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Abstract: Low calcium fly ash is used as the main material in the mixture and the crumb rubber
was used in replacing fine aggregates in geopolymer mortar. Sodium hydroxide (NaOH) and sodium
silicate (Na2SiO3) which were high alkaline solution were incorporated as the alkaline solution. The fly
ash reacted with the alkaline solution forming alumino-silicate gel that binds the aggregate to produce
a geopolymer mortar. The loading of crumb rubber in the fly ash based geopolymer mortar was set at 0%
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(CRGM-0), 5% (CRGM-5), 10% (CRGM-10), 15% (CRGM-15), and 20% (CRGM-20), respectively.
NaOH solution (12M) and Na2SiO3 solution ratio is set constant at 2.5 for all geopolymer mixture and
the fly ash to alkali activator ratio was kept at 2.0. The CRGM at 28 days of curing time was exposed to
elevated temperature at 200◦C, 400◦C, 600◦C and 800◦C. The weight loss of the CRGM increases with
increasing temperature at all elevated temperatures. However, the density and compressive strength of
CRGM decrease with an increase of crumb rubber loading for all elevated temperature exposure. The
compressive strength of CRGM reduced due to the fact that rubber decomposes between 200◦C and
600◦C thereby creating voids. CRGM-15 and CRGM-20 showed cracks developed with rough surface
at 800◦C. Image obtained from scanning electron microscope (SEM) showed that, the CRGM changed
significantly due to the decomposition of crumb rubber and evaporation of the free water at 400◦C,
600◦C and 800◦C.

Keywords: fly ash, geopolymer, crumb rubber, elevated temperature exposure

1. Introduction

Geopolymer concrete has been widely researched due to its potential for replacing
Ordinary Portland Cement (OPC) as a binder. Fly ash in the geopolymer itself, which
is rich with Silicon (Si) and Aluminium (Al) can be activated by an alkaline solution
was used as a binder in the concrete mixture instead of cement [1]. The development
of fly ash based geopolymer concrete is an attempt to the challenge in producing more
environmentally friendly concrete. The use of by-product material such as fly ash as a base
material for the concrete binder in replacing OPC through a geopolymerization process
has attracted a lot of attention globally [2–7]. In some applications, it is desired that
concrete should have low unit weight, high toughness and impact resistance [8,9]. Although
concrete is the most commonly used construction material, it does not always fulfil these
requirements [10]. Therefore, new applications as rubberizedmortar or rubberized concrete
have been explored and researched in order to improve elastic properties of concrete as
well as to promote recycling waste materials [11–15]. One of the recommended solutions
to solve this environmental problem is by incorporating rubber aggregates acquired from
unwanted worn tires into the cement concretes [16].
Nowadays, the utilization of recycled rubber in many applications has received a great

attention, including its application in constructions [17–20]. In this way, the activity pro-
motes more sustainable and eco-friendly buildings therefore encourages the concept of
sustainable production. Rubber aggregate itself has lower density compared to a conven-
tional aggregate thus contribute to the development of semi or fully lightweight concrete.
The use of rubber aggregates helps to reach a more economical design [21]. In addition to
that, utilization of recycled rubber is proven to be good as fine aggregate for reinforcing
concrete as well as several other polymers [9]. Although many studies have been conducted
in reinforcing concrete, research focusing on the optimum percentage content of rubber
particles incorporated in geopolymer or OPCmortars are still lacking. Previous researchers
only highlighted the minimum and maximum contents of rubberized concrete and rubber-
ized concrete mortars, but none have explained on the effects of different composition of
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it [22]. However, researchers concluded that concrete mortars can be unworkable when the
fine natural aggregate replacement by rubber particles exceeds 20% [23–28].
Investigations on the use of fly ash and rubber tire waste in rubberized fly ash based

geopolymer concrete are likely to increase, as this offers an environmentally sustainable
option of using industrial waste to form useful materials. Geopolymers were reported to
possess excellent fire-resistant performance due to their characteristics like ceramic and
prepared using alkali activation and alumino-silicate rawmaterials [29–45]. It was reported
that the carbon compositemade using geopolymermatrix retains considerable strength even
at 1000◦C [46].
Kong et al. [36] reported that the strength of fly-ash based geopolymer paste increased

