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ARTICLE INFO ABSTRACT
Keywords: Rubberised cementitious material has gained significant attention within the civil engineering
Green cementitious material community. However, the gap and voids between rubber particles and cement gel remain chal-
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lenge. To tackle these issues, silica fume (SF) and graphene nanoplatelets (GnPs) were used to
enhance the microstructure of rubberised mortar at micro and nano scale levels. Silica fume was
added at 20% of the cement weight, while, the inoculation of GnPs varied from 0.02% to 0.6% as
cement replacement and the rubber powder ranged between 2% and 8% as sand replacement (by
volume). The compressive (CS), flexural (FS), tensile (TS), ultrasonic pulse velocity (UPV), water
absorption (WA) and porosity (P) of the proposed mortar were evaluated at the age of 28 days.
The experimental and predicted outcome showed that the rubberised mortar incorporating SF and
GnPs imparted superior properties compared to that of the control mixture for all rubber
replacement percentage. For instance, when the rubber content was 5% and GnPs was 0.03%, the
CS, FS, TS, UPV, WA and P were 45.51 MPA, 5.41 MPa, 3.13 MPa, 3.89 km/s, 5.23% and 7.22%
compared to that of the control mortar without rubber (38.3 MPa, 4.1 MPa, 2.31 MPa, 3.65 km/s,
6.51% and 7.28%), respectively. FESEM also confirmed that the GnPs did not only acted as a filler
material but also served as an impermeable barrier for continued crack propagation. It can be
concluded that the inclusion of GnPs in rubberised cement-based material is considered as a
sustainable choice in which it enhances its microstructure, specifically the interfacial transition
zone (ITZ).

1. Introduction

As aresult of rapid urbanisation globally, several serious environmental issues have arisen. The initial serious environmental issue
is the increase of uncontrolled waste materials disposal and limited landfill. This concern has since prompted environmentalists and
civil engineers to incorporate waste materials in concrete [1-3]. Another serious environmental issue is the rapid construction of new
cement-based structures that is dependent on a huge amount of cement, which has also caused grave air pollution owing to the
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associated emission of carbon dioxide (CO3) from cement factories. According to the International Energy Agency (IEA), approxi-
mately 7% of the total CO, emission was linked to cement production [4]. In an effort to tackle these two pressing problems, many
researchers have adopted the concept of combining both green and sustainable concrete [5-7]. Green concrete is defined as concrete
incorporating waste materials as the replacement of either cement, sand or coarse aggregate, while sustainable concrete is linked to a
longer lifespan of concrete that is associated with lower repair cost and lesser maintenance [8].

Focusing on green concrete, rubberised concrete is one of the environmentally friendly materials that were investigated in this
present literature. Compared to conventional concrete, it contains crumb rubber, as the partial replacement of either fine or coarse
aggregate. Indeed, the reputation of rubberised concrete is rapidly increasing in the civil engineering community in recent years [9,
10]. This is attributed to the fact that reusing discarded rubber in concrete does not only provides an alternative aggregate source, but
reduces landfill and tackles the associated health problems induced by burning rubber [11]. Therefore, many researches have been
carried out to study the effect of crumb rubber on concrete properties [12,13]. In general, it was found that the major obstacle in using
rubber in concrete is the weak bonding at the interfacial transition zone (ITZ) between the rubber particles and cementitious matrix,
which, in turn, causes a significant reduction in compressive strength [14]. This strength reduction is related to the presence of cracks
and voids surrounding rubber particles which weaken their performance. Based on Turki et al. [15], the thickness of the interface
between the rubber and cement matrix increased with the increment of rubber content. Therefore, some researchers have tried to
incorporate silica-based materials in rubberised cementitious material to overcome the loss of strength. Jokar et al. [16] used natural
zeolite as the partial replacement of cement (5%, 10% and 15%) in order to enhance the mechanical properties of concrete containing
rubber particles (1-6 mm) as the partial replacement of coarse aggregate. Based on their finding, the addition of zeolite has contributed
to minimise the strength loss for all mixes. The compressive strength of concrete containing 10% rubber increased from 21 MPa to 33.5
MPa at 28 days with the addition of 15% zeolite, while the control mix (without rubber and zeolite) was 35 MPa. Ramdani et al. [17]
also recorded a slight improvement of compressive strength in concrete incorporating both 10% crumb rubber (0.2-4 mm) and 15%
glass powder compared to that of the control mix (without glass powder). Mhaya, Baharom [2], however, found a reasonable strength
loss in concrete incorporating 10% recycled tire (1 — 4 mm) when palm oil fuel ash (POFA) was used as the partial replacement of
cement (20%). It was concluded that void and gap increased with the increment of the rubber diameter. Henec, in this present study,
the maximum size of used rubber was 900 um and the maximum replacement percentage of sand by rubber was 8%.

