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Abstract

Rubberized concrete is a more environmentally friendly material than natural concrete as it
helps to reduce rubber disposal issues and has superior impact resistance. Geopolymer
concrete, on the other hand, is an economical concrete with higher mechanical properties
than nominal concrete that uses fly ash and slag, among other industrial solid wastes,
to lower carbon footprints. Rubberized geopolymer concrete (RuGPC) combines the
advantages of both concrete types, and a thorough grasp of its dynamic compressive
characteristics is necessary for its use in components linked to impact resistance. Despite
the advantages of RuGPC, predicting its mechanical characteristics is sometimes difficult
because of variations in binder type and combination. This research investigated the
combined effect of ground granulated blast furnace slag (GGBFS) and fly ash (FA) on
the workability, compressive strength, and stress—strain characteristics of RuGPC with
rubber at 0%, 10%, and 20% fine aggregate replacement. Thereafter, energy absorption
and ductile characteristics were evaluated through the concrete toughness and ductility
index. Numerical models were proposed for the cube compressive strength, modulus
of elasticity, and peak strain of RuGPC at different percentages of crumb rubber. It was
found that RuGPC made with GGBFS/FA had similar stress—strain characteristics to FA-
and MK-based RuGPC. At 20% of crumb rubber aggregate replacement, the workability,
compressive strength, modulus of elasticity, and peak stress of RuGPC reduced by 8.33%,
34.67%, 43.42%, and 44.97%, while Poisson’s ratio, peak, and ultimate strain increased
by 30.34%, 8.56%, and 55.84%, respectively. The concrete toughness and ductility index
increased by 22.4% and 156.67%. The proposed model’s calculated results, with R? values
of 0.9508, 0.9935, and 0.9762, show high consistency with the experimental data. RuGPC
demonstrates high energy absorption capacity, making it a suitable construction material
for structures requiring high-impact resistance.

Keywords: crumb rubber; rubberized geopolymer concrete; stress—strain relationship;
modulus of elasticity; energy absorption capacity

1. Introduction

The worldwide production of car tires is continually increasing due to growing de-
mand. But it also leads to the common problem of old tires being disposed of in landfills [1].
By 2030, there could be a potential rise in the yearly accumulation of abandoned tires
from the current estimate of 1000 million [2]. Tires submerged in the wet soils of landfills
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expose the surrounding ecosystem to dangers from heavy metals and other toxins, causing
poisons to leak into groundwater, worsening this issue even more [3]. Given the increasing
threat to the environment, the use of rubberized concrete for the construction of structural
elements is becoming a key area of interest [4,5]. This entails incorporating crumb rubber
(CR), derived from truck and car waste tires, into mixtures for concrete. Over the past few
years, investigating the usage of rubber waste has shown a clear trend, especially after it
is subjected to treatment and used in place of nominal aggregates such as river sand [6].
Consequently, employing crumb rubber in producing concrete is a greener way to lessen
the influence on the environment by disposing of tires and reducing the loss of natural
resources [7].

Many studies have explored the application of CR in concrete extensively, with an
emphasis on the mechanical characteristics [8-10]. However, almost all report a reduction
in the mechanical properties of concrete with CR additions. The mix is affected by the
type, size, treatments, and quantity of the rubber aggregate used in it. For example,
Osama et al. [11] reported a 9% to 20% reduction in compressive strength resulting from
20% replacement of fine aggregate with rubber. Oppositely, Khaloo et al. [12], found
that rubberized concrete with 25% fine rubber replacement possesses a workability and
compressive strength within acceptable limits.

To minimize the reduction in strength of rubberized concrete (RuC), pre-treating rubber
aggregates has shown to be a successful strategy, and researchers have investigated several
techniques to improve rubberized concrete compressive strength [8,13-15]. According to
an experimental investigation, chemically treated waste rubber exhibited better mechanical
characteristics and adhesion than untreated rubber aggregates in rubberized concrete [16].
According to Pham et al. [17], one of the main factors influencing the better adherence
of rubber aggregates to other concrete constituents was pre-treating rubber with NaOH.
Because pre-treatment has a major impact on how well rubber aggregates adhere to the
geopolymer matrix, it is therefore a crucial step in the production of concrete [17-20].
Khalid Battal Najim [21] investigated the effects of several rubber aggregate pre-treatment
techniques experimentally, such as pre-coating with mortar and cement matrix, washing
with water, and treating with NaOH. By employing a NaOH solution, Raghavan [22] was
able to create rubber concrete with high strength successfully.

Furthermore, researchers are still very interested in learning more about the modulus
of elasticity (MoE) of rubberized concrete. The MoE of rubberized concrete is found to
decrease with an increase in the percentage replacement of rubber aggregates [23-25].
Zheng et al. [26] previously reported that replacing 15% to 45% of the naturally occurring
coarse aggregate with crumb and crushed rubber aggregates resulted in a drop in MoE of
5.7% t0 28.6% and 16.5% to 25%, respectively. According to Li et al. [25], a 10% rubber crumb
concentration was associated with a 41.9% drop in the value of MoE. Another investigation
by Xie et al. [24], which used recycled aggregates as coarse aggregates, found that replacing
16% of the fine aggregates with rubber resulted in a 56.3% decrease in MoE. Considering
the range of research findings, it is difficult to accurately establish a link between MoE and
the amount of rubber in concrete.

A lot is yet to be understood about the elasticity modulus of RuGPC, which is depen-
dent on the stress—strain relationship. According to Luhar et al. [27], when the amount of
rubber in RuGPC increased, the elasticity modulus fell. This report also agrees with that of
Dong et al. [18]. To date, the stress—strain behavior of RuGPC has not been satisfactorily
confirmed by the existing experimental results. According to the findings, RuC, GPC, and
RuGPC display stress—strain characteristics different from that of normal concrete [28-30].
The stress—strain relationship of GPC, made with a combination of fly ash and GGBFS at 570
to 620 kg/m?3, with an alumina activator solution with a fineness modulus ranging from 0.75
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to 1.5 and heat-cured for 48 h at 50 °C, was investigated by Thomas and Peethamparan [31].
The outcomes revealed that GPC failed in a more brittle manner than nominal concretes did.
Prior to reaching peak stress, the GPC concrete exhibited stress—strain characteristics that
were comparable to that of nominal concrete, but there was a noticeable quick drop in stress
(reduced toughness) amid the weakening that follows peak stress. This was especially
noticeable in the case of GGBFS GPC, which showed a brittle fracture right after peak stress.
When compared to nominal concrete, the GPC with fly ash binder studied by Thomas and
Peethamparan [31] showed a somewhat lower strain at ultimate stress. Hassan et al. [29]
studied the effect of pre-treatment on the stress—strain performance and elastic modulus
of RuGPC with a GGBFS binder and CR replacement at 5%, 15%, and 25%. The increase
in the percentage replacement of rubber aggregates led to a reduction in the modulus of
elasticity of RuGPC, recording 20% and 36% drops for the treated and untreated RuGPC
specimens, respectively.

Aluminosilicate precursors of geopolymer concrete are eco-friendly substitutes for
Portland cement, as they emit less than 70% of the greenhouse gases [32,33]. While geopoly-
mer concrete is a practical material for construction, more studies have been conducted
on rubberized concrete (RuC) than on rubberized geopolymer concrete (RuGPC). Just like
nominal concrete, geopolymer concrete’s (GPC) compressive strength is a crucial design
factor. Research indicates that the compressive strength of GPC improves as the concentra-
tion of NaOH increases with respect to molarity [34,35]. RuGPC’s compressive strength
can rise by 49% when the concentration of NaOH is increased from 10 M to 14 M, according
to a recent investigation by Giri et al. [35]; according to Luhar et al. [27], replacing 10% of
the fine aggregate with NaOH-treated crumb rubber only results in an 11.66% decrease in
compressive strength. In another investigation, Moghaddam et al. [36] partially substituted
Portland cement and sand with fly ash and crumb rubber (CR). The research found that
replacing 20% and 10% of Portland cement and fine aggregate with fly ash and rubber
aggregate increased compressive strength by 8%. This indicates that fly ash and crumb
rubber have a better adhesive bond than ordinary Portland cement and rubber. Thus,
RuGPC will most likely display better strength properties than RuC, and the properties can
be improved with NaOH molarity in RuGPC.

The literature review indicates that when the amount of rubber in concrete increases,
its compressive strength usually decreases. Nevertheless, the degree of strength loss
can be considerably decreased by pre-treating crumb rubber aggregates. To describe the
characteristics of any kind of concrete, compressive strength, elasticity modulus, and stress—
strain relationship are key parameters. Because the mechanical performance of RuGPC
differs depending on the type of binders employed for the test, it is important to evaluate
the stress—strain characteristics of RuGPC after every trial mix. A lot of studies in the past
have investigated the overall performance of the stress—strain curve RuGPC made with
fly ash, GGBFS, or a combination of both at different ratios, but none have evaluated the
stress—strain behavior of RuGPC made with a combination of GGBFS and FA as binders
in a ratio of 3:2. This research will investigate the fresh and mechanical properties of
RuGPC with a 3:2 ratio combination of GGBFS and FA, together with the stress—strain
characteristics, modulus of elasticity, Poisson’s ratio, and energy absorption capacity.

2. Experimental Program

This includes an overview of the material characteristics, design approach, concrete
formulation, and laboratory tests conducted in the research.
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2.1. Materials

The materials utilized for this study include ground granulated blast furnace slag
and fly ash (binders), sodium silicate and sodium hydroxide (alkaline activator solu-
tion), superplasticizer, fine and coarse aggregates, and crumb rubber aggregate as the
primary components.

2.1.1. Binders

Class F fly ash and GGBFS were adopted for this research from Dataran Juta Sdn. Bhd.
Kota Damansara, Selangor, Malaysia, as can be seen in Figures 1 and 2, and their physical
and chemical properties and percentage composition are displayed in Table 1.

Figure 2. Ground granulated blast furnace slag.

Table 1. Chemical composition and properties of fly ash.

Oxide/Property FA (%) GGBEFS (%)
CaO 6.57 41.7
Si0, 62.4 33.45

F8203 9.17 0.31
AlL,O3 15.3 13.46
K,O 1.49 0.29
MgO 0.77 5.99
SO3 0.65 2.74

P,0s5 1.23 -
TiO, 1.32 0.84
MnO 0.77 -
Na,O 0.39 0.16

Ml‘l203 - 0.40
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Table 1. Cont.

