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Abstract: Unfortunately, the production of cement impacts pessimistically on environments since it
emits COp;—a principal Green House Gas (GHG)—encouraging the earth-heating dilemma. More-
over, it necessitates not only high temperature produced by the devouring of narrow natural mineral
coal resources to obtain very high amounts of energy, but it also gulps down natural limestone
deposits as a raw material that is found confined in nature to obtain intense energy. Quite recently,
geopolymerisation—an exothermic process, through which geopolymeric binders can be produced
by synthesis of a pozzolanic precursor rich in Alumina and Silica, for an instant, Fly Ash, with alkali
solution for activation in an alkali medium at a low temperature and low operational energy—is
recognized as a brilliantly promising alternative to conventional cement. That means, no elevated
temperature and higher energy consuming reactions are essential any more as found associated with
contemporary cement production. This research paper moves towards fulfilling the performance
evaluation of durability studies viz., water permeability, sorptivity, sulphate resistance, acid resis-
tance, salt resistance, chloride diffusion, drying shrinkage, and corrosion of fly ash based user and
eco-friendly rubberized (containing rubber tyre fibres) geopolymer concrete. Comparisons of the
outcomes have been made with its counterpart, which has unearthed that Rubberized Geopoly-
mer Concrete proved to better concerning all the above-mentioned parameters than Rubberized
OPC-Concrete.

Keywords: carbonation; water permeability; sorptivity; acid resistance; salt resistance; sulphate
resistance; chloride diffusion; corrosion resistance; geopolymer

1. Introduction

Even though Portland cement is an excellent and vital binder for construction com-
posites but unfortunately, its present production process is highly energy consuming [1]
and on the top of that, it emits approximately one tonne of CO; for the production of
each ton of Portland cement [2,3]. Not only that, the process also gulps down confined
natural rock resources of limestones as raw material and mineral coals as fuel to obtain the
elevated temperatures essential for calcination [3]. All these challenges have compelled
world researchers to develop new, user and eco-friendly alternative construction materials
with reduced energy and low levels of carbon footprints, which can desirably integrate
with profound diverse wastes while keeping the performance of the resulting building
materials as high as or even higher than the ordinary Portland cement system [4]. Nowa-
days, the innovative green Geopolymer technology is eye-catching due to its outstanding
performances of Geopolymer construction composites like nine times lesser CO, emissions,
and six-fold lower operational energy consumption [2], preventing the degradation of
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natural limited resources and providing relief to the global warming dilemma. On the
other hand, over the past couple of centuries, the significance of natural rubber has come
to light as a useful product for mankind and it has been ever-increasing. Following the
International Rubber Research Group, the total global consumption of rubber in 2018 was
predicted to escalate by 3.4% or 29.39 million tonnes, and the prediction was expected
to rise by 2.5% or 30.12 million tonnes in the year 2019 [5,6]. In harmony with the data
of the Association of Natural Rubber Producing Countries (July 2019) (ANRPC) [7], the
consumption of rubber—both synthetic and natural—was 29.2 million tonnes in the year
2018, counting 13.72 million tonnes of natural rubber. Another report from July 2018 stated
that the worldwide production of natural rubber is 7.37 million tonnes with an expansion
of 3.7% in the initial seven months in 2018 [6]. The natural rubber utilization has been
ascended by 5.2% and achieved 8.16 million tonnes in starting seven months. The total
world production of rubber during 2013 was estimated to be over 27 million tonnes, rising
at a yearly average rate of 3% from 22.44 million tonnes in 2006 [7]. The total production of
Malaysian Rubber in 2013 was 0.933 million tonnes. [8]. This rubber production is useful
for producing tyres and other industrial and consumer products [9]. Browsing the history
of the rubber tyres, they are the result of research investigations and upgrading over the
past century. In 2019, the ongoing exigency for tyres is predicted to touch the mark of
3 billion units, which demonstrates a yearly rise of 4% and a sales guess of 258 billion
USD [10,11]. The incessant developments and improvements make the tyre a well-designed
and elegant piece of technology rather than simply a rubber piece. The astonishing boost in
the number of vehicles augments day by day worldwide due to improvement of economics
and necessity to transport mostly cities around the world. That is why, over the years,
the escalating mammoth quantity of discarded rubber vehicle tyres generated during new
production as well as the end-of-life rubber tyres [12] are accumulated globally and mostly
disposed of unsystematically into landfills as a solid waste, which is a major alarming
threat to environments [13,14]. These huge accumulations of wastes rubber tyres have
turned into a gigantic impasse surrounding their waste disposal management [15].

Geopolymers are a novel hope for researchers as they exhibit low carbon footprint,
excellent strength, durability, thermal, freeze-thaw, etc., attributes, putting them forward
as promising sustainable construction materials [1,16-20]. They are inorganic polymers
developed by the chemical reaction amid Alumina and Silica-rich precursor and alkali
activators through an exothermic process of geopolymerisation at low temperature in an
alkaline medium [15,17-20] using lower operational energy.

