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Abstract

High-temperature exposures of concrete lead to serious damage in concrete structures, resulting in the significant decay of
mechanical properties and spalling of concrete. Alkali-activated concretes (AAC) of blended aluminosilicate precursors
and activators have been proven to have higher thermal endurance than conventional portland cement concrete.
Incorporation of gypsum (GY) in alkali-activated systems has proven to positively impact the mechanical properties when
adopted in controlled amounts. GY releases SO4? to the binder system, which helps in the formation of ettringites, along
with Ca?*, which leads to the formation of hydrates. This causes a reduction in porosity and improves strength gain.
Incorporation of GY into the fly ash-slag-based alkali-activated system further improves thermal endurance by retaining
considerable residual strengths even after 800°C exposure. In the present study, the influence of GY on the residual
mechanical properties of fly ash-slag-based AAC is investigated to explore the thermal endurance of the ternary mix at
elevated temperatures. The mechanical properties of fly ash (FA), Ground Granulated Blast Furnace Slag (GGBS), and
gypsum (GY) ternary blended AAC subjected to elevated temperatures are studied in comparison with conventional
portland cement concrete (control mix). AAC design mixes with varying proportions of GY as a replacement to FA-GGBS
precursor are tested for mechanical properties to obtain the optimum mix. The residual mechanical properties of the FA-
GGBS-GY optimum ternary AAC mix are obtained after exposure to elevated temperatures up to 800°C. The morphology
and microstructural characteristics of AAC are studied by Scanning Electron Microscopy (SEM) and Energy-Dispersive
X-ray Spectroscopy (EDS) analyses to investigate the influence of gypsum on the thermal endurance of concrete when
exposed to elevated temperatures. Improved thermal endurance is observed for AAC when FA-GGBS precursors are
replaced with 5% of GY as compared to the thermal endurance of conventional portland cement concrete (PCC) of the
same compressive strength.

Keywords: Alkali Activated Concrete (AAC); Fly Ash (FA); Ground Granulated Blast Furnace Slag (GGBS); Gypsum (GY); Elevated
Temperature; Microstructure Analysis.

1. Introduction

There is a continuously increasing global demand for cement to meet the necessities and requirements of rapid
infrastructure growth. This has necessitated the large-scale usage of cement in recent years. Global production of cement
reached 4.1 Gt in 2019 and is expected to grow up to 12-23% by 2050 [1]. It is estimated that approximately 1 ton of
CO: is released during the production of 1 ton of cement, accounting for about 5% of total global CO; emissions [2]. At
present, studies are being focused on the 100% replacement of portland cement (PC) with an alternative binder to achieve
sustainability in concrete production. Research on the utilization of aluminosilicate-based industrial wastes in concrete
production has been trending in recent years. Alkali-activated concrete (AAC) is one of the efficient alternatives that
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has the potential to replace conventional portland cement concrete (PCC). In AAC, portland cement is entirely replaced
by aluminosilicates or calcium aluminosilicates like coal fly ash, blast furnace slag, metakaolin, silica fume, steel slag,
zeolite, etc., and activated using an alkaline activator/s.

Fly ash (FA) is being used as a primary alternative cementitious material all over the world because of its abundance
and easy availability [3-6]. More than 196 million tons of FA is being generated in India, which requires considerably
large area of land for disposal. Coal-based thermal power plants are the major source of power generation in India to
meet the energy demands of the large population. Coal reserves in India are expected to last for more than 100 years [5].
The utilization of FA in sustainable construction is being considered as a primary and effective means of reducing the
quantity of FA that is being disposed of on the land as a landfill. AAC with FA as a primary precursor offers similar to
superior mechanical and durability characteristics as compared to conventional concrete [7, 8]. The extent of these
characteristics largely depends on the source and type of FA as well as the proportions of other blending ingredients
used. The usage of FA as a sole precursor in AAC requires heat curing for better and faster polymerization. Also, the
mechanical strength attained is moderate. Hence, the addition of calcium aluminosilicates like GGBS to FA in the
production of concrete eliminates the demand for heat curing and yields moderately higher strength.