6% after an exposure to elevated temperature of 800◦C. While numerous geopolymer
systems have been proposed and patented [29], most of them are difficult to work with
and require great care in their production. In addition, the polymerization reaction is very
sensitive to the temperature and usually requires the geopolymer concrete to be cured at
elevated temperature under a strict controlled temperature regime [33, 39]. On the other
hand, Luhar [47] investigated on the effects of elevated temperature exposure on rubberized
geopolymer concrete and found that, the strength of control and rubberized geopolymer
concrete decreased after a thermal exposure up to 600◦C. However, compressive strength
increased when the exposure to the temperature is greater than 600◦C. In addition, it was
observed that the compressive strength was found higher at 800◦C than that at 600◦C [47].
Asmortar is a different kind ofmaterial which, an increase in the temperature influences

both the fine aggregate and the cement paste. Further, the behavior of mortar at high
temperatures depends on its composition and the properties of its individual components.
The strength of the control and rubberized geopolymer decreases after thermal exposure
up to 600◦C [47]. Numerous works can be found in the literature on the effects of elevated
temperature against normal and high strength concretes [40–48]. Reports showed that
concrete exposed to high temperatures loses its compressive strength more than 60%
when heated to 800◦ and probably complete damage when heated above 1000◦ [36].
Nevertheless, there is a need to investigate rubberized geopolymer mortar when exposed
to various elevated temperatures, as the research focusing on this investigation is still
lacking. In addition, it is obvious that rubberized geopolymer mortar needs further research
in order to clearly understand the behavior of rubber inside the mortar at various tem-
peratures.

2. Raw materials

A low calcium fly ash was used as a source material in the production of crumb rubber
geopolymer mortar mixture. This fly ash is classified as a Class F Fly Ash according to
the ASTM C618 [49] definitions, due to the relatively low calcium content. The source of
the fly ash used was acquired from Sultan Salahuddin Abdul Aziz Power Station, Kapar,
Selangor, Malaysia. Crumb Rubber was used in this study in which it was extracted from
used tires with maximum size is equivalent to that of fine aggregates such as natural
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fine aggregates. This crumb rubber is supplied by Gcycle Factory, Sungai Petani, Kedah.
The addition of crumb rubber was added in the mixture by weight percentage in steps of
0%, 5%, 10%, 15%, and 20%.
Sodium hydroxide (NaOH) powder with purity 99% (Formosoda-P, Taiwan) was used

to produce NaOH solution. Sodium silicate (Na2SiO3) was acquired from Musbash Re-
sources Sdn. Bhd., Kuala Lumpur, Malaysia in the form of liquid solution was used in the
preparation of alkaline activator. It was in greenish and blue owing color with a density
of 2.61 g/cm3.

3. Mixing method
In order to produce 12 M NaOH solution, 480 g of NaOH powder were dissolved in

1 L distilled water and allowed to cool down at room temperature. The alkaline activator
was prepared by mixing NaOH and Na2SiO3 and the ratio of Na2SiO3 to NaOH was fixed
at 2.5. The 2.0 ratio of solid to liquid was kept fixed for all mixtures. The crumb rubber and
fly ash were then mixed in a dry state for 30 seconds, then alkaline activator was mixed into
the mixtures using a hand mixer for another 10 minutes until a homogenous mixture was
formed. Therefore, the different loading of crumb rubber in the fly ash based geopolymer
mortar mix was completely prepared.

4. Casting and curing
The geopolymer paste with the addition of crumb rubber was poured into a 50×50×50

mm steel cube moulds in accordance with ASTM C109 [50] standard and compacted on
a vibration table for few minutes. The samples were sealed with a thin plastic film to
prevent contaminants and moisture loss. The cube specimens were then left cured at room
temperature and demoulded after 24 hours.
After 28 days, cured geopolymers were heated in a Furnace model Carbolite CWF

at 200◦C, 400◦C, 600◦C, and 800◦C with a heating rate of 4.4◦C/min. As soon as the
target temperature was attained, the specimens were put inside the furnace for 2 hours. The
specimens were then allowed to cool naturally into room temperature inside the furnace.
For comparison, one set of the samples was left to cool at ambient temperature (29◦C).
Three samples were tested for each parameter. Finally, weight loss and compressive strength
tests were conducted on the specimens. The chemical changes in specimens after exposure
were examined using SEM analysis.

