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Abstract: Self-compacting concrete (SCC) was developed to overcome the challenges of concrete
placement in dense or congested reinforcement structure, where the concrete can flow under its own
weight to fill the densely reinforced structure. However, production of SCC mostly involves the use
of high cement to achieve the desired strength. Therefore, to reduce the needed amount of cement,
pozzolanic materials such as fly ash can be used to partially replace cement. However, fly ash has been
reported to decrease the strengths of concrete especially at early ages. In this study, a self-compacting
concrete (SCC) was developed with fly ash as a basic replacement material considering the efficiency
of fly ash and incorporating graphene oxide (GO) as a cement additive to counteract the negative
effect of fly ash. Response surface methodology (RSM) was utilized for designing the experiments,
investigating the effects of fly ash and GO on SCC properties, and developing mathematical mod-
els for predicting mechanical properties of SCC. The ranges of fly ash and graphene oxide were
16.67 to 35% and zero to 0.05%, respectively. Statistical analysis was performed by using Design
Expert software (version 11.0, Stat Ease Inc., Minneapolis, MS, USA). The results showed that fly ash
had a positive effect while GO had a negative effect on the workability of SCC. The incorporation of
fly ash alone decreased the compressive strength (CS), splitting tensile strength (STS) and flexural
strength (FS), and additionally, increased the porosity of SCC. The addition of GO to fly ash-based
SCC reduced its porosity and enhanced its mechanical strengths which was more pronounced at early
ages. The developed models for predicting the mechanical strengths of fly ash-based SCC containing
GO have a very high degree of correlation. Therefore, the models can predicts the strengths of SCC
using fly ash and GO as the variables with a high level of accuracy. The findings show that based on
the EFNARC guidelines, up to 35% of fly ash can be used to replace cement in SCC to achieve a mix
with satisfactory flowability and deformability properties

Keywords: fly ash; graphene oxide; self-compacting concrete; response surface methodology;
compressive strength

1. Introduction

The fast development of urbanisation and tight deadlines for construction projects
motivated concrete researcher to develop a self-compacting concrete (SCC) which has the
advantage to flow, thereby reducing many challenges on site such as congested reinforce-
ment, and placement to high structures and sub aquatics [1]. SCC was first developed
in Japan to attain good quality concrete and durable structures without depending on
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consolidation equipment and skilled laborers. When SCC is used, there is a reduction in
workmanship required, with no external vibration needed [2–4]. In other words, no external
vibration is required. However, the main challenge in the production of SCC is achieving
the required workability or flowability. Therefore, to improve the workability and strength
of SCC, a special type of superplasticizer, a polycarboxylate ether base, is normally used.
This type of superplasticizer provides optimum performance in terms of achieving the
self-compacting properties [5,6]. Despite the book’s attempts on self-compacting concrete,
it lacks accuracy on mix design of SCC. A close look at the literature on mix design of SCC
reveals several gaps and shortcomings. This question has previously never been addressed
because mix design of SCC is purely based on the experience and knowledge of past
projects besides site conditions. It is necessary to point out those specific ingredients of SCC.
According to EFNARC regulations, fine and coarse aggregate, powder content, cement,
silica fume, and fly ash were used as the constituent materials for SCC production [7].
The other names for SCC in the literatures are super workable concrete, non-vibrating
concrete, highly flowable concrete, self-leveling concrete, etc. [8]. The intention behind the
development of SCC was the concern on the compaction and homogeneity of cast in place
within densely reinforced structures and improvement of durability quality of concrete.
For the construction of two anchorages of Akashi Straits Bridge, Japan in 1988, SCC was
introduced practically in the construction field [9]. To produce the proper self-compacting
concrete, it should satisfy the following two points. Firstly, SCC should achieve the high ag-
gregate resistance by diminishing the water powder ratio; limitations of coarse aggregates
up to 28% and restricted size up to 12.5 mm, and incorporation of mineral admixtures such
as fly ash and silica fume were considered. To attain the high deformability, use of PCE
based super plasticizers and viscosity modifying agents (VMA) were added [8,9]. Previous
research can only be considered a first step towards a more profound understanding of
SCC. Previous studies reveal that basalt fibers and nano particles such as (silica, alumina)
were added for strength development, whereas nano particles were incorporated for good
bonding between fibers and the concrete matrix [10]. A connection can be made between
the viscosity of SCC with the interfacial bond of steel and concrete. The view presented
in this paper is that homogeneity of pores could be attained by optimal viscosity which
imparts the best bonding between steel and concrete [3] Even curing temperature effects
the robustness of concrete besides the age of concrete [4]. QSI is most promising method
to find out the quantity of pores in SCC. Furthermore, pores influence the surface finish
of SCC [11] A new approach is therefore needed for filling the pores in SCC. Over time,
an extensive body of literature has developed on fly ash-based SCC using marble cutting
slurry waste (MCSW) as a cement’s partial substitutebesides fly ash and silica fume due
to the temperament of MCSW containing the calcite and dolomite minerals which makes
a favorable condition for the configuration of calcium hydroxide [12] The substitution
of ultra-fine natural Steatite powder with cement decreases the workability of SCC and
furthermore, gradually increases the strength [13]. The substitution of fly ash content with
cement content up to 30% is favorable with slight defects. One of the possible solutions to
this problem is using graphene oxide (GO) as additive.

