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Abstract: Discarded rubber tires (DSRTs) have become a significant landfill and environmental
problem that needs to be solved to reduce health risks, fires, and other environmental issues. The
inclusion of such rubber can enhance the ductility of concrete and increase its resistance to dynamic
loads, as well as enhancing the concrete’s durability and lifespan by modifying its impact resistance
(IR). However, the smooth surface and low bond strength with cement pastes directly lead to a
decrease in the strength of the proposed concrete, restricting its range of use in the construction
industry. The inclusion of pozzolanic materials with high hydraulic capacity in the concrete matrix
as partial cement replacements, such as granulated blast furnace slag (GBFS), has led to enhanced
performance of the modified rubberized concretes (MRCs) in terms of bond strength and other
mechanical properties. Based on these facts, this study aimed to evaluate the effects of including 20%
GBEFS and various levels (5-25%) of metakaolin (MK) as replacements for ordinary Portland cement
(OPC), on the engineering properties of newly designed rubberized concretes. For this purpose,
twenty-two mixes of MRCs were prepared by replacing the OPC and natural aggregates with various
contents of GBFS, MK, and DSRTs. The results indicated that the MRC specimens prepared with
a ternary blend of OPC-GBFS-MK illustrated significant improvements in strength performance,
wherein the compressive strength (CS) after the curing age of 56 days (46.5 MPa) was higher than
that of the OPC control mix (41.2 MPa). Moreover, the mix designed with high amounts of MK-GBFS-
DSRTs significantly enhanced the engineering properties of the proposed MRCs by increasing the IR
and reducing the total porosity. It can be asserted that, by using MK, GBFS, and DSRTs as renewable
resources for construction materials, the environmental problems can significantly be reduced, with
excellent benefits in the engineering properties of the designed rubberized concretes.
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1. Introduction

In the global construction industry, concrete with extreme stiffness or low ductility
is often seen as brittle and less useful [1]. Improving the ductility of concrete is a crucial
factor in the design of concrete mixtures [2]. Therefore, many supplementary materials
are recommended to enhance the strength traits of concrete to meet application require-
ments [3,4]. The energy absorption capacity or resilience of evaluated concrete is typically
regarded as its most crucial characteristic under impact loading. The addition of DSRTs to
concrete can enhance its impact resistance (IR), thereby improving its toughness. Numerous
studies [5-7] have shown that substituting natural fine and coarse aggregates with DSRTs
enhances the overall impact strength of concrete. Studies conducted by Li et al. [8], Khalil
et al. [5], and Liu et al. [9] found that replacing the fine or coarse aggregates with 10 to 30%
DSRTs significantly improved the concrete’s energy absorption capacity and increased its
IR value.
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Unfortunately, the strength properties of rubberized concrete, such as compressive
strength (CS), tensile strength (TS), flexural strength (ES), etc., are inversely influenced by
the DSRT content, and the strength decrement increased significantly when the replacement
level was increased up to 20% [10]. Several studies [11-13] have noted a considerable reduc-
tion in the CS and elastic modulus of MRCs at various levels of rubber waste incorporation.
Eldin and Senouci [14] reported the replacement of natural aggregates with several sizes
and levels of DSRTs to produce rubberized concrete, resulting in a drop in CS to nearly 65%
in comparison to normal concrete. In a study to develop high-performance free cement
rubberized concrete by Al-Fasih et al. [15], the authors observed that it was possible to
produce high-CS concrete (more than 30 MPa) by replacing the natural aggregates with
30% DSRTs. However, increasing the level of DSRTs up to 30% significantly affected the
CS development. In another study conducted by Mhaya et al. [16], it was found that
replacing natural aggregates with 10% fine or/and coarse DSRTs can be effective without
any loss in the CS of the prepared specimens. Conversely, the proposed concrete lost
more than 47% of its CS value when the level of replacement was increased to 30%. The
loss in strength properties, especially for the CS, was attributed to the smooth rubber
surface, which directly affected the bond strength between the DSRT particles and cement
pastes [10,17,18]. Several studies [19-22] have successfully enhanced the adhesion between
DSRTs and pastes, obtaining rubberized concrete with acceptable CS by enhancing the
OPC’s properties utilizing supplementary cementitious materials (SCMs), or by treating
the rubber surface using heat or chemical treatments.

Several types of SCM, such as fly ash (FA), ground blast furnace slag (GBFS), and
palm oil fuel ash (POFA), are used to develop high-performance MRCs. In [23], the authors
reported that the inclusion of POFA as an OPC replacement significantly improved the
bond strength between the DSRTs” surface and the cement, while also increasing the CS
values. Similarly, the MRCs prepared with GBFS as an OPC replacement at various levels
achieved excellent results and significantly enhanced CS [24]. Additionally, nanotechnology
was utilized to improve the rubberized concrete’s performance, and the nanosilica obtained
from waste bottle glass incorporated in the GBFS-OPC binder significantly enhanced the
bond strength and increased the strength values of the designed MRCs [25]. Metakaolin
(MK) is the anhydrous calcined form of the clay mineral kaolinite and is classified as a
type-N SCM, with a very high aluminosilicate composition (more than 90%) [26]. MK
powder is widely used as an SCM to improve the strength and durability properties
of OPC concrete [27-29]. Given the significant advantages of strength and durability
in concretes, high contents of SCMs such as GBFS have been utilized in production to
decrease the usage of cement [30] and reactive powder [31]. The concretes containing
GBFS demonstrated favorable outcomes concerning hydration [32] and microstructural
properties [33], which heavily depended on the reactivity of the GBFS, slag characteristics,
resources, raw materials, processes, and cooling rates [34,35]. The global construction
industry seeks rubberized concretes for their excellent ductility and impact resistance.

Driven by the potential advantages and suitable chemical composition of GBFS and
MK, the novelty of this study is in enhancing the properties of cement by including MK
as a GBFS replacement and measuring its effects on bond strength with the surface of
rubberized particles. The aims of this study were to determine the optimal content of MK
as a GBFS replacement and its effects on the CS development of the designed binders.
The effects of ternary blended OPC-GBFS-MK binders and various levels of DSRTs as
replacements for fine and/or coarse natural aggregates were widely evaluated in this
experiment. Several tests such as CS, TS, FS, and modulus of elasticity (MOE) were adopted
to evaluate the MRCs strength performance. In addition, the microstructure tests were
conducted to understand the mechanism of hydration process and gels formulation. Finally,
to measure the IR of the proposed concrete and address the growing demand for such
assessments, various methods with distinct guidelines were employed to evaluate the IR of
rubberized concretes. Tests such as the Charpy impact, drop weight, and projectile impact
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have been developed. Among these, the ACI Committee 544 recommends the drop weight
test as the most prevalent and significant method.

