical processes and computer-generated simulation models [33].
Historically, the OVAT method was utilized to solve problems involving multiple parameters. This method entailed holding all var-
iables constant except for one and conducting experiments until the optimal result was attained for the examined factor. Each variable
is subjected to the procedure until the correct solution is found, considering all the problem’s variables. The procedure requires
extensive data sets and multiple trials, which can be expensive, time-consuming, and labor-intensive despite its precision and
simplicity.

To assess the efficiency of concrete, numerous aspects must be taken into account. However, by thoroughly contemplating and
paying meticulous attention to detail, we can attain remarkable outcomes [34]. The DoE technique facilitates the comprehension of
arithmetical modeling by exposing the influence of each constituent on the dependent variable. Consequently, the quantity of data that
must be collected to get correct findings is reduced. Academics who put in the effort to develop their topic knowledge and
problem-solving abilities will find that the variety of analyses offered by the Design of experiment (DoE) presents a stimulating and
gratifying challenge [35]. It is encouraging to note that DoE has emerged as a prominent approach in recent years to research various
construction materials. The comprehensive utilization of DoE in concrete research is a positive development. The process starts with
forecasting the strength of concrete and extends to creating various design combinations. The integration of numerical equations can
enhance the effectiveness of nondestructive testing (NDT) for accurately evaluating the strength of conventional concrete [11-21].

The preferred method for situations like this involves utilizing the SLR, a simple linear regression technique in conjunction with a
scatter plot. New methods of assessment, such as the Response Surface Method, may now be used to produce forecasts that are both
precise and highly specific [36]. DoE processes are particularly helpful for identifying the possibility of material substitution, and a
substantial fraction of the most recent publications use a more complex way of interpreting test findings [37]. Several potential
substitute materials, such as tire rubber [38], fly ash [39], and others, have been put through various DoE testing protocols to
determine their effectiveness. Further research has been conducted to enhance concrete design procedures using response surface
methodology [40], curve fitting techniques [41], and ANNs-based approaches.

1.1.2. Response surface technique

Response surface methodology (RSM) is a widely recognized experimental design approach that enables researchers to method-
ically investigate the impacts and interdependencies of multiple factors related to response variables. The employed research meth-
odology in this study bears resemblance to the Taguchi technique, aiming primarily to streamline the testing process in order to attain
optimal results. According to Bradley et al. [42], To select the response site that yields the best results, the RSM method necessitates a
study of the response surface’s shape. In this study, both the positive maximum (+1) and the negative minimum (—1) are considered,
as well as the trajectory of the ridges. The RSM model is excellent because it takes into account the combined effect of a large number of
variables and then generates an optimal design for the response variable. Thus, the RSM paradigm is highly effective. The RSM method
is an excellent instrument for reducing the time and money spent on research and the number of laboratory tests required. Using a
numerical method allows us to solve problems in a manner that is both more efficient and effective [43]. In addition to this, it analyzes
how the different components communicate with one another to enhance the model’s accuracy and reliability. The observed data
displays a quadratic pattern, indicating the potential for incomplete representation of certain curved systems. Nonetheless, this pre-
sents an opportunity to investigate and learn more about the world.

Even though RSM does not inherently define the method of data collection, it provides a comprehensive analysis instrument for
results and discoveries. Excitingly, numerous research approaches are currently being utilized. Among these are the Box-Behnken
design (BBD), the three-level (3 k) complete factorial Design, the central composite Design (CCD), and the Doehlert design matrix
(DM), among others.

This study employed the Response Surface Methodology (RSM) as its primary research approach. The RSM involved various
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Fig. 1. FESEM of carbon fiber.

components, including experimental designs, mathematical modeling, mix proportioning, and optimization. Design Expert 13 soft-
ware was utilized to facilitate the optimization process. The study emphasizes investigating the impact of carbon fiber and micro silica
on the characteristics of hardened concrete. Both carbon fiber (CF) and micro silica are used as separate variables in the research. The
process enables a comprehensive understanding of the subject matter.

2. Materials and mix proportions
2.1. Materials

Ordinary Portland cement Type I (OPC) was employed in this research study, adhering to the standards outlined in ASTM C150M-
15 for the binder material utilized. Carbon fibers, an essential constituent of concrete, were procured from local vendors. The material
properties were evaluated using the existing equipment available in our laboratory, following the standard parameters provided by the
carbon fiber supplier. This assessment aimed to determine the suitability of carbon fibers for concrete production and other testing
procedures. By closely monitoring the incorporation of carbon fibers in concrete and maximizing the interaction between the fibers
and the concrete matrix, it is possible to enhance the strength of concrete beyond its inherent capabilities.

