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a b s t r a c t

This study presents the feasibility of geopolymer concrete to which crumb rubber from recycled tires has
been added. Geopolymer concrete utilizes industrial by-products like fly ash. Therefore, the use of rub-
berized geopolymer as a binder in concrete production not only reduces the emission of carbon dioxide,
because of the elimination of cement, but also utilizes an industrial disposal of recycled tires to produce a
sustainable construction material. In this research, fly ash, an alkaline liquid mix of sodium hydroxide
and sodium silicate, and crumb rubber were used as the basic constituents of the geopolymer. Various
factors that influence the compressive strength were studied, such as molarity of sodium hydroxide, size
of aggregates, amount of rubber, and types of fly ash. An appropriate amount of rubber may be replaced
with an equal volume of fine aggregates in rubberized geopolymer concrete. The analysis of variance
(ANOVA) indicates that fine aggregates can be replaced with an equal volume of crumb rubber, up to
5% in three types of fly ash-based geopolymer concrete at the 95% confidence level. The regression model
indicates that the correlation between rubber replacement and other parameters are not statistically
significant.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete is the most extensively used construction material in
the world because of its versatile applications. However, the essen-
tial ingredient of concrete is Portland Cement (PC), which is not
considered an environmentally friendly material and consumes
natural raw materials such as limestone and natural sand. The pro-
duction of PC not only uses a considerable amount of energy, but
also emits a substantial amount of carbon dioxide (CO2) and other
greenhouse gases [1]. The production of one ton of PC requires 4 GJ
of energy and emits approximately 1.35 billion tons of CO2 into the
atmosphere annually [2–5]. Due to the production of PC, it is esti-
mated that by the year 2020, emissions of CO2 will increase
approximately 50% from the current levels [6]. Moreover, produc-
tion of one ton of PC consumes about 2.8 tons of raw materials,
including fuel and other natural resources [7].

Geopolymer concrete, an inorganic polymer concrete, has
emerged as a viable low cost and greener substitute for PC-based
concrete, with good properties such as high compressive strength,
low creep, superior acid resistance, and low shrinkage [8–11].
Geopolymer binds the loose fine aggregates, coarse aggregates,
and other unreacted materials together to form the geopolymer
concrete (Hardjito et al. 2004) [5]. It is an alkali-activated binder
produced by a polymeric reaction of alkaline liquids with the sili-
con and aluminum oxides in source materials of geological origin,
like metakaolinite (calcined kaolinite) or industrial by-product
materials such as fly ash and rice husk ash (Davidovits 1999)
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Table 1
Composition of different types of fly ash as determined by XRF (mass %).

Type of Fly ash Type I
Class C

Type II
(Ultra-fine)
Class C

Type III
Class F

Silicon Dioxide (SiO2) 50.67% 58.05% 54.70%
Aluminum Oxide (Al2O3) 18.96% 21.59% 29.00%
Iron Oxide (Fe2O3) 6.35% 5.10% 6.74%
Magnesium Oxide (MgO) 3.12% 1.86% 0.80%
Sulfur Trioxide (SO3) 0.74% 0.39% 0.10%
Available Alkalis as Na2O 0.69% 0.92% 1.88%
Calcium Oxide (CaO) 14.14% 9.42% 1.29%
Loss on Ignition 0.17% 0.46% 2.72%

Table 2
Calculation of moles of solute.

Molarity of solution (M) Moles of solute (g)

1 40
8 320

12 480
14 560
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[12]. It not only generates less CO2 than PC, but also reuses indus-
trial by-products of alumino-silicate composition to produce
added-value construction material products (Hardjito et al. 2004;
Malhotra 2002) [5,9]. It has been reported that coal combustion
production (CCP) constitutes the nation’s second largest waste
stream after municipal solid waste. About 130 megatons (MT) of
CCP were produced in 2011 and 56.57 MT (43.50%) of 130 MT were
utilized (ACCA 2002) [13]. The main types of CCPs are fly ash,
bottom ash, boiler slag, and flue gas desulfurization materials
(FGD). About 59.9 MTs of total CCP were categorized as fly ash.
About 22.9 MTs (38.36%) of fly ash were utilized, and the rest
was disposed of in landfills or surface impoundments, which are
lined with compacted clay soil, a plastic sheet, or both. Utilization
of fly ash in geopolymer concrete replaces PC and assists in produc-
ing a green construction material. Several researchers studied the
effects of parameters such as molarity of sodium hydroxide solu-
tion, curing temperature, curing method, and time on the compres-
sive strength of fly ash-based geopolymer concrete. The effects of
these parameters have not yet been completely identified. Some
researchers have shown that the increase in compressive strength
is in direct relation to an increase in molarity of the sodium
hydroxide solution [14,15], while others have shown a negative
impact on the strength with an increase in molarity [16]. Van Jaars-
veld et al. (2003) reported that the particle size, calcium content,
alkali metal content, amorphous content, and morphology and ori-
gin of the fly ash affected the properties of geopolymers [17]. It was
revealed that the calcium content in fly ash plays an important role
in strength development and final compressive strength, as the
higher calcium content results in accelerated strength develop-
ment and higher compressive strength. Lloyd and Rangan (2009)
found that the presence of calcium could result in flash setting,
and therefore must be carefully controlled [18]. Fernandez-
Jimenez and Palomo (2003) claimed that in order to obtain the
optimal binding properties of the material, fly ash, as a source
material, should have low calcium content [19]. Hardjito and Ran-
gan (2005) observed that a longer curing time and higher curing
temperature resulted in greater compressive strength [14].