2. Materials and Methods
2.1. Preparation of Materials and Mix Design

In preparing the MRC specimens, a ternary blend of OPC, GBFS, and MK was used
as binder. Additionally, different-particle-sized DSRTs were utilized to replace the natural
aggregates (NAs) of fine river sand and crushed stone. To determine the chemical composi-
tion of OPC, GBFS, and MK, X-ray fluorescence (XRF) spectroscopy was conducted. The
analysis results are presented in Table 1. From the analysis results it was found that the
calcium oxide and silica oxide are the main compounds, with weight percentage of 67.84
and 17.62, respectively. The contents of aluminum, magnesium, and potassium oxides were
found to be much lower, at 4.56, 2.15, and 0.28%, respectively. Likewise, the GBFS was
found to be very rich in silica and calcium oxides, which together account for more than 75%
of its chemical composition. However, the content of aluminum oxide (13.67%) and magne-
sium (5.09%) was slightly higher than the OPC. In contrast, the MK sample showed a high
weight percentage of silica, aluminum, and potassium (more than 96.5%) with a very low
content of calcium oxide (0.08%). It is well known that silica, aluminum, magnesium, and
potassium oxides are very important elements in the cement hydration process, improving
the gels formulation (C-S-H, C-5-A-H, and C-CO3) and increasing strength properties of the
paste. For this reason, the GBFS and MK are incorporated into the OPC matrix at various
replacement levels to enhance its chemical composition by increasing the content of silica,
aluminum, magnesium and potassium oxides. Furthermore, the total loss on ignition (LOI)
in the GBFS chemical composition (0.24%) was lower than that observed in OPC (1.69%)
and MK (1.65%). This was significantly lower than the 1.7 observed in OPC. According to
ASTM C618 standards [36], GBFS and MK comprise more than 90% of calcium, silicate, and
alumina, meeting the criteria for pozzolanic materials. The physical properties of materials
used in this study were also evaluated through tests such as particle size analysis and
specific gravity measurement. For the OPC, the median particle sizes and specific gravity
were found to be 9.15 um and 3.17 g/cm?, respectively. In comparison, the results indicated
that the median particle size and specific gravity of GBFS were 11.8 pm and 2.88 g/cm?,
respectively. Similarly, the MK exhibited a higher specific gravity (2.67 g/cm?) compared
to OPC. However, the fine particle size was observed in the MK sample (8.6 um) compared
t0 9.15 and 11.8 um for OPC and GBFS, respectively.

Table 1. Ternary blended binders’ materials of OPC, GBFS, and MK: chemical composition.

Materials SiO, Al,O3 CaO MgO Fe, O3 Na,O K,O TiO, MnO P,05 LOI Other
OPC 17.62 4.56 67.84 2.15 3.37 0.02 0.28 - - 0.02 1.69 2.45
GBFS 30.53 13.67 46.02 5.09 0.33 0.24 0.36 0.02 - 0.01 0.24 349

MK 52.22 42.18 0.08 0.26 0.49 0.01 1.73 0.01 0.01 0.13 1.65 1.23

The crystalline and amorphous structures of OPC, GBFS, and MK are presented in
Figure 1, analyzed using X-ray diffraction (XRD). Figure 1a displays the XRD pattern of
the utilized OPC. From the analysis results, it was observed that the low amorphous part
of OPC was between 25 to 55 of 20 degrees. The XRD pattern of OPC exhibits prominent
peaks of dicalcium silicate (C,S), tricalcium alminate (C3A), and tricalcium silicate (C3S).
Results from the X-ray diffraction (XRD) pattern of GBFS reveal a highly amorphous
nature, indicated by the absence of any sharp peaks. As shown in Figure 1b, the XRD
analysis found that the major mineral presenting an amorphous structure was quartz
(5i0O,). Furthermore, GBFS contains a high amount of amorphous calcium oxide (CaO),
which significantly improves the hydration process of modified cement. Therefore, GBFS
may contribute significantly to hydraulic capacity and pozzolanic performance due to
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its properties, including small particle size, large surface area, and amorphous content.
Figure 1c illustrates the XRD of metakaolin, which shows a broad band between 9.8 and
28 26 degrees and a distinct crystalline peak at 26.8 20 degrees, indicating a primarily
amorphous structure with 5iO,. The sample also contains crystalline phases of mullite,
aluminum silicate, calcium oxide, magnesium silicate, and aluminum magnesium. Quartz
is generally known to be unreactive, while the presence of muscovite, an impurity from the
client, is consumed during the synthesis reaction. The noncrystalline silicate minerals in
GBFS have higher reactivity with Ca(OH), created from the cement hydration to produce
additional C-(A)-S-H gels. This reduction in Ca(OH), and the increase in C-(A)-S-H gel
content contribute to enhanced strength and the production of more durable concretes.
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Figure 1. The XRD analysis results of raw materials: (a) OPC, (b) GBFS, and (c) MK.

The MRC specimens were prepared according to ASTM C33 [37], utilizing natural river
sand as fine aggregate. Before use, the appropriate water-to-cement ratio was determined
by maintaining the sand in a saturated surface dry (SSD) condition, as specified in ACI-
219. The absorption capacity and specific gravity (2.7) of the well-graded sand (with a
fineness modulus of 2.8) were assessed under SSD conditions. The sand’s specific gravity
fell within the acceptable range (2.4 to 3.0) but was slightly lower compared to that of
the coarse aggregates [38]. The water absorption (2.2%) of the fine NAs (river sand) was
within the referenced range (0.2 to 3.2%) [38]. Ground granite stones, free from harmful
components such as organic matter, grasses, leaves, dry mud, and silts, were used as coarse
aggregates. The specific gravity and particle size distribution of the coarse aggregates
were also examined under SSD conditions. Approximately 60 to 80% of the total aggregate
volume was used to prepare the concrete mixes, with the maximum particle sizes of fine
and coarse NAs being 4.7 mm and 10 mm, respectively. To prepare these aggregates,
discarded tires were shredded into small pieces using shredders and shearing equipment.
The modified rubberized concretes were prepared using two types of DSRTs (graded by
ASTM C136 [39]) with grain sizes ranging from 1 to 4 mm and 5 to 8 mm with specific
gravity of 1.3 and 1.4 and water absorption of 0.90 and 0.96%, respectively. However,
the contents of fiber and metal were found to be less than 1 and 0.5 weight percentage,
respectively. In addition, it was found the rubber hydrocarbon contributed over 50% of the
total chemical composition of the DSRTs. However, the ash, acetone extract, and carbon
black content contributed 24, 10, and 14%, respectively.

To develop high-performance MRCs, twenty-two mixes were designed with varying
content of GBFS, MK, and DSRTs, as shown in Figure 2. Table 2 illustrates mixes used in
this study. Firstly, the modified ternary binders were prepared by replacing 20% of OPC by
GBFS. Then, different levels of MK (5, 10, 15, 20, and 25%) were added to the cement matrix
to determine the optimal replacement ratio. Next, the DSRTs were used as fine aggregates
in five mixes by substituting 5, 10, 15, 20, and 25 % of NAs by volume. Additionally, the
effect of coarse DSRTs on MRC performance was evaluated by replacing the crushed stone
with 5, 10, 15, 20, and 25% of coarse DSRTs. Finally, the fine and coarse NAs were replaced
by 5, 10, 15, 20, and 25% of both fine and coarse DSRTs (50:50 ratio). Throughout the
process, the water content (w/c ratio) and superplasticizer (SP) were maintained at 0.48
and 0.03, respectively.
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Figure 2. Experimental procedure for modified rubberized concretes.

Table 2. MRCs mix design containing GBFS and MK as OPC replacement.