Precautionary measures were implemented to ensure the appropriate utilization of carbon fibers in concrete manufacturing.
Subsequent testing demonstrated that the industrial grade 36 carbon fiber exhibited all the typical properties associated with carbon
fibers. A research investigation was conducted to verify the accuracy of the test results. The research findings indicate that the optimal
length of carbon fiber strands should not exceed 10 millimeters. Moreover, incorporating fibers into various concrete elements en-
hances their durability and evaluation methods. These conclusions were derived from the analysis of concrete samples and their
performance under different conditions. The collected data serve as evidence of the research findings. The emphasis on maintaining
the length of carbon fiber strands within 10 millimeters aims to highlight their effectiveness in enhancing the properties of the ma-
terial. The micro silica used in this investigation was obtained from a local supplier. The substance was then transported, and its
density and other properties were determined. There is a correlation between its properties and reduced water absorption and its
ability to be incorporated into materials with specific particulate sizes or dimensions. The coarse aggregate was obtained from a close-
by supplier. A granular aggregate that was easily accessible in the region was employed in the study. The procurement of a super-
plasticizer having a density of 1200 kg per m® from local sources was conducted during the manufacture of concrete. The principal
objective of this procurement was to fulfill the water requirements. Research has been conducted to analyze the chemical composition
of carbon fiber and superplasticizers to detect potentially hazardous substances that could compromise the fiber’s strength. FESEM of
carbon fiber can be seen in Fig. 1.

2.2. Mix proportioning using RSM

The research was conducted on the production of controlled concrete, following the ACI 211.1-91 guidelines, without the inclusion
of carbon fiber. The software Design Expert 13 was utilized to conduct a mixed design incorporating different carbon fiber proportions
using response surface methodology. Manipulating the independent variables of carbon fiber and micro silica is a key aspect of RSM, as
it directly impacts the dependent variables and their outcomes. Utilizing the optimal design feature of the Design Expert 13 software,
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Table 1

RSM Proportioning.
MIX Binder CF (%) Micro silica C.A F.A Water SP (%)

Kg/m® Kg/m® Kg/m® Kg/m® Kg/m®

CF0%MSO0 503.5 0.00% 0 890 740 195 1
CF0%MS26.5 503.5 0.00% 26.5 890 740 195 1
CF0.60%MS26.5 503.5 0.60% 26.5 890 740 195 1
CF0.20%MS24 503.5 0.20% 24 890 740 195 1
CF0.40%MS24 503.5 0.40% 24 890 740 195 1
CF0.60%MS24 503.5 0.60% 24 890 740 195 1
CF0.80%MS24 503.5 0.80% 24 890 740 195 1
CF0%MS50 503.5 0% 50 890 740 195 1
CF0.20%MS50 503.5 0.20% 50 890 740 195 1
CF0.40%MS50 503.5 0.40% 50 890 740 195 1
CF0.60%MS50 503.5 0.60% 50 890 740 195 1
CF0.80%MS50 503.5 0.80% 50 890 740 195 1

C

Fig. 2. (a) SEM of carbon fiber, (b) cured samples, (c) compressive strength testing (d) split tensile strength testing.

the percentage of the mixture was successfully calculated. CF from 0% to 0.80% and micro silica with varying density from 0 kg/m® to
50 kg/m®> was added in the variability of mixes. The concrete investigation evaluates its mechanical properties, including CS, STS, and
FS. Additionally, EC and ESE are considered for the environmental evaluation of concrete. All other materials, including super-
plasticizers, fine aggregate, coarse aggregate, and water, were held constant. RSM produced a variety of mixtures with differing
proportions and densities of CF and micro silica, respectively. The Table 1 depicts the proportioning performed by RSM. Table 3 shows
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Table 2

Codes followed for mechanical testing.
Mechanical Test Codes followed
Compressive strength ASTM C78/C78M
Split tensile strength ASTMC496
Flexural strength ASTM C78/C78M-21
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Fig. 3. Compressive Strength.

the input and output data in RSM (Fig. 2).

2.3. Preparation of specimen

The dry ingredients, such as cement and aggregates, were mixed for two minutes before adding water and superplasticizer. The
incorporation of the mixture into the concrete was carried out meticulously for a few minutes. During the preparation of the concrete, a
gradual distribution of carbon fiber was observed on its surface. Following the proper integration of the concrete, specimens were
subsequently cast for further analysis. To determine the compressive strength, rectangular blocks measuring 100 x 100 x 100 mm?®
were cast following the guidelines outlined in ASTM C78/C78M. Tensile strength samples were cast following ASTMC496 specifi-
cations, featuring 200 mm in height and a diameter of 100 mm. Following the ASTM C78/C78M-21 standard, the specimen was
prepared for flexural strength testing, and all samples were evaluated on the 28th day after casting. Codes and specifications followed
for testing can be seen in Table 2.