Fly Ash is a pozzolanic industrial by-product found in profuse amounts, filling lands
and creating health hazards. Additionally, this copious solid waste generating mostly
from thermal power stations contaminates air, soils, surface, and sub-surface water. Apart
from it, used and discarded rubber tyre wastes from the automobile industry is also a
great challenge to the environment and general health of lives on the planet as they pos-
sesses a complicated chemical structure and are not degradable under normal conditions.
Furthermore, they liberate toxic gases on burning, causing asthmatic and skin problems.
U.S.A. alone generates rubber tyre wastes of more than 300 million tyres per year and
the European Union generates 180 million [18-20]. This huge waste must be resolved to
manage its expansive growth, prevent it from filling landfills, and save the earth from
pollution. One systematic way to use it in the manufacturing of Geopolymer concrete
(GPC) is, as a replacement material to natural sand [17-19]. It will not only manage this
gargantuan waste but it will also conserve natural sand resulting in a development of
Rubberized Geopolymer Concrete (RGPC). However, to be established as a durable con-
struction material, RGPC has demonstrated excellent strength and durability which is quite
essential to be considered as an approved building material. The incorporation of rubber
tyre wastes with GPC has proven itself a durable product which exhibits brilliant durability
attributes too. Also, RGPC has evidently proved as a sustainable building material under
laboratory investigations.
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2. Materials Descriptions and Mix Proportions
2.1. Raw Materials

For the production of RGPC, rubber tyre fibres procured from tyre waste grinding
unit as well as Class F type fly ash were used to confirm the Indian standard IS 3812 [21].
Table 1 [18,22] displays the chemical composition of fly ash. To partly substitute river sand,
rubber fibres (10, 20, and 30% substitution) with a specific gravity of 1.09 and 8-10 aspect
ratio, the rubber fibres were almost 24 mm thick and up to 22 mm in length were used.
The particle distribution curve for the rubber fibres is lying Zone II, as shown in Figure 1
according to IS: 383-1970 [23]. The fineness modulus —2.56, specific gravity —2.61 as well
as water absorption—0.5% pragmatized. The sand of the river meets zone II according to
IS: 383-1970 [23]. The superplasticizer based on naphthalene sulphonate was employed to
accomplish the anticipated workability. The fly ash XRD is displayed in Figure 2.

Table 1. Fly ash- Physical characteristics and chemical configurations * [18,22].

Sr. No. Composition Unit Obtain Value
1 Specific Surface area m2/ kg 428
2 Autoclave Expansion % 0.024
3 Moisture Content % 0.23
4 Reactivity of Lime N/mm? 6.60
5 Chemical Analysis

Ignition Loss % 0.94

Addition of Silica, Alumina, and ferric oxide content % 92.26
Silica % 58.88

Magnesium oxide % 1.64

Sulfur trioxide % 0.74

Sodium oxide % 0.50

Total content of Chlorides % 0.025

* Provided by manufacturer.
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Figure 1. Particle size distribution curve [18,22].
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Figure 2. X-ray diffraction analysis of fly ash [18,22].

2.2. Mix Proportions

Table 2. The following parameters were used for this research study [19].

Table 2 demonstrate the parameters used for this study. Based on this mixing design
method, the final mass of the parts was calculated as outlined in Table 3. The OPC concrete
mix was calculated as per IS 10262-2009 [24]. Table 3 lists the OPC concrete mix. The fine
aggregate in concrete was partially substituted with waste rubber tyre fibres.

Sr.No Parameters Value
1. Sodium silicate -Sodium hydroxide ratio 2.5
2. Additional water content 5%
3. Curing time 48 h
4. Alkaline liquid to fly ash ratio 0.4
5. Sodium hydroxide Concentration 14 M
6. Rest period 1day
7. Admixture dosage 2%
8. Curing temperature 90°C
Table 3. Mix the proportion of design (per m?).
. Coarse
Mix Rubber Ag;‘;;te Flyash  Cement  Agorepatekg/m’ NaOH  NapSiO;  Admixture C‘g’;::;t
. . 3 3 3 3 3
Praportion Fiber ke/m® kg/m kg/m 20mm 10 mm kg/m kg/m kg/m ke/m®
GP-0 0.0 656.25 446.43 - 731.25 487.5 51.02 127.55 8.93 22.32
GP-10 26.9 629.35 446.43 - 731.25 487.5 51.02 127.55 8.93 22.32
GP-20 53.80 602.55 446.43 - 731.25 487.5 51.02 127.55 8.93 22.32
GP-30 80.71 575.64 446.43 - 731.25 487.5 51.02 127.55 8.93 22.32
CC-0 0.0 656.25 - 446.43 731.25 487.5 - - 8.93 160.71
CC-10 26.9 629.35 - 446.43 731.25 487.5 - - 8.93 160.71
CC-20 53.80 602.55 - 446.43 731.25 487.5 - - 8.93 160.71
CC-30 80.71 575.64 - 446.43 731.25 487.5 - - 8.93 160.71




Sustainability 2021, 13, 5969

50f 26

2.3. Details of the Experiment

Durability testing in compliance with norms has been carried out (see Table 4). The
information is shown in Table 4.

Table 4. Details of Experimental Research.