5. Testing

5.1. Compressive strength test

The compressive strength test of crumb rubber geopolymer mortar (CRGM) cubes
was performed according to ASTM C109 [50] using a Shimadzu UH-1000kNI Universal
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Testing Machine. The force applied on the cube with a loading rate of 1.0 MPa/second and
the maximum force was applied to the cube was recorded as compressive strength. Three
samples of the cubes were tested on 28 days. The compressive strength of the samples was
recorded and analyzed accordingly.

5.2. Density measurement

Density of CRGM was measured in accordance with ASTM C138 [51] standard.
Density is one of the physical properties that can be measured by simple procedure and
calculated manually with mass per unit volume of samples. Three samples were measured
for each parameter. The density measurement of CRGM was conducted after 28 days. The
density was calculated using Eq. (5.1) by measuring the dimension and mass of rubberized
geopolymer mortar samples.

(5.1) Density (kg/m3) = 𝑀

𝑉

where 𝑀 is the mass of specimen in kg; and 𝑉 is the volume of the specimen in m3.

5.3. Morphology analysis

The SEM was used to carry out the morphology study in accordance with the ASTM
B748 [52]. The microstructural of CRGM was observed using JSM-6460 LA model Scan-
ning Electron Microscope (JEOL). The specimens were cut into small pieces and coated
with platinum by using Auto Fine Coater, model JEOL JFC 1600 before examination. The
microscopic images of the CRGM were captured using SEM on the surface of the mortar
cubes after tested under the compression test. The image was then used to analyze the stress
distribution and failure mechanism of the CRGM samples after the compression test took
place.

6. Result and discussion

6.1. Visual surface appearance analysis

The change of colour and the crack pattern that occur before and after heating in
CRGM-0, CRGM-5, CRGM-10, CRGM-15, and CRGM-20 can be seen in Fig. 1 to Fig. 5.
The surface crack pattern has been observed on cube mortars after they were exposed to
elevated temperatures and cooled to room temperature inside the furnace. Fig. 1 shows the
CRGM at room temperature were brownish in colour and had smooth and sharp edges.
Fig. 2 shows the colour of the CRGM at 200◦C was grey brownish with smooth and sharp
edges for all the samples. The change in colour of the mortar’s surface is related to the
dispersion of carbon black, one of the components of tire rubber particles. Hussin et al.
(2015) concluded that almost no cracks developed on the surfaces of samples when heated
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to 70◦C or 200◦C [53]. Tang et al. (2021) observed that there are no visible cracks on the
surface of the samples after elevated temperature exposure at 200◦C. In other words, the
appearance of the samples was similar to that at room temperature [54].

Fig. 1. Visual surface appearance of (a) CRGM-0, (b) CRGM-5, (c) CRGM-10, (d) CRGM-15
and (e) CRGM-20 at room temperature

Fig. 2. Visual surface appearance of (a) CRGM-0, (b) CRGM-5, (c) CRGM-10, (d) CRGM-15
and (e) CRGM-20 after temperature exposure at 200◦C

At 400◦C, the dark grey colour with hairline cracks appeared in CRGM-20, as shown
in Fig. 3. The changing in colour was attributed to the burning sign of crumb rubber in the
samples. The samples turned brown/black at 400◦C due to the dispersion of carbon black,
which is a component of rubber tires [55, 56]. Fig. 4 shows that at 600◦C, the grey colour
with hairline cracks appeared in CRGM-15 and cracks in CRGM-20. At 800◦C, all the
samples show reddish-brown in colour. The CRGM-10 shows one or two hairline cracks,
while CRGM-15 and CRGM-20 show some cracks developed with a rough surface, as seen
in Fig. 5. The red colouration is the effect of iron compounds oxidation. Iron is present
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Fig. 3. Visual surface appearance of (a) CRGM-0, (b) CRGM-5, (c) CRGM-10, (d) CRGM-15
and (e) CRGM-20 after temperature exposure at 400◦C