Gypsum (GY) is commonly used in the production of portland cement as a retarding agent. Most of the researchers
have studied fly ash, blast furnace slag, steel slag, red mud, metakaolin, and other alumina and/or silica precursor-based
binders or mortars to investigate the influence of synthetic gypsums like phosphogypsum (PG) or desulfurized/flue gas
desulfurized gypsum (DG). PG is a synthetic gypsum, which is a byproduct of the fertilizer industry produced from
phosphate rock, whereas DG is an industrial by-product obtained by desulfurization and purification of flue gas
generated after combustion of sulfur-containing fuels (coal, oil, etc.). The phosphorus and fluorine impurities in PG
demand careful reuse in concrete production. DG can be used as a substitute for natural gypsum in concrete production.
However, there are certain issues and considerations associated with its use in concrete. As DG contains higher levels
of sulfates compared to natural gypsum, there is a risk of sulfate attack, compromising its durability and long-term
performance. Variations in the chemical composition depending on the source and the specific desulfurization process
may cause inconsistencies in the quality of the concrete. Natural gypsum is obtained by mining or quarrying. The total
global production of gypsum from mines in 2022 amounted to an estimated 150 million metric tons. The United States
is the world's largest producer of crude gypsum and has the world's largest reserves. The abundant gypsum reserves can
be utilized in the production of AAC.

In recent years, studies on blended alkali-activated binder systems have gained momentum as they offer improved
properties because of the formation of silicate hydrates like calcium aluminosilicate hydrate (C-A-S-H) and sodium
aluminosilicate hydrate (N-A-S-H), making the matrix of an alkali-activated system more compact and denser with a
refined crack pattern than conventional concrete with a compact pore system [9, 10]. In AAC, hydroxides and silicates
of sodium and potassium are commonly used as alkali activators. The gel system formed due to alkali activation in AAC
depends on the properties and proportion of precursors along with the activators used. The reaction products from
blended systems are complicated and different from those produced when precursors are used in isolation [11, 12]. If
the precursor has a low calcium content, like FA (class F), metakaolin, etc., the major chemical reaction products formed
are (N-A-S-H). While the high calcium precursors like GGBS, etc. generate (C-A-S-H) as the major reaction product.
In the case of blended systems, the predominant chemical reaction products formed are the combination of (C-S-H), (C-
A-S-H), and (N-A-S-H) in varying proportions. The proportions of the aforesaid reaction products depend on the
proportions of CaO, SiO, and Al,Os content in the binders [13-15].

Incorporation of GY into aluminosilicate precursors in alkali-activated materials reduces drying shrinkage and
hence enhances dimensional stability [16—-18]. The addition of GY has been observed to increase the compressive
strength of alkali-activated materials [16, 19, 20]. GY ionizes and releases Ca?* and SO4? to a reaction system and
is hence expected to improve the performance of the FA-GGBS-based alkali-activated system. However, few studies
have shown detrimental effects on compressive strength depending on the proportion of the GY in the binders and
the characteristics of the activators used [21-24]. Gypsum has been used as a sulfate activator in FA/slag-based
geopolymer pastes, which created favorable conditions for the diffusion and penetration of ions for the activation of
FA/slag precursors and led to the formation of ettringite [25]. PG promoted the alkali-activation reaction and reduced
setting times when FA/GGBS was partially substituted with phosphogypsum in PG-based alkali-activated binders
[26]. A 10% substitution of GGBS with PG in a 50:50 FA/GGBS blend was found to be beneficial. The increased
amount of gypsum (up to 15%) in the FA/slag blended pastes was observed to increase pore distribution, which
reduced capillary tension and subsequently led to drying shrinkage. Incomplete dissolution of gypsum and a
reduction in the formation of ettringites and hydrates were also observed [17]. Optimal strength was obtained with
the incorporation of 6% GY of precursor mass content in the FA-slag-based geopolymer cement when a large amount
of slag and a small amount of FA were used [27].

