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Abstract:

The study focuses on the characteristics of geopolymer concrete generated by activating fly ash and GGBS as
source material. As a substitute for conventional concrete, it is crucial to conduct an experimental investigation
to check for long-term development and resistance to various temperatures. However, further research has
been conducted on determining strength properties under elevated temperatures. Nevertheless, there is a lack
of work in assessing the strength and weight loss of GPC specimens of M25 & M50 grades of concrete at various
temperatures (200°C, 400°C, and 600°C) for three different times (30, 60, and 90 minutes) under air-cooling and
water quenching which could be the novelty of this work. A detailed experimental program is discussed in this
paper. The concentration of sodium hydroxide and SS/SH ratio (8M and 2.5) made constant throughout the
work. Overall, 108 cubes were cast and tested after curing for 28 days both curing. The results demonstrated
that higher temperature and longer exposure duration (600°C and 90 min) increased weight loss for M25 and
M50 grades. In contrast, the compressive strength is significantly reduced at 200°C for 30 minutes for M50
quality concrete. Therefore, it could be concluded that curing and temperature change play a significant role in
the strength and weight loss of geopolymer concrete specimens.

Index Terms— alkaline activator, compressive strength, elevated temperature, sodium hydroxide, weight loss.
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1. INTRODUCTION

Geopolymer concrete is advanced concrete made of
industrial products as source materials, such as flyash,
GGBS, Metakoline, etc. However, to start the
polymerization process, an alkaline solution is
required. Likewise, the curing type is important for
the polymerization process under 90 °C. According to
the study [1], fly ash comes from coal combustion,
primarily aluminosilicate, silica, and crystalline
materials. There are two types of flyash generated
from the source, of which class F is being extensively
used because of the calcium available in it compared
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to class C flyash. According to the study [2-4], NaOH
and Na,SiO3; have commonly used combinations of
alkaline activators to develop the polymerization
process. Compared to potassium activators, sodium
activators produce high-strength GPC. [5-6] The
calcium in GGBS reacts with this solution to form
C-S-H gel and silica in calcined fly ash reactions to
produce N-A-S-H gel. Curing conditions, especially the
temperature. Depending on the activator, alkali
concentration, and curing temperature, GPC varies in
strength and performance. Research on
alkaline-activated slags probably began with the
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author of [7], and they found it to be a good
alternative binder to OPC. Several authors' studies say
2.5 is the optimum strength ratio to obtain the
greatest compression strength. The author of [8-9]
pointed out that geopolymers have received less
attention than they ought to when subjected to high
temperatures. Furthermore, the author of [10] used
sodium hydroxide for the first time to develop
activated concrete. The researchers found that GPC
had superior fire resistance and mechanical properties
at higher than normal temperatures. Therefore, the
authors of [11-13] and [14] recommend that fly
ash-based GPC retain its residual compressive
strength between 80 °C and 100 °C, whereas Portland
cement concrete loses this strength beyond 80 °C. By
partially replacing fly ash with GGBS, it can help avoid
temperature curing and achieve strength early. The
authors of [15-16] studied the mechanical properties,
such as compressive strength and split tensile
strength, under normal and rapid cooling after one
hour of exposure to temperatures of 80°C. He found
that the specimens indicate better residual strength at
13M and that workability decreases as the NaOH
solution molarity increases. The author of [17]
discusses the influence of sodium hydroxide on
strength properties. As the concentration of NaOH
increases, the strength increases and reduces
workability. However, more research is required on
geopolymer concrete under varying temperatures.
This research establishes the effect of heat exposure
periods and cooling regimes on the strength and mass
loss of GPC. Any new concrete material must undergo
a study to determine its durability. Therefore, the
main objectives are to determine the weight loss and
residual compressive strength under elevated
temperatures and to assess the impact of various
curing regimes on the characteristics of geopolymer
concrete. The authors of [18-19] developed the term
"geopolymer" in 1978 to describe a class of mineral
binders with a chemical makeup nearly identical to
that of a mineral. Moreover, the author of [20]
examined the geopolymer concrete uses industrial
by-product materials available locally on the market
as a binder rather than cement. It is evident from the
studies [21-22] that the GPC is both cost-effective and
environmentally beneficial, as it makes use of garbage
that is readily available on the market and has a

minimal carbon footprint. According to studies, alkal2.

