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Abstract

Autoclaved aerated concrete (AAC) is the lightest masonry material available in today’s building industry. It shows
properties, such as high strength per unit weight, lesser density, lower shrinkage, higher thermal insulation, and fire
resistance as compared to traditional concrete. Not only engineering properties of AAC make it popular in construc-
tion industry, but also its eco-friendly nature also contributes in conservation of energy. AAC produces about 67%
lower carbon emission than the clay bricks. Consequently, it becomes a cost-effective product which reduces the
cost of construction. This paper provides thorough insight into possible solutions for the waste utilization. It has
been inferred that fine aggregates can be replaced by these wastes in the preparation of AAC. This replacement will
improve its physio-mechanical properties, such as bulk-density, moisture absorption, compressive strength, along
with microstructure. These properties are comprehensively presented to categorize the investigation which has been
done in such fields earlier. The ongoing research work at the author’s institute, i.e, the development of lightweight
concrete by using different kind of waste materials, such as marble slurry, fly ash, etc,, is being presented.

Highlights

+ The paper presents the feasibility to use different agro-industrial wastes to develop AAC.

« Studies on the effect of fiber reinforcement on the physio-mechanical properties of AAC have been discussed.
+ Ca/Siratio affects the tobermorite formation and the mineralogy of AAC.

+ Influence of porosity on the microstructure of AAC has been investigated.

+ Ongoing R&D work at the author’s institute has been described.
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1 Introduction

Autoclaved aerated concrete (AAC) was invented in 1923,
and extensively used worldwide. The estimated yearly
worldwide production of AAC (non-reinforced) in recent
years sums up to 450 million m? (Fouad & Schoch, 2018).
It holds 16% of total construction in India; whereas, in
the UK and Germany it contributes over 40 and 60% of
total construction (Subash et al., 2016). AAC is assessed
as lightweight building material with higher thermal
resistivity and lower heat conduction. The density and
compressive strength of AAC vary widely ranging from
451 to 1000 kg/m? and 1.5 to 7.0 MPa, respectively, as
per IS: 2185 (Part 3). Its thermal insulation property
reduces about 50% consumption of building energy (Rah-
man et al,, 2020). Even there is no additional thermal
insulating layers to the building walls in comparison of
traditional concrete, hence maximize energy efficiency
in buildings. Consequently, AAC counts as an environ-
ment friendly or green material (Rahman et al., 2020).
AAC block generated around 67% less carbon emissions
than clay brick (Yaman & Abd Rashid, 2021). Instead of
using standard burnt clay brick, AAC block considerably
lessened the environmental effect (Yaman & Abd Rashid,
2021).

Aerated concrete can be categorized as autoclaved aer-
ated concrete (AAC) or non-autoclaved aerated concrete
(NAAC) based on pore growth mechanism, cementitious
materials used, and most importantly, the curing method
(Narayanan & Ramamurthy, 2000). NAAC is a foamed
concrete in which foaming agents are generally based on
proteins, synthetic, and glue resins, etc. The AAC can
be produced by two methods, chemical and mechanical

processes. The reaction of aluminum and -calcium
hydroxide generates hydrogen gas which is responsible
for the porous shape with low weight (Rahman et al.,
2020; Cai et al,, 2019). Metallic compounds can also be
used as an air-entraining agent in the chemical process
for generating air bubbles within the concrete. However,
in the mechanical process a variety of foaming agents can
be used (Karakurt et al., 2010).

In general, AAC can be prepared under the condi-
tion of high pressure and temperature which should lie
between 180 and 200 °C in a high-pressure autoclave
(Narayanan & Ramamurthy, 2000). Generally, the pro-
duction of AAC is carried by a homogeneous mixing of
commonly available basic raw materials, such as mixture
of quartz sand which should be ground finely, cement,
lime and limiting quantity of aluminum powder (air-
entraining agent). Air-entraining agent form pores when
steam cured at high pressure and temperature (Kunchari-
yakun et al,, 2015). During the process of autoclaving,
AAC is strengthened due to the formation of the 1.1 nm
calcium-silicate-hydrate (CazSizO;4(OH),-4H,0) in crys-
talline phase called Tobermorite in the fresh state as well
as in hardened state (Qu & Zhao, 2017).

As the population and urbanization are increasing day
by day, the consumption of natural resources for mak-
ing building materials increasing simultaneously. Conse-
quently, there is a massive increase in the generation of
unmanaged waste in various industries. This continuous
increment in unmanaged waste is the reason why many
countries including India are facing serious environmen-
tal issues. Therefore, re-cyclization and consumption of
waste for developing sustainable construction materials,
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such as AAC is the need of today’s world as well as it’s an
effective solution for managing the waste (Munir et al.,
2018). Fig. 1 shows the recent observed country-wise
and year-wise research pattern in the area of lightweight
concrete (Source: https://www.scopus.com/, Keyword:
Lightweight Concrete, Accessed on: 25—-08-2022). These
observations indicate the urgent need of attention in this
research area.