The strength properties of FA-GGBS-based alkali-activated materials with DG were optimized by varying curing
times and alkali activator modulus. The formation of ettringites due to the incorporation of DG was observed to fill the
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tiny micro-cracks, thus forming a denser matrix [28]. DG promoted additional polymerization, ultimately resulting in
increased strength in the low-alkaline reaction system. Controlling DG content is recommended to prevent volume filling
effect of unreacted DG, which makes the system porous. Modification of the AAC binder matrix for a higher Si/Al ratio
offers better residual mechanical strengths after elevated thermal exposures by inhibiting damage due to pore-pressure
build-up [29]. When alkali-activated FA and GGBS-based geopolymers are exposed to high temperatures, the sintering
reaction heals the micro/meso pores/cracks partially and reduces the adverse impact of re-crystallization on the gel
skeleton, leading to the retention of mechanical strength after 600 °C exposure [30]. Higher slag content in the binder
induces better mechanical properties to the FA-GGBS-based AAC, but increased brittleness is detrimental to the residual
strengths of concrete. FA-based geopolymers offer moderate mechanical properties as compared to FA-GGBS binary
systems. Hence, FA and GGBS ratios need to be carefully adopted in the concrete mix to get the advantage of both
mechanical properties and better thermal endurance.

Studies on gypsum-based blended concretes are relatively scarce. In general terms, expansion of aggregates and
shrinkage of the binder, when the concrete is exposed to elevated temperatures, result in the debonding of aggregates
and binder, thus reducing the mechanical and durability properties of concrete. Studies on concrete that mimics real-
world applications are needed for societal acceptance.

Concrete is exposed to high temperatures as a building material in various applications like chimneys, metallurgical
industries, in case of fire accidents, etc. High-temperature exposures lead to serious damage to concrete structures,
resulting in the significant mechanical decay and spalling of concrete. It is essential to adopt high-temperature-resistant
concrete for the intended serviceability and to ensure the safety of life. In the present study, FA-GGBS-GY-based ternary
blend AAC has been adopted, and residual mechanical properties are investigated at elevated temperatures in
comparison with conventional PCC. The study focuses on the use of GY as one of the binders in the FA-GGBS-based
ternary system while limiting it to 10% of the total precursor content.

This article presents an investigation on the influence of Gypsum incorporated as a partial substitution for FA-GGBS-
based alkali-activated binder systems on the residual properties of FA-GGBS-based AAC. The concrete mix proportions
with an alkali-activated FA-GGBS-GY binder system along with the methodology adopted to ascertain the worth of the
developed concrete against thermal endurance are presented. The phases developed at each of the elevated temperature
levels are presented through micro-analysis. Residual mechanical properties are also tested.

2. Materials

In the present study, FA and GGBS are used as major alkali-activated binder precursors, and the influence of the
incorporation of GY as a partial replacement (up to 10%) for FA and GGBS is investigated. The chemical composition
of AAC precursors is given in Table 1. SEM images and the elemental composition of AAC precursors and PC are
shown in Figure 1. SEM images indicate particles of FA as spherical, GGBS as angular, GY as flaky, and PC as
irregularly shaped. A combination of sodium silicate (Na,SiOs) and 12M sodium hydroxide (NaOH) alkaline solutions
is used as an alkaline activator. M-Sand, used in the present study, conforms to Zone 1 as per 1S:383 (1970), with particle
sizes ranging between 4.75 mm and 150 pm. The size of coarse aggregates and their proportions in the mix are fixed to
match the DIN B grading curve to achieve dense packing [31]. The combined grading of coarse aggregates adopted in
the concrete mixes consists of 19% of 20 mm passing, 20% of 12.5 mm passing, 22% of 6.3 mm passing, and 39% of
4.75 mm passing. PC of grade 43 has been used in the control mix. Preliminary tests on PC, precursors, alkaline activator
solutions, and aggregates are conducted and reported in Table 2.