3. Results and discussion
3.1. Mechanical properties

3.1.1. Compressive strength

Fig. 1 illustrates the compressive strength of each concrete mix. The research findings demonstrate that the control mix, which
contains 0% carbon fiber and micro silica, exhibits a strength of 34 MPa. Introducing micro silica at a dosage of approximately 26.5
Kg/m® in the CF 0%MS 26.5 mix results in a concrete strength increase of approximately 20.55% compared to the control mix.
Conversely, when 0.20% of carbon fiber is combined with 24 kg/m3 of micro silica, the concrete strength is enhanced by 33.32%
relative to the control mix. The CF 0.20%, MS 50 mix demonstrates a strength of approximately 48 MPa, representing a 41.17%
improvement over the control mix. If the amount of fiber increased to 0.40% with the same quantity of micro-silica 50 kg/m? in CF
0.40% MS 50, strength increases by 29. 41% shows that an increase in the fiber content from 0.20% to 0.40% with the same amount of
micro silica 50 kg/m? resulted in the reduction of strength. As the amount of carbon fiber raised to 0.60% with micro silica of 50 kg/m>
in the mix, CF 0.60% MS50 compressive strength increased by 25.82%, but if the quantity of silica decreased to 26.5 kg/m® with the
same 0.60% of CF the CS upsurges by 54.11% which is the maximum CS among the mixes. The prior studies by Muhammad Khan et al.
[14] found that concrete containing 0.60% of carbon fiber increases compressive strength by 20.93%. According to the previous
investigation, the quantity of CF which gives the optimum results is 0.60% [44]. Silica also plays a vital role in enhancing the con-
crete’s compressive strength; concrete containing 26.5 kg/m? silica with 0.60% of CF gives the optimum results. It was found that
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Fig. 5. Split Tensile Strength.

0.60% of CF in concrete has maximum strength and further addition of CF reduces its strength it is because the excessive amount of CF
results in agglomeration, the process of agglomeration has the ability to produce localized zones that are distinguished by a noticeably
increased concentration of fibres, which, in turn, causes a disruption in the uniform dispersion of fibres throughout the concrete
mixture. As a consequence of this, these agglomerations of fibres have the ability to operate as stress concentrators, so weakening the
integrity of the nearby matrix and lowering the total toughness [14]. The observed synergistic effects in these samples provide evi-
dence that the incorporation of CF and SF in different quantities might result in improved concrete characteristics. The synergistic
effects are particularly evident when achieving an ideal equilibrium between the two materials, leading to enhanced compressive
strength.

The CS was evaluated using the response surface technique, which involved the generation of 2D plot and 3D response surface.
These 2D and 3D response surface shows that CS of concrete increases with addition of micro silica and research suggests that
incorporating 0.60% of CF and 26.5 kg/m? of micro silica, can result in achieving the optimal strength.

3.1.2. Split tensile strength

The split tensile strength (STS) test results are presented in Fig. 3. The control mix demonstrates an STS of approximately 3 MPa. It
is evident that the STS increases with a higher percentage of carbon fiber (CF) and silica. The results indicate that incorporating 0% CF
and 26.5 kg/m° of silica in the concrete leads to a 58.25% increase in STS. Furthermore, when the CF content is 0.20% and the silica
dosage remains at 24 kg/m°, the STS improves by 69.25%. Similarly, by keeping the silica dosage constant at 24 kg/m3 and increasing
the CF content to 0.40%, the STS rises by 64%. As the CF percentage increases to 0.6% with the same silica quantity, STS increases by
65% compared to the control mix. Increasing the CF up to 0.80% with the same 24 kg/m? in the concrete mix shows a decline in the
STS, and CS decreases by 25% compared to the control sample. If the quantity of silica increases to 50 kg/m3 with 0%, CF gives the STS
of about 6.99 MPa, about 54.5% more than the control sample, which shows that micro silica also has a positive influence on the STS of
concrete. The 0.20% of CF added with 50 kg/m® gives the STS 74% more than the control sample. If the percentage of CF kept
increasing to 0.40% with the same amount of micro silica strength starts declining, which is 30% more than the control sample. 0.60%
of CF also results in the decline of STS, having an STS of about 5 MPa, which is about 25% more than the control sample. If CF is 0.80%
with 50 kg/m> the STS increases by 22.25%. The optimum results can be found using 0.60% of CF with 26.25 kg/m?, which is about
7.2 MPa more than any other mix. CF are a kind of material that has excellent strength capabilities and has the capability to bridge and
reinforce these cracks in an effective manner. The incorporation of CF into concrete serves the purpose of distributing tensile stresses
throughout the material, which prevents fractures from spreading further. Because of this, there has been a noticeable improvement in
the material’s resistance to cracking, as well as an increase in the tensile strength of the material [14]. According to the prior study,
concrete containing 0.60% of CF gives the optimum results for STS [14]. The strength of concrete begins to decline if the quantity of CF
increases more than 0.60% because of the development of voids due to the fiber agglomerates, which is the reason for the reduction of
strength [16].

Fig. 4 illustrates the polynomial correlation between concrete’s CS and STS. It demonstrates a strong relationship among the CS and
STS of concrete. R? is a statistical measure that specifies how thoroughly the data fitting the regression line. Value of R? is between
0 and 1, and a value close to 1 designates that the model is more effective. Fig. 4 depicts an equation where "X" represents compressive
strength and "Y" represents divided tensile strength.