Oxide/Property FA (%) GGBEFS (%)
Loss on Ignition % 1.25 -
Blaine Fineness (m?/ kg) 290 -
Specific Gravity 24 2.8
Fineness (m?/ kg) 425 395

2.1.2. Aggregates

Crushed granite measuring not more than 20 mm was employed as coarse aggregate,
while sand within the size range of 4.75 mm and 150 um was obtained from the Depart-
ment of Civil Engineering, UPM material lab (Universiti Putra Malaysia (UPM), Serdang,
Malaysia). Aggregates went through a washing process to eliminate any substance that
could alter the properties of the concrete. After that, the moisture content of the wet coarse
aggregate was eliminated by drying it for a full day at 105 °C in an oven (ASTM C136-
2006 [37]), after which they were well graded in compliance with ASTM C33-2003 [38].
As can be seen in Figures 3 and 4, the passing percentage of the concrete aggregates falls
between the midrange of the grading limits that will be employed in the concrete mix
design. Fine and coarse aggregates have specific gravities of 2.60 and 2.673, and fine moduli
of 7.35 and 2.39, respectively.

120

100

80

60 -

40 -

20 -

Passing percentage of aggregate (%)

0 ' T T T T T T 1
0 475 6.7 9.5 127 19.05 254 375

Sieve sizes (mm)

Figure 3. Coarse aggregate particle size distribution.

2.1.3. Alkaline Activator Solution (AAS)

In this investigation, NaOH solution and Na;SiOs were used for the AAS. The current
study involved the preparation of NaOH solution through the dissolution of pellets in
water. The solution was made a day before use to prevent the emission of excess heat
resulting from exothermic reactions during casting. During casting, a mixture of NaOH
solution and Na,SiO3; was poured into the mix. The NaySiO3, commonly referred to as
water glass, is typically offered in gel form. The concentration of NaOH in the solution
was 16 M, and the ratio of Na;SiO3 to NaOH was 1.5. Because the concentration of NaOH
plays a crucial role in the synthesis of geopolymers, it is important to use a high molarity
so that even after the addition of extra water, its concentration will still be high enough
to synthesize the geopolymer. In addition, the solubility of binders rises as the hydroxide
concentration increases. Hence, utilizing a more concentrated solution of NaOH results
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in increased compressive strength of RuGPC. Table 2 presents the chemical and physical
properties of Na;SO3; and NaOH.

120

100

=]
(=]

60

40

20

Passing percentage of aggregate (%)

0 04 063 0.8 1.6 2 4 4.75

Sieve sizes (mm)

=@=Sand =@ Crumb rubber

Figure 4. Grading curve for fine aggregate.

Table 2. Characteristics of AAS.

Chemical Composition

NaySO3 NaOH
Constituent (%) Constituent (%)
Na,O 15.90 Carbonate 2 x 100
SiO, 31.40 CL 1x 1072
H,O 52.70 S0, 5 x 1072
* * Pb 1x107?
* * Fe 1x107?
* * K 1x107!
* * Zn 2x1072
Physical Property
Appearance Liquid (Gel) Appearance Pellets
Color Light yellow liquid (gel) Color White
Boiling point 102 °C for 40% aqueous solution Boiling Point 102 °C for 40% aqueous solution
Molecular Weight 122.06324 g/mol Molecular Weight 39.997 g/mol
Specific Gravity 1.7 Specific Gravity 1.5

2.1.4. Crumb Rubber Fine Aggregate

Rubber aggregates with a size range of 1 mm to 4 mm with a specific gravity of
0.52 were obtained from Yong Fong Rubber Ind S/B, Kampong Telok Gong, Selangor,
Malaysia, and were used as a partial replacement for fine aggregate. Before starting the pre-
treatment process, the rubber aggregates were thoroughly cleaned with water to remove
any impurities or dust from the surface, as stipulated by Shahzad and Zhao [19]. After
that, they were submerged in the NaOH solution for a whole day in a container, as shown
in Figure 5a. The quantity of the NaOH solution was equal to five times the weight of
the rubber aggregates. Five kilograms of crumb rubber aggregates were pre-treated using
a 25 L NaOH solution. To prevent the fluid from becoming contaminated and forming
sodium carbonate, the container was covered as shown in Figure 5b. After the necessary
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amount of time had elapsed, the crumb rubber aggregate was extracted from the solution
of NaOH. Following that, rubber aggregates were immersed in clean water for another
five minutes and washed to attain a pH of 7 and finally allowed to dry under the sun as
shown in Figure 5c. The final water cleaning is necessary to remove any remaining NaOH
solution to prevent any negative impacts on the durability of the concrete. Approximately
25 to 30 min were needed to thoroughly extract the NaOH solution from the crumb rubber
aggregates. Figure 5d shows the treated rubber aggregate ready for mixing.

(d) (9

Figure 5. Crumb rubber pre-treatment procedure. (a) Rubber submerged in NaOH solution;

(b) container is covered to prevent contamination (24 h); (c) sun-drying the rubber after washing
twice; (d) rubber aggregates ready for concrete mixing.

2.1.5. Superplasticizer

High-performance superplasticizing admixture Fosroc Conplast SP430 from Fosroc
Chemtech Construction Chemicals, Klang, Selangor, Malaysia, was used for the research
in accordance with ASTM C494 [39]. The superplasticizer helps to retard the setting of
RuGPC, increase flow rheology, boost workability and strength, and minimize the need for
extra water. The characteristics of Conplast SP430 are presented in Table 3.

Table 3. Characteristics of Conplast SP430.

Property Concentration
Color Brown liquid
pH 5.6
CL content No CL
Density 1.8 g/cm?
Specific Gravity 12@22°C+22°C
Alkali Content Typically less than 53 g. NayO equivalent/liter of admixture

2.2. Concrete Preparation

Table 4 shows the mix fraction for a design strength of 40 MPa prepared with the mix
design procedure initiated by Pavithra et al. [40], according to BS EN 206 [41] reference
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tables, which approximate an ACI mix technique for a mix design. The alkaline liquid-to-
binder ratio, admixture dosage, and extra water were 0.4, 3%, and 22%, respectively.

Table 4. Mix design for predicted strength.

Binder Content AAS
Strength m(lir /n?;; e (Kg/m®) CA FA Water/ SP ‘/]zxtra
(MP2) AAS/B, 8 (Kg/m3) (Kg/m3) GPS (Kg/m3) ateg
FA  GGBFS NaOH Na,SiO; (Kg/m®)
40 0.20 200 300 80 120 1114.86  470.58 0.2 15 110
The mixing order depicted in Figure 6 was followed in the development of each
geopolymer concrete mix. After mixing all the constituents of geopolymer concrete in the
mixer, the concrete was cast into different molds. Slump tests were conducted for every
mix, and the required number of standard-size cubes (100 mm x 100 mm x 100 mm), and
cylinder (100 mm dia. x 200 mm) specimens were cast. After casting the specimens in the
laboratory, they were left in the mold for 1 day before demolding and allowed to cure at
ambient temperature for 28 days. The mix design calls for three concrete batches, replacing
nominal fine aggregate with crumb rubber aggregate at 0%, 10%, and 20%, respectively, as
shown in Table 5. Cubes were subjected to compression tests at 3, 7, and 28 days, while
cylinder specimens were subjected to modulus of elasticity tests at 28 days.
Figure 6. Steps involved in the manufacture of RuGPC.
Table 5. Mix proportions of Grade 40 Concrete for various CR replacements.
. Conc. Binder Content Alkaline Solution CA FA Extra
PR ol, (kg) (kg) (kg) (kg) SP(kg)  Water
’ (m®)  FlyAsh GGBFS NaOH Na,SO; C.A FA CR (kg)
0% 0.0132 2.641 3.961 1.056 1.585 14.721 6.214 - 0.20 1.452
10% 0.0132 2.641 3.961 1.056 1.585 14.721 5.592 0.621 0.20 1.452

20% 0.0132 2.641 3.961 1.056 1.585 14.721 4971 1.242 0.20 1.452
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2.3. Slump Test

The slump test followed the steps as specified by BS EN 12350-2:2009 [42]. This test
helps to describe how workable concrete is and the ease with which it can be handled during
casting. The test determines how consistent a batch of concrete is and how consistent freshly
mixed concrete is. In construction sites, the slump test is used to guarantee consistency
across various concrete batches.

2.4. Compressive Strength Test

The compressive strength test was conducted using a fully automatic Universal Testing
Machine (UTS) in accordance with BS EN 12390-4:2000 [43]. Figure 7 shows the UTS
machine used for the concrete cube compression test. A compressive load was applied on
the opposite surface of the concrete cube with a loading rate of 6kIN/s until failure. The
peak compressive load applied to the concrete cube and the peak stress were recorded. The
average results of three cube samples are considered to be the final compressive strength of
the concrete mix.

0.4 o
i
w

Figure 7. Universal Testing Machine.

2.5. Modulus of Elasticity Test

The modulus of elasticity for RuGPC specimens was determined in accordance with
BS EN 1992-1-1: 2004 [44] as shown in Figure 8, with standard cylinders with a height of
200 mm and a diameter of 100 mm. Before subjecting the cylinder to the compression test,
the bottom end was properly ground while the top end was capped with sulfuric material.
The resulting bottom end and cap were smoothened, levelled, and perpendicular to the axis
of the cylinder so that the load was uniformly distributed over the entire cylinder sample.
The vertical and horizontal strains were recorded by two 30 mm strain gauges placed at
the center of the cylinder, respectively, at every 10 kN load interval.