Before introducing the GO into the construction industry, it was used in other engineer-
ing and medical fields such as in electronics as bio sensors, in the bio medical field to cure
cancer by use in the drug delivery system, in the coating industry, and to improve the shell
life by packing the medicines with GOcoated films. It can be used for hydrogen storage
applications [14,15]. The utilization of nanomaterials such as carbon nano tubes, GO, and
nano silica to cement based materials is one of the emerging technologies [16]. Graphene
materials can enhance some properties of cement composite. The main advantage of adding
graphene materials to cement composite is improvement in strength and then producing a
sustainable and environmentally friendly concrete. Graphene has also found to enhance
the bending strength and resistance of cement composite [16,17]. Graphene materials were
also found to densify the microstructure of cement composites and reduce porosity [18,19].
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Apart from the applications of other industries, GO has a great impact in construction
technology. Recently, GO usage came to existence as it contains some wonderful properties
when reacted with cement. Configuration of GO has its effect on the mechanical properties
of concrete because densification occurs with the minuscule size of GO [20]. Incorporation
of GO in concrete could result a change in morphology and microstructure of hydrated
product [5]. GO acts as protection for steel in concrete against corrosion in the marine envi-
ronment [6]. GO makes a durable product with more dense nature as voids are filled [21].
The incorporation of GO could lead to the formation of hydrated product in the shape of
flower-type crystals, whereas normal concrete produces the bar type crystals [22]. Ma [23]
found that by incorporating the GO at different dosages in cement at 0.3% water/binder
ratio, there was a gradual increase in mechanical properties of up to 0.03% of GO. The
fineness of GO material being dispersed with cement produces the hydrated product in the
form of flower-type crystals. Horszczaruk [24] studied the incorporation of GO at 3% into
the cement content. It was also found that the morphology of GO cementitious composites
does not change compared to normal traditional cement composite. This is due to the form
of GO content influencing the internal morphology, whereas, it has given increasing results
in hardened properties. Mohammed [25] reported on the incorporation of GO into the
cement as nano additive under elevated temperatures up to 800 ◦C, which increased the
gel porosity and aids the concrete in the prevention of a spalling effect and deformations
caused due to elevated temperature conditions. Babak [26] stated that an increase in tensile
strength into the GO-incorporated cement matrix due to the consumption of less water
for mixing as GO surface area is greater. Chuah [27] reported that the strain capacity of
GO-incorporated cement composites delays the formation of micro cracks. Lu [28] studied
the Bond behavior between the PVA fibre and GO-incorporated cementitious matrix. It was
been found that GO strengthens the bond between the PVA fibre and cement composites.

Though the fly ash gives good workability, it delays the early strength of concrete [29].
To attain the workability, not only fly ash but superplasticizer is added. To balance the
strength and workability factors, nanomaterials were added. This research constitutes
a relatively new area which has emerged from nanomaterials and technology in SCC:
nanomaterial was obtained as the GO, where flower-type crystals were formed. As a result,
the concrete becomes densified in the pore volume which increases the strength in SCC.
Based on the literature survey, it has been proven that 0.03% incorporation of GO and
35% of fly ash replacement to cement is recommendable to achieve the best results in SCC.
From the literature survey, it has been proven that Design Expert software helps to find
out the experimental runs in response surface methodology [17,30,31]. Response surface
methodology gives the correlation between the variable factors and responses. It can also
easily provide the analysis for variance for complex conditions [32].