Fig. 4. Visual surface appearance of (a) CRGM-0, (b) CRGM-5, (c) CRGM-10, (d) CRGM-15
and (e) CRGM-20 after temperature exposure at 600◦C

Fig. 5. Visual surface appearance of (a) CRGM-0, (b) CRGM-5, (c) CRGM-10, (d) CRGM-15
and (e) CRGM-20 after temperature exposure at 800◦C
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mainly in fly ash composition, in oxides with more than 6% of Fe2O3 [57]. In addition,
at higher temperatures above 600◦C, when all crumb rubber was decomposed, the surface
colour of these samples changed again and became lighter. Note that the crumb rubber used
is a thermoset type that does not melt and just burns. Thus, the produced smoke darkened
the samples; however, at the higher temperatures, this soot was eliminated [58].

6.2. Compressive strength analysis

Fig. 6 shows the result of the compressive strength of CRGM at 28 days of curing time.
The CRGM were exposed to elevated temperatures at 200◦C, 400◦C, 600◦C, and 800◦C,
while the control specimenwasCRGMat room temperature (RT). The compressive strength
of CRGM decreased with the increasing of crumb rubber loading at all elevated tempera-
tures exposure. The compressive strength of CRGM-0, CRGM-5, CRGM-10, CRGM-15,
andCRGM-20 at RTwere 40.48 MPa, 36.13 MPa, 29.69 MPa, 23.13 MPa, and 20.13 MPa.
At 200◦C, the CRGM-0 shows compressive strength with 33.94 MPa followed by CRGM-5
(31.47 MPa), CRGM-10 (25.46 MPa), CRGM-15 (22.0 MPa) and CRGM-20 (18.4 MPa).
At 400◦C, the compressive strength of CRGM-0, CRGM-5, CRGM-10, CRGM-15, and
CRGM-20 were 27.9 MPa, 22.87 MPa, 17.96 MPa, 14.13 MPa, and 10.08 MPa. The com-
pressive strength of CRGM-0, CRGM-5, CRGM-10, CRGM-15, and CRGM-20 at 600◦C
were 23.9 MPa, 20.56 MPa, 15.9 MPa, 13.05 MPa, and 8.76 MPa. In addition, the CRGM-
0, CRGM-5, CRGM-10, CRGM-15 and CRGM-20 at 800◦C were 20.16 MPa, 18.17 MPa,
14.15 MPa, 11.03 MPa and 7.71 MPa, respectively.

Fig. 6. Compressive strength of CRGM at room temperature and after exposure
to elevated temperatures

The compressive strength of the CRGM decreased as the temperature increased from
room temperature to 200◦C.Compressive strength degradation of theCRGMmay be related
to the escape of free water from the geopolymer mortar, resulting in internal stresses and
ultimately strength degradation. However, CRGM-0 showed a percentage reduction from



CRUMB RUBBER GEOPOLYMER MORTAR AT ELEVATED TEMPERATURE EXPOSURE 95

room temperature to 200◦C of 16.16%, slightly higher as compared to CRGM-5, CRGM-
10, CRGM-15, and CRGM-20 with 12.90%, 14.25%, 4.89%, and 8.59%. The reasons for
a higher strength loss in CRGM-0 during the early stages of temperature exposure are due
to the reduction in bonding force and decrease in chain length in Si–O–Al and Si–O–Si
regions and due to the expulsion of most of the water present in the geopolymer.
As the temperature increased to reach 400◦C, the compressive strength of the CRGM-0

decreased by 17.80% relative to the strength of the corresponding specimen at 200◦C. This
decrease is due to the start of the evaporation of the chemical water bound in the structure of
hydrated geopolymer paste, which is a phenomenon referred to as dehydration. In addition,
CRGM-5, CRGM-10, CRGM-15, and CRGM-20 faced a reduction of 27.33%, 29.46%,
35.77%, and 45.22%, respectively, with the main reason attributed to the decomposition
of crumb rubber in cube mortars.
However, as the temperature continued to increase from 400◦C to 800◦C, the compres-