Ternary Binder, kg/m3 wlc NAs, kg/m3 DSRTs, kg/m3
MRCs’ Mixes . SP, % - -
orcC GBFS MK Ratio Fine Coarse Fine Coarse
Control specimens orcC 425 0 0 0.48 0.03 825 890 0 0
GBFS 340 85 0 0.48 0.03 825 890 0 0
MK5 318.7 85 21.3 0.48 0.03 825 890 0 0
Modified cement binder
incorporating high content MK10 297.5 85 425 0.48 0.03 825 890 0 0
aluminosilicate materials of MK15 2763 85 637 048 0.03 825 890 0 0
GBFS and MK
MK20 255 85 85 0.48 0.03 825 890 0 0
MK25 233.7 85 106.3 0.48 0.03 825 890 0 0
RF5 297.5 85 425 0.48 0.03 804.17 890 20.83 0
DSRTs as 5, 10, 15, 20, and RF10 297.5 85 425 0.48 0.03 783.34 890 41.66 0
25 volume % of fine aggregates RF15 297.5 85 425 0.48 0.03 762.51 890 62.49 0
replacement RF20 297.5 85 425 0.48 0.03  741.67 890 83.32 0
RF25 297.5 85 425 0.48 0.03 720.84 890 104.15 0
RC5 297.5 85 42.5 0.48 0.03 825 867.17 0 22.82
DSRTs as 5, 10, 15, 20, and RC10 297.5 85 425 0.48 0.03 825 844.34 0 45.65
25 volume % coarse aggregates RC15 297.5 85 425 0.48 0.03 825 821.51 0 68.48
replacement RC20 297.5 85 425 0.48 0.03 825 798.68 0 91.31
RC25 297.5 85 425 0.48 0.03 825 775.86 0 114.14

RFC5 297.5 85 425 0.48 0.03 81458 87858  10.41 11.41

DSRTs as5, 10, 15, 20, and RFC10 2975 85 425 0.48 0.03  804.17 867.17  20.83 22.82
25 volume % fine and coarse RFC15 2975 85 425 0.48 0.3 793.75 855.76  31.24 34.24
aggregates replacement RFC20 2975 85 425 0.48 0.3 783.34 84434  41.66 45.65
RFC25 2975 85 425 0.48 0.3 77292 83292  52.07 57.07

2.2. Specimens Preparation and Curing Regime

The preparation of the MRC specimens involved the ternary binder of OPC, GBFS, and
MK being blended in a dry condition for 5 min in a special machine with fast speed. Then,
medium concrete mixer was used to prepare the fresh concrete mixtures. Firstly, the fine and
coarse NAs and DSRTs aggregates were mixed for 3 min. Later, 50% of the prepared ternary
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blended binder of OPC, GBFS, and MK was added and mixed for another 3 min. Then, the
remaining 50% of the ternary blend was added gradually and mixed for another 3 min.
Finally, the prepared liquid of water and SP were added to hydrate the blend. After mixing
the MRCs matrix for 4 min, the freshly prepared MRCs were cast into the mold in three
layers. Each layer was reinforced using a vibration table for approximately 15 s to eliminate
air voids. Four kinds of specimens (three for each mixture) were made into cubes, cylinders,
beams, and disks, measuring (100 mm x 100 mm X 100 mm), (100 mm x 200 mm), (100 mm
x 100 mm x 500 mm), and (150 mm x 64 mm), respectively. Following the casting process,
the specimens were kept at an ambient temperature of 26 + 1.5 °C and a relative humidity
of 55% for one day. Subsequently, the concrete specimens were de-molded and immersed
in water for 7 days according to the ASTM C192 [40] procedure. After this period, they
were maintained under the same laboratory conditions until testing was conducted.

2.3. Tests Procedure

In accordance with ASTM C109 [41], ASTM C496 [42], ASTM C78 [43], and ASTM
C469 [44], the MRCs’ CS, TS, FS, and MOE were assessed. Concrete specimens prepared
without the inclusion of DSRTs served as control samples to evaluate the effect of DSRTs
content on the proposed concrete strength properties. The average values from three
specimens at curing ages of 3, 7, 14, 28, 56, and 90 days were used to evaluate the strength
performance, including CS, TS, FS, and MOE. For the compressive and tensile strength tests,
an eco-smart automatic machine with maximum load of 3000 kN was used. A constant
rate of loading (5 kN/s) was applied until failure of the specimens occurred. The flexural
strength test was carried out using the universal testing machine that is used for the
determination of the concrete compressive and splitting tensile strength, with a 0.2 kN/s
rate of loading. For the MOE test, the specimens were placed between the upper and the
lower bearings of the compression testing machine with the sensing device (strain gauge)
connected to the monitoring device by the means of data logger. The specimen was loaded
to 33% of its failure load so as to ensure that the loading only occurred within the elastic
range. Readings from the sensing devices were taken at suitable intervals between 5 kN
and 225 kN, and then the load was released. To calculate the water absorption of prepared
MRCs specimens, the concrete cubes were immersed in the water for one day, then the
weight of specimens was taken. Subsequent to saturation, all MRC specimens were dried
in a ventilated oven at 105 °C for over three days, then they were weighed. Then, the total
water absorption of tested specimens was calculated using the measured weights of the
tested concrete cubes.

To evaluate the microstructural performance of modified binders, cement paste sam-
ples made of OPC and MK10 were prepared. XRD, TGA, and DTG tests were conducted
after 28 days of curing ages. In accordance with ASTM C1585 [45], the porosity of the
proposed MRCs were assessed using water absorption test. This test was conducted at 28
and 90 days of curing age, and an average value of three tested cubes was considered for
each age of the evaluated concrete mixtures.

To measure the IR of the proposed MRCs and assess the enhancement in ductility
performance, three disc-shaped MRC specimens, each measuring 150 mm X 64 mm, were
cut from a cylindrical sample with dimensions of 150 mm x 300 mm for testing. According
to ACI committee ACI 544.2R-89, the test was conducted. As shown in Figure 3, the samples
were secured using four positioning lugs on a base plate to prevent movement while being
struck by a sledgehammer weighing 4.45 kg. The sledgehammer was dropped repeatedly
from a height of 457 mm onto a stainless steel ball with a diameter of 635 mm positioned
at the center of the concrete disk’s top face. The number of blows needed to produce the
first crack and the failure of the concrete specimen was recorded. The number of blows
needed to produce the first crack (IN1) was noted as the initial crack strength, while the
failure strength corresponded to the number of blows resulting in the final failure of the
specimen (Nj).
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The impact energy at initial crack (IIE;) was calculated using Equation (1).
IIEZ' = Nlimgh (1)

Likewise, the following equation (Equation (2)) was considered to calculated the
ultimate crack impact energy (UIE,):

UIE, = Nyymgh )

where N7 and N are the numbers of blows at the initial and ultimate crack stage, m is the
mass of the hammer (4.5 kg), g is gravity acceleration (9.81 m/s?), and / is the releasing
height of the drop hammer (450 mm).

Falling Hummer from
457 mm - height

Hardened steel ball

Steel plate DIA 64 mm
(50 x 55 x 6 mm) .
—\ , /rsteel pipe
Steel plate DIA 64 mm

Concrete specfmen
(DIA 150 mm)

Steel plate 300 x 300 x 6 mm

Figure 3. Adopted test to measure the IR of the proposed MRCs [24].