Table 1. Chemical composition of AAC precursor materials

Component FA (%) GGBS (%) GY (%)

SiO, 61.8 40 19.83
Al,O3 24.98 41 11.63
Fe;03 4.47 2.0 6.20
Ca0 3.08 42.0 18.86
MgO 1.77 6.20 5.75
K20 0.94 - 1.47
Na,O 0.28 - 0.05

SO; 0.31 0.10 43.99

Loss of ignition 1-15 0.25 20.36
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Figure 1. SEM and EDS images of AAC precursors and PC
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Table 2. Properties of AAC materials

Physical Property Raw material
FA (Class F) 212
GGBS 2.80
GY 2.64
Specific gravity Sodium silicate (Na,SiOs) - 46.0% w/w 1.57
Sodium hydroxide (NaOH) solution — 12M 40.4% w/w 1.46
Coarse aggregates 2.60
Fine aggregates 2.60
. Coarse aggregates 7.76

Fineness modulus .

Fine aggregates 3.54

3. Research Methodology

The methodology adopted to investigate the influence of GY on the residual properties of FA-GGBS-based AAC in
comparison with conventional PCC (control mix) is represented in Figure 2. Alkaline solution content, precursor ratio,
activator (Na SiOz to NaOH) ratio, and NaOH molarity are fixed by conducting trials for designing an AAC mix of
required compressive strength and workability [31]. Design mix proportions adopted in casting AAC specimens are
given in Table 3. For the preparation of AAC, aggregates and precursors are dry mixed initially in the concrete mixer
followed by the addition of activators. Na,SiO3; to NaOH activators are prepared at least 24 hours before the mixing time
and mixed at least 3 hours before the concrete preparation. Mixing of concrete is continued for 3-5min to get a uniform
and workable mix by adding the required amount of water. Alkali-activated ternary mixes are prepared by replacing FA-
GGBS precursors with varying percentages of GY in the increments of 2.5% designated as GY0, GY2.5, GY5, GY7.5
and GY10 representing 0%, 2.5%, 5%, 7.5% and 10% replacement respectively. For PCC, 43-grade cement is used, and
the concrete mix is designed as per 1S:10262 (2019).

Testing of Concrete raw materials for physical

properties
Conventional ~L
Portland . . FA-GGBS
Cement j‘> Mix Design <: based AAC
Concrete V
Casting and Curing of AAC Specimens by replacing
FA & GGBS by varying percentages of GY
Testing AAC Specimens for mechanical properties
to obtain optimum design concrete mix
Conventional < 7 FA, GGBS
Portland and GY
Cement Casting and Curing of Specimens based AAC
Concrete (optimum
(Control mix) < ? mix)

Exposing Specimens to elevated temperatures

<

Visual Observations

G

microstructure analysis

Test for residual mechanical properties and

Figure 2. Methodology flow chart of the study
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Table 3. Mix Proportions of AAC

Component GY0 GY25 GY5 GY75 GY10
FA (class F) in kg/m? 350 34125 33250 323.75 315
GGBS in kg/m® 150 146.25 14250 138.75 135
GY in kg/m? 0 12.50 25 37.50 50
Sodium Hydroxide (NaOH) solution — 12M 40.4% w/w 57 kg/m3
Sodium silicate (Na2SiO3) - 46.0% w/w 143 kg/m®
Fine aggregates — M sand 667 kg/m®
Coarse aggregates 1041 kg/m?®
(Alkali activator solution / Binder content) ratio 0.4
Workability 50 mm slump, medium workable concrete