By means of the response surface technique 2D plot of contour and response surface 3D model was generated for STS of concrete.
These both 2D and 3D response surface shows that STS of concrete increases with addition of silica fume and optimum strength can be
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Fig. 6. relationship between compressive and tensile strength.
obtained by using 0.60% of CF and 26.5 kg/m® of silica nano-silica (Fig. 5).

3.1.3. Flexural strength

Fig. 6 presents the flexural strength (FS) of 28-day-old concrete. It is evident that the control sample, which does not contain carbon
fiber (CF) and micro silica, exhibits the lowest flexural strength compared to other compositions. The FS of the control sample
measures 3.38 MPa. In contrast to the control sample, the addition of CF and micro silica enhances the flexural strength. The inclusion
of 0.20% CF and 24 kg/m® of micro silica increases the flexural strength by 27%. It can be seen that increasing the CF to 0.40% with the
same quantity of micro silica increases the sample’s strength by 28%. If the fraction of CF increases to 0.60 percent with 24 kg/m> of
micro silica, flexural strength increases by 28.52%. While adding more than 0.60% CF has a negative consequence on the FS of
concrete, there is only a 13% increase in flexural strength compared to the control sample. According to the CF is 0% and 50 kg/m?,
flexural strength increases by 19.8%, demonstrating that the accumulation of micro silica to concrete positively impacts the resilience
of concrete. With the same quantity of micro silica, adding 0.20%, CF increases the sample’s strength by 30% to 4.42 MPa. As the
amount of CF increased to 0.40% with 50 kg/m?> of micro silica 25.5%, the flexural strength of concrete decreased, while adding 0.80%
with the same quantity of micro silica had no effect. Adding 0.60 percent CF to 26.5 kg/m°® of micro silica produces the maximum
flexural strength of all the mixtures, which is 36.62% higher than the control mix. CF is used in order to strengthen the structural
integrity of the concrete matrix. As a result of this, the concrete matrix is better able to withstand greater loads and displays enhanced
resistance to deformation when it is exposed to bending stresses. This is particularly beneficial in circumstances in which structural
components, such beams and slabs, are subjected to flexural forces [14]. In an earlier study conducted by Petruka et al. [45], adding
3% CF improved the FS of concrete by 26.75%. In their investigation, Bashir et al. [46] found that 10% silica fume with 5% of carbon
fiber gives flexural strength increased by 48.17%.

Fig. 7 illustrates the 2D contour and response surface 3D model for concrete’s FS. The 2D contour diagram and 3D response surface
model plainly demonstrate that FS depends on both CF and micro silica. It increases as micro silica and CF levels rise.

3.2. Assessment of sustainability

3.2.1. Embodied carbon (EC)

Table 3. Embodied carbon of all the mixes was found using the carbon factor taken from the available literature for the assessment
of the sustainability of each mix. The Table 4 below represents the embodied carbon factor for each material used in concrete
preparation.

Fig. 7 shows that the control mix contains the least quantity of modified carbon, 463.0932 kgCO2.m3, compared to the other
mixtures. The amount of CF directly correlates with the amount of embodied carbon; as CF increases, so does the amount of embodied
carbon. The maximum embodied carbon in the blend containing 0.80% CF and 50 kg/m> of micro silica is approximately 597.21
kgCO,.m°, 28.96% higher than the control mix. If the quantity of CF remains unchanged at 0.80%, but the amount of micro silica is
reduced to 24 kg/m3, the amount of embodied carbon increases by 28.8%. If CF is decreased to 0.60% and micro silica is 26.5 kg/m®,
embodied carbon will increase by 21.66%. According to a previous study [37], raising the amount of CF in concrete increases the EC
(embodied carbon). Other characteristics of concrete, such as CS and STS, and longevity, among others, must also be considered before
a proportion can be deemed suitable or advantageous. For this reason, it is crucial to evaluate the ESE of concrete to find the most
appropriate and advantageous mixture.

2D contour plot and 3D response surface was generated using RSM. It can be seen in the 2D contour and 3D model that embodied
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Table 3
Input and out responses in RSM.
S.NO Carbon Fiber  Silica Fume Compressive Strength  Split Tensile Flexural Strength  Embodied Eco Strength
(%) (Kg/m3) (MPa) Strength (MPa) (Mpa) Carbon Efficiency
1 0.4 24 43.8 6.56 4.33 530.13 0.0773
2 0.6 50 42.78 5 4.18 563.98 0.0929
3 0.6 26.5 52.4 7.2 4.61 563.42 0.08047
4 0.6 24 46.2 6.6 4.34 563.362 0.0777
5 0.6 26.5 52.4 7.2 4.61 563.42 0.08047
6 0.6 26.5 52.4 7.2 4.61 563.42 0.08047
7 0.6 26.5 52.4 7.2 4.61 563.42 0.08047
8 0.6 26.5 52.4 7.2 4.61 563.42 0.08047
9 0.2 50 48 6.99 4.42 497.52 0.09285
10 0 26.5 40.99 6.33 4.09 463.72 0.0773
1 0.2 24 45.33 6.77 4.30 496.9 0.0804
12 0.8 24 35.83 3 3.84 596.59 0.0717
13 0.4 50 44 5.2 4.24 530.75 0.0904
14 0 50 39.99 6.18 4.05 464.29 0.0947
15 0.8 24 35.83 3 3.84 596.59 0.0717
16 0.8 50 37 4.89 4 597.21 0.0848
Table 4