The use of crumb rubber, recycled from automotive and truck
scrap tires, in concrete mixes was introduced in the past two dec-
ades to reduce another environmental impact of concrete caused
by the waste of natural resources [20,21]. Approximately 275 mil-
lion rubber tires are disposed of annually in the United Sates [22]
and about 180 million in the European Union [23]. The heavy
metals and other pollutants in tires create an environmental risk
when the tires are placed in wet soils in the landfill, resulting in
the leaching of toxins into the groundwater. In response to these
concerns, many countries have made it illegal to dispose of tires
in landfills and have established strict controls on size and opera-
tions of scrap tire collection facilities [24]. Therefore, structural
applications of rubberized concrete have drawn attention as an
effective way to reduce an environmental risk. The findings from
several early studies indicated that rubberized concrete improves
ductility and impact resistance, but reduces compressive and flex-
ural strength [20,21,23,25–27]. There is a consensus about a severe
reduction in strength and ductility due to excessive rubber con-
tent; however, there is still limited data and information on the
interaction between rubber and the other constituents in geopoly-
mer concrete. Limited studies have been conducted on the effect of
crumb rubber on fly ash-based geopolymer concrete mixtures even
though it has gained much attention in structural applications
among the numerous experimental studies conducted in the liter-
ature references. In addition, the rubber content has a significant
effect on the mechanical properties of rubberized concrete, but
the limited information available on the mechanical behaviors of
rubberized geopolymer concrete still leaves things unclear, and
additional evidences are needed to verify the possibility of
producing geopolymer concrete composites (fly ash-based), where
crumb rubber is a partial replacement of fine aggregates. This
paper investigates the effects of different types of parameters,
including molarity of sodium hydroxide solution, sizes and
amounts of aggregates, curing temperatures, curing methods, and
time on the compressive strength of rubberized geopolymer con-
crete, depending on the types of fly ash.
2. Experimental program

2.1. Materials

The main constituents of geopolymer are the source materials
(metakaolinite, kaolinite, fly ash, and slag) and the alkaline liquids,
which serve as the activator. Since the calcium content in fly ash is
the best indicator of how the fly ash will behave in concrete
mixtures, in this study, class F and class C fly ashes (low and high
calcium contents, respectively) obtained from three different
resources were examined as source materials that are rich in sili-
con and aluminum [28]. Table 1 shows the chemical composition
of the different types of fly ash, as determined by X-ray fluores-
cence (XRF) analysis.

A combination of sodium hydroxide and sodium silicate solu-
tions was used as the activator (the alkaline liquid). Sodium
hydroxide in the form of flakes (NaOH with 98% purity), and
sodium silicate solution (Na2O = 10.6%, SiO2 = 26.5% and den-
sity = 1.39 g/ml at 25 �C) were used. To prepare the sodium
hydroxide solution, sodium hydroxide flakes, depending on the
molarity, were first weighed and dissolved in one liter of distilled
water. The molarity is defined as number of moles of solute per
liter of solution. In order to prepare the solution of 1 M, 40 g of
NaOH flakes (molecular weight of NaOH = 40) were dissolved in
one liter of water (see Table 2). The hydroxide solution was left
for about two hours to allow the exothermically heated liquid to
cool to room temperature. The sodium silicate solution was added
to the required amount of hydroxide solution to prepare the alka-
line solution. The alkaline solution was prepared 24 h prior to use.
On the next day, a super plasticizer (SP), based on polycarboxylic
ether (PCE) with pH-value (20 �C) from 6.5–8.5 and water to create
20% of SP-solution, was added to the hydroxide solution. The
aggregates and fly ash were mixed in the concrete mixer for about
4 min. The solution was shaken properly, poured into the mixer,
and mixed for 4–5 min.
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Particle shapes and sizes were analyzed using a scanning elec-
tron microscope (SEM: Model S-4800), and the obtained images
are presented in Fig. 1. The particle shapes were primarily solid
spheres with irregular-shaped particles, and sizes ranged from
50 lm to 200 lm for Type I (Class C with CaO of 14.14%) and Type
III (Class C with CaO of 1.29%) fly ash. However, Type II fly ash
(Class C with CaO of 9.42%) showed finer particle size distribution,
ranging from 1 lm to 60 lm, respectively.