sive strength of CRGM-0 showed a 27.74% reduction. Meanwhile, CRGM-5, CRGM-10,
CRGM-15, and CRGM-20 show percentages of strength reduction with 20.55%, 21.21%,
21.94%, and 23.51%, respectively, lower than that of the CRGM-0. This demonstrates
that the inclusion of crumb rubber reduces the rate of geopolymer mortar strength loss in
general, and the trend is more pronounced at elevated temperatures between 400◦C and
800◦C. This is mostly due to the crumb rubber when melted at temperatures ranging from
200◦C to 400◦C, leaving space for water vapour to escape and aiding in the release of pore
pressure, hence reducing the mortar’s damage.
Luhar et al. (2018) reported that rubberized geopolymer concrete gained strength above

600◦C because the amorphous content increased due to the polymerization of unreacted
crystallinematerial, resulting in an increase in the amorphous phase content [47]. This phase
content is less in the case of crumb rubber geopolymer concrete due to the decomposition
of rubber particles at elevated temperatures, which leads to the formation of voids in the
concretematrix. As explained byMhaya et al. (2021), this phenomenon is due to themelting
of the waste rubber tire crumb (WRTCs), sluggish evaporation of the water, dehydration
of the C–A–S–H gels, and decay of Ca(OH)2 that occurred above 400◦C in the modified
concretes [59]. Guo et al. (2014) and Tang et al. (2021) indicated that the rubber particles
melted at high temperatures, which provided more channels to release the water vapor, thus
reducing the internal damage and burst caused by the vapor pressure [60, 61].

6.3. Density analysis

Fig. 7 shows the density of CRGM at room temperature and after exposed to elevated
temperatures at 200◦C, 400◦C, 600◦C and 800◦C. The result indicated that the density
of CRGM decreased with increasing of crumb rubber loading for all elevated tempera-
ture exposure. The density of CRGM-0 at room temperature gives the highest value of
density with 1656 kg/m3, compared to CRGM-5 (1620 kg/m3), CRGM-10 (1574 kg/m3),
CRGM-15 (1424 kg/m3), and CRGM-20 (1378 kg/m3). At 200◦C, the density of CRGM
decreased with CRGM-0 (1625 kg/m3), CRGM-5 (1605 kg/m3), CRGM-10 (1513 kg/m3),
CRGM-15 (1420 kg/m3), andCRGM-20 (1357 kg/m3). As the temperature rising to 400◦C,
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600◦C, and 800◦C, the density of CRGM shows a reduction with CRGM-0 (1560, 1472
and 1410 kg/m3), CRGM-5 (1535, 1427 and 1392 kg/m3), CRGM-10 (1496, 1404 and
1330 kg/m3), CRGM-15 (1374, 1368 and 1303 kg/m3), and CRGM-20 (1348, 1296 and
1288 kg/m3), respectively.

Fig. 7. Density of CRGM at room temperature and after exposed to elevated temperatures

The reduction of density was related to the evaporation of the free water, and chemically
bound water in the CRGM evaporate between 20◦C to 100◦C and between 100◦C to 300◦C.
When the temperaturewas higher than 300◦C, the freewater and the chemically boundwater
inside the CRGMevaporated completely. Sitarz et al. (2018) concluded that the geopolymer
mortar decrease in density with the increase of temperature, which results mainly from loss
of water [62]. According to Hager et al. (2021), the reduction of density on geopolymer
mortar related to the progressive drying process and dihydroxylation. Progressive heating
of the geopolymer results inmatrix and aggregates drying.Water in thematerial is gradually
removed from the heatedmatrix.With temperature increase, freewater is removed first, then
adsorbed water evaporates. At higher temperature, the water bound physically in the form
of hydroxyl groups is removed [57]. According to Duxson et al. (2007), the dihydroxylation
process that takes place at 200◦C to 600◦C induces shrinkage of the geopolymer binder.
Nevertheless, the geopolymer binder may experience an expansion attributed to the thermal
dilation of water around 120◦C. As soon as the drying process starts, intensive shrinkage
begins [63].