Properties . .
Evaluation Experiments Age of Testing (Days) Standards
Water Permeability 28 DIN-1048
Shrinkage 7,14,21,28,35,49,63,77,91,180,365 -
Sorptivity 28,90,365 ASTM C 1585-04
Carbonation resistance 14,21,28,35,42,56,90 CPC-18 RILEM
Durabﬂ.lty Salt attack resistance 7,28,84,162,365 Past literature
Properties
Sulphate attack resistance 7,28,84,162,365 Past literature
Acid attack resistance 7,28,84,162,365 Past literature
Corrosion resistance 30,60,90,120,150,180, ASTM G-109
210,240,270,300,330,360 ASTM C 876-15
Chloride Diffusion 28 ASTMC-1556

3. Durability Experiments Methods

Concrete durability is described as its capability to withstand weathering, abrasion,
chemical attachments, or other deterioration processes.

3.1. Water Permeability

The capacity of a fluid to pass through concrete is described by permissibility. It is
the key durability parameter. Tests were performed as per DIN 1048-1991 [25]. Concrete
cubes of 150 x 150 x 150 mm size were dried in a drying chamber for 14 days. The depth
of water permeation inside the concrete under sustained pressure was inspected from this
test. A sustained pressure of 5 bars (0.5 N/mm?) was applied in the vertical plane along the
mould filled direction for three days. The penetration depth was evaluated after three days
by half dividing the cube. The average penetration depth of three cubes was regarded.

3.2. Carbonation

The calculation is the gradual neutralisation of the alkali from external sources (pri-
marily atmospheric carbon dioxide) in the concrete cover with acidic gasses. This test
method involves determining, by way of an indicator, the depth of the carbonated layer
on the surface of hardened concrete. The 100 mm? cubes were divided into four prisms
sized 50 x 50 x 100 mm to perform the accelerated carbonation test. Each prism specimen
was allowed to dry in a drying chamber for 2 weeks until a persistent weight was accom-
plished. After drying, two coats of epoxy paint were applied on the longitudinal side of the
specimens to resist the penetration of carbon dioxide, leaving the top and bottom sides of
each specimen to be penetrated by carbon dioxide. The samples were held in a carbonation
chamber. A 5% -carbon dioxide, relative humidity- 50 &= 5%, and temperature- 25 + 1 °C
are maintained by the carbonating chamber. After 14, 21, 28, 35, 42, 56, and 90 days of
CO;, exposure, carbon concentration depth was measured. The depth of carbonation was
measured by splitting the specimens in half and instantly spraying a phenolphthalein
indicator over the broken surface. By blending 1% phenolphthalein in 70% ethyl alcohol,
the indicator was made. The carbonation depth from the top and bottom of the sample
was evaluated after praying the indicator. The average of three specimen readings was
considered to be the depth of carbonation of that mix.
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3.3. Drying Shrinkage

This test examined the effect of rubber tyre fibre replacement on the shrinkage of
geopolymer concrete as well as cement concrete. Each mix was moulded with three prisms
of 75 x 75 x 285 mm in size. After curing, Demec studs were pasted 212 £ 1 mm apart on
the uppermost surface of each sample. Shrinkage strain was measured using a mechanical
strain gauge three days after casting. The next shrinkage strain measurement was taken
4 days after casting, and this was considered to be the first-day shrinkage measurement
of the specimen. In the first week, measures were taken every day, from 1 to 4 weeks,
once every 2 weeks up to 12 weeks, and then once in 4 weeks. The gauge has a minimum
resolution of 0.002 mm. Specimens were maintained at a laboratory room temperature at
25 °C with a relative humidity of 50-60%.

3.4. Sulfate Resistance

The resistance against sulphate of the control geopolymer concrete and cement con-
crete was inspected through the change in mass as well as residual compressive strength.
Cubes of 100 x 100 x 100 mm have been cast to assess weight and residual compressive
strength. After curing, each specimen was weighed to give an initial weight. Seven days af-
ter curing, the samples were submerged in a 5% concentration of sodium sulphate solution.
The volume of sodium sulphate was calculated based on the volume of sulphate solution:
the volume of the specimen (4:1 ratio).

The solution was swapped every month to maintain its concentration. The mass
change, length change, and residual compressive resistance changes were evaluated after
exposure to 7, 28, 84, 162, and 365 days. The remaining compressive strength was assessed
after exposure by checking the samples in saturated dry surface conditions (SSD). To
measure the change in mass, samples were detached from the solution, wiped properly,
and their mass was measured. The specimens were then returned to soak in the sulphate
solution. A mechanical strain gauge was used to measure the shift in length.

3.5. Acid Resistance

Resistance against acid was evaluated using geopolymer and cement concrete samples-
100 x 100 x 100 mm in size. Solutions of 3%, 5%, and 10% concentrated sulfuric acid
were produced to examine the upshot of acid on the specimens. The original weight
or dry weight was assessed for 7, 28, 84, 162, and 365 days after casting, and then the
specific samples were taken in the solution. At every selected exposure period, the mass
change and residual compressive strength were measured. The solution was removed
weekly and substituted each month to preserve the pH level. The volume of solution was
determined based on the solution volume to the specimen volume (4:1ratio). The samples
were separated from the solution and wiped off to remove the solution from the surface
after the chosen phases of exposure. The weight of the specimens was measured in SSD
condition and the residual compressive strength was tested.