3. Results and Discussion
3.1. Effect of GBFS and MK Content on CS Development

Compared to control specimens (OPC), six mixtures were prepared to evaluate the
effect of replacing 30% of OPC with GBFS-MK on MRCs performance. Figure 4 displays
the obtained CS at ages of 3, 7, 14, 28, 56, and 90 days. From the obtained results, it
can clearly be seen that the inclusion of GBFS and MK in the OPC matrix significantly
enhanced the bond strength between the DSRTs surface and modified ternary blended
pastes, leading to improved strength performance. However, the significant effects of GBFS
and MK on strength development were observed only after 28, 56, and 90 days of curing
ages. It is well known that the inclusion of pozzolanic materials in cement matrix leads
to slower hydration process at early ages. Specially, when 20% of OPC was replaced by
GBFS, the obtained CS results at 3, 7, 14, 28, 56, and 90 days of age were 21.8, 32.2, 37.2,
44.3, 47.9, and 51.2 MPa, respectively, compared to 24.4, 29.8, 35.2, 41.2, 42.1, and 44.8 MPa
of OPC specimens.

The inclusion of 5, 10, 15, 20, and 25% MK as OPC replacement in the ternary blended
matrix significantly affects the hydration process at an early age and leads to lower strength
performance. At 3 days, the substitution of OPC binder with 5-25% MK contributed to a
decrease in strength, with the CS of the proposed MRCs dropped from 21.8 MPa to 19.7,
18.6,17.9,17.1, and 16.5 MPa, respectively. A similar trend was observed after 7 days of
curing age, where the inclusion of 5-25% MK in the cement matrix resulted in a drop in
CS to 28.3, 27.8, 25.9, 24.7, and 24.2 MPa in comparison to 32.2 MPa. With an increase
in the curing age to 14 days, the loss of strength slightly decreased, and the specimens
showed better performance compared to results at 3 and 7 days. Compared to 37.2 MPa,
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the inclusion of 5, 10, 15, 20, and 25% MK led to strengths of 36.6, 34.9, 31.2, 29.6, and
28.3 MPa, respectively.

At late ages of 28, 56, and 90 days, the specimens prepared with 10% of MK displayed
excellent performance, leading to a significant increase in CS compared to control specimens.
At 28 days of age, the specimens prepared with 5, 10, 15, 20, and 25% MK achieved 45.1,
46.4, 40.2, 36.8, and 35.1 MPa, respectively, compared to 44.3 MPa. Likewise, the results at
56 days of age showed a significant improvement in CS development. The average values
of CS increased from 47.9 MPa to 49.1 and 50.3 MPa with addition of 5% and 10% MK,
respectively. However, the increasing level of replacement up to 15% led to a decrease
in CS to 44.9, 40.7, and 38.2 MPa, respectively. Similarly, the specimens subjected to CS
test after 90 days of curing age achieved enhancement in CS at 5 and 10% of MK level of
replacement, recording values of 53.1 and 55.2 MPa compared to 51.2 MPa for the control
specimens. However, increasing the level of replacement to 15, 20, and 25% resulted in a
reduction in strength performance, with CS values dropping to 48.6, 43.1, and 40.3 MPa,
respectively.

Studies by Sahani et al. [46], Mhaya et al. [22], Bai et al. [47], Sam et al. [48], and
Usman et al. [27] have reported that the use of GBFS or MK as SCMs in the cement matrix
significantly improves the content of aluminosilicates, generating more dense gels such as C-
(A)-S-H, which enhances the CS after 7 days of curing. Additionally, pore size distributions
increased with longer curing times [49,50], consistent with earlier studies [51,52]. To
optimize strength, it is suggested that the optimal GBFS or MK content is approximately
30% or less of the binder mass. Furthermore, the fineness, activity indices [46,53], and
chemical compositions of the GBFS in the studied mixes were responsible for the observed
enhancement in CS [34,54].

v |- ) 3 ooy
= = 7 days

=—— 7] 14 days
= : - 28 days

g ~ | 90 days

Concrete Mixes
. Z 2
= & &
L 'l bl

i [
o P

Compressive Strength, MPa

Figure 4. The CS development of MRCs containing GBFS and various levels of MK as OPC replace-
ment after 3, 7, 14, 28, 56, and 90 days of curing age.

3.2. Effect of DSRTs Content on CS of Proposed MRCs

Figure 5 illustrates the obtained results of MRC CS, containing varying amount of
DSRTs as NA,s fine or/and coarse replacement. The development of CS in the proposed
concrete was assessed at 3, 7, 14, 28, 56, and 90 days of age. In general, the results show
that the CS of tested MRC specimens is significantly influenced by DSRT content and the
loss in strength tended to increase with increasing DSRTs content in the proposed concrete
matrix. As shown in Figure 5a, when DSRTs were used as river sand replacement at levels
of 5, 10, 15, 20, and 25%, the early CS at 3 days of age decreased from 18.6 MPa to 17.7,
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15.3,14.4,10.9, and 10.1 MPa, respectively. Likewise, the obtained results at 7 and 14 days
of curing ages dropped to 17.8 and 23.8 MPa, compared to 27.8 and 34.9 MPa, when the
level of DSRTs in the MRC matrix raised from 0% to 25%. However, the proposed concrete
specimens after 28, 56, and 90 days of age achieved CS higher than 30 MPa and displayed
30.4, 34.1, and 37.7 MPa, making the concrete suitable for industrial applications. The
inclusion of DSRTs in the concrete matrix as coarse NAs replacement resulted in a drop in
CS values when increasing the amount of replacement from 0% to 5, 10, 15, 20, and 25%
(Figure 5b). At 3 days of age, replacing the coarse NAs with 5-25% of DSRTs resulted in
a drop in CS reading from 18.6 MPa to 18.1, 16.2, 14.1, 11.9, and 10.3 MPa, respectively.
Likewise, the specimens subjected to CS test after 7 and 14 days showed a significant
loss in strength performance when increasing the DSRTs content to 25%. After 28 days
of curing age, all the MRCs specimens displayed CS of more than 30 MPa; increasing
the content of DSRTs in the matrix from 0% to 5, 10, 15, 20, and 25% led to a decrease
in the strength value from 46.4 MPa to 43.2, 38.9, 37.2, 32.3, and 30.1 MPa, respectively.
Similarly, the evaluated specimens at 56 and 90 days of age and containing 25% of DSRTs as
coarse NAs replacement achieved 33.6 and 35.9 MPa, respectively. In the literature, many
studies [16,55,56] have indicated that the smooth surface of DSRTs, compared to the rough
surface of NAs, reduces the bond strength between the cement paste and the rubber. This
reduction in bond strength leads to decreased overall strength as the content of rubber
aggregates increases. Similar findings have been reported in previous works [57-59], which
demonstrate that DRTCs negatively impact the development of compressive strength (CS).
To evaluate the MRCs” CS performance when NAs are replaced by fine and coarse
DSRTs (in a ratio of 50:50), five levels of replacement were considered (5, 10, 15, 20, and
25%), as shown in Figure 5c. At an early age (3 days), the results showed that the inclusion
of fine and coarse DSRTs in the concrete matrix to replace 5, 10, 15, 20, and 25% of NAs led
to a decrease in CS values from 18.6 MPa to 17.1, 14, 11.1, 10.6, and 9.7 MPa. A similar trend
was observed at 7 days, with most MRCs displaying lower strength performance (25.2,
22.4,19.8,17.2, and 15.9 MPa) compared to the control specimens (27.8 MPa). However, a
slight improvement in CS performance was found after 14 days of age, where the addition
of 5,10, 15, 20, and 25% of DSRTs led to a decrease in the strength from 34.9 MPa to 31.9,
30.1,27.8,24.1, and 23.2 MPa, respectively. Significant improvements were observed after
28, 56, and 90 days, and all the prepared MRCs mixtures achieved CS values higher than
30 MPa. At 28 days of age, the inclusion of 5, 10, 15, 20, and 25% of fine and coarse DSRTs
resulted in a reduction in CS, and the values dropped from 46.4 MPa to 40.8, 37.8, 35.6,
33.2, and 31 MPa, respectively. Similarly, the CS values of specimens subjected to strength
test at 56 days of age dropped to 46.4, 44.2, 39.8, 36.5, and 34.2 MPa compared to 50.3 MPa.
In comparison to control specimens (55.2 MPa), specimens evaluated at 90 days of age
displayed CS of 49.8, 47.4, 44.1, 41.9, and 36.7 MPa when increasing the replacement of
NAs by fine and coarse DSRTs to 5, 10, 15, 20, and 25%, respectively. In a study conducted
by Gesoglu et al. [60], the authors recognized that an increase in the amount of DSRTs in
the MRC matrix as NAs can lead to a greater loss of CS in the evaluated MRC concretes.
In summary, the decline in the CS values of the proposed MRCs is attributed to
multiple factors [56]. First, the aggregate is encased in OPC paste that includes rubber
particles. It is evident that cement paste containing fine or/and coarse DSRTTs is softer
compared to those without any DSRTs. Cracks can rapidly develop around the rubber
particles under load, leading to concrete failure. Second, the presence of inadequate bonds
between the rubber particles and the cement paste, compared to the stronger bonds formed
between cement paste and natural aggregates, may also result in failure. Third, cracks
can develop due to nonuniform stress distributions. Fourth, the physical and mechanical
properties of the concrete constituents impact the CS properties. Generally, the CS of
concrete decreases when certain components are replaced by rubber particles. Fifth, the
low specific gravity of the rubber particles and their weak bonding with other concrete
constituents can reduce the CS. These factors indicate that during vibration, the rubber
often moves upwards, resulting in higher rubber content in the top layer compared to
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other regions of the concrete. In summary, the lack of uniform distribution of concrete
constituents is responsible for the drop in designed MRC CS.
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Figure 5. Effect of DSTRs content as NAs replacement on proposed concrete CS development:
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3.3. X-ray Diffraction (XRD) Patterns Analysis