activators in a fly ash-based geopolymer cause silicon
dioxide and alumina in the source material to form a
Na aluminosilicate hydrate gel, which bonds
aggregates. [23] Although research has demonstrated

that geopolymer concretes made with a combination
of ash and GGBS, have the potential to outperform
traditional concretes. Nevertheless, there is no
recommended mix proportion for GPC made with a
mix of ash and GGBS. Despite the very fact that
analysis has shown that geopolymer concretes
created with a mix of ash and GGBS have the potential
to switch superior typical concretes, there is no
correct mix proportion or recommendations for GPC
created with a mix of ash and GGBS. Because of its
high early strength profit, durability resistance to acid
(sulfate) assault, minimal drying shrinkage, and low
creep, GPC could be a good material for
infrastructure, as stated by the authors of [24-26]. As
stated by the authors of [27-29], GPC outperforms
ordinary concrete in vulnerable settings, as stated by
the author of [30]. Geopolymer technology's main
benefit is profitably utilizing many waste materials. As
a result, moving to environmentally friendly products
is the most cost-effective way for the concrete
industry to meet this greenhouse gas reduction
objective. Changes in the molarity ratios of sodium
hydroxide and sodium silicate solution influence the
amount of sodium hydroxide in the solution, affecting
the SS/SH. ratio, as stated by the author [31-32]. The
author of [33] believes that the influence of NaOH
molar concentration on workability and the SS/SH
magnitude relationship directly impacts concrete
strength and the attributes of the specified artificial
neural network

Significance of the project

Geopolymer is a moderately new material, with the
possibility of being another option for OPC. It is
required to determine the longevity and resistance of
the materials under various temperatures. The
present procedure for producing geopolymer
concrete utilizes fly ash and GGBS as the source
materials with different concentrations of sodium
hydroxide to examine the characteristics of
geopolymer concrete under elevated temperatures
for different grades of concrete. The energy required
for production could be considerably minimized by
using  industries. Moreover, geopolymer s
cost-effective and has excellent strength and thermal
resistance.

METHODOLOGY

To assess the effect of elevated temperatures on the
fy and GGBS-based GPC. Three different
temperatures are exposed (200 °C, 400 °C, and 600 °C)
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three other times (30, 60, and 90 minutes). Air-cooling
and water quenching processes are used for M25
grade, flyash: GGBS-70:30, A/B ratio-0.55, and M50

grade, flyash: GGBS-50:50, A/B ratio-0.50. The details
of the experimental program and mix proportion
details are provided in tables 1 and 2.

Table 1
Details of Specimens Cast for Elevated Temperatures

Number of samples for cast Number of instances for cast
Grade of . . .
Concrete Temperature (Air cooling) ( Water Quenching)
30 min 60 min 90 min | 30 min 60 min 90 min
200°C 3 3 3 3 3 3
GPC 25 400°C 3 3 3 3 3 3
600°C 3 3 3 3 3 3
200°C 3 3 3 3 3 3
GPC 50 400°C 3 3 3 3 3 3
600°C 3 3 3 3 3 3
Total No of specimens Cast 54 54
Table 2
Mix proportion
Mix Fly  Ash | GGBS. Z'g“geregate f\‘g’;zegate Na:Si03 NaOH
(kg/m?) (kg/m?) (ke/m’) (kg/m?) (kg/m?) (kg/m?)
GPC 25 252 108 770 1090.8 141.42 56.57
GPC 50 225 225 761 973 160.71 64.28
Alkaline Solution loss of GPC50 specimens exposed to various heat
As discussed by the author of [34-36], the exposure intervals at multiple temperatures; these

concentration of sodium hydroxide plays a vital role in
developing the characteristics of concrete. The
solution is made up of sodium hydroxide and sodium
silicate. These solutions are less expensive and readily
available. The NaOH pellets are taken at 320 grams for
8M (Since the atomic number is 40) and are mixed in
potable water, and weighed after completely
dissolved. The sodium silicate is added to the mix (2.5
ratio) and kept aside for 24 hours at room
temperature due to the heat liberated from it.