3.6. Salt Attack Resistance

Salt attack resistance was measured using 100 x 100 x 100 mm cubes for 7, 28-, 84-,
162-, and 365-days exposure periods. A solution was prepared with a 5% concentration
of sodium chloride. After curing, the specimens were weighed to determine their initial
weight. The specimens were then engrossed in solution for a selected exposure period. The
mass change and residual compressive strength were investigated from this test. Specimens
have been removed, wiped, and weighed to alter the mass. The samples were evaluated in
SSD conditions for the change in compressive strength.

3.7. Water Sorptivity

Water sorptivity experiments were performed to assess the absorbance level (sorp-
tivity) of water by capillary concrete suction. The experiments were done following the
requirements of ASTM C1585-04 [26]. This experiment was carried out using specimens
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with a diameter of 100 &= 6 mm and a height of 50 & 3 mm. This test included samples
placed at 50 &+ 2 °C in a desiccator. To control the relative humidity, potassium bromide
solution was placed in the bottom of the desiccator in such a way that the test specimens
could not contact the solution. Each specimen was placed in the desiccator for up to three
days. Afterwards, the sample was positioned inside a sealable ampoule to prevent contact
with free air. At least 15 days before the sorptive procedure, the container is stored at
23 £ 2 °C. Specimens have been removed from storage, and before sealing, their mass was
registered. The bottom and side surfaces of each sample were wrapped with a sealing
material. The measurement of the mass in each given sample was done as the original
mass for calculations of water sportiveness. The bars were positioned on the bottom of a
pot for assistance. The plate was filled to 1-3 mm above the top of the support bars with
distilled water. The original contact time and date with water have been registered. The
masses were registered at the 60 s, 5 min, 10 min, 20 min, 30 min, 60 min, and then up to
6 h, once a day for a week. One final reading was taken on day 9. To weigh the specimens,
they were taken from the tray, excess water removed, and their dry surface placed on an
electronic pan balance. The engrossing surface was not touched, and the specimen was
returned to the tray within 15 s.

3.8. Chloride lon Migration

This test examined the resistance of the concrete samples against chloride ion pen-
etration. This experiment consisted of concrete codes with a diameter of 60 mm and a
height of 150 mm. With the assistance of a cutting saw machine, each core was sliced to a
thickness of 40 mm. The side and ends of the specimen were covered with silicon sealant
and masking tape, respectively. The specimen was then mounted on top and bottom with
a rubber gasket and masking tape before being immersed in distilled water. The chloride
cell consisted of two parts: an upstream part acting as the anode was occupied with 3%
sodium chloride solution concentration; a distilled water portion was loaded downstream
to function as a cathode. A possible distinction of 30 V DC was implemented between the
migrating cells. The chloride ion concentration was examined in the upstream cell using
a titration method. Similarly, in the downward part, the chloride ion concentration was
calculated every 4 h until the steady-state condition was reached. The titration process
was performed by taking 20 mL solution samples from the downstream cell and adding
an indicator of potassium chromate. Silver nitrate solution (0.0141 N) was then slowly
added to the ask until the solution had a reddish tinge, and the volume of silver nitrate
was recorded. The concentration of chloride ion in the downstream cell was calculated as
the steady-state chloride diffusion coefficient Dssm was assessed,

m? RTL
Dssm (S) - m ]/Cl

where,

T = Initial and final temperature average value, in anolyte solution (K),

R = Constant of Gas= 8.314 J/(K.mol~1)

L = Sample thickness, m,

Z = Ion valence’s absolute value (for chloride, Z = 1)

F = Constant of Faraday = 9.648 x 10% J/(V.mol),

] = chloride flux, J (mol/cm?s)

C; = Chloride ions activity

AE = absolute potential difference of the solution as upstream and downstream measured
by the use of two reference electrodes.

3.9. Corrosion

To study the resistance of concrete to steel corrosion, a chloride-induced corrosion
technique was employed. To examine the corrosion induced by embedded steel in concrete,
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we used a macro-cell corrosion method and a half-cell potential method. In these methods,
12 mm diameter Thermo mechanically treated reinforcements of a length of 350 mm were
first cleaned using a wire brush. Then, 70 mm at the apiece end of the bar was coated with
epoxy paint to prevent corrosion of that portion of the bar outside the specimen. Specimens
of 250 x 205 x 135 mm with a ponding well of 15 mm at the top were cast. The bars were
arranged such that 350 mm of their length was within the sample, with one bar centrally
placed at the top as well as two bars placed with 30 mm cover at the bottom, such that the
middle portion of the bars (210 mm length) was exposed to corrosion and 70 mm protruded
from each side of the concrete specimen. The upper bars were the anode, and the lower
bars were the cathode. The reinforcement bars were weighed adequately before casting the
corrosion samples. The bottom and lateral faces of the samples were covered with epoxy
after curing. In a temperature and humidity-controlled space, specimens were maintained.
The electrical connection between the anode and cathode was ensured utilizing a soldered
wire. Between the top and bottom bars, a 100 mm resistor was linked. A 3% concentration
of sodium chloride solution filled the 15 mm depression at the top of each specimen, and
alternating cycles of wetting and drying were conducted for up to 2 weeks.