The XRD analyses of modified cement pastes, in which 30% of OPC is replaced with
20% of GBFS and 10% of MK by weight, are shown in Figure 6. The impact of GBFS
and MK on the cement matrix is evident in the 16.2° to 34.8° range, with increased peak
intensities of quartz (SiO;) and albite (NaAlSi3Og)—gismondine (CaAl,Si,Og-4(H,0)).
A broad, diffused background peak, peaking around 23.6°, arises from the short-range
order of hydrotalcite (Mg Al,CO30H14-4H,0). The inclusion of GBFS and MK resulted
in a higher dense gel peak intensity at 27.9°. Additionally, the mullite peak (AlgSipO13)
intensity at 14.1° increases with higher GBFS levels. For MK10 matrix, the intensities of
C,S and C35 peaks at 39.8°, 43°, 44°, 52°, and 56° also increase. Moreover, dense gels
such as calcium carbonate (CaCO3), gismondine, and other dense gel products increase
with higher GBFS-MK levels. Consequently, the MRCs cube’s CS improves from 41.2 MPa
to 46.4 MPa at 28 days of curing age. Previously, several studies conducted by Samadi
et al. [61] and Baghban et al. [62] have reported that GBFS inclusion can lead to more C-5-H
gel production and enhanced calcite formation.

(a) 1: Quartz
2: Portland
3: Anorthite
4:C38/C28
5: Albite

6: Mullite
7: Illite

8: Calcite

Intensity (a.u.)
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Figure 6. XRD analysis results of modified cement pastes at 28 days of curing age: (a) OPC, (b) MK10.



Eng 2024, 5

2079

The XRD analysis demonstrated the effect of SiO,, Al,O3, and CaO on the CS of the
MRC specimens through the formation of C-(A)-S-H gel. Match software version 3.9.0.158
was employed in the XRD measurement to verify the disordered phase of the proposed
binders (OPC-GBFS-MK). According to the XRD analysis results (Table 3), the amount of
Portlandite decreased from 14.2% to 10.6% as the GBFS and MK content increased from
0% to 30%. The concentration of dense gels, such as calcite and gismondine, increased
with the addition of GBFS and MK as a replacement for OPC. It is known that the OPC
is essential for C-S-H gel production, and its reduction promotes the formation of dense
gels, indicating that the process of dense gel formation from OPC is accelerated with the
GBFS and MK matrix compared to OPC specimens. However, a lower content of calcite
and albite—gismondine resulted in weaker bonds within the concrete matrix, leading to
reduced strength. On the other hand, the high fineness and chemical composition of the
GBFS directly affected hydration and silicate and aluminum dissolution, thereby producing
higher strength.

Table 3. Element weight % from XRD analysis.

Amount, %

Ind

nex Quartz Portlandite Calcite Albite and Gismondine Others
OPrC 65.9 14.2 11.7 55 2.7
MK10 67.7 10.6 12.5 7.8 14

3.4. Thermogravimetric Analysis

Figure 7 presents the TGA and DTG results for modified ternary binders prepared
with 0% and 30% GBFS-MK as a replacement for OPC. The sample with 30% GBFS-MK
substitution exhibited lower weight loss (10.24%) and greater stability than the control
sample (above 14.17%). Additionally, the concentration of C-S-H gels in the modified
binder with 30% GBFS-MK was 9.07%, compared to 6.87% for the control sample of OPC.
The estimated amount of Portlandite was highest in the OPC (14.18%) compared to 10.27%
in the concrete containing 30% GBFS-MK. The enhanced stability of the ternary binders
with 30% GBFS-MK can be attributed to the higher content of dense gels such as albite—
gismondine (CaAl,Si;Og-4(H0)), calcite (CaCO3), calcium-silicate-hydrate (C-S-H), and
calcium-aluminum-silicate-hydrate (C-A-5-H), and lower amount of Portlandite (Ca(OH),).
These findings highlight the benefits of using pozzolanic materials of GBFS and MK as
a partial substitute for OPC in improving the microstructure and strength of the studied
binders. Jiang et al. [52] reported that hydration products can densify the matrices of bulk
pastes, increasing the mechanical properties and durability of concrete and mortars with
less than 30% GBFS. The amounts of Portlandite and dense gels in the prepared modified
ternary binders were estimated using Equations (3) and (4).

Dense gels, % = Total LOI — LOIcy — LOIcc 3)

where LOI(CH) is the dehydration of Ca(OH); in the rage of 400 to 550 °C, and LOI(CC) is
the CO; loss in the range of 600 to 750 °C.

Portlandite, % = WLcy (%) x [MWcy/MWy] 4)

where WL(CH) is the weight loss due to the CH dehydration, MW(CH) is the molecular
weight of CH (74 g-mol '), and MW(H) is the molecular weight of water (18 g-mol~1).
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Figure 7. TGA and DTG analysis results of modified binders at 28 days of curing age: (a) OPC,
(b) MK10.