Cube specimens of size 100 mm, cylinder specimens of 100 mm diameter and 150 mm height, and beam specimens
of 150 mm x 100 mm x 100 mm are cast for all AAC mixes and air-cured at room temperature. Specimens are tested
for mechanical properties after 7 and 28 days. The optimum AAC mix is obtained by comparing the mechanical strengths
of specimens of all AAC mixes. Using optimum AAC mix; cube, beam, and cylinder specimens are cast along with
PCC specimens. After 28 days of curing, one set of PCC (water curing) and AAC (air curing) specimens are tested for
mechanical strengths. Another set of specimens is exposed to elevated temperatures of up to 800°C in an electric furnace.
The temperature in the furnace is raised at a constant rate of 5.5°C/min. After reaching the designated temperature
(200°C, 400°C, 600°C and 800°C), specimens are retained for 2 hours in the furnace [29]. After 2 hours of retention
time, the furnace is switched off and allowed to cool down until room temperature is reached. The Specimens are taken
out of the furnace and tested for residual strengths. Binder samples extracted from the AAC and PCC specimens after
elevated temperature exposures are subjected to Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDS) analyses.

4. Results and Discussions

AAC specimens with varying percentages of GY are tested for compressive, tensile, and flexure strengths to obtain
an AAC mix with the optimum percentage of GY. Concrete specimens with the optimum percentage of GY are then
exposed to elevated temperatures to obtain the residual strengths to investigate the influence of GY on AAC. Chemical
reactions between FA, GGBS, and GY led to the formation of new complex crystalline products. A few unreacted
compounds of precursors are also found throughout the process of alkali activation.

4.1. The Optimum Percentage of GY as a Replacement for FA-GGBS in AAC

AAC mixes are prepared by replacing FA and GGBS with GY at varying percentages (0%, 2.5%, 5%, 7.5%, and
10%). Figure 3 shows the influence of GY on the compressive, split tensile, and flexure strengths of AAC at 7 and 28
days. Positive impact up to 5% replacement and negative impact with the increase in the percentage of replacement from
5% to 10% is observed.
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Figure 3. Variation in mechanical strengths of AAC with varying GY content at 7 and 28 days

The mechanical strengths of all AAC mixes considered for the study are tabulated in Table 4. GY5 attained 14.34%,
12.27%, and 11.07% higher compressive, split tensile, and flexure strengths respectively at 28 days than GYO0. As
compared to GY5, compressive, split tensile, and flexure strengths of GY7.5 are reduced by 11.14%, 3.6%, and 2.49%
respectively, and 19.62%, 11.26%, and 19.93% respectively for GY10 AAC mix. According to strength tests, the AAC
mix with 5% GY possessed higher mechanical strengths than the control AAC mix, GY0. However, the addition of GY
beyond 5% decreased the strength of AAC. Similar results were reported in earlier studies with FA and PG [32]. Based
on this observation, GY5 is considered as the optimum mix for elevated temperature exposures.

Table 4. Mechanical strengths of AAC with varying GY content at 7 and 28 days

AAC Mix  Average Compressive strength in N/mm?  Average Split tensile strength in N/mm?  Average flexure strength in N/mm?

7 days 28 days 7 days 28 days 7 days 28 days
GYO0 33.8 45.52 1.73 181 4.85 5.43
GY25 374 47.85 1.85 1.98 5.38 5.62
GY5 37.6 52.05 211 2.22 5.65 6.02
GY7.5 33.93 46.25 1.90 2.14 5.55 5.87
GY10 27.96 41.84 1.86 197 457 4.82

Binders extracted from GYO0, GY2.5, GY5, GY7.5, and GY10 AAC specimens are subjected to microstructure
analysis and surface morphology is observed. SEM images of all samples considered for the study are shown in Figure
4. The chemical reactions of the ternary blend alkali activation process are complex. They involve dissolution,
polymerization, and subsequent reformation of various silicate, aluminate, and calcium-based compounds. These
reactions resulted in new phases, which helped to develop the strength, durability, and overall performance of AAC.
The alkalis in the activator solution (NaOH and Na,SiO3) led to the dissolution and release of (Si?*) and (AI®*) from the
FA. Similarly, under the action of alkalis, (Ca*) and (SiO4*) ions were released from GGBS. Released ions combined
with alkali metal ions and generated gel-like crystalline structures, primarily composed of calcium silicate hydrate (C-
S-H), calcium aluminosilicate hydrate (C-A-S-H), Sodium aluminosilicate hydrate (N-A-S-H) and other compounds by
polymerization in FA-GGBS-based AAC which contributed to the binding properties and strength gain in AAC [33].