Graphene based materials such as nanomaterials in cementitious composites including
concrete and mortar arestill at the elementary stage, even though graphene materials such
as GO have been reported to enhance the properties of concrete and mortar. Additionally,
most of the available studies have focused on the use of GO in conventional concrete and
mortar, thus there are few studies on utilizing GO in other types of special concretes such
as SCC, high performance concrete, roller compacted concrete, self-healing concrete, and
foam concrete. Furthermore, the use of fly ash as pozzolanic material has been reported
to decrease the mechanical strengths and durability performance of concrete, especially
at early ages. That is why fly ash is normally used together with other highly reactive
materials such as silica fume and nano silica to instigate its pozzolanic reactivity of fly
ash and improve the properties of the fly ash concrete, especially at early ages. With GO
being a highly reactive carbon-based nanomaterial, it is expected to enhance the mechanical
properties of concrete containing fly ash through instigating the pozzolanic reaction of
the fly ash and filling the pores in the concrete due to its finer sizes. However, there
are limited studies that have utilized GO to enhance the SCC’s mechanical properties
made with fly as as substitute to cement, Therefore GO was used to improve the fly ash
pozzolanic reaction in order to to improve its strengthsin SCC, especially at early ages
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in this study. Moreover, this study involves the use of two different materials, and to
optimise the number of experiments needed for testing, response surface methodology
(RSM) was employed to design the experimental mix and develop mathematical model
equations for prediciting the mechanical strengths of the SCC. This will contribute to the
existing knowledge scanty literature are available that have utilized RSM to develop model
equations for predicting the mechanical properties of SCC under high temperatures using
fly ash and GO as the input variables. Therefore, in this study the effect of fly ash as a
partial replacement to cement and GO as the additive by weight of cement on the fresh
and hardened properties of fly ash-based SCC was investigated using RSM. The effect of
high temperature on the mechanical strengths of fly ash-based SCC containing GO as the
additive was also investigated.

2. Materials and Methods
2.1. Materials

Through this research, a Type I cement (OPC 53) having a specific gravity of 3.15 g/cm3

was used. The property of the cement is presented in Table 1. For SCC, it requires a greater
amount of paste content, therefore some part of the cement was constantly replaced with sil-
ica fume, fly ash, and powder content. The GO used was produced by modified hummer’s
method; it was employed as an additive by weight of binder. The GO was an oxidized form
of graphene, laced with oxygen-containing groups. It was electrically insulating because of
a disruptive SP2 bonding network but it can be converted by conducting via restoring the
community. The property of the GO is presented in Table 2. Class F fly ash was used as
the supplementary cementitious material. The shape of the fly ash was spherical in shape
which has a high surface area that can instantly react with calcium hydroxide. The fly ash
characteristics are also shown in Table 1. Silica fume used in this research was obtained
from the ferro silicon industry. The silica fume was added at a fixed proportion (4% as
partial replacement to cement) in all the SCC mixes to achieve the desired strength and
flowability. The properties of the silica fume are also given in Table 1. Manufactured sand
from limestone was used as fine aggregate. The M-sand used was in very fine sizes, i.e.,
the particles passing 150 µm sieve to meet the requirement for SCC for filler materials
to achieve the desired or possible flowability. The specific gravity and fineness modulus
of the M-sand were 2.83 and 2.82, respectively. The M-sand has a powdered content of
8%. Coarse aggregate with a size of 12.5 mm aggregates was used, as smaller aggregate
size has a major impact on flow ability and large aggregate sizes causes segregation. The
coarse aggregate was obtained from crushed granite and has a specific gravity of 2.66. To
attain the high strength and higher workability of fresh SCC, a commercially accessible
poly carboxylic-based superplasticizer was used. To maintain the required flowability of
SCC, viscosity modifying agent (VMA) was used; 1–2% of SP is recommended.

Table 1. Binder materials properties.

Oxide/Property Cement Fly Ash Silica Fume

SiO2 21.77 58.26 95.85
Fe2O3 4.14 5.76 0.05
Al2O3 6.56 31.74 0.26
CaO 60.13 1.96 0.21
MgO 2.09 0.15 0.45
Na2O 0.38 0.78 -
K2O 0.43 0.73 -
SO3 2.17 0.17 1.00
LOI 2.39 0.31 2.80

Specific gravity 3.16 2.25 2.07
Consistency (%) 33 - -

Fineness (m2/Kg) 307 350 -
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Table 2. Properties of graphene oxide.

Properties Values

Surface area 110–250 m2/g
Bulk density 0.121 g/cm3

Physical form Fluffy, very light powder
Odour Odour less
Colour Black powder

Thickness 0.8–2 nm
Carbon content 60–80%

2.2. Mix Proportioning

Several trails were conducted in the laboratory to find out the basic mix proportion of
the fly ash-based SCC. After a series of trials, a mix proportion presented in Table 3 was
obtained. This mix was used as the control or conventional fly ash-based SCC mix. The
mix proportioning was designed using RSM from Design Expert software version 11. The
central composite design method was selected for proportioning the mixes and analyzing
the results. The variables used were fly ash as the partial replacement to cement, and
graphene oxide (GO) as the additive by binder weight. Table 4 provides the exact limits of
variables that are used in the experimental work.

Table 3. Finalized mix design for Fly ash=based self-compacting concrete (FSCC).