!'I

s
=

<

,..f
=

-
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Horizontal strain gauge

>

)

v

=

Figure 8. Experimental setup for modulus of elasticity test.
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3. Experimental Results and Discussions
3.1. Initial Setting Time of RuGPC

The increase in rubber content leads to an increase in the setting time of geopolymer
concrete. Figure 9 shows the relationship between the initial setting time of RuGPC and
rubber content from the mix design tests. The initial setting times of 0%, 10%, and 20%
RuGPC were 19 min, 22 min, and 25 min. This is because the entrapped air in the concrete
caused by the rubber aggregates increases pores in the interior of the concrete; these pores
partially retain water and delay hydration processes, thereby increasing the setting time.
This agrees with the reports from other research [45,46]. This is because of the hydrophobic
nature of rubber, which prevents the adhesion of rubber aggregates with the geopolymer
matrix and other concrete constituents, thus weakening the interfacial transition zone
(ITZ) between the rubber aggregates and the geopolymer matrix [29,47-49]. The ITZ of
RuGPC can be strengthened by treating the rubber aggregate surface with NaOH to make
it hydrophilic. As the rubber content increases, the porosity of the microstructure of the
concrete increases, thus inhibiting more moisture and requiring a longer period to hydrate.
This implies that the percentage of crumb rubber introduced into geopolymer concrete is
dependent on the desired design strength, as even an above 20% proportion will provide
adequate time for casting and compaction. If the interfacial transition zone between the
geopolymer matrix and rubber aggregates is improved by rubber treatment or a highly
alkaline geopolymer matrix, RuGPC can be applied in areas where high strength is required.

30 -

25 A

20 4

15 A

Initial setting time (min)

0% 10% 20%
Crumb rubber content (%)

Figure 9. Relationship between initial setting time and crumb rubber content.

In the investigation by Zhang et al. [6], GPC made with GGBFS and FA as binders
displayed an initial setting time of 28 min and a final setting time of 41 min. The initial
setting time recorded in the Zhang et al. [6] report is 12% higher than the result in this
research. However, neither result fulfilled the standard condition that the initial setting
time must exceed 40 min. OPC displayed an initial setting time exceeding 45 min and a
final setting time of approximately 281 min [6]. Zhang et al. [6] found that the initial and
final setting time of GPC can be increased by 67.86% and 29.27%, respectively, if BaCl, is
added to the mixture. This is because BaCl, will impede geopolymerization by decreasing
the alkalinity of the AAS and the utilization of electrolytes [50,51], as well as by coating the
surface of the binder particles with a product resulting from its reaction with water glass,
which obstructs its interface with the AAS [52]. Thus, it slows the rate of geopolymerization.
As the process of geopolymerization progresses, the products that coat the surface of the
binder particles will lose their effect, resulting in a vigorous reaction between the AAS and
binders. This could be why the initial and final setting times are not far apart.
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3.2. Workability

When CR is used in place of sand, concrete slump and flow are decreased. Figure 10
shows the relationship of GPC slump values with rubber content from the laboratory mix
tests. RuGPC at 0%, 10%, and 20% CR replacement had initial slump results of 180 mm,
170 mm, and 165 mm, respectively. Compared to the control specimen, the concrete slump
was reduced by an average of 5.56% and 8.33% at 10%, and 20%, respectively, of crumb
rubber fine aggregate replacement. Even though the percentage reduction in the concrete
slump from 0 to 20% is small, substantial CR content in concrete greatly influences its
fluidity. This is due to the decreased effectiveness of the AAS-to-AP ratio [53-55]. Despite
the decline, the rate of decline is somewhat diminished with an increase in rubber content;
0% to 10% declined by 5.56% and 10% to 20% declined by 2.94%. This suggests some sort
of stability in the adverse effect of CR on concrete workability. The fact that CR has a lower
density than sand is one of the reasons why the workability of RuGPC reduces with an
increase in CR content, resulting from the increased resistance to flow under its weight.
Additionally, rubber that has been mechanically processed possesses a greater surface area
of contact over nominal fine aggregate, because the mechanical process makes the surface
rougher, which later translates to an increased surface area with other concrete constituents,
preempting the need for more water to counter the internal friction amongst the concrete
constituents. The hydrophobic nature of CR enables air to be easily trapped within the
concrete during mixing and this aids in reducing concrete workability because of increased
flow resistance [18,56-60]. The mixture of CR and AAS being exposed to air might have led
to a quick carbonation process because of its elevated pH due to the pre-treatment of CR
with NaOH. Although the resulting sodium carbonate may be utilized to activate GGBFS
and FA, it was considerably less efficient than its silicate and hydroxide equivalents. This
led to a decrease in the dissolution reaction, which may have consequently lowered the
slump. Similar results were published by Dong et al. [18] and Zhang et al. [6], where the
concrete slump was reduced by 10 mm at 15% CR replacement.

200

Slump (mm)
® B 2
[—] [—] [—]

£
=}
1

0% 10% 20%
Crumb rubber content (%)

Figure 10. Relationship between slump and crumb rubber content.

Mhaya et al. [61] noticed that using CR as a surrogate of sand at 5%, 10%, 15%, 20%,
and 25% reduced the concrete workability by 2.63%, 10.53%, 21.05%, 28.95%, 31.58%, and
38.16%, respectively. Adebayo et al. [62] found that the addition of 15% CR into GPC made
with GGBFS and fly ash reduced the workability by 28.6%. Earlier researchers [63,64]
attributed this reduction to the numerous morphologies involved in the mechanical process
of cutting tires, which give the CR a rough and irregular surface [65,66], and the low
water absorption capacity of CR [6]. When CR is used as a partial or full replacement for
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sand, it increases the frictional resistance force amongst the concrete constituents. The
heightened resistance leads to the retrieval of additional energy within the dynamics of the
flow, thus reducing the workability as CR content increases. The authors also supported
the fact that the roughness of CR aggregates increased the surface area of contact, which
negatively affects workability. The increase in rubber content up to 20% slightly reduces
the workability of RuGPC (180 to 165 mm), which is still within the acceptable limit; it is
safe to say it can be used for construction purposes without any modification. However, at
a higher percentage, the mix design might require minor modifications at some point with
respect to the percentage of CR or the addition of admixtures that improve workability to
achieve adequate flowability for real-world use.

Comparing the workability of RuGPC with nominal concrete of the same design
strength, Manimaran et al. [67] used a mix ratio of 1:1.84:2.65, w/c ratio of 0.4, and cement
content of 420 kg/m?3, and found of slump of 80 mm. In the investigation by Patil et al. [68]
a mix ratio of 1:1.65:2.62 with w/c of 0.39 and cement content of 420 kg/m3 resulted in a
concrete slump of 60 mm. In another investigation, Ephraim et al. [69] obtained a slump of
70 mm from a mix ratio of 1:1.2:1.5 and w/c of 0.45. Gornale et al. [70] recorded a smaller
slump of 30 mm from a mix ratio of 1:1.35:2.41, which had w/c ratio of 0.4 and cement
content of 465 kg/m?3. It can be concluded that the slump for nominal concrete of grade 40
is within the range of 30 mm to 80 mm, which is 51.5% less than that of 20% RuGPC. Zhang
et al. [6] discovered that GPC displayed higher workability than NC because the particle
sizes of the geopolymer binders are finer than those of ordinary Portland cement. The
significantly high slump of RuGPC indicates good workability (capacity to flow), which
can be advantageous when reinforcement is densely packed or when the concrete needs
to seep into narrow spaces without the option to vibrate. Normally, the slump of RuGPC
is supposed to be much higher than that of NC in a situation where concrete with high
flowability is required. This is because the setting time of RuGPC is much shorter than that
of NC, as seen in Section 3.2. For this reason, NC can maintain an average flow for a longer
period, while RuGPC cannot. Figure 11 is a pictorial representation of the RuGPC slump at
0% and 20%.

(@) (b)
Figure 11. GPC slump at (a) 0% and (b) 20% CR replacement.

3.3. Density

The densities decreased as the curing age progressed, with the lowest density observed
at 28 days and the highest density reached at 7 days, as demonstrated in Figure 12. The
percentage decrease between the densities at 7 and 28 days was 0.84%, 1.26% and 1.32% for
0%, 10% and 20% RuGPC, respectively. This occurs because the RuGPC loses water during
the curing process, lowering its density. This water loss is due to inadequate adhesion
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of the aggregates and the geopolymer matrix, which creates pores in the microstructure
of the concrete where water is stored during mixing. However, water loss did not bring
about a reduction in the compressive strength of the concrete because a zeolite-type phase
is produced as the primary reaction result of fly ash’s alkali activation [71]. The control
sample had the lowest percentage reduction because it has a less porous microstructure
resulting from the strong adhesive bond in the concrete mixture. This implies that there
was less water in the concrete pores and, thus, less water loss between 7 and 28 days as
compared to the 10% and 20% RuGPC samples with weaker ITZ that created more pores
and more water loss [61,72,73]. The rates of reduction in density between days 7 to 21 were
0.49%, 0.59%, and 0.68%, which later reduced to 0.36%, 0.45%, and 0.46% for 0%, 10%, and
20% RuGPC specimens, respectively, from days 21 to 28, indicating some sort of stability
and balance after 28 days.
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Figure 12. Relationship between density and crumb rubber content.

This reduction in density with curing age is mostly synonymous with ambient cur-
ing [74]. When concrete specimens are soaked in water, the concrete density mostly
increases with curing age because of improvement in the concrete microstructure [74,75].
Opara et al. [76] found that the density of NC increased by 7.6% between the 7 and 28 days,
and Raheem et al. [74] recorded a 2.39% increase in NC density between 7 and 28 days
of water curing. Azrem et al. [77] found that the density of RuGPC decreased when the
samples were subjected to ambient curing from days 3 to 28. The rate of decrease in RuGPC
specimens’ density from days 3 to 7 was high, but the percentage reduced from 7 days to
28 days. This was attributed to RuGPC losing water as the curing ages increased, which
lowers its density, and the water loss is due to the pores in the RuGPC specimens not
being properly sealed [78-80]. This proves that the method of curing should be thoroughly
looked into when the unit weight of RuGPC is a key consideration.