3.5. Effect of Rubberization on Tensile Strength

The effects of GBFS, MK, and DSRTs on the tensile strength (TS) of proposed MRCs
were evaluated through the testing. The average TS reading of specimens at ages of 28 and
90 days are illustrated in Figure 8. The results indicate that replacing 30% of cement with
GBFS and MK significantly enhanced the TS of MRC specimens. The TS values increased
from 2.88 and 3.11 MPa to 3.37 and 3.56 MPa after 28 and 90 days of age, respectively.
However, the inclusion of DSRTs in the MRC matrix, either as fine or/and NAs replacement,
resulted in a loss of TS. An inverse relationship was observed between the TS and DSRTs
content. For the cylinder MRC specimens casted with DSRTs as fine NAs replacement and
subjected to TS test at the age of 28 days, increasing the level of replacement from 0% to 5,
10, 15, 20, and 25% led to a decline in TS values from 3.37 MPa to 3.07, 2.82, 2.67, 2.51, and



Eng 2024, 5

2081

2.23 MPa, respectively. A similar trend was observed after 90 days of age, with TS readings
decreasing from 3.56 MPa to 3.28, 3.14, 2.94, 2.76, and 2.53 MPa as the DSRTs content
increased from 0% to 25%. The effect of coarse DSRTs on the TS performance of MRCs
was also assessed at 28 and 90 days of age. It was found that for both ages, increasing the
content of DSRTs to 25% as crushed stone aggregates replacement significantly led to more
loss of TS of tested specimens. At the age of 28 days, the inclusion of 5, 10, 15, 20, and 25% of
DSRTs resulted in a drop in TS values from 3.37 MPa to 3.15,2.91, 2.79, 2.32, and 2.18 MPa.
Likewise, the tested specimens after 90 days showed a decrease in TS values from 3.56 MPa
to 3.31, 3.17, 3.02, 2.84, and 2.69 MPa with increasing DSRTs content from 0% to 25%. Finally,
the effect of DSRTs (in a 50:50 ratio) as fine and coarse NAs replacement was examined after
28 and 90 days, and the results showed similar performance. As the DSRTs replacement
level increased, the loss of TS values increased. For the MRC specimens subjected to TS test
after the age of 28 days, there was a drop in obtained average readings of TS from 3.37 MPa
to 2.82, 2.65, 2.37, 2.29, and 2.24 MPa as the content of fine and coarse DSRTs increased
from 0% to 5, 10, 15, 20, and 25%, respectively. A similar trend in obtained readings was
found at 90 days of age, and an increasing level of DSRTs from 0% to 25% led to an in
increase in the loss of TS values and a drop in the readings from 3.56 MPa to 3.23, 3.16,
3.08, 2.87, and 2.52 MPa. The failure of the specimens at an early curing age was attributed
to weak bonding between the rubber aggregates and cement pastes [63]. Additionally,
the characteristics and quantity of rubber particles contributed to this failure, as the high
deformation of rubberized particles resulted in very low stiffness [56,64]. Consequently,
the rubber aggregates behaved like cavities, increasing the stress on their outer perimeter
and leading to a reduction in the splitting tensile strength of the specimens under study.
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Figure 8. TS of MRCs containing GBFS, MK, and fine and coarse DSRTs at 28 and 90 days of
curing age.

3.6. Flexural Strength

Figure 9 illustrates the flexural strength (FS) results of the proposed MRCs containing
GBFS, MK, and DSRTs after 28 and 90 days of curing age. The results indicate that replacing
30% of cement binder by 20% of GBFS and 10% of MK significantly enhanced the FS of the
MRC specimens, increasing the FS values from 5.62 and 6.02 MPa to 6.16 and 6.82 MPa after
the ages of 28 and 90 days, respectively. However, the addition of DSRTs as a replacement
for fine or/and NAs led to a noticeable reduction in strength, especially with high amounts
of DSRTs (25%). An inverse relationship was observed between the FS and DSRTs content.
For the beam specimens prepared with DSRTs as fine NAs replacement and subjected to FS
test at the age of 28 days, increasing the level of replacement from 0% to 5, 10, 15, 20, and
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25% resulted in a decrease in FS values from 6.16 MPa to 5.75, 5.41, 5.02, 4.48, and 3.98 MPa.
A similar trend was observed after the age of 90 days, with FS values decreasing from
6.82 MPa to 6.42, 6.18, 5.71, 5.38, and 5.11 MPa with 5-25% DSRTs inclusion in the MRC
matrix. The effect of coarse DSRTs on the FS performance of MRCs at 28 and 90 days of age
was also assessed. It was found for both ages that increasing the content of DSRTs to 25% as
crushed stone aggregates replacement significantly increased the FS loss in the tested MRC
specimens. At the age of 28 days, the inclusion of 5, 10, 15, 20, and 25% of DSRTs resulted
in a decrease in FS values from 6.16 MPa to 5.83, 5.24, 5.11, 4.08, and 3.87 MPa, respectively.
Likewise, the tested specimens after 90 days showed a decrease in FS values from 6.82 MPa
to 6.56, 6.22, 5.66, 5.54, and 4.92 MPa as the DSRTs amount increased from 0% to 25%.
Finally, the effect of DSRTs with a 50:50 mix of fine and coarse DSRTs as replacement for
fine and coarse NAs was examined after 28 and 90 days. The results showed a similar
trend: as the DSRTs replacement level increased, the FS values continued to decrease. The
MRC specimens subjected to FS test after the age of 28 days showed a decline in FS values
from 6.16 MPa to 5.43,5.17,4.94, 4.38, and 4.15 MPa as the content of fine and coarse DSRTs
increased from 0% to 5, 10, 15, 20, and 25%, respectively. A similar trend was observed
at the age of 90 days: increasing the level of DSRTs from 0% to 25% led to a decrease
in FS values from 6.82 MPa to 6.27, 6.12, 5.96, 5.45, and 5.04 MPa, respectively. Overall,
the FS values were consistent with CS values, suggesting that significant deformation in
the rubber aggregates may have inhibited crack propagation within the concrete matrix.
Other researchers [55] have also noted the increased loss in MRC FS readings with higher
DSRTs content. The main reason for the decrease in FS values is likely due to the very low
adhesion between the rubber crumbs and OPC-GBFS-MK pastes in the concrete matrix,
where the rubber particles create free space in the network, thus reducing the density of
the concrete [56,65]. Additionally, the smooth surfaces of the rubber particles result in
low adhesion with the cement paste [66,67]. The development of tensile stress along the
adjacent surfaces of the rubber particles and OPC-GBFS-MK paste due to compressive stress
application can lead to premature cracks in modified concretes [57]. This stress originates
from the softness of the cracks within the rubber crumbs that begin at the interface of
the rubber particles and cement paste and quickly spread throughout the entire concrete
matrix, causing failure. A notably wide and weak interfacial transition zone (porous) was
observed in DSRTs-included mixes due to the hydrophobic nature of the rubber crumbs,
which tend to repel the cement paste [68].
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Figure 9. FS of designed MRCs containing DSRTs as fine and coarse NAs replacement after 28 and
90 days of age.
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3.7. Modulus of Elasticity (MOE) of Proposed Concrete