Mixes Cement
(Kg/m3)

Fly Ash
(Kg/m3)

Graphene
Oxide

(Kg/m3)

Silica
Fume

(Kg/m3)

Powder
Content
(Kg/m3)

M Sand
(Kg/m3)

Coarse
Aggregate

(Kg/m3)

Super
Plasticizer

(VMA)
(Kg/m3)

Super
Plasticizer

(PCE)
(Kg/m3)

Water
(Kg/m3)

SSC mix 425 100 0 25 50 875 675 1.64 1.56 160

Table 4. Proportioning of powdered materials in SCC.

Factors Units Minimum Level (−1) Maximum Level (+1)

Cement Kg/m3 210 425
Graphene oxide % 0 0.05
Fly ash % 16.67 35
Silica powder Kg/m3 25 25
Powder content Kg/m3 50 50

2.3. Mix Proportioning and Construction of RSM Model

RSM was employed to analyze the factors contributing to the change in responses.
RSM is used to analyze and examine the effect of one or more variables on the response,
and to produce model equations for predicting the responses using input variables. RSM
also designs experiments and analyzes the results producing statistical responses. The
RSM is also used to conduct multi-objective optimization [17,33]. In the study, Design
Expert_10 software was utilized for RSM analysis. For the scientific models between the
autonomous factors, responses may either show a linear or higher-degree polynomials
relationship. A reasonable model was chosen with the goal that the response surface can
be depicted all around. Thirteen (13) experimental runs were obtained from the RSM
using various combinations of the two variables (fly ash and GO). Design Expert software
(version 11.0) was utilized to perform our statistical analysis was performed by using.
Reliability was calculated using response surface methodology. This yields increasingly
an good relationship among the factors and responses. Overall, our method was the one
that obtained the most robust results. The developed experimental mixes are represented
in Table 5. The mixes were then prepared in the laboratory and tested for the various
properties under consideration. As shown in Table 5, the mixes were names M1, M2, M3
. . . M13, where each of the mixes has different combinations of the variables. For instance,
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mix M7 contains 16.67% of fly ash, 4% of silica fume, and 8% of powdered content. The
major component for each mix is presented in Table 6. Mixes M2, M8, M10, M11, and M12
have the same proportions of fly ash and GO (repetitive mixes), as they are used to measure
the lack of fit comparative to the pure errors in the model’s analysis of variance [19,31]

Table 5. Experimental combinations obtained by Design Expert software.

Mix ID Mix Details Run in RSM Fly Ash (%) Graphene Oxide (%)

M1 35 FA + 0.05 GO Mix 1 35 0.05
M2 25.835 FA + 0.025 GO Mix 2 25.835 0.025
M3 35 FA + 0 GO Mix 3 35 0
M4 16.67 FA + 0.05 GO Mix 4 16.67 0.05
M5 25.835FA + 0 GO Mix 5 25.835 0
M6 38.7963 FA + 0.025 GO Mix 6 38.7963 0.025
M7 16.67 FA + 0 GO Mix 7 16.67 0
M8 25.835 FA + 0.025 GO Mix 8 25.835 0.025
M9 12.8737 FA + 0.025 GO Mix 9 12.8737 0.025

M10 25.835 FA + 0.025 GO Mix 10 25.835 0.025
M11 25.835 FA + 0.025 GO Mix 11 25.835 0.025
M12 25.835 FA + 0.025 GO Mix 12 25.835 0.025
M13 25.835 FA + 0.0604 GO Mix 13 25.835 0.0604

Table 6. Constituent materials for each mix.

Mixes

Quantities of Materials per Kg/m3 (Kg/m3)

Cement Fly Ash GO Silica
Fume

Powder
Content M-Sand Coarse

Agg

Super
Plasticizer

(VMA)

Super
Plasticizer

(PCE)
Water

M1 315 210 0.3 25 50 875 675 1.64 1.56 160
M2 370 155 0.15 25 50 875 675 1.64 1.56 160
M3 405 210 0 25 50 875 675 1.64 1.56 160
M4 425 100 0.3 25 50 875 675 1.64 1.56 160
M5 370 155 0 25 50 875 675 1.64 1.56 160
M6 293 232 0.15 25 50 875 675 1.64 1.56 160
M7 425 100 0 25 50 875 675 1.64 1.56 160
M8 370 155 0.15 25 50 875 675 1.64 1.56 160
M9 448 77 0.15 25 50 875 675 1.64 1.56 160
M10 370 155 0.15 25 50 875 675 1.64 1.56 160
M11 370 155 0.15 25 50 875 675 1.64 1.56 160
M12 370 155 0.15 25 50 875 675 1.64 1.56 160
M13 370 155 0.384 25 50 875 675 1.64 1.56 160