Figure 12 gives an overview of the densities of RuGPC at the different CR percentage
replacements employed in this study. The incorporation of CR into GPC is shown to reduce
its density. The highest and lowest densities of 2230 kg/m? and 2165 kg/m? were obtained
by GPC at 0% and 20% CR replacements at 28 days. Primarily because rubber aggregates
have a specific gravity of 1.12, which is lower than that of natural fine and coarse aggregates.
Concrete density is largely affected by the specific gravity of the aggregates that constitute
concrete, and this has a key role to play in a structure’s dead load. Secondly, the lack of
proper adhesion between rubber fine aggregates and the geopolymer gel gives room for the
formation of pores within the concrete microstructure and increases the tendency to entrap
air bubbles in the concrete [18]. Similar results were reported in another study [29,81,82].
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Mhaya et al. [61] revealed that CR addition of 5%, 10%, 15%, 20%, 25%, and 30% reduced
the density of RuGPC by 3.7%, 6.5%, 7.2%, 8.1%, 9.3%, and 10.4%, respectively. Adebayo
et al. [62] recorded a 2.3% decrease in density at a 10% addition of CR at 28 days. In the
investigation by Azrem et al. [77], RuGPC density reduced from 2243 kg/ mS to 1722 kg/ m3
at 0% and 20% CR replacement, respectively. All their theories on the reduced density of
RuGPC point to a lower density and specific gravity of CR in comparison to sand [47,48,83].
It is crucial to note that CR has a specific gravity of 0.6 to 1.15 [84,85], while sand has a
specific gravity of 2.65 [86].

3.4. Cube Compressive Strength

As displayed in Figure 13, the compressive strength of the concrete in all batches
improved with the aging of the curing process at 7, 21, and 28 days, regardless of the
rubber content, which was comparable to NC [87,88]. This is because as the curing duration
increases, polymerization is enhanced with the formation of polymerization chains, which
causes the compressive strength to rise [89-91]. This implies that the compressive strength
of GPC tends to increase further after 28 days. At 7 days, the RuGPC strength with 0%, 10%,
and 20% CR increased by 81.54%, 85.79%, and 82.57%, and at 21 days, the strength reached
90%, 93.7%, and 90%, respectively, of the 28-day compressive strength. The percentage
increase in compressive strength at 21 days closely resembles the findings reported by
earlier studies on NC [92-94]. However, the percentage increase at 7 days is much higher
than those recorded for NC, as most findings reported a percentage increase in the range of
44 to 71% [92-95].
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Figure 13. Relationship between cube compressive strength and crumb rubber content.

In nominal concrete, strength growth is attributed to the hydration process of cement
and the creation of calcium-silicate-hydrate (C-S-H) gel, which occupies the voids in the
concrete and improves its strength. Luhar et al. [27] reported that the process of hydration
of the cement matrix is long and continuous, allowing the concrete pores to gradually
get filled up, enhancing the concrete strength over a period of 365 days [85]. However,
in GPC, the process of geopolymerization happens very fast because of the reaction that
takes place between the binder and the AAS, resulting in an 80 to 95% gain of compressive
strength at just 7 days [27,96-98]. The binder type, with respect to its chemical composition,
molarity of NaOH, temperature of curing, and ratio of Na;SO3 to NaOH of GPC, plays
a large role in determining the early strength growth and maximum strength. For this
research, it can be seen from Table 3 that the combination of GGBFS and FA is in a ratio of
3:2, which means that there is a higher quantity of GGBFS in the mixture. From Table 1,
the percentages of CaO and SiO, in GGBFS are 41.7% and 33.45%, while in FA, they are
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6.57% and 62.4%, respectively. The large quantity of GGBFS and CaO in the aluminosilicate
precursor accelerated the high early strength in the concrete, allowing the SiO, to have
more effect after 7 days. Employing both GGBFS and FA is beneficial to RuGPC, as GGBFS
supports high early strength [99-103], while FA aids in enhancing workability, reducing
concrete pores and permeability and producing a denser concrete [104-108]. The strength
growth in the latter days is not as fast as in the first 7 days because there is a reduction in the
chemical of the geopolymer matrix as the age increases and the formation of a crystalline
anatomy takes place [109].

The compressive strength of GPC decreased as CR percentage replacement increased
in the concrete, as shown in Figure 13. It reduced by an average of 9.64% and 34.67% at 10%
and 20%, respectively. The following factors are responsible for this: First and foremost, the
weak ITZ developed because of the hydrophobic characteristics of CR’s frail adhesive bond
with other concrete constituents (geopolymer gel) [78,110-112]. Secondly, the rubber aggre-
gates possess an elastic modulus much lower than that of the geopolymer mixture, and this
escalates their stress within the RuGPC sample, preempting the possibility of microcracks
developing around them, which would reduce their compressive strength [29,110,112,113].
Thirdly, the rubber’s irregular and rough surface causes the material to retain additional air
bubbles, which increases the porosity in RuGPC with the increased rubber content, thereby
resulting in a loss of its compressive strength [29,78,111,112,114].

Surprisingly, the compressive strength of RuGPC at 10% and 20% crumb rubber
replacement was able to surpass the design strength, recording values of 60.725 MPa
and 43.9 MPa, respectively, at 28 days, and this is largely attributed to the treatment of
the rubber aggregates with NaOH before adding them to the mixture. The hydrophobic
nature of rubber becomes hydrophilic after treatment with NaOH, which improves its
adhesive qualities with the geopolymer matrix and other concrete ingredients [115-118].
The presence of zinc stearates on the surface of rubber aggregate, which prevents it from
bonding properly with the geopolymer matrix, was removed after CR pre-treatment with
NaOH [29,35,111,114,119]. In addition, the sodium hydroxide treatment also affects the
surface texture of the CR by forming needle-like crystals on the surface, which enables
the rubber aggregates and the geopolymer matrix to interlock efficiently, thus eradicating
unwanted pores within the concrete, reducing entrapped air, and improving the overall
microstructure of the concrete [29,120].

The cube strength results of RuGPC vary from 67.2 to 43.9 MPa at 28 days for RuGPC
at 0% and 20%, respectively. Under the BS 8110 [121] concrete design strength requirement,
RuGPC with CR at 20% can be employed for the construction of structural elements. This
strength can be further enhanced by further improving the adhesive bond between CR
and the geopolymer matrix so that RuGPC can be employed in high-strength concrete.
Conversely, the quantity of rubber in RuGPC can be increased for structural applications
where the compressive strength requirement is between 25 and 30 MPa.

Correlation Between Density and 28-Day Cube Compressive Strength

Figure 14 shows the correlation between the experimental density results and the
28-day cube compressive strength of RuGPC with different percentages of CR replacement.
The linear relationship between the concrete density and compressive strength indicates
that both concrete properties are directly proportional. This result is in accordance with
reports from previous research [47]. The numerical expression between both parameters
can be represented as follows:

y = 0.3603x — 734.46

where y represents the 28-day strength, and x is the concrete density.
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Figure 14. Correlation between density and 28-day cube compressive strength of RuGPC mixes.

The straight-line curve of concrete density and compressive strength showed an aver-
age correlation (Rz) of 0.95, which indicates a strong correlation between both parameters.
A positive slope suggests a direct relationship between density and compressive strength.

3.5. Stress—Strain Relationship

The stress—strain curve for nine RuGPC specimens (three specimens per batch) of
100 mm diameter and 200 mm height after 28 days with different percentages of CR was
drawn with data obtained from the load cell, along with axial displacement recorded by the
LVDTs. Compressive longitudinal strains were measured and reported as positive values,
while tensile transverse strains (hoop strains) were presented as negative values. The stress—
strain results of three specimens for each concrete batch are illustrated in Figure 15a—c for
0%, 10%, and 20% RuGPC specimens. Overall, from Figure 15a—c, the results displayed
from the three-cylinder samples for each mix batch were consistent. This confirms that
good quality control was strictly adhered to in the process of material selection, concrete
production, and experimental testing. The small volume of concrete also helped to reduce
deviation in the stress—strain results.

The stress—strain results of all the concrete samples are presented in Table 6. The
average stress—strain results of three cylinders for each batch were used to define the strain
performance of RuGPC with different percentages of CR under uniaxial compressive stress.
The test results for 0%, 10%, and 20% RuGPC specimens are illustrated graphically in
Figure 16.

Table 6. Stress—strain relationship of RuGPC specimens.

Peak

CR No Stress Yield Peak Ultimate MoE Poisson’s Toughness Ductility
(%) ) Strain Strain Strain Ratio (N.m/m?) Index
(MPa)
C001 50.265 0.00230 0.00330 0.00356 23.265 0.146 10.21 1.55
0% C002 50.248 0.00225 0.00328 0.00332 23.036 0.145 10.01 1.48
C003 50.910 0.00229 0.00322 0.00339 23.818 0.145 10.07 1.48
AVG - 50.474 0.00228 0.00327  0.00342 23.373 0.145 10.10 1.50
C101 33.096 0.00143 0.00346 0.00450 16.314 0.156 11.39 3.07
10% C102 33.089 0.00143 0.00345 0.00432 16.581 0.152 10.67 3.02
C103 33.082 0.00141 0.00344 0.00430 16.314 0.152 10.69 3.04
AVG - 33.089 0.00142 0.00345 0.00437 16.403 0.153 10.92 3.04
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Table 6. Cont.
Peak . . . , o1e
CR No Stress Yield Peak Ultimate MoE Poisson’s Toughness Ductility
(%) ) Strain Strain Strain Ratio (N.m/m?) Index
(MPa)
C201 27.274 0.00138 0.00357 0.00542 13.422 0.199 13.71 3.93
20% C202 28.273 0.00139 0.00352 0.00526 13.141 0.167 11.86 3.78
C203 27.252 0.00136 0.00356 0.00531 13.110 0.201 11.54 3.85
AVG - 27.775 0.00138 0.00355 0.00533 13.224 0.189 12.37 3.85

The stress—strain curve shown in Figure 16 is divided into the pre-peak (ascending)
and post-peak (descending) phases. All the specimens displayed linear behavior at the
start of the pre-peak phase, but the linearity of the curvature of 10% and 20% RuGPC
specimens started to reduce as the curve approached peak stress, indicating a decrease in
peak stress with an increase in CR content. This is because RuGPC specimens with CR
have less resistance to the applied compression force compared to the control specimen,
owing to the higher stiffness of fine aggregate over CR. The post-peak phase presents an
entirely different characteristic. After failure at the peak stress of the control specimen, the
load dropped and collapsed at a very quick rate with a very steep slope. This confirms the
quick brittle failure of GGBFS GPC immediately after the peak stress that was reported by
Thomas and Peethamparan [31]. RuGPC specimens with CR displayed higher peaks and
ultimate concrete strains than the control specimens. The introduction of CR into RuGPC
enhanced the deformation capability and changed the failure mode from brittle to ductile as
the descending segment of the stress—strain curve became less steep [18,120,122,123]. This
is because CR increases the ductility of concrete under loading, thus delaying the failure
process. This makes rubberized GPC suitable for applications where concrete flexibility
is required.