Shredded crumb rubber is obtained from used automotive tires
and has particles ranging from 0.075 mm (0.003 in.: No. 200 Sieve)
to 4.75 mm (0.19 in.: No. 4 Sieve) (see Fig. 2). The addition of
crumb rubber reduces the unit weight of the concrete mixture
because the mineral aggregates have a higher unit weight than
the crumb rubber particles. Crumb rubber with different replace-
ment ratios of 5–20% (by volume) for sand (fine aggregate) was
used in the geopolymer concrete mixture (see Fig. 2).

2.2. Mix designs

Based on the limited past research on rubberized geopolymer
mixtures available in the literature and the experience gained
during the preliminary experimental works, the parameters
considered for the constituents of the mixtures were as follows:

� Amount of crumb rubber (5, 10, 15, and 20%: replacement of
fine aggregate by volume)

� Type of fly ash – varies with the percentage of CaO (14.14%,
9.42%, 1.29%)

� Concentration (molarity) of sodium hydroxide solution (8 M
and 14 M)

� Ratio of sodium silicate (Na2SiO3) to sodium hydroxide (NaOH):
2 and 1/2

� Sizes and amounts of coarse aggregates (9.5 mm or 16 mm)
constituted 75–80% of entire mix by mass

� Super Plasticizer constituted (20% solution) = 2% of entire mix
(except fine aggregate) by mass.
Fig. 1. Fly-ash particle size (SEM image): (a) Type I (CaO: 14.14%), (b) T
2.3. Compressive test method

Compressive cylinders were prepared for each mix design and
tested in accordance with ASTM C39 ‘‘Standard Test Method for Com-
pressive Strength of Cylindrical Concrete Specimens” [29]. The dimen-
sions of the cylinders were 100 mm � 200 mm (4 in. � 8 in.), and
all specimens were compacted with the help of a table-type vibra-
tor, demolded after 24 hours (after production) during the curing
period (Steam-Curing : 100% Relative Humidity, 46 �C (115 �F)),
and tested 7 days after production. For the cylinder compression
tests, the compressive load was applied axially to the cylinder at
a rate within a prescribed range of 0.25 ± 0.05 MPa/s (35 ± 7 psi/
s). This was applied continuously and slowly, without shock,
throughout the test, until the load indicator showed that the load
decreased steadily.
3. Results and discussion

After completion of all cylinder tests, data was accumulated and
compressive strengths were compared, depending on the variable
parameters. The data corresponded to the mean value of the com-
pressive strengths of the three tested cylinders. The 7-day com-
pressive strength of geopolymer concrete with different amounts
of crumb rubber, ratios of sodium silicate (Na2SiO3) to sodium
hydroxide (NaOH), concentration of NaOH solution (molarity),
and sizes of aggregates are presented in Table 3.

The highest compressive strength was found to be 42.5 MPa
(6.2 ksi), obtained when Class C fly ash-based geopolymer concrete
(Type I: CaO = 14.14%) was activated by the mixed alkali solution
(activator : Na2SiO3/NaOH = 2.0) containing larger size aggregates
(16 mm) with 14 M concentration of sodium hydroxide (NaOH),
without any crumb rubber. The lowest strength was found to be
16.5 MPa (2.4 ksi), obtained when Class F fly ash-based geopoly-
mer concrete (Type III: CaO = 1.29%) was activated by the mixed
alkali solution (activator: Na2SiO3/NaOH = 0.5), containing larger
ype II (CaO: 9.42%)-Ultra fine particle, and (c) Type III (CaO: 1.29%).