1.1 Waste Substitution in AAC

Various studies have been conducted by combining dif-
ferent waste products [such as—rice husk ash (RHA),
coal gangue, stone waste, solid municipal waste, etc.] into
this course of action. RHA affects various parameters of
AAC, such as physio-mechanical and microstructural
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properties. AAC has been developed using different per-
centage of RHA at a temperature of 180 °C for 8 h. and
18 h. Microfine RHA particles showed positive effect as
C-S-H transformed to tobermorite during the cement
hydration (Kunchariyakun et al., 2015). Clinoptilolite
which is known as natural zeolite, worked as an aggregate
as well as a bubble-forming agent in the preparation of
AAC. Physio-mechanical properties of AAC incorpo-
rated with clinoptilolite enhanced due to its coarser size
of grain (Karakurt et al, 2010). Incorporation of sugar
sediment waste as a raw material in the preparation of
AAC improves the compressive strength which is the
consequence of tobermorite formation in higher amount
(Thongtha et al., 2014).
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In order to reduce the generation of iron ore tailings
(IOTs) which is a waste produced from the steel indus-
try, a new technology has been applied in which coal
gangue (CQ) is also used with IOTs as a siliceous material
to develop AAC (Wang et al., 2016). AAC mix contains
maximum percentages of siliceous compounds compared
to other aggregates. Mineral-based aggregates, such as
broken rock and granites are the major sources of silica
which is the best alternative source of natural river sand
(Zafar et al., 2020). Various properties of AAC, such as
thermal, mechanical, and durability has been examined
in several studies. The solid waste generated during the
process of cutting, grinding or other processing of stone
is known as stone sawing mud (SSM). Basically, it is a
stone powder which contains lots of water (Alyamag
& Aydin, 2015). Quartz with soda feldspar and potas-
sium feldspar are the major mineral composition of the
stone sawing mud. So, the utilization of SSM is a prob-
lem subjected to the protection of the groundwater and
environment. AAC formed with SSM have good thermal
insulation performance (Wan et al., 2018).

To utilize the waste generated from the stone process-
ing plant, stone dust is being used as a partial replace-
ment of natural or quartz sand in AAC (Zafar et al,,
2020). As a result, reduction in environmental and health
hazards, takes place along with the control over exca-
vation of river. This research was based on the feasible
potential addition of the granite waste in the preparation
of AAC. It has been found that granite waste effectively
modifies the various properties in terms of physio-
mechanical, thermal and microstructural (Zafar et al.,
2020). The final properties of AAC depend on the vari-
ation of several factors, such as quality of raw materials,
mix design proportioning method, autoclaving time and
temperature. Although a large number of research have
been published, there is still much scope for improve-
ment in optimizing composition, thermal performance,
shrinkage, and long-term durability (Qu & Zhao, 2017).
The manufacturing of AAC concrete using various types
of wastes is shown in Table 1. This state of art is primarily
focused on the utilization of different wastes in the prep-
aration of AAC (Fig. 2).

1.2 Chemical Compositions of Waste Materials

Characterization of waste materials provides useful
information about the nature of waste. Chemical compo-
sitions help in the selection of feasible solution by which
that particular waste can be utilize effectively. Geograph-
ical locations are the prime factor for the compositions of
waste. Same type of waste can show different properties
if they have collected from different places. Still, we can
conclude useful facts by the characterization, which will
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help for the further assessment. Chemical composition of
various wastes is summarized in Table 2.

Wastes such as rice husk (Kunchariyakun et al., 2015),
Zeolite Socony Mobil-5 (ZSM-5) (Jiang et al., 2021),
black rice husk ash (BRHA) (Kunchariyakun et al., 2018),
quartz tailing (Jin et al., 2016), and quartzite (Albay-
rak et al., 2007) are rich in silica content (90-95%). Due
to the higher percentages of silica and alumina oxides
(S§i04+ Al,O5+Fe,04>90%), they are highly pozzolanic
and active in nature; whereas wastes such as natural zeo-
lite (Karakurt et al., 2010), sugar sediment (Thongtha
et al, 2014), iron ore tailing (Wang et al.,, 2016), stone
sawing mud (Wan et al.,, 2018), granite dust (Zafar et al,,
2020), bagasse ash (Kunchariyakun et al., 2018), and glass
cullet traces (Walczak et al., 2015a) contain 65-78% of
silica content and can easily replace the quartz sand dur-
ing the preparation of AAC. Traces of other chemicals,
such as CaO, Fe,O,, K,0, and MgO are also present in
very less quantities.

2 Constituents of AAC

AAC consists of basic components, such as binders
(cement, lime), fine aggregate (silica sand), gypsum, an
air-entraining agent, and water. All the aforementioned
ingredients will be discussed in detail in the following
subsections.