3. RESULTS AND DISCUSSION

Weight loss of specimen after
air-cooling

The weight loss of the GPC25 grade gradually
increases with an increase in temperature up to 600°
C, as shown in Table 3. It results in 1.3% at 200°C
when compared to 400°C, and at 600°C are 3.8% and
4.3%, respectively, with a 90-minute heat exposure
period, and the heat exposure period has a linear
relationship. Table 4 shows the percentage weight

curing under

data indicate that weight loss increases with
increasing temperatures at different exposure
periods. GPC25 followed a similar pattern. Weight
loss was 0.99 percent (1 percent) for specimens
exposed to 200°C for various heat exposure times. At
400°C and 600°C, weight loss is less than 6%. The
length of time spent in the heat plays an essential part
in weight reduction, and the length of time spent in
the heat increases with the length of time spent in the
heat. At all temperatures, a 90-minute exposure
period results in tremendous weight loss, as explained
by the authors of [37] and [38], who found that at
temperatures exceeding 600°C, weight loss is caused
by matrix and aggregate breakdown. The loss of GPC
rises with a temperature rise, according to the GPC25
and GPC50 experiment results. The cubes were
exposed to a different temperature; the maximum
loss observed for the M50 grade demonstrated that
the concrete quality had a binding effect. Therefore,
there is a significant rise in weight reduction with the
improvement in concrete grade.

Table 3
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Percentage of weight loss for GPC 25(Air Cooling)

Time Percentage of weight loss at different temperatures for M25 Grade — Air-Cooling
200°C 400°C 600°C
30 0.5% 2.2% 4.1%
60 0.7% 3.5% 4.2%
90 1.3% 3.8% 4.3%
Table 4
Percentage of weight loss for GPC 50 (Air Cooling)
Time Percentage of weight loss at different temperatures for M50 Grade — Air-Cooling
200°C 400°C 600°C
30 0.45% 3.6% 4.7%
60 0.90% 4.5% 5.3%
90 0.99% 4.9% 5.4%

Change in Weight after Curing Specimens under Water Quenching

The weight gain found in M25 & M50 is shown in Tables 5 and 6. When specimens exposed to high
temperatures are quenched in water immediately after being removed from the furnace, they gain Weight. The
percentage weight gain for GPC25 and GPC50 specimens increases as the temperature and exposure gain
increase. GPC weight gain is influenced by the exposure period as well. GPC50 absorbs more water than GPC25.
Because of 200°C for 30 minutes, 60 minutes, or 90 minutes, the weight gain for GPC25 grade is 2.4%, 3.1%, and
3.9%, respectively. When the temperature is raised to 400°C for 30 minutes, compared with 200°C, a sudden
weight gain is evident. Due to the early polymerization process this allows the specimen to absorb fewer drops
of water. A temperature of 400°C causes cracks (or) flaws in concrete, causing the material to lose strength & to
drink water through newly formed cracks. 7.54% and 8.5 % weight gain are observed for GPC25 and GPC50 at
maximum temperatures of 600°C, respectively. According to GPC's pore structure, as the temperature
increases, this cooling process involves taking the GPC specimens out of the furnace and immersing them
immediately

Table 5
Percentage weight gain for GPC 25 (water quenching)

. Percentage of weight gain at different temperatures for M25 Grade —

Time .

Water Quenching

200°C 400°C 600°C
30 2.4% 5.2% 5.5%
60 3.1% 5.6% 5.9%
90 3.9% 6.5% 6.6%

Table 6
Percentage weight gain for GPC 50 (water quenching)

Percentage of weight gain at different temperatures for M50 Grade —
Time Water Quenching

200°C 400°C 600°C
30 2.9% 4.8% 5.8%
60 5.5% 6.2% 6.6%
90 5.7% 6.8% 7.5%

Change in Compression Strength after Curing in the Figure. The heat at 200°C for 90 minutes will
Specimens under Air Cooling increase the resilience of GPC25 by about 40%. At
A comparison of the strength after exposure to higher temperatures, the rate of gain contrasts with
different temperatures over various periods is shown that at lower temperatures but differs from the
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results of unheated specimens until 400 °C. As shown
in figures 1 and 2, this trend decreased to 600 °C, but
it is more apparent from 400 °C to 600 °C. For all
exposure periods, GPC25 began to degrade at 600 °C,
but it still showed a minimum strength of 80%
compared to unheated GPC25. By heating the
concrete to 600 °C, it lost almost 65% of its strength,
making it substandard structural concrete. Therefore,

based on the above results. GPC50's strength does not
increase over 200 °C, unlike GPC25. At 200 °C, the
GPC50 strength decreased, but it was not significant.
Temperatures up to 400°C reduced strength by 15%.
At 600 °C, strength abruptly reduced by 40 percent.
GPC50, therefore, has a critical temperature of 600 °C.
As the temperature increased, this decreasing trend
continued, retaining only 15% of its original strength.