GY, predominantly composed of calcium sulfate dihydrate, contributes calcium (Ca?*) ions to the system in the presence
of alkalis.
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Figure 4. SEM images of AAC with varying GY content

GY in AAC ternary binder released (SO.%) ions into the binder paste. Dissolved (Ca?*) and (SO4%) ions in the FA-
GGBS-GY blend, combined with transformed aluminium hydroxide [AI(OH)s]* to form ettringite (AFt). These needle-
shaped AFt crystals reduced the porosity by filling the pores, thus improving the strength [34]. Thus (C-S-H), (C-A-S-
H), (N-A-S-H), and AFt are responsible for dense microstructure leading to the strength gain when GY content was
<5%. With the increase in GY content to 7.5% and 10%, the formation of excessive AFt led to the destruction of the gel
structure of AAC binders due to the volume expansion leading to increased porosity. This increased porosity
subsequently led to the deterioration of the strength. Similar results were obtained in an earlier study with
Desulfurization gypsum [33]. Additionally, since a certain percentage of FA-GGBS is replaced with GY, the formation
of reaction products is reduced due to the lower dissolution rate of (Ca?*), (Si?*), and (AI**) ions. Higher CaSO4 content
has been proven to cause adverse effects on the formation of the (C-S-H), (C-A-S-H), and (N-A-S-H) gel [17]. SEM
images of GY7.5 and GY10 AAC shown in Figure 4 indicate the existence of a considerable number of pores and
unreacted precursors than GY5 AAC indicating the adverse effect of AFt and incomplete dissolution of precursors in
the activator solution respectively. These are responsible for the reduction in strengths because of an increase in porosity
and lesser gel formation. A larger amount of GY acts as a barrier for the formation of reaction products which reduces
the cohesion in the microstructure resulting in the reduction of mechanical strengths.

Elements and elemental ratios of different AAC mixes considered for the study are listed in Table 5. An increase in
the ratios of (Ca/Si), (Si/Al), (Na/Al), (Ca/(Si+Al)), and (Na/(Si+Al)) is observed with the increase in the replacement
of GY with FA-GGBS up to 5% and decrease is observed with further increase in the GY replacement. Increase in the
ratios of (Ca/Si), (Si/Al), (Na/Al), (Ca/(Si+Al)), and (Na/(Si+Al)) is observed from 0.769, 2.252, 0.83, 0.533, and 0.255
to 1.204, 2.990, 0.908, 0.902, and 0.228 respectively for G5 AAC mix w.r.t GYO0. Higher (Ca/Si), Ca/(Si+Al), and
(Na/(Si+Al)) ratios of a mix indicate a higher rate of polymerization due to enhanced dissolution of precursors leading
to the formation of denser reaction products. (Ca/Si) and (Ca/(Si+Al)) ratios dominate over (Na/(Si+Al)) ratio for G5
AAC which indicate (C-S-H) and (C-A-S-H) as major crystalline reaction products formed. (Si/Al) ratio is the most
critical factor for residual properties in the AAC system at elevated temperatures and the mix with a higher (Si/Al) ratio
offers better resistance to elevated temperature exposures [35-37]. G5 AAC with high elemental ratios, high (Si/Al)
ratio, and relatively better mechanical properties as compared to other mixes considered for the study is adopted as the
optimum mix for elevated temperature exposures.