EC (Embodied carbon) factors.

Material Embodied Carbon Factor References
CO: (Kg/Kg)

OPC 0.82 [47]
Silica fume 0.024 [48]
Carbon Fiber 33 [49]
Fine Aggregate 0.0139 [50]
Super Plasticizer 0.72 [51]
Coarse Aggregate 3.4 [49]
Water 0 [52]
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Fig. 8. Flexural Strength.
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Fig. 10. Embodied Carbon.

carbon of each mix depend on the percentage of CF used in the proportion because of its high carbon factor mixture having high
amount of carbon has more embodied carbon.

3.2.2. Eco-strength efficiency (ESE)
The equation shown below, denoted as Eq. 1, is utilized to calculate the eco-strength efficiency of each concrete mix:

28th day compressive strength
total embodied carbon of ECC

Eco — strength  efficiency = 1)

Fig. 8 depicts the ESE of each mixture; it reveals that the ESE of the control mixture is approximately 0.73419 MPa/kgCOo.m>. As
0.20% of CF and 24 kg/m® of micro silica are added, Eco strength efficiency increases by 9.65% compared to the control sample; 0.40%
of CF and the same amount of micro silica are added, Eco strength efficiency increases by 5.31%. When CF is 0.60%, and 24 kg/m? of
micro silica is present, the eco-strength efficacy increases by 5.89%. As the amount of micro silica raises to 50 kg/m°, the eco-strength
also increases. Eco-strength efficiency is 29% greater in the mix CF0%MS50 CF is 0% with 50 kg/m® than in the control sample; as the
quantity of CF in the mix increases, eco-strength efficiency begins to decline. Adding 0.20% CF to 50 kg/m?® increases eco-strength
efficiency by 20.9%; increasing CF to 0.40% increases eco-strength efficiency by 23.17% compared to the control sample. It was
discovered that CF0%MS50 has the maximum eco-strength efficiency value among all mixtures. The observed synergistic effects in
these samples illustrate that the incorporation of CF and SF in different quantities might result in improved concrete characteristics.
The synergistic effects are particularly evident when there is a harmonious equilibrium achieved between the two materials, leading to
enhanced sustainability. The use of supplementary cementitious materials (SCMs), such as silica fume (SF), plays a crucial role in
enhancing the overall synergistic benefits of eco-efficient concrete mixes. SF effectively reduces the embodied carbon content, hence
contributing significantly to the sustainability and environmental performance of concrete. The results of this study emphasize the
need of customizing the proportions of CF and SF to meet the individual requirements of a project in order to optimise both perfor-
mance and sustainability (Fig. 9).

RSM generated 2D contour and 3D response surface model in the Fig. 10. shows that Eco strength efficiency depend on both micro
silica and CF. As the micro silica increases in the mix Eco strength efficiency also increases.