600 °C represents the critical temperature for GPC25
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Figure 1: Compressive strength of GPC 25 subjected to air cooling
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Figure 2: Compressive strength of GPC 50 subjected to water quenching and air cooling

Water Quenching

A cooling regime has a significant impact on GPC during high temperatures. Figures 3 and 4 show the
compressive strength of GPC specimens quenched in water and heated to a high temperature. With increasing
temperature, GPC25 strength gradually decreases during heat exposure. For example, despite an exposure
period of 30 minutes, the strength degradation is in an oven at 200 °C. GPC25 showed a 15% reduction in
strength at 200 °C.

Further heating reduced its strength by 40% at 400°C. At a temperature of 200 °C, GPC50 behaves similarly to
GPC25 at a similar temperature. GPC50 is critical at 400 °C since about half of the strength was reduced. At 600
°C, GPC25 retains 35% of its strength, while only 15% was owned at 600 °C. The cooling process involves
immersing specimens in a known volume of water for about 60 minutes after being taken out of the furnace.
Temperature differences between ambient and water temperatures cause stress to be distributed unevenly in
the specimen, causing micro-cracks and severe damage to GPC specimens. The verse strength of GPC50 is
significantly diminished when air-cooling or water quenching is used at elevated temperatures compared to
GPC25. It may be because there was more aggregate (i.e., less paste) in GPC25, culminating in a dense matrix.
The total absorbs more heat when the temperature rises, but the paste content absorbs more petite, which
results in a reduced strength loss. With more paste in GPC50 than GPC25, micro-cracks interlink, and the
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strength is lost significantly. Therefore, GPC source materials must be prepared carefully to attain stability.
Durability is also influenced by adding a higher amount of GGBS in the preparation of GPC.
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Figure 4: Compressive strength of GPC 50 subjected to water quenching

The effect of the cooling regime on the compressive
strength of GPC

Figure 1 and 2 illustrates the strength differences
between M25 and M50. This Figure shows two cooling
regimes with similar residual compressive strengths.
Compared to air-cooled specimens, GPC for
water-quenched samples has a lower compressive
strength. [39] Obtained the same results in his
research on different cooling regimes for concrete. He
also reported that GPC cooled by water quenching
achieved a lower compressive strength due to thermal
shock.

At 400 °C, air-cooling increases the strength of M25,
whereas the power reduces at 200 °C. However, this
enhanced strength is not present in a water
quenching process because a change in temperature
results in non-uniform stress distribution.

Effect of exposure period on compressive strength

Figures 3 and 4 illustrate a comparison of the
strengths of GPC25 and GPC50. The residual
compressive forces are determined under two cooling
regimes. Heat exposure also affects the rate at which
compressive strength increases and decreases. After
30 minutes of exposure, GPC25 at 200 °C exhibited a
strength increase of 17%, while after 60 and 90
minutes, it increased by 30% and 40%, respectively.
Thus, the trend of temperatures decreasing has
continued during the exposure period. GPC50's
compressive strength diminishes over time. As per the
studies [40], the strength increment will be noticeable
with an increase in temperature. Therefore, as the
exposure period increases, the percentage strength
reduction will also increase. Overall, the results of the
above experiments do not indicate a very significant
difference between an exposure period exceeding 60
minutes.
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CONCLUSION

The following conclusions were drawn from the
studies, and experimental work is shown below.

The higher temperature and a longer exposure
duration resulted in an increased loss of GPC mass
after 600 °C. As a result, there is a noticeable loss of
mass. Due to its exposure to heat for 90 minutes at a
temperature of 200°C, GPC25 showed increased
compressive strength and reduction at 600 °C.
Moreover, for GPC50, the compressive strength is
significantly reduced at 200 °C for 30 minutes and
increased temperatures and extended exposure
periods. From the studies, it is shown that XRD
analysis revealed that geopolymer concrete exhibits a
more crystalline structure. The GPC is cooled at a high
temperature, it significantly decreases the
compressive strength for M25 at 600 °C compared to
water quenching, and with increasing GGBS content,
strength degradation accelerates.
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