In the same context, several researchers have also shifted their attention to utilise graphene and its derivative to substitute the loss
of strength and minimise the ITZ in rubberised concrete. However, the majority of the previously published papers had only used
graphene oxide (GO) to enhance the performance of rubberised concrete. Abdulkadir et al. [18] assessed the fresh properties of mortar
containing fly ash, graphene oxide and crumb rubber at which GO was added as the replacement of cement (0.02%, 0.04%, 0.06%, and
0.08% by wt.), while crumb rubber was added as the replacement of fine aggregate (5%, 10% and 15% by volume). The results
indicated that the flowability of the graphene-based mixes decreased compared to that of the control mixture. The decrement of
flowability was linked to the GO particle as it is considered as hydrophobic. This fact is in line with Qureshi and Panesar [19], who
demonstrated that the hydrophilic nature of GO and the oxygen functional groups in GO are responsible for the reduction in work-
ability compared to that of the control mix (without GO). Hong et al. [20] also used GO to enhance the properties of engineered
cementitious composite containing crumb rubber. It was found that the mechanical and deformable properties significantly increased.
Furthermore, Abdulkadir et al. [21] evaluated the mechanical properties of engineered cementitious composite containing crumb
rubber and GO. Based on the finding, the compressive, flexural and tensile strength were improved owing to the better bonding be-
tween crumb rubber and cement matrix. Despite various studies reporting increased mechanical properties of cementitious material
with the addition of graphene oxide, one drawback was also recorded when using GO in which the excessive amount of oxygen
functional groups in GO can create weakness zone inside the cement-based matrix due to agglomerates formation. This is because the
positive charge of Ca?", Nat and K" exists inside the cement matrix and, hence, the negative charge of GO is able to agglomerate due to
van der Waals forces [22].

Therefore, in this present study, graphene nanoplatelets was used to enhance the microstructure of rubberised mortar and sub-
stitute the strength loss. Silica fume was also added to produce further gel inside the cement-based matrix. The novelty of this present
study, therefore, is to use both silica fume and graphene nanoplatelet in cement-based material (mortar) containing rubber powder
with particle sizes ranging from 150 um to 900 um as fine aggregate replacement (2-8%). In addition, a mathematical model was
developed using response surface methodology to obtain the optimum value of GnPs and rubber powder based on the best performance
of the CS, FS, TS, porosity as well as UPV and WA of the proposed mortar. Microstructure tests involving scanning electron microscopy
(SEM) were also conducted to examine the properties performance at micro and nano scale levels. Finally, this study will further
increase and promote the use of rubber in cement-based materials in the construction industry.

2. Experimental and theoretical programs
2.1. Materials

Graphene nanoplatelets, cement, silica fume, natural sand, water, and chemical admixture are among the materials used in the
proposed mortar. Graphene nanoplatelets and silica fume were purchased from GrapheneCA Inc. (US, NY) and Elkem Company,
respectively. Cement I 52.5 R was collected from a local supplier that complies with Malaysian Standard MS 522 (2007) and ASTM
C150 (2004). Table 1 presents the chemical composition of both cement and silica fume, which was determined using X-Ray fluo-
rescence (XRF) spectroscopy. Tap water was used for mortar mixing, while a natural local sand was used as fine aggregate (FA), having
a specific gravity of 2.64 and a maximum size of 2.36 mm that meet the grading requirements of fine aggregates according to (ASTM C
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33-2003). In addition, a polycarboxylates superplasticizer was not only used to increase the workability of the mortar but also to
enhance the dispersion of graphene nanoplatelets in water before mortar mixing. This fact was also confirmed by Papanikolaou et al.
[23].

In addition, crumb rubber was collected from recycled waste tires after end-of-life service. Both shredders and shearing instruments
were used to cut the discarded tyres into small fragments, followed by granular production using the micro-mill process. The maximum
size of the crumb rubber particle was found to be 1.0 mm. Table 2 depicts the physical and chemical properties of the rubber used to
replace the sand in the mortar.

2.2. Proportions of mortar mixture

The mortar’s mixture proportion was designed in accordance with ASTM C 109 in which the cement-to-sand ratio (by mass) was
1:2.75, and the water-binder ratio was 0.4. The rubber was then added as partial replacement of natural sand (0%, 2%, 5%, and 8%) to
the mixture, which was labeled as the control rubberised mortar (Mix 1, Mix 2, Mix 3, and Mix 4), respectively. Subsequently, the
control rubberised mortar was incorporated with a 20% silica fume as additive (by volume), which was namely SF-based rubberised
mortar. In particular, four mixes of SF-based rubberised mortar (Mix 5, Mix 6, Mix 7, and Mix 8) were developed and evaluated in
which the rubber content was also 0%, 2%, 5% and 8%, respectively. The third class of the proposed mortar was the GnPs-SF-based
rubberised mortar, which included both graphene nanoplatelets as binder replacement (0.02-0.6%) and rubber powder as fine
aggregate replacement (2-8%). Nine experimental mixtures of GnPs-SF-based rubberised mortar (i.e., Mix 9 to Mix 17) were required
according to the suggested values obtained from the response surface methodology, explained in the next section. Furthermore, the
dosage of superplasticizer varied from 0.5% to 1% (by binder wt.) to maintain a consistent water content across all mixes for effective
evaluation and comparison. Table 3 present the mixture proportions for the proposed mortar. It is worth noticing that the workability
of mortar was kept at 180 mm =+ 50 using the flow table for all mixture as shown in Fig. 1. The flow test was conducted based on ASTM
C230.

2.3. Design of experiment

As there are two independent variables with varying percentages involving GnPs (0.02%-0.6%) and rubber powder (2%-8%),
response surface methodology (RSM) was used to obtain the number of required experiments of the GnPs-SF-based rubberised mortar.
RSM was also used to optimize the independent variables including, GnPs and rubber content (X;) according to the target level of the
output (Y;) involving CS, FS, TS, P, UPV, and WA at the age 28 days. Indeed, RSM is regarded as one of the most commonly used
optimization models in the present literature [24]. In recent years, optimization modelling of cement-based material using RSM gains a
great attention in the civil engineering community. This is because that, with the aid of RSM optimization modelling, the number of
experiments, the optimum value and the interaction between the involved parameters can be easily determined and evaluated [25,26].
RSM can also predict and optimize the properties of cement-based material with minimum errors [27]. Herein, Design Expert software
was used to develop RSM optimization model. It is worth mentioning that the face-centered central composite design (FC-CCD) was
adopted to generate the model.