To assess the potential difference between the anode and cathode bar in the resistor
with a voltmeter, the macro cell corrosion experiment was used. The test was conducted
as per ASTM G 109 [27]. An initial reading was taken 7 days after ponding the sodium
chloride over the specimen. The terminal of the voltmeter was connected with the bottom
bars for reading. A negative voltage link to the positive Galvanic current, i.e., the anode
at the top of the bar. Every month, over 12 months, readings were taken. The macro-cell
current was calculated as

L= Vi
) 100
where as,

I; = Macro-cell current
V; = Voltage measured over 100 () resistor

Half-cell potential measurements were done at the top steel bar according to the
reference copper-copper sulphate electrode (CSE) by immersing it in a 3% concentrated
NaCl solution. The top and bottom bars were separated before the reading and the current
could be stabilized. A voltmeter was used to read the potential once a month. The
possibility of corrosion based on the value of potential difference concerning CSE was
measured as per ASTM C 876 [28]. If the potential over an area is higher than —200 mV,
there is a chance of there being no reinforcing corrosion in that area of more than 90% when
the measurement is made. If the potential of the reinforcing steel in that region is between
—200 to —350 mV, corrosion in that region is uncertain. When the potential for a region is
less than —350 mYV, it is more than 90% likely that steel corrosion will be reinforced when
the measurement is carried out in that region.

4. Results and Discussion
4.1. Water Permeability

Permeability was evaluated in terms of the depth of water penetration. The depth of
penetration of the water in terms of rubber fibre content demonstrates variety in Figure 3.
The water penetration depth increases as the content of rubber fibre are increased. In
geopolymer concrete, the water penetration is smaller than in OPC concrete. In a prior
study, a similar outcome was noted [29]. The continuous chemical reaction amid fly ash
as well as alkaline solution results in a change in porosity and creates denser pores in
geopolymer concrete [29,30]. However, a detailed examination found that the variations
were very small in the case of geopolymer concrete. Minimum and maximum water
penetration values of 31.2 mm and 35.7 mm occur in the geopolymer concrete.
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Figure 3. Water permeability of geopolymer and OPC concrete.

The rise in penetration depth may be ascribed to the rise of concrete porosity, which
can be seen at greater rubber fibre replacement rates. In OPC concrete, the minimum and
maximum water penetration are 38.03 mm and 42.8 mm, respectively. The development of
pores is dependent on the alkaline solution, aggregate, and source materials. Unlike the
OPC concrete, which undergoes a hydration process, the pores in the geopolymer are filled
by alumino-silicates. This lower permeability of geopolymer concrete has led to it being
referred to as “excellent” concrete [29,31].

4.2. Sorptivity

Sorptivity measures the transport properties of concrete by which water passes
through capillary pores into the concrete. Figures 4 and 5 illustrate the sorptivity in-
dex of geopolymer as well as OPC concrete. From Figure 4, it is possible to conclude that
the geopolymer concrete has lower sorptivity (0.09-0.164 mm/min®®) than OPC concrete
(0.113-0.203 mm/min®) after 28 days. A similar observation was recorded in previous
research [32]. The limit of the sorptivity index is below 0.200 mm/min®3, which is the rec-
ommended value for concrete according to previous research [32]. The control geopolymer
concrete has a sorptivity index of 0.09 mm/min®° after 28 days (Figure 5).

This fact indicates that few capillary pores exist following the effective reaction amid
the alkaline solution as well as source material, whereas capillary pores persist in the OPC
concrete to enable the hydration of the cement. Additionally, as the rubber fibre content is
increased, the sorptivity index is increased for both the concrete (geopolymer and OPC).
Hence, geopolymer concrete has fewer capillary pores than OPC concrete. This results in a
slower rate of sorptivity into the geopolymer concrete compared with OPC concrete.
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Figure 4. Sorptivity of geopolymer concrete.
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Figure 5. Sorptivity of OPC concrete.

4.3. Sulfate Resistance

On geopolymer concrete and OPC cement, the sulphate resistance test has been per-
formed. The experiment was carried out with samples soaked in 5% NaySO4 (sodium
sulphate) solution. After exposure periods of 7, 28,84, 162, and 365 days, the sulphate
resistance was assessed based on changes in physical appearance, mass, length, and com-
pressive strength. Samples were also soaked in distilled water for comparison. Following
one year of exposure, the physical appearance of the geopolymers is shown in Figure 6. No
modifications were noted in the geopolymer samples after exposure to sodium sulphates
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for up to one year. The OPC concrete specimen was, by comparison, widened and often
randomly cracked. Similar observations in prior studies have been recorded [33].

Figure 6. Physical appearance of geopolymer and OPC concrete.

Figure 7 illustrates the mass change of geopolymer concrete specimens subsequently
sodium sulphate exposure up to one year. It can be seen that there has been no significant
change in mass in the geopolymer specimen, whereas the mass of the OPC concrete
specimen (Figure 8) has increase initially due to fascination of sodium sulphate solution
and degradation of mass observed due to the effect of sodium sulphate solution shown
in Figure 8. A significant increase in mass was observed in the geopolymer specimen as a
result of the absorption of liquid through geopolymer specimens. The absorption of liquid
by the geopolymer specimens increased their mass by 1.3%, compared with an increase in
mass of 3.0-3.5% in the OPC specimens.

Change in Mass (%)
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Geopolymer concrete specimen after Sulphate exposure
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—4—0%rubber Fiber  —fli=10% rubber fiber ~&—20%rubber fiber  ====30% rubber fiber

7 days 28 days 84 days 162 days 365 days

Exposure Period (days)

Figure 7. Modification of geopolymer samples mass after exposure to sodium sulphate.
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Exposure Period (days)

Figure 8. Change in OPC samples mass following exposure to sodium sulphate.