Figure 17 shows how to calculate the yield strain, ultimate strain, and energy absorp-
tion capacity from the stress—strain curve. The yield strain A4 is indicated by the dashed
vertical lines and corresponds to 75% of the secant stiffness of the peak stress. It is the
strain in alignment with the intersection point between the elastic segment extension and
the tangential line drawn from the peak stress point on the stress—strain curve [124]. The
ultimate strain (A,) is the strain at 80% of the peak stress on the strain axis in the post-peak
region of the stress—strain curve [124].

3.5.1. Peak Stress

Analysis of the results from the stress—strain curve presented in Table 6 indicates that
peak stress was reduced by 34.44% and 44.97% for 10% and 20% CR replacement with
reference to the control specimen. As a result, the concrete became less rigid overall, which
lowered the peak stress. This is because of the reduced adhesive bond between CR and
the geopolymer matrix due to its hydrophobic properties compared to the bond between
nominal fine aggregate and the geopolymer paste, and because CR aggregates are not as
stiff as fine aggregates. Another reason is the reduction in the load-carrying capacity of CR
aggregates. Furthermore, crumb rubber has a higher Poisson’s ratio and lower modulus of
elasticity compared to nominal fine aggregate [18,125,126].
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Figure 15. (a) Stress—strain relationship of 0% RuGPC specimens. (b) Stress—strain relationship of

10% RuGPC specimens. (c) Stress—strain relationship of 20% RuGPC specimens.
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Figure 17. Definition of concrete strains.

3.5.2. Correlation Between the Cube and Cylinder Compressive Strength

From Figure 13 and Table 6, the ratios of the compressive strength at 28 days of
the concrete cylinder to that of the cube are 0.75, 0.54, and 0.63 for the 0%, 10%, and
20% specimens, implying that the strength of the cube supersedes that of the cylinder by
1.33, 1.84, and 1.58 times. For nominal concrete, BS-EN 12504-1 [127] stipulates that the
compressive strength of a cylinder is equal to 0.8 times the strength of the cube, and the
literature review shows that the strength of the cube should be approximately 1.25 times
that of the cylinder [128]. The superiority of geopolymer concrete to Portland cement
concrete is due to its denser microstructure, which helps it to exhibit enhanced compressive
strength because of increased sodium silicate bonding. The influence of this bonding is
significant in the cylinder specimen but is only particularly pronounced in concrete cubes
due to increased friction and minimized stress distribution. Additionally, it was found
that the process of geopolymerization is very sensitive to temperature and time; that is
why the setting time of geopolymer concrete is very short. Cube concrete specimens take
a shorter time to cast compared to cylinder specimens, indicating that cube specimens
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receive a higher efficiency of compaction than cylinder specimens. This is why the ratio of
cube to cylinder compressive strength of rubberized geopolymer concrete is higher than
that of NC. Padmakar et al. [129] found that the ratio of the strength of the cylinder to the
cube specimen of GPC made with 70% GGBFS and 30% silica fume was in the range of 0.67
to 0.96, implying the strength of the cube was 1.05 to 1.5 times that of the cylinder. This
finding aligns closely with what was achieved in this study. Thus, the statement that the
compressive strength of a cylinder is 0.8 times that of the compressive strength of a cube is
not significant for rubberized geopolymer concrete.

3.5.3. Strain Values

Figure 18 shows how the average strain values changed with an increase in CR
percentage replacement in RuGPC. The control specimen had an average yield strain
of 0.00228. The value of the average strain began to decline with an increase in rubber
content, with 10% and 20% RuGPC specimens recording values of 0.00142 (about 37.72%
reduction) and 0.00138 (about 39.47% reduction), respectively. The yield strain is the first
point where the concrete samples begin to yield. The reason why the control specimen
has the highest yield strain is because its resistance to yield is much higher than that of all
the other concrete samples (resulting from its high adhesive bond and corresponding high
compressive strength). This resistance to yield stress decreases with the introduction of
CR and a corresponding increase in percentage replacement, due to the reduction in the
adhesive bond between CR and the other concrete constituents because of its hydrophobic
nature. This weak bond reduces the bond at the interfacial transition zone, prompting
the concrete to start yielding earlier [125,130,131]. The peak strain corresponding to the
peak stress was found to increase as the percentage of CR increased. The control specimen
recorded 0.0033, which is close to the 0.003 suggested by ACI 318-11 [132], while values of
0.00345 and 0.00355 were recorded at 10% and 20% CR replacement, respectively. This is
attributed to the increase in the deformation of RuGPC because of the deformable properties
of CR, which positively affects the ductility of the concrete [131,133].
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Figure 18. Strain values of RuGPC specimens.

The ultimate strain is thought to be more significant in the setting of rubberized
geopolymer concrete than any other strain value. This is the strain at which the failure
of the RuGPC specimen takes place [6,27,120]. The 0%, 10%, and 20% RuGPC specimens
had average ultimate strains of 0.0034, 0.0044, and 0.0053, respectively, which are 27.78%
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and 55.84% increments for 10% and 20% RuGPC in comparison to the control specimen.
The ultimate strain performance of the RuGPC specimen is directly proportional to the
percentage of CR in the specimen, since rubber aggregates effectively undergo deformation,
lessen sudden failure (prevent brittle failure), and prolong the damage to the concrete. This
phenomenon is consistent with most rubberized concretes, whether nominal or geopolymer
concrete. In rubberized concrete research by Aleem et al. [134] where CR replaced fine
aggregate at 0%, 5%, 10%, 15%, and 20%, it was discovered that the ultimate strain increased
as the rubber content increased [135]. For RuGPC with treated CR, some investigations
reported a decrease in ultimate strain at 10% CR replacement, but most reported an increase
in ultimate strain at 20% CR replacement [6,29,136].

3.5.4. Modulus of Elasticity

A material’s stiffness is dependent on its elastic modulus. It is a key variable in the
design of geopolymer and rubberized geopolymer concrete. The modulus of elasticity
(MOoE) is used to check the displacement and strain distribution characteristics of concrete
structural elements. In this investigation, the modulus of elasticity of RuGPC is expressed
as the secant modulus obtained from the coefficient of x in the mathematical equation of
the stress—strain curve, which represents 40% of the concrete cylinder average compressive
strength (fom). Figure 19 clearly shows that there is a trending correlation between the
compressive strength of RuGPC and the modulus of elasticity.
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Figure 19. Relationship between MoE and compressive strength (fom) of RuGPC.

The modulus of elasticity of RuGPC samples was determined at 28 days as the av-
erage from three mixes of the same batch, as presented in Table 6. The MoEs of RuGPC
in the 0%, 10%, and 20% CR replacement specimens were 23.37 GPa, 16.40 GPa, and
13.22 GPa, respectively.

From Figure 16, the rigidity of RuGPC with 10% and 20% CR is lower compared to
that of RuGPC with 0% CR; hence, it can be concluded that the introduction of CR into
GPC brings about a reduction in the MoE of the concrete. Similar results were reported by
Luhar et al. [27], Hassan et al. [29], and Alaloul et al. [137]. The modulus of elasticity of
the control samples was 29.82% and 43.42% higher than that of RuGPC specimens with
10% and 20% CR replacement, respectively. The reduction in the MoE of RuGPC can
be attributed to several factors. First and foremost, the microstructure of the rubberized
geopolymer concrete is a key factor that determines the MoE of the concrete, irrespective
of the materials” source and aggregate. The microstructure is dependent on the strength
of the interfacial transition zone (ITZ) and the porosity of the concrete. A weak interfacial
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transition zone reduces the MoE of RuGPC because of the weak adhesive bond, resulting
in more pores, and a less porous concrete is likely to have higher MoE. As the percentage
of CR in RuGPC increases, the homogeneity of GPC decreases, resulting from increased
porosity and weaker ITZ, leading to a reduction in the MoE. Another contributing factor
to the reduction in MoE is that rubber aggregates have higher ductility and flexibility
properties than granite. This is the reason why, in most cases, RuGPC experiences a higher
deformation before failure compared to GPC, which makes RuGPC a more ductile concrete.

3.5.5. Poisson’s Ratio

Poisson’s ratio is the ratio of the vertical and horizontal strains (hoop strains) at 40%
of the concrete cylinder’s average compressive strength and is expressed with the formula
in Equation (1) from ASTM C469 [138].

(€12 —€11)
— ) 1
g7 — 0.000050 M

where i = Poisson’s ratio, Sy = stress at 40% of the ultimate load, S1 = stress at 50 millionth
(MPa) of vertical strain, €5 = vertical strain at S,, €;» = horizontal strain at S, £;1 = horizontal
strain at 5.

Poisson’s ratio of RuGPC ranges from 0.14 to 0.19 (Table 6). For nominal concrete, the
value of Poisson’s ratio ranges from 0.11 to 0.21; in most cases, values of 0.15 and 0.22 are
adopted for high- and low-strength concrete, respectively [139]. The results obtained for
RuGPC also fall within these ranges. From the results in Table 6, it can be observed that the
concrete’s Poisson’s ratio increased with an increase in CR content. This is because CR has
a Poisson’s ratio of approximately 0.48 to 0.5, much higher than that of the fine aggregate.
In addition, Poisson’s ratio is also affected by the concrete’s MoE. As MoE reduces with an
increase in the percentage of CR, its stress resistance reduces with an increase in CR during
loading, leading to an increase in the Poisson’s ratio of the concrete. The Poisson’s ratio
of the 10% and 20% CR specimens increased by 5.52% and 30.34% in comparison to the
control specimen. The 0% RuGPC can be classified as high-strength concrete, and the 20%
RuGPC as medium-strength concrete, implying that both types of concrete can be used for
structural purposes depending on the required design strength.