4. Analysis of variance using RSM

The model was constructed using the response surface methodology, incorporating five responses: compressive strength (CS), split
tensile strength (STS), flexural strength (FS), embodied carbon (EC), and eco-strength efficiency (ESE). Eqs. 3-6 represent the
mathematical expressions used to model these responses. Among the various models considered, the quadratic model was found to
provide the best fit for all the responses, as evident from the contour plots and 3D response surface models presented at the top. A
significance threshold of 5% was deemed acceptable to validate each evaluated model, ensuring a 95% confidence interval [53,54].
Table 2 provides a summary of the analysis of variance for the response surface methodology. Because a 5% significance criterion was
applied to each response, any number less than 0.05 was considered noteworthy in the field of study. All models with a high F-value
and a P-value less than 0.05 are considered to have statistically significant outcomes. It can be seen in Table 5 that each response has a
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Table 5
ANOVA Summary.
Responses Source Sum of Squares df Mean Square F-value p-value Significance
Compressive Strength Model 223.52 5 44.70 44.18 < 0.0001 significant
A-CF 101.82 1 101.82 100.63 < 0.0001
B-MS 138.92 1 138.92 137.30 < 0.0001
AB 0.1307 1 0.1307 0.1292 0.7268
A? 17.22 1 17.22 17.02 0.0021
B? 4.32 1 4.32 4.27 0.0657
Residual 10.12 10 1.01
Lack of Fit 10.12 5 2.02
Pure Error 0.0000 5 0.0000
Split-Tensile Strength Model 15.55 5 3.11 17.73 0.0001 significant
A-CF 7.90 1 7.90 45.02 < 0.0001
B-MS 1.85 1 1.85 10.57 0.0087
AB 0.3977 1 0.3977 2.27 0.1630
A? 6.40 1 6.40 36.48 0.0001
B? 0.1623 1 0.1623 0.9256 0.3587
Residual 1.75 10 0.1754
Lack of Fit 1.75 5 0.3507
Pure Error 0.0000 5 0.0000
Flexural Strength Model 0.9713 5 0.1943 30.24 < 0.0001 significant
A-CF 0.4753 1 0.4753 73.99 < 0.0001
B-MS 0.5423 1 0.5423 84.41 < 0.0001
AB 0.0551 1 0.0551 8.58 0.0151
A? 0.0860 1 0.0860 13.38 0.0044
B? 0.0136 1 0.0136 211 0.1770
Residual 0.0642 10 0.0064
Lack of Fit 0.0642 5 0.0128
Pure Error 0.0000 5 0.0000
Embodied Carbon Model 28555.29 5 5711.06 2.652E+09 < 0.0001 significant
A-CF 26416.82 1 26416.82 1.226E+10 < 0.0001
B-MS 0.8575 1 0.8575 3.981E+05 < 0.0001
AB 0.0000 1 0.0000 7.94 0.0182
A? 0.0000 1 0.0000 11.11 0.0076
B? 7.028E-06 1 7.028E-06 3.26 0.1010
Residual 0.0000 10 2.154E-06
Lack of Fit 0.0000 5 4.308E-06
Pure Error 0.0000 5 0.0000
Eco-strength Efficiency Model 0.0007 5 0.0001 41.99 < 0.0001 significant
A-CF 0.0000 1 0.0000 11.87 0.0063
B-MS 0.0005 1 0.0005 140.14 < 0.0001
AB 7.940E-06 1 7.940E-06 2.28 0.1618
A? 0.0000 1 0.0000 14.15 0.0037
B? 0.0000 1 0.0000 3.39 0.0953
Residual 0.0000 10 3.478E-06
Lack of Fit 0.0000 5 6.957E-06
Pure Error 0.0000 5 0.0000
Table 6
Parameter for validation of models.
Model Validation Constraints CS STS FS EC ESE
Std. Dev. 1.01 0.4188 0.0801 0.0015 0.0019
Mean 44.63 6.30 4.23 544.88 0.0821
C.V.% 2.25 6.65 1.90 0.0003 2.27
PRESS 46.63 13.53 0.3747 0.0002 0.0002
-2 Log Likelihood 38.07 10.03 -42.88 -170.89 -163.22
R-Squared 0.9567 0.8986 0.9380 0.9999 0.9545
Adj R-Squared 0.9350 0.8480 0.9069 0.9999 0.9381
Pred R-Squared 0.8004 0.2180 0.6381 0.9999 0.7768
Adeq Precision 23.1462 16.1675 19.9730 1.485E+05 18.9820
BIC 54.71 26.67 -26.24 -154.25 -146.58
AICc 59.41 31.37 -21.54 -149.55 -141.88

high F-value, and the P-value of every model is less than or equal to 0.0001, which shows that model of each response is significant.
F-values for CS, STS, FS, EC, and ESE models are 44.18, 17.73, 30.24, 2.652E+09, and 41.99, respectively, which indicates that each
model is statistically noteworthy. Based on the observed F-value, it is estimated that there is a 0.01% probability of a noise level
generating such a large F-value. When the p-values are below 0.05, it indicates that the model terms hold statistical significance. In
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response to compressive strength (CS), the significance of model terms A, B, and A? cannot be overstated. For the case of Split tensile
strength (STS), significant model terms are A, B, and AZ. Flexural strength (FS) has the significant model terms A, B, AB, and AZ. While
significant model terms of Embodied carbon (EC) are A, B, AB, A? and for Eco strength efficiency (ESE), A, B, and A? are noteworthy
model terms.

RSM generated all these equations. Using the equation expressed in coded factors enables the generation of forecasts regarding the response
by utilizing established levels of every component. The default setting assigns a value of +1 to high levels of the components and a value of —1 to
low levels. Using coded equations is a valuable tool for evaluating various elements’ significance concerning factor coefficients during
comparative analysis. A represents the CF, and B represents the micro silica. Input variable CF is in %, while micro silica is in kg/m>.