6.4. Weight loss analysis

Fig. 8 represents the weight loss of CRGM samples exposed to elevated temperatures.
From the results, the weight loss of the CRGM increased with increasing temperature at
all elevated temperatures, respectively. The weight loss of CRGM at elevated temperatures
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exposure shows an increment with CRGM-0 (5.16%, 14.22%, 16.43%, and 18.69%),
CRGM-5 (5.35%, 15.67%, 17.33%, and 19.67%), CRGM-10 (5.5%, 18.75%, 19.3%, and
21.91%), CRGM-15 (5.98%, 19.23%, 21.1%, and 23.44%) and CRGM-20 (6.44%, 20.1%,
23.7%, and 25.63%).

Fig. 8. Weight loss of CRGM after exposure to elevated temperatures

During the heating process from room temperature to 200◦C, the weight loss of CRGM
occurred due to the evaporation of both the free water and part of the chemically bonded
water from the geopolymer. Under 100◦C, the physically bonded water or free water located
in the pores evaporates, which contributes about 5.5% to 6.5% of the total water content
in the geopolymer mortar. Then, further heating above 100◦C leads to evaporation of the
chemically bonded water and the hydroxyl group OH inside the gel pores. Consequently,
pore pressure grows gradually in the pore structures as a result of heat transfer and moisture
evaporation. When the vapor pressure comes to the maximum limit of the matrix, intensive
thermal cracking and spalling occur. Generally, two effects are believed to be responsible
for the mass loss of geopolymers at high temperatures, which are water evaporation and
dihydroxylation. Hardened geopolymer materials contain physical water, chemical water,
and hydroxyl. Each type of water evaporates at a different temperature range; physical water
and chemical water evaporate at 20◦C to 100◦C and 100◦C to 300◦C, respectively, while
hydroxyl groups evaporate at temperatures above 300◦C [64].
At 200◦C to 400◦C, there was a sudden increment in the percentage of weight loss of

the CRGM by 63% to 68%. This is due to evaporation of the chemically bonded water in
the structure and the decomposition of crumb rubber of geopolymer mortar. AbdulKadir
(2018) reported that this little change is because the elevated temperature (200◦C) could
evaporate the water entrapped in the mortar. Still, it was insufficient to evaporate the
rubber in the samples as the authors tested its evaporation temperature to be 260◦C. As the
temperature rose above 300◦C, more crumb rubber melted, forming more void networks
that became points of crack propagation when a load was applied, resulting in a dramatic
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decrease in weight loss and strength from 200◦C to 400◦C [65]. Meanwhile, according
to Wu and Li (2017), there are two reasons for this type of behavior. The first reason is
that the crumb rubber may have melted at a moderate temperature of 200◦C to 300◦C,
resulting in the formation of interconnected channels to relieve internal pressure. The
second mechanism is that when a load is applied to these interconnected void channels,
they become points of weakness [66]. In addition, when the temperature reaches above
300◦C, the dihydroxylation of OH groups happen with the subsequent polycondensation
into the siloxo bond Si–O–Si, linking neighbouring geopolymeric micelles. It is proven
that more than 70% of the reaction water is physically bonded water, which evaporates
before 100◦C without causing any internal stress and remarkable shrinkage. However,
many micropores will be produced owing to the empty space left by the water evaporation.
The remaining 30% water, chemically bonded water, and hydroxyl groups OH, account for
up to 90% of the total shrinkage when the samples are heated from 20◦C to 500◦C [67].
On the other hand, the weight loss percentage of CRGM increased at 400◦C and con-