Fig. 2. (a) Crumb rubber, (b) Rubberized geopolymer concrete mixture (before adding alkaline solution), and (c) Rubberized geopolymer concrete mixture (after adding
alkaline solution).
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size aggregates (16 mm), with 14 M concentration of sodium
hydroxide (NaOH), with 20% of crumb rubber to partially replace
the sand (fine aggregates) by volume. Regardless of the amount
of crumb rubber, the compressive strength of the rubberized
geopolymer increased with the use of larger-sized aggregates
(16 mm), the higher ratio of sodium silicate (Na2SiO3) to sodium
hydroxide (NaOH), and the higher concentration of sodium
hydroxide (14 M) for all types of fly ash. This is consistent with
other geopolymer concrete studies by Diaz-Loya et al. (2011),
Hardjito et al. (2004), Guo et al. (2010), and Al Bakri et al. (2011).
3.1. Type of fly ash varying with the percentage of CaO (14.14%, 9.42%,
and 1.29%)

Mixes 1 through 5 (Type I), 20 through 23 (Type II), and 28
through 31 (Type III) were made from three different types of fly
ash as shown in Table 3. Under the same concentration of NaOH
and the ratio of alkaline solutions, Mix 1 (CaO = 14.14%) had a
strength of 42.5 MPa – 7 days after casting. Mix 20 (CaO = 9.42%)
and Mix 28 (CaO = 1.29%) showed 37.9 MPa and 28.6 MPa, respec-
tively, corresponding to values of 89% and 67% of Mix 1 compres-
sive strength (See Table 3). The compressive strength of
geopolymer concrete increased with the increase of the CaO con-
tent. The addition of the same amount of crumb rubber, replaced
by 5–20% (by volume) of fine aggregates in the geopolymer mix-
ture, weakened the axial compressive strength, as shown in
Fig. 3. Mix 5 (CaO = 14.14%), with 20% rubber replacement had
the strength of 32.3 MPa, with a reduction rate of 24%. Mix 23
(CaO = 9.42%) and Mix 31 (CaO = 1.29%) showed 31.8 MPa and
22.2 MPa, with the strength reduction rates of 16% and 22%,
respectively. The smallest strength reduction rate with 20% rubber
replacement was 16% ((37.9–31.8) MPa/37.9 MPa), occurring in
Mix 23 (Cao = 9.42%, fine fly ash particles), as shown in Fig. 3.
The degree of compressive strength reduction was greater for
larger fly ash particle sizes (50–200 lm) than for smaller fly ash
particle sizes (1–60 lm). However, under the same concentration
of NaOH and ratio of alkaline solutions, the compressive strength
of rubberized geopolymer concrete increased with the increase of
the CaO content. The content of CaO plays a significant role in
the compressive strength of the rubberized geopolymer concrete.

3.2. Molarity of sodium hydroxide (NaOH) solution (8 M and 14 M)

Type I-based mixes 1 through 5 and 11 through 15, Type II fly
ash-based mixes 28 through 31, and Type III-based mixes 36
through 38 were made from two types of molarity of NaOH solu-
tions (See Table 3). Fig. 4 shows that for both types of fly ash, the
mix with a higher concentration of NaOH solution (14 M) yielded
a higher compressive strength at 7 days than the mix with the
lower concentration of NaOH solution (8 M). In the case of Type I
fly ash, the mix with a lower concentration of NaOH solution
(8 M) yielded, on the average, 70% (29.9/42.5) of compressive
strength than the higher concentration of NaOH solution (14 M).
As in the case of Type III fly ash, the mix with a lower concentration
of NaOH solution (8 M) yielded, on average, 87% (24.9/28.6) of
compressive strength of the higher concentration of NaOH solution
(14 M). This indicates that the compressive strength of the
geopolymer concrete varies with the molarity of the NaOH solu-
tion, depending on the type of fly ash. This is thought to be due
to the different chemical reactions involved and the formation of
different compounds while using two different types of fly ash that
vary in their chemical composition. This is probably a calcium
aluminosilicate glass structure that is significantly more reactive
with water than the siliceous glass structure [30] and leads to
the formation of calcium silicate hydrate compounds, in addition
to the geopolymerization products, augmenting the mechanical
strength of the hardened matrix.

The same tendency was observed after the addition of crumb
rubber to the geopolymer mixture; however, the reduction
rate of compressive strength seemed to increase with the
decrease of the concentration of NaOH. (See the reduction rate
comparisons in Table 3.) Statistical analysis confirms this
observation mentioned.
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Fig. 3. Comparison of compressive strength with respect to type of fly ash.
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Table 3
Mix designs and compressive strength of specimens (water: 40 kg/m3, SP: 3 kg/m3).