CS=49.2116 + 4.12617*A + 3.9526B - 0.156829*AB - 2.79255*A” - 3.50793*B> 2)
STS= 6.31268 + 1.14905*A + 0.45652*B - 0.273553*AB - 1.7023*A% + 0.679946*B* 3)
FS= 4.48059 + 0.281907*A + 0.246947*B - 0.10183*AB - 0.197337*A? - 0.196469*B> “4)
EC= 530.437 + 66.4619*A + 0.310541*B - 0.00179387*AB - 0.00329245*A% + 0.00447424*B* 5)
ESE= 0.091885-0.00262727*A + 0.00740401*B - 0.00122231*AB - 0.00472172*A% -0.00579814*B* (6)

The validation parameter for each model is presented in Table 6. The coefficient of determination (R?) is employed as an indicator
to assess the predictive performance of the model [55,56]. Ranging between 0 and 1, a value close to 1 indicates a well-predicted model
[53,57]. In this study, the developed models exhibit high R? values close to 1. The R? values for CS, STS, FS, EC, and ESE are 0.9567,
0.8986, 0.9380, 0.9999, and 0.9545, respectively. These R? values indicate a high level of accuracy in the prediction of the models.
Also, the best-predicted model variance among the adjusted R? and forecasted R? should be below 0.2. According to the developed
model, the variance among forecasted and adjusted R? for each response is below 0.2. Additionally, the acceptable precision must be
greater than 4. Adequate precision for each response exceeds four. The precise values for CS, STS, FS, EC, and ESE are 23,1462; 16,
1675; 19,9730; 1,485E+05; and 18,9820, respectively. It shows that all the responses have a high degree of accuracy (Figs. 11, 12).

Normal residuals and plots of expected values versus actual values are two of the most important diagnostic graphics. The response
surface serves as the beginning point for constructing these graphs. Two model plot types are shown below in Figs. 13-16. To be
considered the best model, the data point must correspond to a possible high degree of fitted line in predicted vs. actual plots. The data
points are close to the fitted line in each of the five responses. Figs. 13-16 provides a visual depiction of normal plots of residuals for
your perusal. It demonstrates that the nodes on the diagonal line are linear, supporting the theory that error factors have been evenly
distributed. This is because it illustrates the linearity of the horizontal line. This fundamental characteristic must be present in any
model that purports to be accurate. This is because if the residuals are assumed to have a normal distribution, then 95% of them should
fall within the range of —2 to +2, presuming they have a normal distribution. If we regard them to have a normal distribution, then the
residuals should also have a normal distribution [58]. It can be seen that all residual plots are consistent with this, which is evidence
that the models can make accurate predictions (Table 7).
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Table 7
Optimization of input variables.
Factors Variable (Input Factors) Response (output Factors)
Carbon Nano-Silica Compressive Split tensile Flexural Embodied Eco-Strength
Fiber (kg/m3) strength strength Strength Carbon Efficiency
Value Minimum 0% 24 35.83 2.7 3.5 463.72 0.0717
Maximum  0.8% 50 52.4 7.2 4.618 597.21 0.0947
Goal In range In range In range In range In range Maximize Minimize
Optimization 0.8 24 43.2415 6.2564 4.22357 596.591 0.0725562
results
Desirability 0.979

5. Multi-objective optimization

The technique commonly referred to as multi-objective optimization has been devised to ascertain the input variable that holds the
highest overall significance, thereby enabling the attainment of a larger number of responses simultaneously [28]. In numerous
practical optimization scenarios, the identification of multiple optimal solutions becomes imperative, particularly when confronted
with conflicting objectives. Consequently, it is essential to accord precedence to the adoption of this approach. The deployment of the
model has been enhanced in terms of time and resource efficiency through the implementation of optimization strategies targeting the
independently controlled variable [59]. The attainment of a significant level remains one of the key objectives in this regard. The
objective function may or may not be considered when determining the objectives of the variables during the optimization process. At
any point in the described process, these objectives may be defined. Multi-response optimization was performed using both factors (CF
and micro silica), considering all the output factors (CS, STS, FS, EC, and ESE) at 28 days. It can be seen in the table that CS, STS, and FS
optimization goal is set to be in range while the optimization goal of EC is set to maximize, and ESE is set to minimize the optimization
goal. The optimization results show that optimized results can be obtained by using 0.8% of CF and 24 kg/m® of micro silica, and gives
the optimized results for CS, STS, FS, EC, and ESE are 43.24 MPa, 6.256 MPa, 4.223 MPa, 596.591 kgCO2.m3, 0.07255 MPa/kgCO2.
m? respectively. As per this model’s optimization, the model’s desirability is above 97.9%. This shows that this model has highly
desirable results (Figs. 17-20).

6. Model validation

The experimental results were used to validate the optimization results to verify the optimized proportions. CF was set at 0.8%, and
micro silica at 24 kg/m2 based on the optimum optimization procedure results. The alteration among experimental and predicted
values is expressed as a percentage, indicating that the difference is less than five percent. Indicating that the model is extremely
accurate. Table 8 shows the model validation.