In the same context, the relationship between the output and independent parameters was established using the quadratic formula.
Eq. 1 represents the quadratic formula, where three coefficients (b, bi and by) were used. These coefficients the represent quadratic,
linear and the intercept of the model [28]. Various mathematical and statistical methods were used to assess the reliability and ac-
curacy of the proposed formula. One of the most effective tools to assess the performance of the optimization model is the analysis of
variance (ANOVA) such as p-value, F-value and the coefficient of determination (R?). The mean absolute error (MAE), scatter index
(SD), root mean square error (RMSE), mean absolute percentage error (MAPE) and root relative standard error (RRSE) were also
employed to evaluate the effectiveness of the proposed models as shown in Eqs. (2-6) [29]. Where Y, represents the average of the
actual result, while the actual and predicted result was denoted by Y, and Y, respectively, and N denotes the number of experiments.

k k k
2
Y=B,+ Y BXi+t > BXi+ D BXy m
=1 =1 i1
Table 1
XRF analysis of silica fume and cement.
Item Mass percentage %
cement SF
Al,03 3.43 0.73
Si0, 15.89 95.88
SO3 4.41 0.21
CaO 68.88 0.31
K20 0.91 0.81
Fe,03 3.89 0.19
MgO 0.97 0.43
NayO 0.081 0.25
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Table 2
The chemical and physical properties of WTRCs.
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Physical Properties

Density 1.10 £+ 0.1 kg/cm3
Bulk Density 0.41-0.51 g/cm3
Hardness 50 — 70 Shore A
Tensile Strength > 5 Mpa
Elongation at Break > 500%
Passing (ASTM D5644) > 80%
Heat Loss (ASTM D1509) < 1 kgf/cm2
Metal Content (ASTM D5603) < 0.5%
Fiber Content (ASTM D5603) < 1ML (Vr)
Chemical Properties
Rubber hydrocarbon by difference 52%
Ash content 24%
Acetone extract 10%
Carbon black 14%
Table 3
Experimental test of the proposed mortar.
Type of mortar No. Cement SF GnPs Water FA Rubber admixture
; 3 3 _ 3 3 _
mixture (kg/m”) (kg/m>) @) ke (L/m>) (kg/m”) @) @ w
Control rubberized mortar Mix 1 530 - - - 212 1456 0 - 2.65
Mix 2 530 - - - 212 1426.9 2 8 2.65
Mix 3 530 - - - 212 1383.2 5 19 2.65
Mix 4 530 - - - 212 1339.5 8 34 2.65
SF-based rubberized mortar Mixt 5 506 101 - - 243 1391 0 - 3.03
Mix 6 506 101 - - 243 1363 2 8 3.03
Mix 7 506 101 - - 243 1321 5 19 3.03
Mix 8 506 101 - - 243 1279 8 34 3.03
GnPs-SF-based rubberized mortar Mix 9 506 101 0.31 1.88 243 1321 5 19 6.07
Mix 10 506 101 0.02 0.121 243 1321 5 19 6.07
Mix 11 506 101 0.31 1.88 243 1279 8 34 6.07
Mixt 12 506 101 0.02 0.121 243 1279 8 34 6.07
Mix 13 506 101 0.6 3.64 243 1363 2 8 6.07
Mix 14 506 101 0.6 3.64 243 1279 8 34 6.07
Mix 15 506 101 0.31 1.88 243 1363 2 8 6.07
Mix 16 506 101 0.02 0.121 243 1363 2 8 6.07
Mix 17 506 101 0.6 3.64 243 1321 5 19 6.07
Fig. 1. Slump test of the proposed mortar.
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2.4. Compressive strength test

The proposed mortars were evaluated using a compressive strength test at the age of 28 days. The test was conducted following the
ASTM C109-109 M standards. Cubic samples (50 x50 x50 mm) were prepared and positioned on a compression machine following
standard procedures. A constant load of 1200 N/s was also applied to the samples until they reached failure state. The recorded failure
load was inserted in Eq. 7 to obtain the CS in MPa. Where A is the area of the cubic samples in mm? and P is the total applied load in N.

P

CS = 1 ()]

2.5. Flexural strength test

ASTM C 348 was followed to determine the flexural strength of the proposed mortar. At the age of 28 days, a prism beam with a
dimension of 40 x 40 x 160 mm was subjected to centre point loading. The clear span of the two support rollers was 120 mm, and the
beam was loaded at a rate of 2.5 kN/min. Then, the flexural strength (FS) in MPa was calculated using Eq. 8.

FS = 0.0028P (€©)]

2.6. Tensile strength test

ASTM C496/C496M was taken into account to obtain the splitting tensile strength of the proposed mortar. A cylinder sample with a
dimension of 50 x 100 mm was employed to obtain the 28th-day split tensile strength. The sample was subjected to a constant loading
rate of 1.0 MPa/min using a universal testing machine. The splitting strength (TS) in MPa was then determined using Eq. 9. where L is
the cylinder length and D is the cylinder diameter.

2P
T8 =

= DL 9

2.7. Water absorption test

The percentage of water absorption of the proposed mortars at the age of 28 days was determined following the guidelines outlined
in ASTM C642. Cubic samples with a dimension of (50 x 50 x 50) mm were used to carry out the test. First, the cubic cured samples
were dried in the oven (110 °C) for 24 h and the oven dry mass (M;) was weighed. The drying treatment was repeated at intervals of
24 h until the differences in successive values became lower than 0.5%. The samples were later submerged in a tap water container and
weighed at saturation surface dry (M) every 24 h. This process was also repeated until a low difference (less than 0.5%) was achieved
between two consecutive values. Finally, the water absorption (WA) was calculated using Eq. 10.