2.4. Sample Preparations and Casting

To avoid complications regarding the workability of the SCC mix, the ingredients are
subjected to drying before adding them in the mix. To attain the proper dispersion of GO,
the GO was firstly mixed with the superplasticizers (PCE and VMA) and calculated amount
of water. The SCC was mixed in a 100 L capacity pan-type mixer, continuously for about
5 to 6 min to achieve self-compacting properties. After mixing, SCC’s fresh characteristics
were determined using slump flow, the V-funnel test, and the L-Box test as displayed in
Figure 1. The specimens are casted in steel molds of robust construction, generally 150
mm cubes for testing the compressive strength, 100 × 100 × 500 mm prisms for testing
the flexural strength, and cylinders of 150 mm diameter and 300 mm height for testing the
tensile strength. Steel molds were clamped tightly to avoid the leakage of slurry concrete.
A small amount of grease was applied to the inside surface of steel molds before placing the
concrete to avoid the uneven setting of concrete with molds. After 24 h, the specimens were
taken out ofthe molds and inserted in the curing tank for 28 days at the room temperature.
For each test, three replicate samples were prepared and tested after 7- and 28-days curing.
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The cubical specimens after curing were placed in the oven for 4 h at temperatures of
100 ◦C, 150 ◦C and 200 ◦C to estimate the CS at elevated temperatures. After heating the
specimens, they were kept until after they cooled and then tested for CS.
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2.5. Test Methods

The compressive strength test was perfomed according to the standard procedure
outlined in IS 516 [34]. Cube samples of 150 mm sizes were produced and cured in water
for 7 and 28 days prior to testing. The CS test was carried out using a 2000 kN capacity
universal testing machine (UTM). For every mix, three replicated samples were tested and
their average value were reported. The splitting tensile strength test was done in reference
with IS 5816 specifications [35] using cylinders of 150 mm diameter and 300 mm height.
The test was carried out using a 2000 kN capacity UTM. Each of the samples was cured for a
7- and 28-day period prior to testing. Triplicate samples were prepared and tested for each
mix and each curing period, and the average result was recorded. The flexural strength (FS)
test was performed using 100 × 100 × 500 mm prisms in accordance with the guidelines
outlined in IS 516 [36] using beam with third point loading. Similar to previous tests, three
samples were tested and the mean results were reported. For the elevated temperature
test, cubes of 150 mm were produced, and then cured for 28 days in water. After 28 days,
the samples were kept to dry completely and then weighed before placing them into an
electric furnace for heating. The samples were heated at temperatures of 100 ◦C, 150 ◦C, and
200 ◦C for 2 h. After heating, the samples were allowed to cool in the furnace and then
tested for CS in accordance with IS 516 specifications

3. Results and Discussions
3.1. Fresh Properties of Self-Compacting Concrete

Fly ash-based fresh self-compacting concrete (FSCC) mixes properties are represented
in Table 7. Each mix performed in this experiment followed the SCC requirements as per
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EFNARC guidelines [37]. The slump values of the above mixes are in range of 650–800 mm
which confines to SCC specifications. The time used for formation of 500 mm diameter
slump is recorded. The noted time (T500) is in the range of 2–5 s. The V-funnel test was
performed to find the flow time of SCC. It confines to be in range of 6–12 s, the ratio for L
box (H1/H2) is in the range from 0.8 to 1.0. Table 7 shows the better results were obtained at
M9 combination. The dispersion of graphene oxide is good with the use of superplasticizer
and silica fume where VMA helps to maintain the viscosity of the concrete [38]. It has
been reported that the increase in graphene oxide content could have more surface area
that leads to the consumption of more water which affects the workability of concrete [39].
Even at high graphene oxide content of SCC, improvement in workable properties was
examined with usage of the viscosity modifying agent [38].

Table 7. Fresh properties of SCC.

Mix ID Slump V-Funnel (s) L-Box

d1 d1 s T500 H1 H2 H1/H2

M1 750 755 753 3 9 75 70 0.93
M2 730 735 733 3 8 74 69 0.92
M3 740 735 740 2 7 75 74 1
M4 670 672 670 2 7 75 71 0.94
M5 735 733 735 2 6 75 74 1
M6 758 755 756 4 10 75 74 1
M7 730 725 728 2 6 75 72 0.96
M8 700 695 698 3 8 74 68 0.92
M9 785 782 783 2 6 72 65 0.90