The MOE of MRC specimens, prepared with varying levels of DSRTs as fine and
coarse NAs replacement, was evaluated and the obtained results are shown in Figure 10.
To modify the concrete MOE, 30% of OPC was replaced by GBFS and MK. The results
demonstrated that the modified ternary blend led to an increase in the MOE from 28.8 GPa
and 29.1 GPa to 29.4 GPa and 30.5 GPa after 28 and 90 days of curing age, respectively.
For all tested specimens containing DSRTs, we observed a direct relationship between the
DSRTs content and the loss in MOE values. Firstly, the fine NAs were replaced by 5, 10,
15, 20, and 25% of DSRTs, and it was found the MOE values dropped from 29.4 GPa to
27.9,27.4,26.9,25.1, and 22.3 GPa, then from 30.5 GPa to 30.2, 29.6, 28.1, 27.5, and 26.1 GPa
after 28 and 90 days of curing age, respectively. Similarly, replacing coarse NAs by DSRTs
resulted in a loss of MOE values. The results obtained after 28 days of age showed that the
inclusion of 5, 10, 15, 20, and 25% of DSRTs as crushed stone replacement led to a decrease
in the MOE reading from 29.4 GPa to 28.1, 27.1, 26.3, 24.9 and 21.8 GPa, respectively. At the
age of 90 days, the results indicated that the added coarse DSRTs in the MRC matrix led
to a decrease in the MOE values from 30.5 GPa to 30.3, 30.1, 27.9, 27.7, and 25.4 GPa. The
effect of DSRTs as fine and coarse NAs replacement was also evaluated, and the obtained
results after 28 days of age indicated a drop in the MOE reading to 27.6, 26.9, 25.6, 25.1, and
22.6 GPa, compared to 29.4 GPa of control specimens. At the age of 90 days, a similar trend
of results was observed, and the MOE values decreased from 30.5 GP to 29.9, 29.6, 29, 27.6,
and 25.9 GPa when increasing the fine and coarse NAs replacement level by DSRTs from
0% to 5-25%, respectively. It is well known that the MOE of concrete is directly related to
CS, TS, and FS. For similar reasons to those discussed in Sections 3.2, 3.5, and 3.7, increasing
the DSRTs content in the MRC matrix negatively affected the bond strength between the
modified cement (OPC-GBFS-MK) and smooth surface of the rubbers, leading to lower
strength performance.
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Figure 10. MOE of designed rubberized concrete prepared with various DSRTs content.

3.8. Modified Concrete Porosity

Figure 11 illustrates the effect of GBFS, MK, and various levels of DSRTs inclusion in
concrete matrix on the porosity of MRC specimens. The results show that incorporating
30% GBFS-MK as a replacement for OPC positively impacted the microstructure, reducing
the pores and leading to lower porosity at 28 and 90 days of age. At the age of 28 days, the
porosity decreased from 3.42% to 2.88% when 30% of the OPC was replaced with GBFS
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and MK. A similar trend was observed at 90 days of age, with the porosity decreasing
from 2.95% to 1.92% as the GBFS-MK content increased from 0% to 30%. The reduction
in porosity of the tested MRC specimens is due to the increased density of the concrete,
resulting from the formation of additional C-(A)-S-H gels, which significantly reduced the
number of pores and cracks. However, the results indicated that the inclusion of DSRTs
as fine or/and coarse NAs replacement led to an increase in the porosity of the prepared
MRC specimens. For specimens prepared with DSRTs as fine NAs replacement and tested
at 28 days of age, the porosity increased from 2.88% to 3.29, 3.66, 3.98, 4.46, and 5.04%
when increasing the DSRTs from 0% to 5, 10, 15, 20, and 25%, respectively. Likewise, the
specimens assessed after 90 days of age showed an increase in porosity from 1.92% to 2.17,
2.58, 3.05, 3.48, and 3.92% as the DSRTs content increased from 0% to 25%. Similarly, the
MRC specimens prepared with DSRTs as a 5-25% replacement for crushed stone led to
increased porosity in the 28-day-old specimens from 2.88% to 3.18, 3.86, 4.17, 4.58, and
5.24% and from 1.92% to 2.06, 2.37, 3.26, 3.52, and 4.64% for the specimens evaluated after
90 days of curing age. Finally, the porosity of the MRCs prepared with various levels
(5-25%) of DSRTs (50:50) as fine and coarse NAs replacement was measured at 28 and
90 days of age. At the age of 28 days, increasing the content of fine DSRTs from 0% to 5, 10,
15, 20, and 25% resulted in an increment in porosity from 2.88% to 3.53, 3.89, 4.46, 4.73, and
4.95%, respectively. A similar trend was observed at 90 days, with porosity increasing from
1.92% to 2.22,2.47,2.85, 3.34, and 4.18% as the fine DSRTs content increased from 5% to
25%. The increment in MRC specimens’ porosity containing DSRTs can be attributed to the
weak bond between the cement paste and rubber aggregates, resulting in more pores and
cracks and high water absorption, which ultimately led to higher porosity readings.
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Figure 11. Porosity of prepared MRCs with various levels of fine or/and coarse DSRTs as NAs
replacement using water absorption test.

3.9. Impact Resistance

To improve the ductility performance of concrete, MRCs were designed with a ternary
blend of OPC-GBFS-MK, along with varying levels (5-25%) of DSRTs as a replacement
for fine or/and coarse NAs. The IR test was employed to evaluate the performance of the
designed MRC specimens, and the obtained results are presented in Figure 12. The results
indicate that the inclusion of GBFS, MK, and DSRTs significantly enhances the ductility of
MRC specimens by increasing their resistance to impact loads. Specifically, incorporating
30% GBFS-MK as a replacement for OPC notably increased the number of blows required
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to create the initial (N1) and ultimate (failure) cracks (N2) from 14 and 17 blows to 16 and
20 blows, respectively. For the specimens prepared with DSRTs as a replacement for natural
fine aggregates, increasing the DSRTs content from 0% to 5, 10, 15, 20, and 25% led to an
increase in the required blows of initial cracks from 16 blows to 17, 19, 21, 22, and 24 blows.
The number of blows required for ultimate cracks increased from 20 blows to 22, 25, 27, 28,
and 31 blows. Similarly, the number of required blows to create the initial and ultimate
cracks of specimens prepared with DSRTs as coarse aggregates replacement increased from
16 blows to 18, 20, 23, 24, and 26 blows for the initial cracks and from 20 blows to 23, 26, 29,
32, and 34 blows for the ultimate cracks. Furthermore, specimens prepared with DSRTs as
both fine and coarse aggregates replacement showed improvements in IR values, with a
direct relationship observed between IR values and DSRTs content. The inclusion of 5, 10,
15, 20, and 25% of DSRTs in the MRC matrix significantly increased the required blows for
initial cracks from 16 blows to 19, 21, 22, 24, and 26 blows, and for the ultimate cracks from
20 blows to 23, 26, 29, 31, and 33 blows, respectively. In previous study conducted by Ismail
and Hassan [69], the authors observed that replacing 20% NAs with crumb rubber from
tire wastes as coarse aggregates positively impacted the proposed concrete’s toughness
and ductility.
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Figure 12. IR of the proposed MRC specimens at 28 days of curing age.