3.5.6. Toughness/Energy Absorption

A material’s ability to resist plastic deformation and absorb energy without breaking is
referred to as toughness. A material’s toughness is dependent on its ductile characteristics
and strength. Toughness can be calculated by integrating the entire area under the stress—
strain curve [140,141]. From the results in Table 6, the control specimen displayed an
average toughness of 10.11 N.m/m3. The toughness results of RuGPC specimens were seen
to increase by 8.1% and 22.4% at 10% and 20% CR replacement, respectively, compared to
the control. RuGPC displayed higher toughness characteristics than the control specimen,
and it increased with an increase in rubber content. This implies that CR enhances GPC’s
toughness, and if the toughness is enhanced, it means its energy absorption capacity is also
enhanced. Du et al. [142] reported a 31.9% increase in the toughness of concrete with the
addition of 30% rubber aggregate of sizes 0.1-20 mm. Rubber aggregate was also reported
as a material with high toughness characteristics in another investigation [143].

3.5.7. Ductility Index

Ductility index (DI) is the ability of concrete to tolerate distortion over the yield
point before finally collapsing. The brittleness of GPC can be considerably decreased and
transformed into a ductile concrete by the introduction of rubber (RuGPC). The ductility
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index is the ratio of the concrete’s ultimate strain (strain at 80%) to the yield strain [134], as
presented in Equation (2).
Ay

DI =
Ayield

@

The DI of each specimen is collected from the stress—strain curve and presented in
Table 6. The ductility index of the control specimen was 1.91. The introduction of CR
increased the ductility index by 102.67% and 156.67% at 10% and 20% CR, respectively,
in comparison to 0% RuGPC. This proves that an increase in CR increased the ductility
of concrete. In research by Abdo et al. [135], where CR was used as a surrogate to fine
aggregate at 5%, 10%, 15%, and 20%, the concrete ductility was recorded to increase by
25.20% with the introduction of CR. Pham et al. [120] and Dong et al. [18] also confirmed the
increase in the ductility index of RuGPC and attributed it to the CR’s combined properties
of a smaller elastic modulus and lower stiffness [144,145]. Table 6 provides the results of
the MoE, Poisson’s ratio, toughness, peak stress, ultimate strain, peak strain, and yield
strain of the stress—strain curves.

3.6. Failure Mode

The failure mode of concrete cylinders when subjected to axial compression load
is usually diagonal; usually, the cylinders experience shear fracture diagonally when
the bond strength between the concrete constituents is strong. The failure mode of the
concrete cylinder specimens with different percentages of CR is shown in Figure 20. All
the specimens displayed normal crack failures, implying that the introduction of CR does
not change the failure pattern of RuGPC. In the testing process, small fractures started to
appear at the top of bottom corners of the concrete cylinder and later started to appear
inside the concrete cylinder as the stress increased. Before the applied stress reached the
peak load, the fractures generated by the specimens were roughly parallel to the direction of
the axial compression load. The failure across all the concrete specimens was shear failure
with diagonal fractures running through each sample. Specifically, the compression of the
specimens is vertical, which indicates that Poisson’s ratio influences the lateral formation of
tensile strain. The destruction of the specimens occurs the moment the concrete’s ultimate
tensile strain is reached by the lateral tensile strain, thus forming the above-mentioned
modes of failure.

(a) 0% CR (b) 10% CR (c) 20% CR
Figure 20. Failure modes of RuGPC specimens: (a) 0% RuGPC, (b) 10% RuGPC, (c) 20% RuGPC.

The control specimen had more pronounced cracks, as shown in Figure 20a, character-
ized by brittle failure. The 10% RuGPC specimen displayed more uniform and moderate
cracks. In the case of RuGPC with CR, as the concrete strain progressively increased there
was a reduction in the stress on the crack until the concrete failed, and even after unloading
the specimen the cracked cylinder remained intact without splitting, as can be seen in
Figure 20b. In the 20% RuGPC concrete cylinder, the cracks that appeared were smoother
with very narrow crack width (see Figure 20c). The failure pattern noticed in Figure 20b,c is
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because of the CR present in the concrete. The utilization of CR in GPC inhibits the spread
of cracks, increases its resistance to abrupt failure, and leverages the ductile characteristics
of rubber [146]. Normally, the brittle fracture in nominal GPC is very high, and CR helps
to delay the creation of fractures as well as minimize their development or spread due
to deformable properties [84]. As the percentage of CR in concrete increases, there is a
change in the mode of failure to a smoother pattern, and the cracks developed in the
concrete become much smaller [12]. From the findings of the experimental investigation,
RuGPC is suggested to be a concrete with great qualities for adoption in structures where
impact resistance and energy absorption are paramount, while simultaneously enhancing
concrete’s sustainability.

4. Correlation with Standard Codes
4.1. Modulus of Elasticity (MoE)

The MoE of RuGPC from the experimental results was compared with the numerical
predictions by standard codes for the MoE of OPC concrete to see how well they can predict
the MoE of ambient-cured GGBFS/FA-based RuGPC.

ACI 318-19 [124]: E. = 4700+/fc, ACI 363R-10 [147]: E. = 3320+/f + 6900, BS EN
19-1-1 [44]: fom = fue + 8, Ec = 22[(fom)/10]%3, EC 2 (2004) [148]: E. = 200 x f, + 20,000.
Previous researchers have also proposed models through regression analysis of experi-
mental results for calculating the MoE of GPC. Noushini et al. [149]: = —11400 + 4712 \/]TC,
Hassan et al. [29]: E, = 463f. + 188.

E. and f. represents the modulus of elasticity and cylinder compressive strength
of concrete.

Since the mentioned universal codes for nominal concrete concern 150 x 150 x 150 mm
cubes and 150 mm x 300 mm cylinders, while this investigation tested cubes with 100 mm
and 100 mm x 200 mm cylinders, a conversion factor of 0.96 was applied as proposed by
ASTM C 39 [150] and ASHTO T 22 [151].

The data from the experimental results and numerical calculations are plotted graphi-
cally in Figure 21. Table 7 presents the ratio of experimental data to numerical predictions
of MoE results by standard codes and models proposed from previous investigations.

40 -
<
A
% 35 4
b
= 30 A ¢ Experimental
= XK
5 ACI 318-19
S5 yy = ACI 363R-10
=
E g BS EN 19-1-1
20 4
% XEC?2
S s ‘ ® Noushini et al.
a i
g ¢@ +Hassan et al.
10 T T T T T 1
25 30 35 40 45 50 55
CYLINDER COMPRESSIVE STRENGTH (MPA)

Figure 21. Modulus of elasticity versus compressive strength predictions by standard codes/literature
studies [29,149].
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Table 7. The ratio of experimental data to numerical predictions of MoE results by standard
codes/literature studies.

ACI ACI BS EN Noushini Hassan
No. cs EXP.MOoE 41519 363R-10 19-1-1 EC2 etal. [149] etal. [29]
C001 50.27 23.27 0.73 0.80 0.65 0.81 1.06 0.99
C002 50.25 23.04 0.72 0.79 0.64 0.80 1.05 0.98
C003 50.91 23.82 0.74 0.81 0.66 0.82 1.07 1.00
C101 33.10 16.31 0.63 0.65 0.51 0.64 1.04 1.05
C102 33.09 16.58 0.63 0.65 0.51 0.65 1.06 1.07
C103 33.08 16.31 0.63 0.65 0.51 0.64 1.04 1.05
C201 27.07 13.42 0.57 0.57 0.44 0.55 1.02 1.05
C202 28.27 13.14 0.55 0.56 0.42 0.53 0.96 0.99
C203 27.05 13.11 0.55 0.56 0.43 0.54 0.99 1.02
AVG - - 0.64 0.67 0.53 0.66 1.03 1.02
S.D - y 0.08 0.10 0.10 0.12 0.03 0.03
Cov § - 11.85 15.24 18.62 17.77 3.38 3.20

Note: CS represents the compressive cylinder strength.

It can be seen from Figure 21 and Table 7 that the results predicted by Hassan et al. [29]
were the closest to the experimental results, with ratios in the range of 0.98 to 1.07 and a
standard deviation and coefficient of variation of 0.03 and 3.2%, respectively. Noushini
et al.’s [149] formula also gave very similar results to those of the experimental results,
with ratios ranging between 0.96 and 1.07 and a standard deviation and coefficient of
variation of 0.03 and 3.38, respectively. All the other standard codes overestimated the MoE
of GGBFS/FA-based RuGPC [44,124,147,148].

4.2. Peak Strain

The peak strain of RuGPC is very important in analyzing the stress—strain relationship.
According to Popovics [152], the strain at the peak stress ¢/, indicates the degree of micro-
cracking that takes place up until the peak stress. Hassan et al. [29] reported that when
the calculated strain of RuGPC was put into the CEB-FIB [153] model, its prediction of the
stress—strain curve accurately matched that of the experimental results. This investigation
will evaluate the model for analyzing strain at peak stress proposed by previous researchers
for geopolymer concrete, as presented in Table 8. Some scholars have put forth linear
formulas that depend on the compressive strength of concrete to forecast the peak strain.
Hardjito [97] & Sarker [154] used regression analysis from experimental GPC results to
propose Equation (3), while Noushini et al. [149] & Hassan et al. [29] proposed Equation (4)
(the equation for MoE in Equation (4) was proposed by Noushini et al. [149]). The modulus
of elastic E, is a metric for the linearity of ascending part of the stress—strain curve.

!
p_fom
T R a1 ®)
where E, = 2707./f! + 5300, n = 0.8 + £
7 1.74
, _ 223010 (Eo) @

(ft

E. = —11,470 + 4712,/f!

E; and f! represents the modulus of elasticity (MPa) and peak stress (MPa), respectively.
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Table 8. The ratios of experimental data to numerical predictions of peak strain results by the
previous literature.