M10 743 745 744 3 8 73 67 0.92
M12 745 748 746 3 8 72 66 0.92
M13 640 650 645 5 12 75 67 0.89

3.2. Compressive Strength

The compressive strength (CS) results are presented in Figure 2. At 28 days, the CS
of the tested specimens ranges from 45 to 55 MPa depending on the fly ash and graphene
oxide combination. The CS of the tested specimens ranged from 41.25 to 50.22 MPa, 33.44 to
48.889 MPa, and 36.44 to 55.11 MPa at 100 ◦C, 150 ◦C, and 200 ◦C temperatures respectively
at 28 days. The CS could be optimum at the elevated temperatures by considering the
maximum fly ash content with a gradual increase in graphene oxide percent. This is due
to the pozzolanic activity accelerating at high temperatures and graphene oxide reducing
the porosity caused due to the SCC mix; consequently, the strength also improves. So,
by the incorporation of GO to SCC, the CS increases because it initiates the hydration
fast and helps in the formation of flower type of crystals that densifies the SCC. Along
with the addition of superplasticizer, it is easy to obtain the balance between CS and
workability of SCC. Even at 7 days, the CS was evaluated, and the results ranged from
25.778 to 46.9 MPa. Initially, both the factors influenced a linear decrease in the strength
values [39]. Better results were obtained at the experimental combination of 12.837% fly ash
and 0.064% GO combination at 28 days of curing period. From Figure 3, we can observe
an improvement inthe CS when the graphene oxide content increased by up to 0.03% and
had a stable behavior after the reach of optimum level. The increase can be ascribed to
the electronegativity of the GO, thereby acting as a medium for attracting electropositive
ions like Ca2+, Na+, and K+. These cations will react with S, Si, and Al to form excess
hydration products such as calcium silicate hydrate, calcium aluminate silicate hydrates,
and ettringites which densify the concrete microstructure and enhance its strength. It has
been observed that at maximum fly ash content, gradual increase in graphene oxide could
decrease the strength at normal room temperature.However, the strength increased at the
elevated temperatures, as shown in Figure 3, which might be attributed to the increase in
the Vander Waals forces between the gels with rise in tempeature. RSM was utilized to
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develop model equation for predicting the 28-day CS of the concrete using fly ash and GO
as the variables. The developed model is shown as Equation (1).

FST = 4.8264 − 0.0563 × A − 40.138 × B + 0.371 × A × B + 0.000071 × A2 + 220.762 × B2 (1)

where FC represents the 28-day CS in MPa, A and B represent the amount of fly ash and
graphene oxide, respectively, in percentage (%).
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3.3. Splitting Tensile Strength

Figure 4 represents the split tensile strength (STS) of all the experimental combinations
at 28 days in a bar chart. The tensile strength of the tested specimens ranged from 1.99 to
3.01 MPa and 2.02 to 3.98 MPa for 7 and 28 days respectively. Better results were obtained
at the experimental combination of 12.837% fly ash and 0% GO combination at 28 days
of curing period. The split tensile strength enhanced with partial substitution of cement
using fly ash and GO addition, and the water molecule action of GO ends in the fast
hydration process therefore improved the reduction of pore volumes in SCC by forming
dense hydrated products. Additionally, GO due to its fine size can fill the excess pores in
the matrix due to its pore-filling ability and improve the concrete’s tensile strength. Adding
silica fume helps in the formation of more CSH gel in hydration that improves the tensile
strength of GO-incorporated SCC. This leads to increment of hydrated product thickness
that fills the pores which occurred due to the addition of more superplasticizer in SCC.
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Figure 4. Splitting tensile strength at 28 days.

By RSM ANOVA, the actual equation for estimating the 28-day STS of the concrete
with the interaction of two variables, i.e., fly ash and GO, are presented as Equation (2).
The effect of fly ash and GO on the STS of the SCC is plotted in the form of 3-dimensional
response surface plot as presented in Figure 5.

FF = 10.658 − 0.2414 × A + 196.669 × B − 6.669 × A × B + 0.00639 × A2 − 1014.369 × B2 (2)
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In above equation, FST represents the 28-day splitting tensile strength in MPa, and A
and B represent the amount of fly ash and graphene oxide, respectively, in percentage (%).

3.4. Flexural Strength

Figure 6 represents the flexural strength (FS) of all the experimental combinations at
28 days. The flexure strength of GO-incorporated FSCC ranges from 4.84 to 9.89 MPa and
5.338 to 10.791 MPa for 7 and 28 days, respectively. Proper dispersion of graphene oxide
could reduce the formation of lumps which causes the voids. Thus, it could influence the
porosity of structure. The internal phase of the hydrated product is much denser than in
normal SCC which reduced the porosity of the concrete. It could have high early strength of
concrete and a slight change in flexure strength at the age of 28 days for the curing period.
Thus, it can be used for the construction of pavements [39]. Additionally, carbon-based
materials such as GO due to their sheet-like microstructural configurations help in the
prevention and inhibition of microcrack formation and propagation in the concrete, thereby
enhancing its FS [17,40]. An improved FS was obtained by partially replacing 12.83%
cement with fly ash and adding 0.05% GO by weight of cementitious materials at 28 days.
However, with the increase in GO content to 0.064%, the FS slightly decreased.
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Figure 6. Flexural strength of SCC at 28 days.