M, — M,

WA = ——— x 100 10)
M,

2.8. Ultrasonic pulse velocity test

The ultrasonic pulse velocity test (UPV) is linked to the non-destructive technique family that assesses the target material without
damage. UPV test is widely used in the civil engineering community due to its ability to evaluate the homogeneity of a cement-based
material. With the aid of UPV, the quality of cementitious material and the crack propagation as well as the presence of pores can be
assessed by measuring the velocity of the ultrasonic wave that passes through the material [30]. Herein, PUNDIT plus equipment,
which features a receiver transducer and an emitter transducer with frequency of 54 kHz, was used to evaluate the proposed mortar.
Cured cubic samples of (50 x 50 x 50 mm) at the age of 28 days were considered to conduct the test according to ASTM C 597-02. The
pulse velocity was calculated according to Eq. 11, where L is the length of the sample that the wave passes through (m), while, T is the
transmission time (s).
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2.9. Porosity tests

The water-permeable porosity of GnPs-SF-based rubberised mortar was conducted at the age of 28 days and the porosity of this
mortar was calculated according to vacuum saturation technique. Vacuum saturation technique is widely used to assess the amount of
pores and voids inside the cement-based matrix [31]. This technique is similar to ASTM C 1202-05. It was performed using cubic
samples having dimension of (50 x 50 x 50) mm. The target cubic samples were first oven-dried at 100 °C until a consistent weight
was achieved (Wq). Then, three-hours vacuum pressure treatment was performed on the samples. Following that, the water was
gradually introduced until the samples were completely submerged and kept for 24 h. After weighing the saturated samples (W), the
total porosity was calculated using Eq. 12. Where Wy is the weight of dry samples. Furthermore, the weight of saturated samples in
water was also measured and labelled as W,,.

W, — W,

porosity (%) =wow, (12)

2.10. Microstructure tests

Field emission scanning electron microscopy (FESEM) was considered to examine the performance of the proposed mortar at a
micro and nano level. During the compressive strength test, a small specimen with a dimension not exceeding 1 cm was extracted from
the cubic sample after they were crushed. The specimen was then dried in an oven having a temperature of 60 °C to eliminate the
moisture content prior to FESEM test. Next, the specimens were coated with gold to enhance resolution. This microstructure test was
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Fig. 2. Compressive strength evolution of (a) control rubberised mortar (b) SF-based rubberised mortar (c)(d) GnPs-SF-based rubberised mortar.
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carried out using ZEISS MERLIN Field Emission Scanning Electron Microscopes, equipped with an energy dispersive X-ray analyser.
3. Results and discussion

3.1. Compressive strength

This section presents and elaborates on the compressive strength evolution of the proposed mortar at the age of 28 days. It is of note
that the strength evolution was presented via three scenarios to effectively illustrate and emphasize the effect of rubber, SF, and
SF+GnPs on the mortar’s performance individually. In the first scenario, the compressive strength of the mortar incorporating rubber
at different replacement percentages (0%, 2%, 5% and 8%) was conducted as shown in Fig. 2a, whereas, the inclusion of SF, and its
impact on the control rubberised mortar’s strength was presented in the second scenario as displayed in Fig. 2b. The combined in-
fluence of SF and GnPs on the strength performance of the rubberised mortar was visualised in the third scenario through a 2D counter
plot and a 3D plot, depicted in Fig. 2¢ and d.

In scenario one (Fig. 2a), the compressive strength was gradually decreased with the increase of rubber content. The strength of
control rubberised mortar containing 2% and 5% dropped by 9.7% (34.6 MPa) and 17.8% (31.5 MPa) respectively in comparison with
the control one (38.3 MPa). In addition, the control rubberised mortar containing 8% rubber had the lowest compressive strength,
measuring only 27.6 MPa. Overall, the obtained compressive strength of control rubberised mortar (without SF and GnPs) was lower
than the strength of the control one. This noticeable and progressive decline in strength was attributed to several reasons. The gap and
voids surrounding the rubber particles are regarded as the main reason to negatively affect the strength evolution. This is because they
provide a vulnerable environment around the rubber particles, resulting in crack formation and ultimately damage to the concrete
matrix when the load is applied. This fact is supported and discussed later in Section 3.7.2. The second potential reason is the softness
of the rubber particles in comparison to the natural aggregate, which allows concrete cracks to spread during loading by providing an
easy path for concrete fracture within the matrix. This fact is in a strong agreement with Shao et al. [32]. Abdelmonem et al. [12] also
linked the strength reduction in rubberised concrete to the relatively soft nature of rubber particles compared to the cement paste and
aggregate.
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Fig. 3. Flexural strength evolution of (a) control rubberised mortar (b) SF-based rubberised mortar (c)(d) GnPs-SF-based rubberised mortar.
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In the same context, the inclusion of SF in the rubberised mortar has a significant improvement, specifically, when the rubber
content is small. With the addition of SF by 20%, the compressive strength of control mortar (without rubber) jumped from 38.3 MPa
to 44.5 MPa. Moreover, the strength of the rubberised mortar increased from 34.6 MPa to 41.2 MPa at a rubber content of 2%.
However, the effect of SF in rubberised mortar incorporating 8% is insignificant in which its compressive strength (32.3 MPa), which
remained lower than that of the control one (38.3 MPa). This fact provides evidence to note that the efficiency of SF and its pozzolanic
activity may not be sufficient to substitute the strength loss alone if the rubber content is high. Therefore, to minimise the pores and
interfacial transition zone (ITZ) of rubberised mortar containing high rubber content (8% or more), another additive such as GnPs
should be considered. Regardless, the strength improvement of the rubberised mortar mixture due to the addition of SF was attributed
to the pozzolanic activity. SF is distinguished by its smaller particles and high surface area [33]. This advantage enables SF to quickly
and fully react with calcium hydroxide Ca(OH), even at an early age to ultimately induce Calcium silicate hydrates gel. This is also
consistent with the previous work of Shi et al. [34].