7. Conclusions

The primary aim of this investigation was to evaluate the mechanical properties of concrete enhanced with carbon fiber and micro
silica. The present work offers significant contributions to the understanding of the combined impacts of CF and SF on concrete mixes,
hence providing vital insights. Our study has specifically shown that the incorporation of CF and SF may result in substantial im-
provements in compressive, split tensile, and flexural strengths. This discovery enhances our comprehension of the synergistic effects
of these components on enhancing the performance of concrete. Various proportions were established using a statistical design of
experiments technique called Response Surface Methodology (RSM). Statistical models were developed to predict the desired char-
acteristics of the concrete by determining the optimal amounts of key components. These models successfully forecasted the properties
of the concrete. The influence of carbon fiber (CF) and micro silica on each response was analyzed using Analysis of Variance
(ANOVA). The findings demonstrate a multifaceted, nonlinear correlation among the aforementioned factors. The study revealed that
there was a correlation between the amount of carbon fibre and silica fume used and a reduction in concrete strength. However, it
should be noted that the pace of this loss varied across the different proportions that were evaluated. The results indicate that the rate
of concrete strength degradation is affected by complex interactions among the constituent materials, as well as other factors like
conditions for curing and the surrounding environment. The key findings of this study are as follows:

e The main objective of the research was to develop response surface models and perform multi-objective optimization. The input
va3riables for the response surface models were carbon fiber (CF) ranging from 0% to 0.80% and micro silica ranging from 0 to kg/
m”.

e Based on the interaction among all the input variables (A: Carbon fiber; B: micro silica), it was determined that the quadratic model
provided the optimal fit for all the output variables, including CS, STS, FS, EC, and ESE.

e The coefficient of determination (R-Squared) values for each of the responses, including CS, STS, FS, EC, and ESE, are 0.9567,
0.8986, 0.9380, 0.9999, and 0.9545, respectively.
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Fig. 20. Ramp Diagram (optimized results).

Table 8

Validation of model.
Response Predicted Experimental Error (%)
Compressive strength 43.2415 44.5 2.91%
Split-Tensile strength 6.2564 6.4 2.29%
Flexural strength 4.22357 4.4 4.17%

The incorporation of 0.60% carbon fiber and 26.5 kg/m? of micro silica resulted in optimal CS, STS, and FS, which were
approximately 54.11%, 80%, and 36.6% higher than the control sample, respectively.

Through the optimization process, all the responses were optimized. The optimized responses included CS, STS, FS, EC, and ESE
values of 43.2415, 6.2564, 4.22357, 596.591, and 0.0725562, respectively, with a desirability of 97.9%.

The use of two-dimensional contour diagrams and three-dimensional response surface diagrams effectively depicted the impact of
variations in the components and their interrelationships on the observed responses. Three-dimensional response diagram indicates
that increasing the CF concentration above 0.60% leads to a reduction in the effectiveness of the concrete. The attainment of
optimal outcomes is facilitated by the incorporation of 26.5 kg/m> of SF and 0.60% of the CF.

Based on the analysis of a two-dimensional contour map, it can be shown that the incorporation of higher levels of CF and increased
quantities of SF contribute to a notable escalation in the embodied carbon. The inclusion of CF and SF is directly associated with the
embodied carbon of concrete.

. Limitations

It is crucial to recognize and appreciate the constraints and restrictions inherent in this particular investigation. The study is subject

to some limitations, such as the restricted sample size and geographical coverage, which may impact the extent to which our findings
may be applied to wider populations. Furthermore, despite our diligent attempts to reduce possible biases, the intricate nature of
concrete behavior when subjected to different ratios of carbon fibre and silica fume poses significant obstacles that need additional
exploration. It is highly recommended that future research endeavors should build upon our study and effectively address the
aforementioned constraints. By doing so, our knowledge of sustainable building materials may be significantly advanced.
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9. Future recommendations

Based on the findings of this inquiry, it has been determined that the optimal percentage of CF and optimum utilization of micro
silica in concrete to enhance its mechanical and environmental characteristics is at a percentage of 0.60% and a quantity of 25.5 kg/
m°>. Further research is recommended to ascertain more precise proportions of carbon fiber and micro silica in order to develop
concrete that is both environmentally sustainable and highly durable. Additionally, forthcoming studies should prioritize the exam-
ination of other properties of carbon fiber and micro silica blended concrete, such as its resistance to environmental factors and acid
attacks, as well as its overall durability. Furthermore, investigations can be conducted to identify the most cost-effective methods of
producing carbon fiber and micro silica-infused concrete. It is crucial to continue exploring the use of carbon fiber and micro silica in
concrete, and actively promote its adoption within the construction industry. It is recommended that future research endeavors or
practical implementations give due attention to the potential for conducting comprehensive cost analyses. The assessments should
include several factors, including the procurement of materials, the processing of such materials, their transportation, and the labor
required. Additionally, it is important to assess the possible long-term cost savings resulting from enhanced concrete performance. The
aforementioned parameters play a crucial role in assessing the cost-effectiveness of CF-SF mixes in specific construction projects, while
also ensuring that the compositions are in line with the project’s specific goals and constraints.
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