Determined from ANOVA using RSM, the model for estimating the 28-day FS of the
SCC using two variables which are fly ash and GO is presented as Equation (3). The effect
of fly ash and GO on the FS of the SCC is plotted in form of 3-dimensional response surface
plot as shown in Figure 7.

FF = 10.658 − 0.2414 × A + 196.669 × B − 6.669 × A × B + 0.00639 × A2 − 1014.369 × B2 (3)
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In the above equation, FF represents the 28-day flexural strength in MPa, and A and B
represents the amount of fly ash and graphene oxide, respectively, in percentage (%).

3.5. Analysis of Variance for RSM Models

The established model developed for estimating the strengths of the SCC using fly
ash and graphene oxide (GO) contents as the variables were statistically validated using
the ANOVA summary as presented in Table 8. Each model was checked for statistical
significance using the confidence interval, i.e., Prob > F less than 0.05 or (p < 0.05). All
the models have p-values less than 0.05 and are therefore significant. Each of the model
terms were also checked for significance in the model using p < 0.05. For the 28-day CS and
28-day FS models, all the terms were signifant as the probability of their F-values are less
than 0.05. While for the 28-day STS model, all the terms were significant except A2 which
represents the square of fly ash content as its p-value is equal to 0.5. Further validation of
the model with regards to lack of fit was carried out. The lack of fit is simply defined as the
measure of predicted models missing the observation [33,41]. The lack of fit is verified for
statistical significance using the confidence interval. From Table 8, the lack of fit for all the
models have p-values greater than 0.05 and therefore are not significant in relation to their
pure errors. This implied that the models have a good fitness with the experimental data
and have high prediction accuracy.

Table 8. ANOVA fit summary for mechanical strength models.

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

28-day Compressive
Strength (MPa)

Model 136.55 27.31 1589.50 <0.0001 significant

A-Fly ash 2.40 2.40 139.94 <0.0001 significant

B-GO 30.31 30.31 1764.22 <0.0001 significant

AB 95.96 95.96 5585.01 <0.0001 significant

A2 6.26 6.26 364.17 <0.0001 significant

B2 6.38 6.38 371.44 <0.0001 significant

Residual 0.1203 0.0172

Lack of Fit 0.0778 0.0259 2.44 0.2039 not significant

Pure Error 0.0424 0.0106

28-day Flexural Strength
(MPa)

Model 22.40 4.48 31.09 0.0001 significant

A-Fly ash 4.12 4.12 28.56 0.0011 significant

B-GO 2.81 2.81 19.53 0.0031 significant

AB 9.34 9.34 64.80 <0.0001 significant

A2 2.04 2.04 14.14 0.0071 significant

B2 1.95 1.95 13.56 0.0078 significant

Residual 1.01 0.1441

Lack of Fit 0.0069 0.0023 3.47 0.1304 not significant

Pure Error 0.0027 0.0007

28-day Splitting Tensile
Strength (MPa)

Model 6.69 1.34 1452.54 <0.0001 significant

A-Fly ash 1.29 1.29 1395.83 <0.0001 significant

B-GO 2.58 2.58 2803.38 <0.0001 significant

AB 1.22 1.22 1327.72 <0.0001 significant

A2 0.0005 0.0005 0.5041 0.5006 significant

B2 0.6193 0.6193 672.20 <0.0001 significant

Residual 0.0064 0.0009

Lack of Fit 0.0047 0.0016 3.66 0.1209 not significant

Pure Error 0.0017 0.0004
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A summary of the the coefficient of regression (R2) used for for validating the em-
ployed tests can be found in Table 9. The R2 was used to validate and justify the fitness
accuracy and degree of correlation of the models. In RSM statistical analysis, R2 value
ranges between 0 to 1, with 0 indicating a lack of correlation and 1 indicating a perfect
match between the developed models and experimental data [17,42]. All the models have
reasonable very high degree of regressions superior than 0.9. Only about 2.14%, 3.37%, and
4.31% of the experimental data for CS, STS, and FS respectively of the experimental data
cannot fully fit into the model. The variation between the adjusted and predicted R2 was
also evaluated to check for possible problems with the models or experimental data, and
presence of large block effects in the models. For the model, a close agreement between
adjusted and predicted R2 values were found since difference is less than 0.2. Therefore,
the developed models can be employed for estimation without any issue or significant
block effect. Furthermore, all the models yield low standard deviation compared to their
respective mean values which prove that they can be employed with high accuracy.

Table 9. Validation of model terms for responses.