The initial impact energy at first crack (IIE) and ultimate impact energy (UIE) for all
MRCs were calculated, and the results are illustrated in Figure 13. Compared to control
specimens made of OPC, replacing 30% of the OPC with the combination of GBFS-MK led
to an increase in the IIE from 284.35 J to 325.62 ] and in the UIE from 345.96 J to 407.02J.
These findings indicate that the impact energy (both first crack and failure) improved
as the content of DSRTs in the proposed concrete mixtures increased, whether used as
fine or/and coarse aggregate replacement. For the MRC specimens prepared with fine
DSRTs as a substitute for river sand, the IIE increased from 325.62 ] to 345.96.96.86.67,
427.37,447.72, and 488.42 | as the substitution content rose from 0% to 5, 10, 15, 20, and
25%. Similarly, the UIE increased to 447.72, 508.77, 549.47, 569.83, and 630.88 ] with DSRTs
content at the same intervals, compared to 407.02 ] for specimens without rubber. Similar
results were observed for MRCs designed with coarse DSRTs replacing crushed stone,
with both IIE and UIE increasing as the rubber content rose. For IIE, incorporating DSRTs
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in MRC mixtures at 5, 10, 15, 20, and 25% increased the energy to 366.32, 404.02, 468.07,
488.42, and 529.12 ], respectively, and corresponding UIE values increased to 468.07, 529.13,
590.18, 651.23, and 691.93 J. The inclusion of DSRTs in a 50:50 ratio as fine and coarse
aggregate substitution improved both the IIE and UIE of the MRCs. Replacing river
sand and crushed stone with DRTCs at 5, 10, 15, 20, and 25% significantly increased the
impact energy from 325.62 J to 386.67, 427.37, 447.72, 488.42, and 529.13 ] for the IIE and
from 407.02 J to 468.07, 529.13, 590.18, 630.88, and 671.58 ] for the UIE. Several studies
in the literature [63,64] have reported that replacing NAs with DSRTs increases the load
absorption capacity of rubberized concrete and enhances the IR of tested specimens. In a
study by Batayneh et al. [70], the authors found that the toughness of rubberized concrete
continuously increases with higher rubber content. Experimental work conducted by Taha
et al. [57] found that the fracture toughness of rubberized concrete significantly increased
with higher DSRTs content, with a 25% replacement of NAs with rubber leading to up to a
132% increase compared to the reference mix. As shown in Figure 14, the linear regression
method was used to correlate the experimental data of DSRTs content with UIE; the R?
values exceeded 0.94 for all samples, indicating strong confidence in the correlation.

700 - - First crack
o - Failure

Impact Energy, J

OPC MK10 RF5 RF25 RC5 RC25 RFC5 RFC25

Rubberized Concrete Mixes

Figure 13. Impact energy of proposed MRCs containing various levels of DSRTs modified with 30%
of GBFS-MK as OPC replacement.

Figure 15 shows the crack patterns observed on the MRC disk specimens, which were
prepared using DSRTs as replacements for both fine and coarse NAs, and modified with
GBFS-MK binders. The inclusion of DSRTs in the proposed MRC mixtures had a positive
effect on the IR of the tested specimens. The numerous cracks on the upper surfaces of the
MRC disks were a result of the bridging action of the DSRTs, which absorbed more energy
and helped prevent unexpected failure. The fractured surfaces of the specimens indicated
that the DSRTs were consistently dispersed throughout the disk-shaped concrete specimens.
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Figure 14. DSRTs content vs. UIE of the proposed MRC specimens.

Figure 15. Fracture patterns of MRC disk specimens prepared with various levels of DSRTs and
subjected to IR test after 28 days of age: (a) MK10, (b) RFC5, (c¢) RFC25.

4. Conclusions

The DSRTs were utilized as a replacement for fine or/and coarse NAs in range of
5-25% to improve the ductility performance of proposed MRCs. Ternary blends of OPC-
GBFS-MK were adopted to enhance the mechanical and microstructural performance of the
designed mixtures. Based on the results obtained, the following conclusions were drawn:

i The replacement of 30% of OPC with GBFS-MK binders significantly enhanced the
bond strength between the modified cement pastes and DSRTs surfaces.

ii. The inclusion of 5, 10, 15, 20, and 25% MK as an OPC replacement in the ternary
binder matrix delayed the hydration process, resulting in lower CS at early ages
of 3 and 7 days. However, the specimens tested after 28, 56, and 90 days exhibited
excellent strength performance.
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ii.

iv.

Vi.

Vii.

viii.

At 28 days of curing age, the inclusion of 10% MK as an OPC replacement in the
OPC-GBFS matrix significantly increased the CS value from 41.2 and 42.3 MPa to
46.4 MPa. This content was selected as an optimal level for preparing the MRC
specimens with varying levels of DSRTs.

The results of microstructural analysis (XRD, TGA, and DTG) showed that the
inclusion of 30% GBFS and MK as a substitute for OPC positively enhanced the
aluminosilicates content and increased the formulation of dense gels. The improve-
ment in the hydration process significantly enhanced the bond strength properties
and led to higher CS performance compared to the control specimens.

The incorporation of GBFS, MK, and DSRTs into the matrix of the studied MRCs
achieved satisfactory CS (up to 30 MPa) after 28 days of curing age, making it
advantageous for various applications in the concrete industry.

For the MRC specimens subjected to CS strength testing, it was observed that
increasing the DSRTs content, either as fine or/and coarse NAs, in the proposed
concrete matrix from 5% to 25% led to a reduction in strength values across all tested
ages (3,7, 14, 28, 56, and 90 days). However, the performance of MRCs after 28 days
of age was significantly better than at earlier ages (37 days). A similar trend of
results was observed for TS, FS, and MOE, where the strength values tended to
decrease as the replacement level of NAs with DSRTs increased.

The porosity of MCR specimens was found to be inversely related to the content of
DSRTs, with the highest porosity recorded in specimens containing 25% DSRTs as a
replacement for NAs.

The inclusion of 5, 10, 15, 20, and 25% DSRTs as replacement for fine or/and
coarse NAs significantly enhanced the ductility performance of MRCs by increasing
resistance to external impact loads. The highest UIE was achieved with specimens
containing 25% DSRTs. It is well known that increasing the DSRTs content in MRC
mixtures leads to greater absorption of load, resulting in high IR performance.
Additionally, the UIE of the proposed MRCs showed a linear relationship with a
high coefficient of determination.

5. Recommendation for Future Investigation

The following areas for further studies are essential for obtaining adequate information

on the effectiveness of modified rubberized concrete as construction materials:

i

ii.

iii.

Durability evaluation: An evaluation of the durability of modified cement contain-
ing GBFS and MK with various content of DSRTs is a prerequisite for a wide range
of applications in the construction sector.

Bond behavior: The effect of drying shrinkage and creep on the bond behavior
between surfaces of rubberized aggregates and modified cement paste should be
thoroughly investigated.

Sustainability and environmental impact: Utilizing DSRTs in the concrete industry
can significantly reduce landfill problems, fire risks, and the demand for natural
aggregates, while also saving cost and energy. It is highly recommended to conduct
studies on lifecycle assessment and the environmental benefits of the proposed
rubberized concretes.
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CS Compressive strength

DSRTs Discarded rubber tiers

GBFS  Ground blast furnace slag

IR Impact resistance

NAs Natural aggregates

MRCs Modified rubberized concretes
MOE  Modulus of elasticity

MK Metakaolin

FS Flexural strength

TS Tensile strength

OPC Ordinary Portlandite cement
IIE Initial impact energy

UIE Ultimate impact energy
XRD X-ray diffraction
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