N Practical Results Noushini et al. [149] Hardjito et al. [97]
o CS MoE Strain Exp/Num Exp/Num
C001  50.265 23.265 0.0033 1.60 1.29
C002  50.248 23.036 0.00328 1.59 1.28
C003  50.910 23.818 0.00322 1.58 1.25
C101  33.096 16.314 0.00346 1.32 1.57
C102  33.089 16.581 0.00345 1.32 1.56
C103  33.082 16.314 0.00344 1.32 1.56
C201  27.274 13.422 0.00357 1.26 1.72
C202  28.273 13.141 0.00352 1.26 1.68
C203 27.252 13.11 0.00356 1.26 1.71
AVG - - 1.39 1.51
S.D - - - 0.15 0.19
cov - - - 11.01 12.64

As can be seen from Table 8, the models proposed by Hardjito [97] and Noushini
et al. [29] underestimated the peak strain of the concrete with respect to the experimental
results with a coefficient of variation of 11.01% and 12.64%, respectively. This is because
the strength of the ITZ between CR and the geopolymer determines the peak strain. The
surface texture and size of CR determine the strength of the ITZ as well as the method of
CR pre-treatment. Some investigations reported that the peak strain decreased [155-157],
while others reported that the peak strain increased [112,135,158] as the percentage of CR
in the concrete increased. Zhang et al. [6] found that the peak strain increased up to 10%
of CR, after which it decreased, and Hassan et al. [29] found that the peak strain of 5%
untreated CR RuGPC was higher than the control specimen, but the strain after 5% was
lower. These irregularities are also reflected in the failure mode of the specimens. The
number of cracks and intensity increased with an increase in CR in some reports [29], while
the reverse is the case in some other reports (see Figure 20). For this reason, it is suggested
that a model for peak strain be formulated from the regression of the experimental results
from every test with CR.

5. Proposed Models
5.1. Cube Compressive Strength

In this investigation, a model to forecast the compressive strength of RuGPC was put
forward from the regression analysis of the experimental results. The numerical equation is
expressed in Equation (5).

feu = 0.9508[0.3603p — 734.46] (MPa) (5)

where f., represents the 28-day compressive strength, and p is the concrete density.
Figure 22 demonstrates how the suggested model and the experimental results fit. To
validate the degree of efficiency of the accuracy of Equation (3) in predicting the compressive
strength of RuGPC samples with respect to density, it will be used to predict the compressive
strength of experimental results from previous literature, as presented in Table 9.
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Figure 22. Cube compressive strength vs. density of RuGPC for proposed numerical and
experimental results.

Table 9. Correlation of experimental results from previous investigations and proposed numerical
equation results.

Ref. Conc. Type Desc. CR (%) Density Exp.CS Num.CS Exp/Num
Fine aggregate replacement

0 2230 67.50 66.30 1.02
Experimental NaOH 10 2200 60.70 55.34 1.10
20 2165 43.90 43.35 1.01
0 2380 62.60 117.00 0.54
No treatment 10 2250 53.20 72.47 0.73
20 2195 46.50 53.62 0.87
water 10 2260 54.50 75.89 0.72
20 2210 47.70 58.76 0.81
Saloni et al. [17] GPC 10 2250 57.60 72.47 0.79
NaOH 20 2200 54.60 55.34 0.99
10 2300 55.70 89.59 0.62
Cement 20 2230 49.60 65.61 0.76
10 2290 58.20 86.17 0.68
UFC 20 2220 54.60 62.19 0.88
0 2230 65.00 65.61 0.99
Azmi et al. [77] GPC R.T 5 2120 33.00 27.93 1.18
10 2103 28.00 22.11 1.27
0 2240 51.33 69.04 0.74
10 2180 41.60 48.49 0.86
0-1 20 2090 35.55 17.65 2.01
30 2080 28.80 14.23 2.02
10 2180 44.61 48.49 0.92
1-4 20 2110 34.29 24.50 1.40

Metwally et al. [159] GPC 30 2040 28.06 0.52 53.46
10 2190 44.34 51.91 0.85
4 20 2130 35.84 31.36 1.14

30 2020 28.71 —6.33 —4.54
10 2190 43.82 51.91 0.84
1-4 20 2120 36.78 27.93 1.32

30 2010 28.87 -9.75 —2.96
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Ref. Conc. Type Desc. CR (%) Density Exp.CS Num.CS Exp/Num
0 0 2160 4191 41.63 1.01
5 2150 35.09 38.21 0.92
NaOH 15 2120 33.20 27.93 1.19
Hassan et al. [29] GPC 25 2110 31.08 24.50 1.27
5 2140 33.53 34.78 0.96
No treatment 15 2130 29.78 31.36 0.95
25 2120 27.72 27.93 0.99
0 2340 39.00 103.30 0.38
5 2265 32.00 77.60 041
Fadiel et al. [160] NC C40 10 2230 30.00 65.61 0.46
15 2215 29.50 60.48 0.49
20 2180 29.00 48.49 0.60
0 2539 57.37 171.47 0.33
C60 10 2439 52.29 137.21 0.38
15 2390 42.44 120.43 0.35
20 2302 40.64 90.28 0.45
Nouran et al. 86] NC 0 2401 36.44 124.19 0.29
C40 10 2307 33.87 91.99 0.37
15 2257 27.03 74.86 0.36
20 2190 25.59 51.91 0.49
Coarse aggregate replacement
5 2150 20.41 38.21 0.53
NaOH 15 2145 19.15 36.50 0.52
25 2135 18.72 33.07 0.57
Hassan etal. [29] GPC 5 2155 19.10 39.92 0.48
No treatment 15 2140 17.19 34.78 0.49
25 2130 16.55 31.36 0.53

CS = cube compressive strength.

The ratio of experimental to proposed numerical results ranged from 0.81 to 1.27 and
had a coefficient of variation of 16% for RuGPC specimens with 0%, 10%, 20%, and 25%
CR fine aggregate, whose densities were in the range of 2100 to 2230 kg/m?>. There is a
strong correlation between the experimental and numerical results from this investiga-
tion. This exempts RuGPC specimens with cement-coated CR. This is because Portland
cement had more effect on the unit weight of the concrete than it did on the compressive
strength; hence, the compressive strength was overestimated. The average mean ratio of
experimental to proposed numerical results was 0.60 for RuGPC specimens with densities
above 2230 kg/m?3. This implies that the numerical formula overestimated the compressive
strength by an average of 48.20%. RuGPC specimens with densities below 2100 kg/m?
were massively underestimated; 2080 to 2100 kg/m® was underestimated by approxi-
mately 50.45%, while the underestimation was above 100% when the density was below
2080 kg/m?3. The numerical expression is unsuitable for RuGPC with CR coarse aggregate
replacement, as the average ratio for experimental to numerical results was 0.52, meaning
it overestimated the compressive strength.

The numerical expression is also unsuitable for nominal concrete regardless of the
design strength or percentage of CR replacement. This is because the compressive strength
of nominal concrete was overestimated by an average of 156.31%, which is why the ex-
perimental to numerical results ratio was as low as 0.41. This is attributed to the fact that
GPC has higher compressive strength than NC of the same concrete grade [106]; also, CR
has a better bond strength with GPC than NC, especially when the CR is treated with
NaOH [47,125]. This is a result of the high percentage of Al,O3 in the binder required
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for geopolymerization. The strength of GPC is dependent on the alkaline geopolymer
matrix formed from dissolved Al and Si ions in the AAS, which is further increased by the
concentration of NaOH.

5.2. Modulus of Elasticity

In this paper, a regression analysis of the results from the experiment is used to
suggest a model to calculate the MoE of RuGPC. The numerical equation is expressed in
Equation (6).

E; =993.5[0.4386 ¢ + 1.3229] (MPa) (6)

where f.; represents the mean compressive strength of an RuGPC cylinder specimen
in MPa.

The suggested model and experimental results have a well-fitted connection, as shown
in Figure 23. The degree of accuracy of the proposed formula in predicting the MoE of
RuGPC is evaluated in Table 10 by calculating its standard deviation and coefficient of
variation with results from previous studies. The results from the models proposed for GPC
by Hassan et al. [29] and Noushini et al. [149] came very close to the experimental results;
hence, the data from the proposed model in this investigation will be compared to those
of Hassan et al. [29] and Noushini et al. [149] to see which formula has a higher accuracy.
Table 9 presents the MoE of this investigation and other investigations and analyzes the
ratio of the experimental results to the numerical results from the proposed models as well
as models proposed by Hassan et al. [29] and Noushini et al. [149].
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Figure 23. Relationship between MoE and compressive strength (fom) of RuGPC.

Table 10. The ratio of MoE experimental to numerical results from the proposed model and
previous research.

REF CR CS MoE Proposed  Noushini et al. [149] Hassan et al. [29]
Experimental 0.00 50.27 23.27 1.00 1.06 0.99
0.00 50.25 23.04 0.99 1.05 0.98
0.00 50.91 23.82 1.01 1.07 1.00
10.00 33.10 16.31 1.04 1.04 1.05
10.00 33.09 16.58 1.05 1.06 1.07
10.00 33.08 16.31 1.04 1.04 1.05
20.00 27.27 13.42 1.02 1.02 1.05
20.00 28.27 13.14 0.96 0.96 0.99

20.00 27.25 13.11 0.99 0.99 1.02
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Table 10. Cont.

REF CR CS MoE Proposed  Noushini et al. [149] Hassan et al. [29]
Metwally et al. [159] 0.00 51.00 24.40 1.04 1.10 1.03
RA10 41.60 20.70 1.06 1.09 1.06
RA20 35.55 17.30 1.03 1.04 1.04
RA30 28.80 14.60 1.05 1.05 1.08
RB10 44.61 22.60 1.09 1.13 1.08
RB20 34.29 18.20 1.12 1.12 1.13
RB30 28.06 15.30 1.13 1.13 1.16
RC10 4434 22.10 1.07 1.11 1.07
RC20 35.84 18.70 1.10 1.11 1.11
RC30 28.71 15.40 1.11 1.11 1.14
RD10 43.82 21.80 1.07 1.10 1.06
RD20 36.78 19.20 1.11 1.12 1.12
RD30 28.87 16.90 1.22 1.21 1.25
Hassan et al. [29] 0.00 54.00 31.50 1.27 1.36 1.25
10.00 48.33 28.70 1.28 1.34 1.27
20.00 40.00 24.20 1.29 1.32 1.29
Alsaif et al. [161] N.M 38.00 20.70 1.16 1.17 1.16
N.M 16.40 15.10 1.78 1.97 1.94
Alsaif et al. [162] 0.00 45.90 21.00 0.99 1.02 0.98
10.00 39.00 20.70 1.13 1.15 1.13
20.00 37.70 18.00 1.01 1.03 1.02
30.00 36.70 17.30 1.00 1.01 1.01
40.00 28.70 14.90 1.08 1.08 1.11
50.00 16.90 11.80 1.36 1.48 1.47
Saloni et al. [17] 0.00 62.61 25.32 0.89 0.98 0.87
10.00 53.22 23.34 0.95 1.02 0.94
20.00 46.50 21.82 1.01 1.05 1.00
30.00 39.91 20.22 1.08 1.10 1.08
10.00 54.47 23.62 0.94 1.01 0.93
20.00 47.74 2211 1.00 1.05 0.99
30.00 43.59 21.13 1.04 1.07 1.04
10.00 57.60 24.29 0.92 1.00 0.90
20.00 54.56 23.64 0.94 1.01 0.93
30.00 46.05 21.71 1.02 1.06 1.01
10.00 55.72 23.89 0.93 1.00 0.92
20.00 49.60 22.54 0.98 1.03 0.97
30.00 48.82 21.42 0.95 1.00 0.94
10.00 58.23 24.43 0.92 0.99 0.90
20.00 54.56 23.70 0.94 1.01 0.93
30.00 45.43 21.57 1.02 1.06 1.02
Igbal et al. [158] 0.00 59.00 34.00 1.26 1.37 1.24
10.00 49.00 26.00 1.15 1.20 1.14
20.00 40.00 20.00 1.07 1.09 1.07
30.00 28.00 14.00 1.04 1.03 1.06
Albidah et al. [163] 0.00 45.90 21.00 0.99 1.02 0.98
20.00 33.50 18.70 1.18 1.18 1.19
40.00 21.10 15.50 1.47 1.51 1.56
Metwally et al. [164] 0.00 58.70 29.30 1.09 1.19 1.07
3.00 58.10 28.30 1.06 1.15 1.04
6.00 53.30 27.40 1.12 1.19 1.10
9.00 51.50 26.40 1.11 1.18 1.10