Table 5. EDS analysis of AAC samples at ambient temperature

Elements (% by wt.) and their ratio

AAC Mix
Na Ca Si Al CalSi Si/Al Na/Al Ca/(Si+Al) Na/(Si+Al)
GYO 533 1113 1446 642 0.769 2252 0.830 0.533 0.255
GY25 201 893 1050 383 0.850 2741 0.525 0.624 0.140
GY5 365 1448 1202 402 1204 2990 0.908 0.902 0.288
GY7.5 272 1050 1296 490 0.810 2644 0.555 0.587 0.152

4.2. Residual Mechanical Strengths of PCC and G5 AAC

Specimens are exposed to elevated temperatures after 28 days of ambient temperature curing for G5 AAC and water
curing for PCC specimens. Electric furnace temperature is gradually increased at a constant rate of 5.5°C/min till the
designated temperature i.e., 200°C, 400°C, 600°C, and 800°C is reached. Specimens are retained for 2 hours at the
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designated temperature. After retention time, the furnace is switched off and allowed to cool until room temperature is
reached. The specimens are taken out of the furnace and tested for mechanical strengths to investigate the influence of
GY on the residual properties of FA-GGBS-GY -based AAC as compared to PCC.

The visual appearances of G5 AAC and PCC specimens after exposure to elevated temperatures are shown in Figures
5 and 6. Surface layers of PCC specimens are seen to be disintegrated and spalled off on 800°C exposures. PCC
specimens suffered a higher level of disintegration at elevated temperatures as compared to AAC specimens due to the
early loss of bond between binder and aggregates because of considerable dehydration; and because of early gel structure
disintegration. The binder matrix in AAC appeared to be more stable and denser than PCC binder offering better
resistance to exposed elevated temperatures.

GY5AAC

Figure 5. Concrete specimens after exposure to 800°C

Figure 6. The visual appearance of G5 AAC and PCC beam specimens after exposure to 400°C

Variations in the mechanical strengths of PCC and G5 AAC specimens at elevated temperature exposures from 200°C
to 800°Care shown in Figure 7. Residual mechanical strengths of PCC and G5 AAC specimens after exposure to elevated
temperatures relative to their mechanical strengths at ambient temperature are tabulated in Table 6. AAC specimens
showed higher residual mechanical properties than PCC specimens at every exposure temperature considered. Maximum
reduction in compressive strength is observed between 600°C-800°C for PCC specimens and between 400°C-600°C for
G5 AAC specimens. Similarly, PCC and G5 AAC specimens lost maximum split tensile and flexure strengths between
200°C-400°C. After exposure to 800°C exposure, G5 AAC specimens retained considerable mechanical properties to an
extent of 25% to 47%, whereas PCC specimens lost almost 85% to 100% w.r.t ambient strengths. At 800°C, the relative
residual compressive, split tensile, and flexure strengths of PCC specimens w.r.t mechanical strengths at ambient
temperature are observed to be 0.15, 0.01, and 0 as compared to 0.53, 0.2, and 0.25 respectively for G5 AAC specimens.
Lower cracking and spalling, and higher residual mechanical strengths of G5 AAC at higher temperature exposures
indicate their better performance and hence are considered to offer excellent endurance at elevated temperature
exposures as compared to PCC.
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Figure 7. Residual mechanical strengths of PCC and G5 AAC specimens at different elevated temperature exposures

Table 6. Residual mechanical strengths of specimens after exposure to elevated temperatures relative to mechanical
strengths at ambient temperature

Specimens Exposure temperature
Al 200°C 400°C 600°C 800°C

) ] ) PCC 0.89 0.70 0.58 0.15
Relative residual compressive strengths

G5 AAC 1.04 0.94 0.72 0.53

) ) o PCC 0.75 0.41 0.17 0.01
Relative residual split tensile strengths

G5 AAC 0.79 0.50 0.31 0.20

PCC 0.78 0.43 0.08 0

Relative residual flexure strengths
G5 AAC 0.85 0.61 0.46 0.25

From the SEM images of G5 AAC in Figure 8, no cracks are visible at 800°C, and minor cracks are visible at 600°C
exposure. This is due to the sintering of hydrates and unreacted precursor particles which resulted in the greater inter-
particle connectivity between 600°C-800°C [29]. Sintering of hydrates in G5 AAC filled up micro to macro cracks
formed on exposure to elevated temperatures up to around 800°C. This in turn helped in the retention of residual
mechanical strengths at elevated temperature exposures.