Response R2 Adj. R2 Pred. R2 SD Adeq. Pre Mean

Compressive strength (MPa) 0.9786 0.9633 0.8538 0.9172 28.2375 43.51

Tensile strength (MPa) 0.9663 0.9423 0.7880 0.1189 21.9103 2.86

Flexural strength (MPa) 0.9569 0.9231 0.7387 0.3796 19.7592 8.63

Normal probability plots are diagnostic plots obtained from the RSM solution which
are used to explain and validate the appropriateness and adequacy of the model in terms
of normal distribution. Initially, when planning the analysis, it is assumed that the data are
normally distributed. The normal probability plots for the CS, flexural strength, and STS
models are presented as Figure 8a–c. For all the models, their data points were lined up
around the trend line. That shows shows our model and data were normally distributed.

The perturbation plot is used to compare the effects of fly ash and GO at a particular
design point, i.e., at the central design point, and to check whether the responses are sensi-
tive to the variables [43,44]. Figure 9 presents the perturbation plots for the compressive,
flexural, and STS model. From Figure 9a, the CS has little sensitivity to both fly ash (A) and
GO (B) as the slopes of A and B have little steepness, i.e., they are gentler. From Figure 9b,
the FS is insensitive to change in fly ash content as the slope of A is flat in nature. The slope
of B is very steep and hence the FS has much sensitivity to change in GO content. As seen in
Figure 9c, the STS is not sensitive to change in fly ash due to the flat line of A, while it has less
sensitivity to change in GO as the slope of B is not perfectly straight, i.e., it has less steepness.
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3.6. Optimization and Experimental Validation

After analyzing the correlation among the variables and responses, an optimization
procedure was done with RSM to find out the best results for the experimental combinations.
The optimization was carried out by setting out some criteria for the variables and responses,
as presented in Table 10. For the current work, eleven responses were obtained for all the
experimental combinations, as shown in Figure 10. Each response optimum value was
obtained based on the variable proportions mentioned in the experimental combination.
All the responses cannot end up with an optimum value at the same possible combination.
It is difficult to evaluate the two variables as their influences in the experiment would be
a different kind. From the ramp view of optimization presented in Figure 10, it can be
observed that the desirability factor is 1, i.e., the response is desirable, and the optimization
results are accurate. From Table 9, it was observed that the variable ranges are specified
along the optimum values for the three main responses in the experiment. Based on the
multi-objective optimization, the best SCC mix in terms of performance was accomplished
by partially replacing 17.17% cement with fly ash and adding 0.039% GO by weight of
cementitious materials to achieve the following optimum properties at normal temperature:
7-day CS of 41.12 MPa, 28-day CS of 48.57 MPa, 7-day STS of 2.86 MPa, 28-day STS of
2.90 MPa, 7-day FS of 8.57 MPa, and 28-day FS of 10.06 MPa. Under elevated temperature,
the optimum compressive strengths achieved were 47.14 MPa, 43.99 MPa, and 42.93 MPa
at 100 ◦C, 150 ◦C, and 200 ◦C, respectively. The multi-objective optimization result was
validated using the desirability. As shown in Figure 10, the desirability is 1. This means
that the best optimal combinations of the multiple set-up objectives for optimization were
accomplished with little or no substantial error, implying that the projected values are the
desired ones [41,45].

Table 10. Criteria settings for multi- objective optimization.

Variables/Responses Goal Lower Limit Upper Limit

Fly ash (%) In range 16.67 35
Graphene oxide (%) In range 0 0.05

Temperature (◦C) In range 23 200
Compressive strength (MPa) Maximize 45 55.5

Tensile strength (MPa) Maximize 2.02 3.98
Flexural strength (MPa) Maximize 5.338 10.791
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4. Conclusions

Based on our results and experimental data analysed with RSM, the following conclu-
sions were drawn:

• GO reduced the fresh properties of SCC such as slump, flowability, and compaction.
Therefore, for GO to be used effectively in SCC, more superplasticizer is required.

• GO improved the mechanical strengths of fly ash-based SCC, where for CS of the
optimum GO content was 0.03%, while for FS and STS, the optimum GO content
was 0.05%.

• The optimum content of fly ash was 35%, that satisfies the both flowability and
deformabilty property of self-compacting concrete.

• The addition of GO enhances the heat resistance of fly ash-based SCC, where the
reduction in CS of the SCC when subjected to even higher temperature is almost due
to the inclusion of grapheme oxide.

• The FS of fly ash-based SCC improved significantly at an early age with the addition
of GO; this gives the SCC an advantage to be used in pavement applications.

• The developed models for estimating the 28-day CS, flexural strength, and STS using
RSM were statistically significant with very high accuracy.

• Multi-objective optimization results showed that the optimum combinations of fly
ash (as cement replacement material) and GO (as additive) were 17.17% and 0.039%,
respectively, to reach optimal performance of the SCC mix as both normal and elevated
temperature, with a desirability of 100%.
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