On the other hand, based on Fig. 2¢ and 2 d, the value of compressive strength of GnPs-SF-based rubberized mortar is higher than
the control mixture (38.3 MPa) for all replacement rubber percentage. For instance, the addition of 0.03% of GnPs increased the
compressive strength of the proposed mortar incorporating 2% and 5% of rubber to 52.22 MPa and 45.51 MPa respectively. The
proposed mortar containing 8% of rubber was also improved in which its strength jumped to 40.23 MPa in comparison with control
rubberised mortar of only 27.6 MPa. That is, at a high rubber replacement percentage (8%), the contribution of GnPs to increasing
compressive strength exceeds 32%, while the inclusion of SF alone has a small contribution (14.5%). Indeed, GnPs greatly enhanced
and substituted the strength loss even under a high amount of rubber replacement percentage. This is justified by the fact that GnPs
exhibited the ability to fill the pores and ITZ that was developed around the rubber particles. This is discussed in detail in Section 3.7.3.
GnPs served as a filler material and could have a tensile strength reaching up 130 GPa [35]. GnPs acted to minimise the gap between
the rubber particles and concrete matrix and have the ability to bond them to be one unity. However, a high content of GnPs does not
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Fig. 4. Tensile strength evolution of rubberised concrete (a) control rubberised mortar (b) SF-based rubberised mortar (c)(d) GnPs-SF-based
rubberised mortar.
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contribute to any further strength improvement. This is in consistency with Shanmuga Priya et al. [36] who demonstrated that the
better performance of concrete strength was achieved at 0.08% of graphene oxide. Ismail et al. [37] also found that optimum content of
GnPs was 0.02% which increased tensile and compressive strength of concrete by 30.05% and 20.82% respectively.

3.2. Flexural strength

As shown in Fig. 3a, a similar trend was also observed in which the flexural strength was dropped with the increase of rubber
content. The flexural strength was reduced by 6%, 24%, and 39% when the rubber content was 2%, 5%, and 8% respectively. This
result was attributed to the generation of numerous microcracks around the rubber particles. These microcracks create a weaker area
within the material that can potentially accommodate any further expected cracks during the loading. With the addition of SF, an
improvement was recorded as illustrated in Fig. 3b. The value of flexural strength improvement varied according to the amount of
rubber particles inside the mortar mixture. When the rubber content was 2% and 5%, the strength improvement was high at which the
flexural strength jumped from 3.85 MPa to 4.5 MPa and from 3.12 MPa to 3.7 MPa respectively. A small enhancement in flexural
strength was also observed when the rubber content is 8%.

Furthermore, as shown in Fig. 3c,d, it can be seen that the inclusion of GnPs significantly increased the flexural strength for all
mixtures. For example, at 0.03% GnPs, the flexural strength of the mortar incorporating 2% and 5% jumped from 4.5 MPa to 6.5 MPa
and from 3.7 MPa to 5.41 MPa respectively. This is a direct result as GnPs distributed and located around the rubber particles and acted
as reinforcement providing additional strength and stability as discussed in details in Section 3.7.3. They also serve as a connector
between the rubber particles and the cement-based matrix, as previously discussed. This bridging effect boosts the material’s overall
integrity and cohesion and resulting in the observed increase in compressive strength.

3.3. Tensile strength

Fig. 4 illustrates the tensile strength of the proposed mortar. It can be seen that a similar pattern was observed in Fig. 4a, where the
tensile strength decreased as the rubber content increased. In the absence of SF and GnPs, the tensile strength of rubberised mortar
dropped with the increase of rubber content. For instance, the tensile strength of control mortar (without rubber, SF, and GnPs) was
2.32 MPa, whereas, the inclusion of rubber content of 2%, 5%, and 8% resulted in decrement of tensile strength to 1.93 MPa,
1.73 MPa, and 1.45 MPa respectively. This anticipated outcome was related to the formation of cracks around the rubber particles
(ITZ) when the load is applied, and finally caused the mortar to disintegrate as discussed earlier.