Mix No. Fly Ash* Sand Rubber Conc. of
NaOH (M)

Na2SiO3/NaOH f0c (MPa) Strength
Reduction

(kg/m3) (kg/m3) (kg/m3) 1 2 3 Ave Std.

1 408(I) 630 0.0 (0) 14 2 40.2 44.6 42.7 42.5 2.2 1
2 408(I) 599 9.7 (5) 14 2 37.7 42.3 41.8 40.6 2.5 0.96
3 408(I) 567 19.7 (10) 14 2 37.2 36.7 42.4 38.8 3.2 0.91
4 408(I) 535 29.7 (15) 14 2 34.9 39.5 35.5 36.6 2.5 0.86
5 408(I) 504 39.4 (20) 14 2 31.6 36.1 29.3 32.3 3.5 0.76

6 408(I) 630 0.0 (0) 14 0.5 27.8 30.3 32.4 30.2 2.3 1
7 408(I) 599 9.7 (5) 14 0.5 32.4 24.8 26.7 28 4 0.93
8 408(I) 567 19.7 (10) 14 0.5 26.6 29.6 25.2 27.1 2.2 0.9
9 408(I) 535 29.7 (15) 14 0.5 23.8 22.3 27.6 24.6 2.7 0.81

10 408(I) 504 39.4 (20) 14 0.5 25.7 22.3 16.6 21.5 4.6 0.71

11 408(I) 630 0.0 (0) 8 2 29.3 26.8 33.7 29.9 3.5 1
12 408(I) 599 9.7 (5) 8 2 32.4 27.4 24.1 28 4.2 0.93
13 408(I) 567 19.7 (10) 8 2 27.3 27.1 22.1 25.5 2.9 0.85
14 408(I) 535 29.7 (15) 8 2 18.3 21.7 28.1 22.7 5 0.76

15 408(I) 504 39.4 (20) 8 2 16.6 17.9 23.6 19.4 3.7 0.65
16** 408(I) 630 0.0 (0) 14 2 39.8 32.8 31.7 34.8 4.4 1
17** 408(I) 567 19.7 (10) 14 2 30.4 36.6 32.1 33 3.2 0.95
18** 408(I) 535 29.7 (15) 14 2 29.6 30.6 26.4 28.9 2.2 0.83
19** 408(I) 504 39.4 (20) 14 2 27.9 28.7 27.4 28 0.7 0.81

20 408(II) 630 0.0 (0) 14 2 40 35.5 38.1 37.9 2.3 1
21 408(II) 567 19.7 (10) 14 2 30.4 37.8 39.9 36 5 0.95
22 408(II) 535 29.7 (15) 14 2 39.1 34.1 29.5 34.2 4.8 0.9
23 408(II) 504 39.4 (20) 14 2 31.6 25.3 38.6 31.8 6.7 0.84

24 408(II) 630 0.0 (0) 14 0.5 28.8 32.6 25.2 28.9 3.7 1
25 408(II) 567 19.7 (10) 14 0.5 31.8 24.6 24.8 27.1 4.1 0.94
26 408(II) 535 29.7 (15) 14 0.5 25.5 22.8 27.1 25.1 2.2 0.87
27 408(II) 504 39.4 (20) 14 0.5 20.8 27.1 19.4 22.4 4.1 0.78

28 408(III) 630 0.0 (0) 14 2 34.3 25.8 25.7 28.6 4.9 1
29 408(III) 567 19.7 (10) 14 2 30.6 25.9 20.4 25.6 5.1 0.9
30 408(III) 535 29.7 (15) 14 2 29.6 27.3 18.9 25.3 5.6 0.88
31 408(III) 504 39.4 (20) 14 2 19.5 29.8 17.3 22.2 6.7 0.78

32 408(III) 630 0.0 (0) 14 0.5 20.8 23.8 27.1 23.9 3.2 1
33 408(III) 567 19.7 (10) 14 0.5 20.9 20.4 16.3 19.2 2.5 0.8
34 408(III) 535 29.7 (15) 14 0.5 18.9 20.6 15.6 18.4 2.5 0.77
35 408(III) 504 39.4 (20) 14 0.5 17.3 14.6 17.6 16.5 1.7 0.69

36 408(III) 630 0.0 (0) 8 2 25.3 20.3 29.1 24.9 4.4 1
37 408(III) 535 29.7 (15) 8 2 16.9 24.8 18.3 20 4.2 0.8
38 408(III) 504 39.4 (20) 8 2 16.3 21.8 14.4 17.5 3.8 0.7