Figures 9 and 10 show changes in the compressive strength of the geopolymer and
OPC concrete samples following exposure to sodium sulphate. After exposure, each
specimen had compressive strength measured in SSD conditions. In geopolymer samples
with exposure, there has been an important shift in compressive strength while in OPC
concrete samples, compressive strength has been lowered. Due to the creation of ettringite
and extended gypsum, the lower compressive strength in OPC concrete results in cracking,
extension, and degradation. In previous studies, similar findings were noted [33—40].
In geopolymer concrete, the hydration method is replaced by the geopolymerisation
method, meaning that gypsum and ettringite are usually not formed. The high alkali
content improves the resistance of geopolymers against sulphate exposure, as confirmed
by previous research [33]. The findings indicate obviously that the geopolymer concrete is
superior in resistance to sulphates to OPC concrete.
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Compressive Strength (MPa)
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513 515 5233 52

Gepolymer Concrete specimens after Sodium Sulphate Exposure
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36.22

316
29.9

285 28.54 29
27
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Figure 9. Change in geopolymer concrete compressive strength after exposure to sodium sulphate exposure.
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Compressive Strength (MPa)
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Figure 10. Modification of OPC concrete compressive strength after exposure to sodium sulphate.

4.4. Acid Resistance

The acid resistance assessment was observed on the geopolymer concrete as well as
OPC concrete specimens by soaking them in 3%, 5%, and 10% concentrations of sulfuric
acid for 7, 28, 84, 162, and 365 days. This experiment shows the behaviour, physical
appearance, changes in weight, and compression strength changes, after exposure to
sulfuric acid, of the geopolymer concrete and OPC concrete.

Figure 11 demonstrates the physical appearance after one year of exposure to geopoly-
mer samples. The specimens of all mixtures undergo erosion after exposure to acid. The
damage to the concrete surface increases as the sulfuric acid becomes stronger. OPC
concrete samples are more erosive than geopolymer concrete.

Figure 11. Physical appearances of specimens after sulphuric acid exposure.

Figures 12 and 13 show the change in mass of both types of concrete after 5% acid
exposure for up to 365 days. It could be observed that the geopolymer concrete specimens
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gain some weight during the first week of exposure because they absorb the liquid over this
period. From this point on, the mass of all specimens decreases as a result of acid exposure.
It is apparent that with the exposure time, the proportion of mass loss rises. In geopolymer
concrete, the results for the first week show that the mass of the specimens increased by
0.98-1.15% for all concentrations, then decreased over the remaining exposure period. In
the OPC concrete, the mass of the specimen increased by 1.8-2.5% in the first week and
then decreased. The OPC concrete specimens lost more mass than the geopolymer concrete
specimens. This result agrees with previous research [33,41-45].

Gepolymer Concrete specimens after Sulphuric acid exposure
102
101
100
9
g
2 98
o}
b
E
b o
2
“
96
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94
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Odays Tdays 28 days 8ddays 162 days 365 days
Exposure Period (days)
~9—0%rubber Fiber ~ —8=10% rubber fiber ~ —&—20%rubber fiber ~ =%=30% rubber fiber
Figure 12. Weight change after sulfuric acid exposure in the geopolymer specimen.
OPC Concrete specimens after Sulphuric acid exposure
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~9—0%rubber Fiber  ~fl=10%rubber fiber  —d&—20%rubber fiber  =»=30% rubber fiber

Figure 13. Change in OPC concrete samples mass after exposure to sulfuric acid.
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Figures 14-19, showing changes in geopolymer concrete and OPC concrete strength
following each exposure cycle. These findings can be contrasted with the compressive
intensity of non-acidic samples.

Compressive Strength (MPa)

50

30

20

10 -

Geopolymer Concrete specimens after 3% concentration of Sulphuric acid exposure

28.5 27.93

0% rubber Fiber 10% rubber fiber 20% rubber fiber 30% rubber fiber
% of Rubber Fiber

W 7 days (No exposure) B 7 days W 28days W84 days W 162 days W 365 days

Figure 14. Change in geopolymer compressive strength after exposure to 3% sulfuric acid.
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Figure 15. Modification of the geopolymer compressive strength following exposure to 5% sulfuric acid.

Figures 14-19 show that exposure to sulphuric acid decreases its compressive strength.
Compressive strength change relies on the sulfuric acid concentration and exposure dura-
tion. Increases in the period of exposure and concentration of sulfuric acid enhance the
degradation in compressive strength of all mixes. The rate of reduction of compressive
strength is highest following the one-year exposure period. In the control geopolymer
concrete, the 3%,5%, and 10% concentrations of sulfuric acid result in compressive strengths
of 32.14,30.78, and 17.65 MPa, respectively, after 365 days, whereas for the control OPC
concrete, the respective strengths are 29.23, 26.00, and 13.89 MPa. This demonstrates that
the geopolymer concrete is stronger than OPC concrete against sulfuric acid. In geopoly-
mer concrete, the source material contains relatively little calcium, which is the major
factor in increasing resistance against acid [33,43,44]. In all mixes, it was found that higher
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concentrations of sulfuric acid result in greater deterioration, resulting in greater strength
loss. In the geopolymer specimens, this deterioration is due to the formation of zeolite
and the depolymerization of alumino-silicate. Similar results have been confirmed by
previous research [33,44]. These results also prove that geopolymer and OPC concrete
containing rubber fibres enhance the concrete porosity, which causes a greater reduction in
compressive strength.