Fig. 4b, on the other hand, shows that the impact of SF on the tensile strength of rubberised mortar. Particularly, when the rubber
component was 2%, 5%, and 8%, there was a corresponding loss in the tensile strength of 3%, 19%, and 34% respectively. Therefore, in
the present study, the GnPs was used to fill the pores and minimize the ITZ. Based on Fig. 4d, the highest tensile strength was recorded
at a lower percentage of GnPs. For instance, when 0.03% of GnPs were added to the mortar incorporating 8% of rubber content, the
tensile strength increased significantly. The enhancement value was 22% in which it jumped from 1.52 MPa to 2.29 MPa. This
enhancement was attributed to the presence of GnPs which acted as reinforcement within the cement matrix.
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3.4. UPV analysis

The values of the ultrasonic pulse velocity of the GnPs-SF-based rubberised mortar were calculated and presented in Fig. 5. The
result of UPV has been widely used in the present literature. These values are regarded as significant indicators to assess the quality of
concrete in terms of the presence of pores, defects, voids, and microcracks within the mortar matrix [38]. The higher value of UPV is
associated with high-quality mortar, while the lowest values indicate a poor-quality mortar matrix. According to BS 1881, concrete
quality can be considered as very good quality if the UPV value is greater than 4 km/s, while poor concrete could be achieved if the
UPV value is lower than 3.0 km/s [39]. It can be seen that the GnPs-SF-based rubberised mortar can be classified as a good quality
mortar for all levels of rubber replacement percentage. For instance, the UPV is almost higher than 3.89 km/s indicating a good quality
mortar when the rubber content is 5%. This positive result was linked to the presence of GnPs that had ability to minimize the mortar
pores as well as to stop the prorogation of microcracks within the mortar matrix. This fact was also supported by FESEM in Section
3.7.3.

3.5. Water absorption analysis

According to BS 1881-122:1983, water absorption of the cement-based matrix such as mortar or concrete can be defined as the
additional weight of adsorbed water that was acquired compared to its dry state. Such increasement is attributed to the water capillary
pressure inside the cement-based matrix when it is exposed to and immersed in water. Therefore, water absorption is another crucial
parameter to evaluate concrete quality, specifically durability aspect. This is due to the fact that it is dependent on the movement of
liquid within the cement-based matrix. A lower water absorption rate indicates denser and higher-quality concrete, whereas a higher
absorption rate indicates a poor concrete. Based on ASTM C 642-06, the cement-based matrix can be considered to have an excellent
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water absorption when its value is less than 5%. Moreover, a reasonable and good quality concrete can be obtained if the water ab-
sorption is less than 10% [40].

In the present study, it can be seen from Fig. 6a that the control rubberised mortar exhibited the highest water absorption level. For
example, when the rubber content was 8% in a control rubberised mortar (without SF and GnPs), the WA was greater than 10%,
indicating a poor-quality mortar. Water absorption decreased with the addition of silica fume, as shown in Fig. 6(b); however, the
water absorption value did not meet the criteria for excellent concrete quality, as it remained in the range of 5-10%. The inclusion of
both SF and graphene, on the other hand, resulted in significant water absorption reduction (less than 5%), indicating the achievement
of excellent quality mortar, as shown in Fig. 6¢, d.

3.6. Porosity test

The water-permeable porosity of the proposed mortar involving control rubberised mortar, SF-based rubberised mortar, and GnPs-
SF-based rubberised mortar was respectively presented in Fig. 7a, b, ¢ and d respectively. As can be seen in Fig. 7a, the control
rubberised mortar had the highest porosity. This can be justified by that the cement matrix incorporates plenty of microcracks and
pores in the area surrounding the rubber particles. The growing and interconnection of these microcracks and pores can create a
convenient pathway for water to penetrate. In contrast, the porosity of the SF-based mortar containing 2% rubber was improved
(8.65%) with the addition of silica fume compared to that of the control (10.57%), while the porosity of the SF-based mortar containing
8% rubber was 17.1% in comparison with control one (18.1%) as shown in Fig. 7a ,b.

On the other hand, the porosity decreased with the addition of GnPs for all mixtures as shown in Fig. 7c,d. For instance, the SF-
based mortar containing 0.025% GnPs had the lowest porosity, with a value of 5.8%. This is consistent with the compressive
strength result which was discussed in Section 3.1. The porosity of the GnPs-SF-based rubberised was the lowest overall. When the
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rubber content was 2%, 5%, and 8%, the porosity was 5.8%, 7.78%, and 7.28%, respectively. The reduction in porosity was attributed
to graphene’s ability to prevent crack formation and propagation in the cement matrix. This point is addressed in Section 3.7.3.

3.7. Microstructure Analysis

3.7.1. Morphology of rubber and graphene

The morphology of rubber and GnPs was investigated and presented in Fig. 8. It can be observed that the GnPs consists of multiple
layers of pristine graphene with a thickness ranging from 6 nm to 20 nm, while the average size of GnPs was found to be 11 ym as
shown in Fig. 8a,b. This is almost in line with Jiang et al. [41] who stated that the average thickness and diameter of Graphene
nanoplatelets are about 37 nm and 8 pm, respectively. Sanchez et al. [42] also defined the thickness of graphene nanoplatelets as being
below 100 nm. Indeed, the thickness of GnPs plays a pivotal role in influencing the concrete properties. For instance, the thicker GnPs
might be a good strategy to provide nucleation sites of the cement hydration products compared to that of the thinner pristine gra-
phene. On the other hand, the shape of crumb rubber was to some extent irregular as shown in Fig. 8c. The average diameter of crumb
rubber falls within the range of 150-900 um. It is also remarkable to note that, according to SEM-EDX analysis, both GnPs and rubber
contained high concentrations of carbon.

3.7.2. Interfacial transition zone between rubber and control mortar

It is worth mentioning that the interface between cement matrix and aggregate, which is well known as interfacial transition zone
(ITZ), is a topic of significant interest. The presence of extensive porosity, microcracks, and calcium hydroxide within the ITZ makes it
a weak zone within the cement-based matrix [43]. According to Wang and Dai [44], the ITZ is approximately distinguished by a
thickness ranging from 20 to 100 um. Fig. 9 shows the interface between the cement matrix and rubber. As depicted in Fig. 9a, a
significant gap between the rubber and mortar was observed. Numerous microcracks surrounding the rubber particles were also
observed. These microcracks have the potential to connect with existing pores and propagate as well as become larger cracks, posing a
threat to the integrity of the cement matrix. It is also noted that the average interface thickness between rubber and cement gel was
approximately 18 pm as illustrated in Fig. 9b. This is in a good agreement with Turki et al. [15] who found that the thickness of the
interface between cement and rubber was 13.44 um and the thickness value is dependent on the amount of rubber content in which it

[ |

Fig. 8. Morphology of the rubber and GnPs using FESEM-EDX.
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Fig. 9. The ITZ between rubber and cement matrix.

increased with the increase of rubber content.