tinued to 800◦C. As can be seen in Figure 8, the weight loss percentage of CRGM reached
its peak when the samples were heated to 800◦C. This is related to the decomposition of
carbonate species such as sodium and calcium carbonates. As reported by He et al. (2020),
at higher temperatures, the weight loss of geopolymer is attributed to a dehydration process
of the structure and the decomposition of the carbonates present [64]. Fawzy et al. (2020)
concluded that the mass loss above 400◦C is mainly because of the decomposition of cal-
cium silicate hydrate (C–S–H) as mortar includes capillary water and physically absorbed
water (gel water) and chemically bonded water in C–S–H and (Ca(OH)2). Capillary water
and physically absorbed water take up a large amount of cement-paste weight and can
be released from mortar by evaporation when the temperature is about 200◦C or above.
On the other hand, chemically bonded water is a part of cement hydrate compound sand
called non-evaporable water because it cannot be removed from cement paste before the
decomposition of the C–S–H at high temperatures [68]. In addition, Mahmod et al. (2017)
concluded that this behavior is due to the elimination of free water from the capillary pores
by evaporation in addition to the loss of chemically bound water [69]. According to Aslani
& Asif (2019), when geopolymer concrete is exposed to elevated temperatures, it can lose
its stiffness and mechanical properties. Increased temperature and weight loss cause the
structural integrity of geopolymer concrete to deteriorate. The decomposing of the crumb
rubber also reduced the weight loss of the self-compacting rubberized concrete (SCRC).
This creates pores within the matrix, reducing weight loss by generating internal stresses
when the load is applied. As the amount of crumb rubber increases, so does the number of
such voids, resulting in even more weight loss and strength reduction [70].

6.5. Morphology analysis

The SEM image analysis was carried out on CRGM taken from their respective mortar
samples. Fig. 9 to Fig. 12 show the SEM images of CRGM after being exposed to 200◦C,
400◦C, 600◦C, and 800◦C. As shown in Fig. 9, the SEM image of CRGM exposed to
200◦C shows that the free water evaporated completely, and the crumb rubber also did
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not decompose at this temperature exposure. Fig. 10 shows the SEM image of the CRGM
changed significantly due to the decomposition of crumb rubber at 400◦C. This decompo-
sition will lead to pores appearing, which can release the vapor pressure inside the CRGM.
As reported by Gupta et al. (2017), rubber fibres were decomposed at higher temperatures
and longer exposure duration (300◦C and 120 min exposure duration), which created voids
in concrete [71].

Fig. 9. SEM images of (a) CRGM-0, (b) CRGM-5, (c) CRGM-10, (d) CRGM-15 and (e) CRGM-20
after exposure to 200◦C at 3000× magnification

Fig. 10. SEM images of (a) CRGM-0, (b) CRGM-5, (c) CRGM-10, (d) CRGM-15 and (e) CRGM-20
after exposure to 400◦C at 3000× magnification

Fig. 11 and Fig. 12 show that almost all the crumb rubber decomposed and free water
inside the CRGM evaporated completely after heating to 600◦C and 800◦C, leaving only
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some residues and pores. This resulted in additional crack development and deterioration
of the internal structure of the geopolymer mortar. As shown in Fig. 12, the decomposition
of most of the Ca(OH)2 resulted in some broken phases with no connected crystals and
a loose internal structure. Therefore, the macro-cracks and mass loss of the specimens
increased while the internal structure density decreased, leading to a significant decrease
in the mechanical properties. The hydrate change in the geopolymer mortar was obvious,
indicating a decline in the integrity of the samples. The mechanism of CRGM at elevated
temperature exposure at 200◦C, 400◦C, 600◦C, and 800◦C is shown in Fig. 13.

Fig. 11. SEM images of (a) CRGM-0, (b) CRGM-5, (c) CRGM-10, (d) CRGM-15 and (e) CRGM-20
after exposure to 600◦C at 3000× magnification

Fig. 12. SEM images of (a) CRGM-0, (b) CRGM-5, (c) CRGM-10, (d) CRGM-15 and (e) CRGM-20
after exposure to 800◦C at 3000× magnification
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Fig. 13. The mechanism of CRGM at elevated temperature exposure
at 200◦C, 400◦C, 600◦C, and 800◦C

7. Conclusions

It can be concluded that, the fine aggregate in geopolymer mortar is replaceable by
crumb rubber loading until 20%. The different percentage composition of rubber crumb
in the CRGM highly influence the results of the compressive strength, density, water
absorption capacity and SEM micrograph. CRGM exposed to elevated temperatures at
200◦C, 400◦C, 600◦C, and 800◦C show a reduction in compressive strength and density
while the weight loss increases with an increase in the amount of crumb rubber. The
micrograph of CRGM changes significantly due to the decomposition of crumb rubber and
evaporation of the free water at 400◦C. This decomposition leads to appearance of pores
releasing the vapor pressure inside the RGM, therefore decreases in mechanical properties.
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