* Note: (Type I) CaO: 14.14%, (II) CaO: 9.42%, and (III) CaO: 1.29%.
** Note: 9.5 mm of coarse aggregate size (16 mm of coarse aggregate were used except mixes of 16 through 19).
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3.3. Size and amount of aggregates (9.5 mm or 16 mm)

To study the effects of the size and amount of aggregates on the
compressive strength of the rubberized geopolymer concrete,
Mixes 1 through 5 and 16 through 19 in Table 3 were prepared
from Type I fly ash (CaO = 14.14%). Table 3 shows that the presence
of larger size aggregates (16 mm) increased the compressive
strength of the geopolymer concrete. This may be because the
use of large size aggregates with rough surfaces provides better
interlocking between them. Similarly, the compressive strength
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of cement-based concrete were found to increases as the size of
coarse aggregate increases [31].
3.4. Ratio of sodium silicate (Na2SiO3) to sodium hydroxide (NaOH)

The variations of compressive strength are presented with dif-
ferent ratios (2.0 and 0.5) of sodium silicate (Na2SiO3) to sodium
hydroxide (NaOH) and the amount of crumb rubber in Fig. 5 and
Table 3. Mixes 1 through 10, 20 through 27, and 28 through 35
for Types I (CaO = 14.14%), II (CaO = 9.42%), and III (CaO = 1.29%),
respectively, were compared. A higher ratio (2.0) of Na2SiO3 to
NaOH provided 40.7%, 31.1% and 19.6% higher compressive
strength than the lower ratio (0.5) of Na2SiO3 to NaOH for Types
I, II, and III, respectively, since the higher quantity of Na2SiO3 influ-
enced change in the microstructure of geopolymer, and a lower
quantity of Na2SiO3 caused an insufficient dissolution process of
geopolymer formation. The same tendency was observed with
the addition of crumb rubber. However, the Type II fly ash
(CaO = 9.42%) showed a smaller reduction rate of compressive
strength with the increase of crumb rubber. This indicates that
smaller particle sizes of fly ash lead to a small loss of compressive
strength.
3.5. Rubber content

The influence of crumb rubber content on the average compres-
sive strength of geopolymer concrete is shown in Fig. 6. Generally,
the compressive strength with 0.5 ratio of sodium silicate to
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sodium hydroxide is lower than 30 MPa even without crumb rub-
ber. Therefore, rubberized geopolymer concrete with the ratio of
sodium silicate to sodium hydroxide 0.5 is not recommended.
When considering the 2.0 ratio of sodium silicate to sodium
hydroxide (14 M), the rubber may be replaced up to 15, 20 and
15%, in Type I, Type II, and Type III fly ash-based geopolymer con-
crete, respectively, to exhibit less than approximately 15% reduc-
tion of compressive strength. Further investigation of the mean
difference is conducted in the following section.
4. Statistical analysis

The regression analysis and analysis of variance (ANOVA) pro-
vided the information of the statistical importance of explanatory
terms (i.e., predictors in the regression model) and interactions
between predictors.
4.1. Regression model development

The authors performed the preliminary analysis with design
parameters. It was found that the reduction of strength is solely
affected by the ratio of rubber to sand. The other parameters, such
as the type of fly ash (CaO contents), the ratio of sodium silicate
(Na2SiO3) to sodium hydroxide (NaOH), and the concentration of
the sodium hydroxide solution do not interact with the ratio of
rubber contents. Therefore, the regression model was set up in
two steps. First, the regression model was used to predict the
strength of concrete without rubber content. Second, the strength
of concrete was assumed, and the strength reduction was evalu-
ated as a function of rubber content. Finally, both compressive
strengths of geopolymer, f crc0 and f crc R were predicted with one
regression model.

The regression model of fcrc0 is presented as follows. There are
significant interactions between CaO contents (in decimal) and
other parameters (Na2SiO3

NaOH and NaOH ðMÞ) to aid in predicting the
strength of concrete without rubber content, f crc0 (MPa). The
regression analysis, using the step-wise reduction procedure, was
performed. The procedure excluded the least important parameter,
which exhibited the p-value of less than 0.05. The parameters used
to predict the strength of concrete are presented in Table 4. The
adjusted R-squared coefficient of determination (R2-value) was
estimated to be 0.89. This indicates that the proposed equation
exhibited the rational model with the least parameters. However,
it should be noted that the model is only applicable with the ranges
of values in parameters in this study. The compressive strength of
geopolymer concrete without any rubber content, fcrc0, can be for-
mulated as follows:

f crc0 ¼ h0 þ CaO h1
Na2SiO3

NaOH
þ h2NaOH þ h3CaO

� �
ð1Þ

As shown in Eq. (1), the CaO content plays an important role in
increasing the strength of geopolymer concrete. At the same time,
the strength is increased with a higher value of Na2SiO3

NaOH .
Table 4
Parameters in Regression Model to Predict fcrc0.