3.7.3. ITZ and microstructure of the proposed mortar containing rubber and graphene

The ITZ between rubber and mortar matrix containing both silica fume and Graphene nanoplatelets (0.02%) was examined and
evaluated using FE-SEM and EDX analysis as depicted in Fig. 10. According to Fig. 10 a, the darker color is associated with rubber
particles, while the brighter colour is associated with calcium silicate hydrates gel (or C-S-H). This is also confirmed by the EDX
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Fig. 10. ITZ and microstructure of the proposed GnPs-SF-based rubberised mortar.
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analysis, which shows that the carbon concentration in the rubber particles was greater than 84.4%, as can be seen in Fig. 10 b. In
contrast, the carbon content of cement gel is low (less than 9.0%). The C-S-H cement gel contains a high concentration of Ca, O, and Si.
Furthermore, other chemical compounds found in cement gel included Al, Fe, K, and Mg. It is worth noting that the interface between
the rubber and the cement gel is much smaller than that of the control rubberised mortar (without GnPs and SF). This is due to two
reasons: firstly, the presence of silica fume which serves as micro filler [45], and the second reason is the presence of GnPs within the
ITZ. GnPs, shown in Fig. 10 d, act as a nucleation site for the formation and development of cement gel.

Moreover, the presence of GnPs in the cement matrix plays an important role in preventing the spread of the inevitable microcracks.
To be specific, the graphene nanoplatelets not only serve as a nano filler material, but also as an impermeable barrier to the continued
propagation and growth of cracks where the cracks could not pass through the graphene nanoplatelets due to of the high strength of
graphene, Fig. 10 c. Two significant advantages are noticed from the presence of graphene. First, it strengthens the cement matrix,
while the second is that it reduces the ITZ.

3.8. Theoretical analysis

Six quadratic equations, listed in Table 4, were developed from the RSM model to investigate the CS, FS, TS, UPV, WA and P of the
proposed rubberised mortar containing SF and GnPs at 28 days. These quadratic formulas are useful for quick understanding of the
behaviour of the developed rubberised mortar and may be applicable for future prediction. The relationship between the output and
the independent variables are examined by these formulas. They are also thought to be useful equations for determining the signif-
icance of their impact on the properties of the developed mortar.

The reliability of these equations was also investigated using ANOVA analysis and p-value as well as F-value as shown in Table 5. It
can be seen that the p-value of the proposed equations is less than 0.05 confirming that the equations are significant and are able to
predict the target properties with small error. This is line with Algaifi et al. [46] who used p-value to validate the developed quadratic
equation of alkali activated mortar containing fly ash, slag and nano silica. F-value is also used to assess the significance of the mean
value variance, in which a high F-value indicates a significant model. In the present study, F-value was found to be higher than 15
indicating that the models are significant.

To verify the accuracy of the above quadratic formulas, both the coefficient of determination (R?) and the absolute relative de-
viation (ARD) were also utilised. This is because the former alone is insufficient to validate the model’s accuracy. The R? could provide
insight into the degree of similarity between predicted and actual results, while ARD revealed the error distribution within the pro-
posed model. Both R? and error percentage (%) can be determined using Eqs. (13-14), respectively [28,47]. According to Habibi,
Ramezanianpour [48], the proposed formula can be accepted if the value of error is lower than 10% and value of R? is higher than 0.9
[46]. For this cuurent study, as shown in Fig. 11, the value of R? was higher than 0.97 which revealed an appropriate and strong
correlation between the experimental and predicted results. This finding concurs with Mokhtar et al. [49] who demonstrated that a
strong correlation between the actual data and the experimental is achieved if the R? is higher than 0.7. In addition, the error per-
centage was less than 10% confirming that the proposed formulas can predict the experimental dataset with very small error, Fig. 11.

n

Z(YP - Ya)
R =" (13)
(Yn - Ya)z
i=1
Error — (actual - predtcted) « 100 (14)
actual

Other mathematical and statistical indicators were also employed to verify the proposed equations as shown in Table 6. For
instance, the ratio of R to adjusted R? was close to one, and the differences between the predicted and adjusted R? values for all models
were less than 0.2, indicating the accuracy and reasonableness of the mode. This is in agreement with Mohammed et al. [50]. Algaifi
et al. [46] also stated that an excellent correlation can be achieved if the ratio between actual and predicted output is close to one. In
the same context, the value of MAPE ranged was approximately 0.04 for all models indicating that the predicted output is reliable and
can be used for further prediction. This finding is consistent with Getahun et al. [51] who found that the error difference between the
actual and predicted compressive strength of concrete was 2.088%. Yaseen et al. [52], in turn, assessed the accuracy of the predicted
shear strength of steel fiber-reinforced concrete beam using the scatter index (SI). They found that the SI ranged between 0.11 and