Geopolymer Concrete specimens after 10% concentration of Sulphuric acid exposure
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Figure 16. Change in geopolymer compressive strength following 10% sulfuric acid exposure.
OPC Concrete specimens after 3% concentration of Sulphuric acid exposure
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Figure 17. Compressive resistance change in OPC samples after 3% sulfuric acid exposure.
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OPC Concrete specimens after 5% concentration of Sulphuric acid exposure
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Figure 18. Modification of OPC compression strength after 5% sulfuric acid exposure.
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Figure 19. Compressive strength changes for the OPC samples after 10% sulfuric acid exposure.

4.5. Chloride Diffusion

For geopolymer and OPC concrete samples, a continuous state chloride ion migration
experiment was conducted, and the chloride diffusion coefficients are listed in Figure 20.
The geopolymer concrete has reduced diffusion coefficients of chloride compared to OPC
concrete from this figure. The chloride diffusion coefficients increase with the rubber
fibre content in both types of concrete. The minimum chlorine diffusion coefficients for
geopolymer concrete and OPC concrete are 1.0 x 1072 and 1.5 x 10~'2, respectively, and
the maximum chloride diffusion coefficients are 1.2 x 10712 and 1.7 x 10712, respectively.
These values are comparable to the values of earlier research [45].

4.6. Corrosion Resistance
4.6.1. Macrocell Current Measurements

A 100-Ohm resistance was used to measure the macrocell current according to ASTM
G109 [42]. The favourable macrocell current shows that the corrosion is ongoing. To
guarantee adequate corrosion, a minimum of 10puA is regarded. Figure 21 demonstrates
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that macrocellular current was less than 10 pA in the case of both control and rubberized
geopolymer concrete, up to 9 months, whereas, in the 10, 11, and 12th month all mixes
received more than 10 pA macrocell currents. Figures 21 and 22 show the variability of
macrocell current overtime for geopolymer concrete and OPC concrete. The macrocell
current for rubberized concrete was more than that for the control concrete at all ages.

The current in OPC concrete exceeded 10 pA in all mixtures from the 8th month to the
12th month. For geopolymer concrete, the highest anode current for the control mixture
was 11.2 uA, 13.4 pA, 17.1 pA, and 19.3 pA for the 12th month, while the peak current was
measured at 15.3 pnA, 18.9 pA, 15.8 A, and 22.1 mA for OPC concrete. The above findings
demonstrate that the incorporation of rubber waste fibres improve the likelihood of early
corrosion initiation in both kinds of concrete.

Chloride diffusion coefficient D, (x 1012 m?/s)

0% 10% 20% 30%
% of Rubber Fiber

H Geopolymer concrete B OPC concrete

Figure 20. Chloride diffusion coefficient of geopolymer and OPC concrete.
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Figure 21. Geopolymer concrete macrocell current.



Sustainability 2021, 13, 5969

19 of 26

OPC Concrete

30

20

Macrocell current (pA)
=)

-20

Exposure period (months)

—#— 0% rubber Fiber  —#=10% rubber fiber 20%rubber fiber  ===30%rubber fiber

Figure 22. OPC concrete Macrocell Current.

4.6.2. Half-Cell Potential Measurements

The half cell potential was evaluated between the top bar and a reference electrode
following ASTM C876 [28]. Figures 23 and 24 show the outcomes of half-cell potential
measurements for geopolymer and OPC concrete. According to ASTM standards, the
likelihood of corrosion in reinforcement steel bars is more than 90% where potentials are
more negative than —350 mV. The potentials for geopolymer concrete were less negative
than —350 mV up to 9 months, compared to —350 mV for the OPC concrete up to 8 months
(See Figures 23 and 24).

The variance of geopolymer and OPC concrete half cell potential are shown in
Figure 24. The half-cell potential of rubber fibre waste-concrete has been higher than
that of the control mix at different ages. In the case of geopolymer concrete, a more neg-
ative than —350 mV was reported from the 10th month to 12th month, whilst in the 9th
month to 12th month, OPC concrete potential became more negative than —350 mV. The
maximum potential was measured as —360 mV, —400 mV, —420, and —460 mV for geopoly-
mer concrete at 12 months while the supreme potential for OPC concrete at 12 months was
obtained as —400 mV, —455 mV, —482 mV, and —500 mV. From the foregoing outcomes,
the geopolymer concrete reduces the likelihood of corrosion initiation in comparison to
OPC concrete.