Parameter Estimate Standard Error p-value

h0 11.45 2.85 0.0001
h1 24.42 6.06 0.0001
h2 7.89 1.59 2.65e�06
h3 �748.9 153.4 3.69e�06
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As seen in the interaction term between ðCaOÞ and ðNaOHÞ in
Eq. (1) the increase of NaOH with higher CaO content tends to
increase effectively the compressive strength.

The intent of this model development was to evaluate the
impact of rubber replacement on the reduction of strength, and it
was clear that the strength of the concrete was reduced by an
increase in the rubber replacement. There is no significant statisti-
cal evidence that the interaction between the rubber replacement
and other parameters determines the strength of concrete, f crc0avg ;
of any of the mix designs. In this study, the ratio of rubber to sand
by weight (kg/m3) ranged from 0.016 to 0.078. These values are
equivalent to the volume replacement of 5–20%, respectively. The
parameters to predict the strength of concrete are presented in
Table 5. The compressive strength of geopolymer concrete contain-
ing rubber, fcrcR, can be expressed as follows:

f crcR ¼ h0 þ h1f crc0 avg þ h2ðRubber=SandÞ ð2Þ
The model exhibited the R2 value of 0.79. This indicates that the

rubber replacement reduced the compressive strength. Since the p-
value of h0 is less than 0.05, the intercept seems insignificant, and
the value of intercept can be considered as the error term of the
model.

f crcR ¼ f crc0 avg � 97ðRubber=SandÞ ð3Þ
Finally, the regression model was proposed to predict the

f crcR and f crc0 by using all of the parameters considered in this
study. This analysis enabled the investigation of the correlation
between rubber replacement and other parameters determining
geopolymer strength. In particular, the analysis attempted to
investigate the correlation between the addition of crumb rubber
and the ratio of sodium silicate (Na2SiO3) to sodium hydroxide
(NaOH). This was not clearly identified in the existing dataset. Sta-
tistically, the interaction of these parameters was insignificant
based on the p-value of greater than 0.05. The stepwise regression
model is shown in Eq. (4), excluding the less important parameters
and interactions. The regression model is presented as follows:

f crcR;0 ¼ h0 þ h1
Rubber
Sand

� �
þ h2

Na2SiO3

NaOH

� �
þ CaO½h3NaOH þ h4CaO�

ð4Þ
Eq. (4) exhibits the R2-value of 0.74. Table 6 shows the esti-

mated values for predicting the compressive strength of geopoly-
mer concrete with rubber content ranging from 0 to 20%. As
shown in Eq. (4), the rubber content is not strongly correlated
Table 5
Parameters in Regression Model to Predict fcrcR.

Parameter Estimate Standard Error p-value

h0 0.30 1.84 0.86
h1 1.00 0.06 9.23e�35
h2 �97.0 11.0 1.55e�14

Table 6
Parameters in Regression Model to Predict fcrcR and fcrc0.

Parameter Estimate Standard Error p-value

h0 3.15 4.40 0.475
h1 �101.3 12.23 3.67e�13
h2 5.46 0.538 2.26e�17
h3 6.52 2.75 0.0200
h4 �1099 292 0.0002
with other parameters to determine the compressive strength,
fcrc0 for determining h2 h3; and h4. As the rubber replacement
increased, the compressive strength of geopolymer concrete
clearly reduced, with the value of 101.3 times the replacement
ratio by weight.
4.2. Evaluation of rubber replacement

Even though the replacement of rubber is a significant factor in
reducing the compressive strength of geopolymer concrete, a sta-
tistical evaluation was needed to determine the threshold of
replacement to meet the specified performance such as compres-
sive strength. The result of ANOVA is presented in this section.
Fig. 7 shows the box plot of geopolymer concrete with respect to
the weight (volume) replacement ratio of rubber to sand.
Box plot displays the distribution of data with minimum, first
quartile, mean, third quartile, and maximum. The value of y-axis
is the normalized compressive strength of geopolymer concrete

(= f crc0
f crc0 avg

or f crcR
f crc0 avg

).