Table 4

The quadratic formulas for CS, TS, FS, UPV, WA and P of the rubberised mortar.
Eq. NO. Output The developed quadratic formulas
1 CS (MPa) CS =56.71 — 2.4R + 4.45GnPs + 1.57R x GnPs + 0.021R? — 44.97GnPs?
2 TS (MPa) TS = 4.9 — 0.45R + 0.34GnPs + 0.17R x GnPs + 0.014R? — 3.05GnPs?
3 FS (MPa) FS =7.27 — 0.313R — 0.53GnPs + 0.48R x GnPs — 0.014R?> — 7.19GnPs>
4 UPV (km/s) UPV = 5.97 — 0.59R — 0.703GnPs + 0.08R x GnPs + 0.035R? — 1.5GnPs?
5 WA (%) WA = 4.5 — 0.16R — 0.13GnPs + 0.23R x GnPs + 0.06R? + 1.78GnPs*
6 P (%) P =7.73 — 0.64R — 3.37GnPs + 1.27R x GnPs + 0.105R? + 4.7GnPs?
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Table 5
ANOVA analysis of the proposed equations terms.

Item Model X1 X, X1 X, X2 X3

Cs p-value 0.0243 0.0086 0.0125 0.2741 0.9048 0.0796
F-value 15.17 38.09 29.15 1.78 0.0169 6.82
Significant Y.

TS p-value 0.009 0.0014 0.0522 0.1661 0.3441 0.1108
F-value 30.42 132.71 9.77 3.32 1.26 5.02
Significant Y.

FS p-value 0.0242 0.0084 0.0147 0.0988 0.6509 0.0967
F-value 15.22 38.70 25.82 5.6 0.2508 5.72
Significant Y.

WA p-value 0.0057 0.0010 0.0138 0.2624 0.0753 0.5182
F-value 41.46 170.7 27.02 1.89 7.16 0.5329
Significant Y.

UPV p-value 0.0043 0.0009 0.0052 0.2975 0.029 0.2276
F-value 49.99 176.28 54.23 1.58 15.56 2.29
Significant Y.

P p-value 0.0059 0.0016 0.0045 0.0264 0.0910 0.3797
F-value 40.7 119.43 60.2 16.76 6.05 1.06
Significant Y.

0.27confirming that the module is accurate. In this present study, SI was found to be lesser than 0.04 for all models.

Furthermore, the desirability function (DR) was employed to explore the optimum mix design for the proposed rubberised mortar.
The optimal content of rubber particles and graphene nanoplatelets, in particular, was determined using the desirability function. This
is because the desirability function has been identified as a highly effective and successful approach for optimisation [48]. For the
purpose of this study, three scenarios were adopted to find out the optimal content. The initial scenario was to obtain the content of
GnPs and rubber content resulting in the highest CS, TS, FS, and UPV as well as the lowest values of WA and P. The second scenario was
concerned with achieving the highest possible rubber content while still maintaining acceptable levels of CS, TS, and FS, UPV, WA and
P. Lastly, the third scenario aimed to find the optimum content of rubber and GnPs that resulted in good and acceptable properties.

Table 7 presents the optimal values of GnPs and rubber according to these three scenarios. Excellent and highest mortar properties
can be obtained by keeping the rubber content at a low percentage (2%) and adding GnPs at a concentration of 0.03%. The compressive
strength in this scenario is 52.22 MPa, which is significantly higher than the control mortar’s compressive strength of 38.3 MPa. In
scenario two, the compressive strength of the mortar containing 8% rubber and 0.03% GnPs measured 40.21 MPa, which is still higher
the compressive strength of the control mortar. In scenario 3, it can be seen that the optimal value of rubber and GnPs was 5% and
0.03% in which good properties were achieved.

4. Conclusion

This study aimed to assess the performance of rubberised mortar incorporating GnPs and SF based on its CS, TS, CS, P as well as WA
and UPV. Based on the outcomes, the following conclusions could be drawn:

i. The rubberized mortar incorporating SF and GnPs consistently displayed superior properties in comparison to the control
mixture, regardless of the percentage of rubber replacement.
ii. The optimum content of GnPs content was 0.03%, while a high-level content of GnPs did not contribute to an increase in
strength.
iii. FESEM images revealed the ability of GnPs to enhance the mortar’s microstructure and the ITZ between the rubber and cement
matrix.
iv. The RSM model showed its ability to predict accurate result in which MAPE and SI were less than 0.11.
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Data will be made available on request.
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Table 6
Statistical and mathematical indicators to validate the proposed formulas.
Item Output
Cs FS TS UPV WA porosity
Adjusted R? 0.8985 0.8989 0.9484 0.9684 0.962 0.9855
Predicted R? 0.7588 0.775 0.8442 0.8673 0.8502 0.8573
Adeq. Precision 11.57 11.303 14.65 20.64 18.26 18.687
SI 0.028 0.0399 0.0309 0.0173 0.027 0.033
MAPE 0.021 0.0394 0.024 0.0159 0.025 0.029
MAE 0.947 0.1738 0.0778 0.056 0.149 0.254
RRSE 0.0295 0.0418 0.0321 0.0183 0.0278 0.032
RMSE 1.18 0.1908 0.0943 0.066 0.168 0.312
Table 7
Optimization using desirability function.
No. Optimal content Mortar properties
Graphene Rubber CS FS TS UPV WA P
(%) (%) (MPa) (MPa) (MPa) (km/s) (%) (%)
Scenario 1 0.030 2 52.22 6.57 4.14 4.87 4.45 6.78
Scenario 2 0.030 8 40.21 4.01 2.31 3.52 7.13 9.48
Scenario 3 0.03% 5 45.51 5.41 3.13 3.89 5.23 7.28
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