4.7. Drying Shrinkage

The drying shrinkage with time is shown in Figures 25 and 26 for geopolymer concrete
and OPC concrete. From the figure, it could be observed that geopolymer concrete under-
goes a low drying shrinkage when compared with OPC concrete. The low drying shrink
connected with its thin pores results in low diffusiveness and a significant reduction in
the drying shrinkage rate. Water is expelled during the geopolymerisation phase and less
water is found in geopolymer concrete micropores. This is caused by low drying shrinkage.
Due to moisture motion from the atmosphere to the concrete, shrinking stress fluctuates
over time and vice versa, which results in reversible shrinking and concrete swelling. The
drying shrinkage can be observed as the content of the rubber fibre and time are increased.
The boost in porosity owing to the inclusion of rubber particles in concrete.
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Figure 23. Half-cell potential measurement of geopolymer concrete.
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Figure 24. Half-cell potential measurement of OPC concrete.

4.8. Carbonation Resistance

The carbonation depth measured for geopolymer and OPC concrete is shown in
Figures 27 and 28 for 14-, 21-, 28-, 35-, 42-, 56-, and 90-days duration (5% CO; exposure).
The carbonation depth can be found to be increased by increasing the duration of CO,
exposure and replacement of all mixes. The current study shows that carbonation depth
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was less than the minimum cover required for the concrete (15 mm) at the immense
substitution level (30%) and elevated CO; levels (5% for 90 days). The carbonation depth
reduced with increased rubber content for any replacement of the fine aggregate by rubber
fibre. As previously noted in this study, an increase in carbon depth could be caused
by a rise in water intake and water permeability. For geopolymer concrete with a 30%
fine aggregate replacement level, the maximum carbonation depth of 8.0 mm had to be
observed, whereas for OPC concrete, with an exposure of 90 days, at the same replacement
level the carbonation depth was 9.0 mm.
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Figure 25. Drying shrinkage of geopolymer concrete specimen.
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Figure 26. Drying shrinkage of OPC concrete specimen.
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Figure 27. Carbonation depth of geopolymer concrete specimen.
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Figure 28. Carbonation depth of OPC concrete specimen.

4.9. Salt Resistance

Geopolymer concrete and OPC concrete have been tested for salt resistance. The test
was performed by soaking the specimen in 5% NaCl (Sodium chloride) solution. After
exposure for 7, 28, 84, 162, and 365 days, salt resistance was assessed based on a shift in
compression strength. Geopolymer concrete and OPC concrete compressive resistance
are demonstrated in Figures 29 and 30, respectively, following sodium chloride exposures.
The compressive strength of specimens was taken under saturated surface dry conditions
after exposure and the results were compared with the specimens with no exposure.
The compressive strength of geopolymer concrete on salty solution exposures was not
significantly changed. However, the compressive strength of the rubberized geopolymer
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cement was somewhat reduced following the exposure of salt with 10% substitution. There
was a significant reduction in the compressive strength on exposure to a salty solution for
the control OPC concrete as well as the rubberized concrete. The results clearly show the
excellent resistance of geopolymer concrete (both control as well as rubberized) against the
OPC concrete (both rubberized as well as geopolymer).
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Figure 29. Salt Resistance of geopolymer concrete specimen.
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Figure 30. Salt Resistance of OPC concrete specimen.
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5. Conclusions
The following conclusions can be taken from the outcomes reported in this study:

1. The depth of water penetration rises with enhanced rubber fibre. In geopolymer
concrete, the water penetration depth is smaller than in OPC concrete. The rise of
the depth of penetration can be explained by the increased porosity of concrete, as is
apparent at greater rubber fibre substitution concentrations.

2. No physical modifications in the geopolymer samples were noted after exposure to
sodium sulphate for up to a year. These specimens did not exhibit any change in shape,
and no cracking or spalling. In contrast, the OPC concrete specimen had expanded
and suffered from frequent random cracking. After exposure in the geopolymer
samples, there were substantial changes in compressive strength, whereas OPC
concrete samples showed lower compressive strength.

3. The specimens of all mixtures undergo erosion after exposure to acid. The damage
to the concrete surface increases as the sulfuric acid becomes stronger. It was found
that higher concentrations of sulfuric acid result in greater deterioration, resulting in
greater loss of strength.

4. Geopolymer concrete has greater reduced diffusion coefficients of chloride than OPC
concrete. The chloride diffusion coefficients increase with the rubber fibre content in
both types of concrete.

5. The macrocell current was greater than that for the control concrete at all ages for
the rubberized concrete mixtures. The current for OPC concrete used is 10 pA for
mixes at 8 months to 12 months. The incorporation of rubber waste fibre improves
the likelihood of corrosion in both kinds of concrete at an early stage.

6.  The half-cell potential for the geopolymer and OPC concrete with waste fibres was
greater than for the control geopolymer and OPC concrete. There recorded more
negative than —350 mV in context to rubberized geopolymer concrete from the 10th
month to the 12th month, while in the 9th month to the 12th month rubberized OPC
concrete potential was higher than —350 mV.

7.  With the increase in the rubber fibre content and an increase in time for both cases,
the drying shrinking has increased. Porosity increases due to the reduction of the
shrinkage rate owing to rubber particles.

8.  Carbonation depth decreased with an increase in rubber content for any substitution
level of fine aggregates by a rubber fibre. For geopolymer concrete with 30% fine
aggregate replacement levels, a peak carbonation depth of 8.0 mm has been noted,
whereas for OPC concrete at 90 days of exposure, a carbonation depth of 9.0 mm was
observed on the same replacement level.

The rubber tyre waste could be efficaciously substituting a portion of fine aggregate
to form rubberized geopolymer concrete without effecting its properties.
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