Table 7 shows the summary of statistical analysis, comparing
the two means. The differences of the two means (A-B) and 95%
confidence intervals are presented. When the p-value is less than
0.05, it indicates that the difference of the means of groups is sig-
nificant. For example, the difference of 0% rubber replacement and
5% rubber replacement are statistically not significantly different at
the 95% confidence level (p-value > 0.05). However, the p-value of
10% and 0% rubber replacement clearly indicates that the differ-
ence of compressive strength is significant at the 95% confidence
level. Therefore, the threshold for the replacement level to ensure
no significant change in compressive strength reduction can be
found between 5 and 10%. The additional replacement of 5% appar-
ently exhibits no reduction in the compressive strength compared
to both 10 and 15% replacement level at the 95% confidence level.
However, the 5% additional replacement significantly reduces the
strength in the change of volume from 15 to 20%.

Interestingly, the additional replacement of 10% exhibits no
reduction of strength statistically in the change from 5% to 15%
replacement (p-value = 0.123 < 0.05). In summary, a 10–15% inter-
val of replacement level is generally required to confirm that the
mean of the compressive strength is reduced by the volume
change. However, in the high volume replacement, a 5% increase
in rubber replacement significantly affects the strength change
(e.g., 15% versus 20% replacement). Lower volume change levels
of at least 10% are needed to observe the significant change of
strength (e.g., 0 versus 10% replacement, 10% versus 20%
replacement).
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Fig. 7. Box plot of normalized compressive strength.



Table 7
Statistical Analysis: Group Comparisons.

Group Comparisons
Replacement %

Lower Bound
of C. I. of Mean
Difference (95%)

Mean
Difference
(A-B)

Upper Bound
of C. I. of Mean
Difference (95%)

p-value

A B

0% 5% �0.0612 0.0611 0.1834 0.6380
0% 10% 0.0105 0.0997 0.18888 0.0203
5% 10% �0.0856 0.0386 0.1628 0.9103
5% 15% �0.0162 0.1061 0.2285 0.1213
5% 20% 0.0705 0.1929 0.3152 0.0003
10% 15% �0.0216 0.0676 0.1567 0.2268
10% 20% 0.0651 0.1543 0.2435 0
15% 20% 0.0002 0.0867 0.1732 0.049

50 Y. Park et al. / Construction and Building Materials 118 (2016) 43–51
5. Conclusions

This paper focuses on the performance-based investigation of
the parameters that significantly influence the mechanical proper-
ties of high and low calcium (Classes C and F that are rich in silicon
and aluminum), fly ash-based, rubberized geopolymer concrete, in
which recycled tire rubber was used to partially replace sand (fine
aggregates), ranging in volume from 0 to 20% by volume. The fol-
lowing conclusions can be drawn from this study:

1. The cylinder compressive strength of the geopolymer concrete
decreases with the increase in crumb rubber content. Regard-
less of the type of fly ash, the concentration of the sodium
hydroxide solution, or the ratio of the alkali-activator, the addi-
tion of crumb rubber decreases the compressive strength of
geopolymer concrete.

2. The type of fly ash and the ratio of sodium silicate (Na2SiO3) to
sodium hydroxide (NaOH), as the mixed activator, leads to a
significant reduction of compressive strength. Larger strength
reduction due to the addition of crumb rubber is observed with
a lower ratio of sodium silicate (Na2SiO3) to sodium hydroxide
(NaOH). Type II-based geopolymer concrete with finer particle
size exhibits less reduction of compressive strength than Types
I and III-based geopolymer concrete.

3. The regression models were proposed to understand the critical
parameters and to determine the compressive strength of
geopolymer concrete and the impact of rubber replacement
on strength reduction. A stepwise regression model enabled
the identification of key parameters and the correlation
between parameters without a significant sacrifice of accuracy
of the model. Rubber replacement plays a significant role in
the reduction of compressive geopolymer concrete strength.
For example, the compressive strength is reduced by 97–101
times the ratio of rubber to sand by weight (kg/m3). In addition,
there is no significant statistical evidence that the interaction
between the rubber replacement and other parameters of the
mix designs. However, it should be noted that the model is
only applicable with the ranges of values in parameters in this
study.

4. An appropriate amount of rubber may be replaced with an
equal volume of fine aggregates in rubberized geopolymer con-
crete without significant reduction of the compressive strength.
The range of replacement level from 10 to 15% is required to
ensure that the mean of compressive strength is statistically
reduced by the volume change. Otherwise, it cannot be statisti-
cally significant for 5% intervals of replacement, except for the
change from 15 to 20%. The rubber replacement of at least
10% leads to reducing the significant change of compressive
strength in the basis of the control (0% replacement).
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