Constr. Mater. 2025, 5, 42 31 of 40
Table 10. Cont.
REF CR CS MoE Proposed  Noushini et al. [149] Hassan et al. [29]

Noushini et al. [149] SAC 41.70 19.30 0.99 1.01 0.99
HC-1 27.40 13.50 1.02 1.02 1.05

HC-2 37.80 16.60 0.93 0.94 0.94

HC-3 45.60 20.30 0.96 0.99 0.95

HC-4 50.00 22.90 0.99 1.04 0.98

HC-5 44.80 20.40 0.98 1.01 0.97

HC-6 53.90 22.80 0.92 0.98 091

HC-7 60.00 24.40 0.89 0.97 0.87

HC-8 62.30 25.90 091 1.00 0.89

HC-9 52.20 23.90 0.99 1.06 0.98

HC-10 58.60 23.90 0.89 0.97 0.87

HC-11 59.80 25.10 0.92 1.00 0.90

HC-12 60.70 25.80 0.93 1.02 091

AVG 1.06 1.10 1.06

SD 0.14 0.15 0.16
COov 13.47 13.98 15.47

From Table 10, the results predicted by the proposed model in this investigation were
the closest to the experimental results, with ratios in the range of 0.89 to 1.78, with a
standard deviation and coefficient variation of 0.14% and 13.47%, respectively. Therefore,
the modulus of elasticity of rubberized geopolymer concrete can be calculated using
the numerical formula proposed in this investigation. The standard deviation between
the experimental and numerical results for the modulus of elasticity proposed by this
investigation, Noushini et al. (FA-GPC), and Hassan et al. (FA-GPC), was 0.14, 0.15, and
0.16. The average modulus of elasticity of metakalin-based GPC was 1.19, while that of
FA-based RuGPC was 0.9 when predicted with the proposed experimental model. This
implies that there is a strong correlation between the stress—strain parameters of RuGPC
made with GGBFS/FA, FA, and Metakaolin.

5.3. Peak Strain

From Table 8, where the experimental data were compared with the proposed formulas,
it is paramount to formulate a model that can predict the peak strain of the experimental
results of NaOH-treated CR GGBGS/FA-based RuGPC. A numerical model is proposed
in Equation (7) based on regression analysis from the experimental results illustrated in
Figure 24. The degree of accuracy of the model was evaluated in Table 11 by verifying
it with experimental results from the previous literature and checking the coefficient of
variation with models proposed by Hardjito [97] and Noushini et al. [149].

¢, = 0.9762[—0.00001 f,,,, + 0.0039] 7)

where f.;, represents the mean compressive strength (peak stress) of the RuGPC cylinder
specimen in MPa

As shown in Table 11, the results predicted by the proposed model in this investigation
were the closest to the experimental results, with ratios in the range of 0.76 to 1.75 and
a standard deviation and coefficient variation of 0.08 and 6.54%, respectively. Therefore,
the peak strain of rubberized geopolymer concrete can be calculated using the numerical
formula proposed in this investigation. The standard deviation between the experimental
and numerical results of the peak strain modulus from this investigation, Noushini et al.
(FA-GPC), and Hassan et al. (FA-GPC) was 0.08, 0.15, and 0.19 with respect to the peak
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stress. The small standard deviation implies that the binder type (GGBFS/FS, FA, or MK)
has little effect on the peak strain of the material.
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Figure 24. Relationship between peak strain and peak stress (fem) of RuGPC.

Table 11. The ratio of peak strain from experimental to numerical results from the proposed model
and previous research.

Noushini etal. Hardjito et al.

Ref CR Practical Results Proposed [149] [97]
PS MoE Strain Exp/Num Exp/Num Exp/Num
Experimental 0 50.265 23.265 0.00330 1.00 1.60 1.29
0 50.248 23.036 0.00328 0.99 1.59 1.28
0 50.910 23.818 0.00322 0.97 1.58 1.25
10 33.096 16.314 0.00346 0.99 1.32 1.57
10 33.089 16.581 0.00345 0.99 1.32 1.56
10 33.082 16.314 0.00344 0.99 1.32 1.56
20 27.274 13.422 0.00357 1.01 1.26 1.72
20 28.273 13.141 0.00352 1.00 1.26 1.68
20 27.252 13.110 0.00356 1.01 1.26 1.71
Hassan et al. [29] 0 41.910 18.40 0.00333 0.98 1.45 1.39
5 35.090 19.09 0.00299 0.86 1.18 1.33
15 33.200 17.24 0.00305 0.88 1.17 1.38
5 33.530 17.84 0.00363 1.04 1.40 1.64
Alsaif et al. [161] 0 38.000 20.70 0.00285 0.83 1.17 1.23
Alsaif et al. [162] 0 45.900 21.00 0.00320 0.95 1.47 1.29
10 39.700 20.70 0.00280 0.82 1.18 1.19
20 37.700 18.00 0.00330 0.96 1.35 1.43
30 36.600 17.30 0.00275 0.80 1.11 1.21
Igbal et al. [158] 0 59.000 34.00 0.00289 0.89 1.57 1.05
10 49.000 26.00 0.00300 0.90 1.43 1.18
20 40.000 28.00 0.00285 0.83 1.20 1.21
Albidah et al. [163] 0 45.900 21.00 0.00330 0.98 1.51 1.33

20 33.500 18.70 0.00264 0.76 1.02 1.19
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Table 11. Cont.

Noushini etal. Hardjito et al.

Ref CR Practical Results Proposed [149] [97]
PS MoE Strain Exp/Num Exp/Num Exp/Num

Zhang et al. [6] 0 39.400 12.80 0.00600 1.75 251 2.56
5 43.800 19.40 0.00500 1.48 2.23 2.05

10 46.900 19.60 0.00495 1.48 2.30 1.98

15 42.300 18.00 0.00350 1.03 1.53 1.46

20 38.800 14.10 0.00450 1.31 1.87 1.93

AVG 1.24 1.79 1.81

S.D 0.08 0.15 0.19
COoVv 6.54 8.56 10.55

6. Conclusions

This research investigated the effect of crumb rubber on the mechanical and stress—

strain characteristics of rubberized geopolymer concrete, with crumb rubber replacing fine

aggregate at 0%, 10%, and 20%. The results from the experimental program are concluded

as follows:

1.

The standard deviation between the experimental and numerical results of the modu-
lus of elasticity proposed by this investigation, Noushini et al. (FA-GPC), and Hassan
et al. (FA-GPC) was 0.14, 0.15, and 0.16, while that of the peak strain with respect to
the peak stress was 0.08, 0.15, and 0.19. The average modulus of elasticity of metakalin-
based GPC was 1.19, while that of FA-based RuGPC was 0.9 when predicted with the
proposed experimental model. This implies that there is a strong correlation between
the stress—strain parameters of RuGPC made with GGBFS/FA, FA, and Metakaolin.
The peak strain and ultimate strain increased by 8.56% and 55.84%, respectively, when
the percentage of CR was raised to 20%, which shows that rubberized geopolymer
concrete has higher deformability characteristics. This quality of rubberized geopoly-
mer concrete was confirmed when the Poisson’s ratio, toughness, and ductility index
increased by 30.34%, 22.4%, and 156.67%. This makes rubberized geopolymer concrete
very suitable for areas prone to vibration.

The concrete slump, density, compressive strength, peak stress, and modulus of
elasticity of RuGPC reduced by 8.33%, 2.91%, 34.67%, 44.97%, and 43.42%, respectively,
at 20% addition of CR replacement compared to the control specimen. This implies
that the use of rubber aggregate negatively affects concrete workability and load-
bearing capacity.

Numerical models were proposed for the cube compressive strength, modulus of
elasticity, and peak strain of RuGPC at different percentages of crumb rubber. The
findings demonstrate that the model’s predictions fit the experimental data quite well.
The model’s calculated results, with R? values of 0.9508, 0.9935, and 0.9762, show a
high degree of consistency with the experimental data. Formulas proposed by Hassan
et al. and Noushini et al. can also predict the modulus of elasticity of rubberized
geopolymer concrete with a high degree of accuracy.

The failure mode of geopolymer concrete with rubber aggregates showed fewer cracks,
confirming the theory that rubber positively affects the energy absorption capacity
and toughness of concrete. However, it reduces the workability and mechanical
characteristics of concrete. It is paramount to balance the percentage of rubber in
concrete with improved rubber pre-treatment to enable rubberized geopolymer con-
crete to attain the required workability and mechanical qualities while imposing its
dominance in energy dissipation and toughness.
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6.  Theresults show that rubberized geopolymer concrete can be used for the construction
of structural elements subjected to lateral impact and where high energy absorption is
required, e.g., columns in underground car parks and underneath bridges prone to
vehicular collision, airport pavements, etc.
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