Sintgfed hydrat ;
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]
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Figure 8. SEM images of G5 AAC specimens after exposure to 600°C and 800°C
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EDS analysis results of PCC and G5 AAC samples are shown in Tables 7 and 8 respectively. Reduction in (Ca/Si)
and (Si/Al) ratios of PCC with the increase in exposure temperature from 200°C to 800°C is observed due to the
decomposition and disintegration of (C-S-H) gel which resulted in the loss of mechanical strengths. An increase in the
elemental ratios of G5 AAC with the increase in exposure temperature up to 200°C is observed due to the enhanced
polymerization which resulted in the increased mechanical strengths as per Table 6. At different elevated temperatures
the specimens are exposed to, in the present study, the elemental ratios of G5 AAC are higher than those of PCC. This
indicates a higher amount of thermal degradation of PCC gel structure than G5 AAC and thus justifies higher thermal
endurance of G5 AAC than PCC with considerable residual strengths at elevated temperatures. This behavior proves G5
AAC mix is a better alternative to PCC for elevated temperature exposure applications up to 800°C.

Table 7. EDS analysis of PCC samples after exposure to elevated temperatures

Elements (% by wt.) and their ratio

Exposure
Temperature Ca Si Al CalSi Ca/(Si+Al)
Ambient 1257 967 1208 130 0.80
200°C 615 7.88 1176 078 0.67
400°C 209 545 940 055 058
800°C 246 512 1163 048 0.44

Table 8. EDS analysis of G5 AAC samples after exposure to elevated temperatures

Elements (% by wt.) and their ratio

Exposure
Temperature Na Ca Si Al Ca/Si  Si/Al Na/Al Ca/(Si+Al)  Na/(Si+Al)
Ambient 1341 1755 900 938 195 096 143 0.96 073
200°C 1674 2597 1292 1124 201 115  1.49 1.08 0.69
400°C 934 1129 645 759 175 085 123 0.80 0.67
800°C 582 534 340 654 157 052 089 054 0.59

5. Conclusions

o Partial replacement of FA-GGBS precursors with 5% GY in an alkali activation system is found to be beneficial
in improving the mechanical properties of AAC. The microstructures of the FA-GGBS-GY ternary blended
concrete showed better thermal endurance as compared to PCC and hence is a potential alternative for elevated
temperature applications.

e The optimum mix design of FA-GGBS-GY-based AAC is obtained by replacing FA-GGBS (70:30) with 5% GY.
The formation of ettringite (AFt) crystals filled up the initial pores and improved mechanical strength. With the
increase in GY content to 7.5% and 10%, excessive ettringite (AFt) formed led to the destruction of the gel
structure due to the volume expansion. This increased the porosity and deteriorated the strength.

e GY5 AAC specimens showed higher residual mechanical properties than PCC specimens at every elevated
exposure temperature considered. GY5 AAC specimens offered higher resistance to spalling and cracking than
PCC specimens and retained better residual mechanical properties on elevated temperature exposures up to 800°C.

o At every elevated temperature exposure considered in the present study, between 200°C to 800°C, the elemental
ratios of GY5 AAC are higher than those of PCC. This indicates a higher amount of thermal degradation of PCC
gel structure than GY5 AAC. Strong gel structure, sintering of unreacted precursor particles and binder matrix at
higher temperatures in AAC helped in retaining considerable residual mechanical strengths than PCC even after
exposure to elevated temperatures up to 800°C. This justifies better-elevated temperature endurance of Fly ash-
slag-gypsum-based AAC than PCC.
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