2.1 Binder

In AAC, different calcareous and siliceous materials can
be used as a binder (Narayanan & Ramamurthy, 2000).
However, cement is the main component used for bind-
ing it. Generally, OPC and PPC are the types of cement
that have been used (Hamad, 2014). However, lime as a
calcareous material can replaced cement to some extent
with percentages of cement up to 5% to increase the
pozzolanic properties (Zafar et al., 2020). On the other
hand, the raw siliceous material which is used in higher
amounts in the preparation of AAC is quartz which is
taken from natural resources. There are numerous stud-
ies in which natural sand has been replaced by waste
material which enhanced the properties of AAC. This
also helped to manage the industrial wastes, such as pul-
verized fuel ash, slate waste, and fly ash used to replace
the binder or sand (Narayanan & Ramamurthy, 2000).
Besides, silica fumes are beneficial for strength increment
and affect thermal conductivity due to their higher poz-
zolanic properties (Qu & Zhao, 2017).

2.2 Micro-particles

Various types of pozzolanic additives in finely dis-
persed form are widely used to enhance the proper-
ties of concrete. Pozzolanic material can be natural
or technogenic material having pozzolanic properties
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Fig. 2 Different wastes used for AAC formation (Source: Google
Images)

contains majorly active silica (SiO,) (Laukaitis et al.,
2010). This reacts with Portlandite constituent
(Ca(OH),) in cementitious ingredients. This forms cal-
cium-silicate-hydrate (C-S-H), as a result of additional
strength in cementitious materials (Jo et al., 2007;
Taylor, 1997). Sinica et. al. (2014) has investigated the
performance of AAC which contains continuous basalt
fibers (BF) and silica micro-dust (SMD), within recur-
rent cooling and heating cycles. It was confirmed that
BF having 0.1-6 mm length, 4.6 um an average diam-
eter and SiO, micro-dust with about 20 pm average
size particle, significantly enhanced the AAC stabil-
ity (Sinica et al., 2014). After 25 cycles of cooling and
heating, the compressive strength increases from 20 to
52%, bending strength increases from 27 to 62% and
shrinkage deformation decreased by 25% when com-
pared to normal samples without additives (Sinica
et al,, 2014).

Incorporation of nano-sized amorphous silica (AS)
and carbon fiber (CF) in the formation of AAC, affects
the properties of AAC forming mixture. At 1.0% of
optimum replacement of sand by AS in the AAC
mix, expansion of the forming mixture of AAC was
increased by 11.0%. Temperature of the forming mix
increased by 2.1%, compressive strength increased by
271.4%, and, ultrasonic impulse velocity (UIV) also
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increased by 3.0% (Lekanaité et al., 2012); whereas,
the optimal substitution of CF with sand by 0.1%
decreased the temperature of forming mixture up to
1.5%, increased in volume up to 16.0% and increased in
ULV up to 2.0% and increased plasticity strength up to
152.9% (Lekanaite et al., 2012).

2.3 Air-Entraining Agent

Aluminum is one of the most commonly used air-
entraining agent in the preparation of AAC (Kalpana &
Mohith, 2020). The intrusion of air in AAC is generally
done by the addition of aluminum powder (AP), having
very fine grain size. The aluminum powder reacts with
the solvable bases presents in the cement/lime slurry to
produce small sizes of bubbles (Narayanan & Ramamur-
thy, 2000). However, some municipal solid waste (MSW),
such as incineration bottom ash (IBA) can be a substitute
for the conventional AP. It can be used as an air-entrain-
ing agent in the formation of AAC. Fig. 3 represents the
grain size distribution curves of three IBAs and AP (Song
etal,, 2015).

2.4 Fiber Addition
AAC is brittle in nature and having similarities to fiber-
reinforced aerated concrete (FRAC) (Laukaitis et al.,
2009). FRAC is lightweight AAC in which reinforcement
has been done internally by using polymeric fibers (Lau-
kaitis et al., 2009; Zollo, 1997). The micro-structures of
AAC and FRAC show different textures. AAC having
brittle behavior and under flexural or tensile loading,
does not show any crack resistance nature. On the con-
trary, FRAC is a tough concrete and sufficiently dissipates
large energy, because fiber prevents the opening of cracks
by bridging action (Pehlivanl et al, 2015). FRAC has
significantly lower values of compressive strength than
AAC, because room temperature curing is performed
for the preparation of FRAC. Autoclaving process can
damage polypropylene fibers and to prevent this damage,
autoclaving process has been eliminated. This elimina-
tion of the autoclaving process in FRAC will result in a
lower strength value and a higher degree of unevenness.
FRAC had nearly half compressive strength than that
of AAC samples but flexural strength of FRAC was 100
times greater than that of AAC. This was due to the pres-
ence of fibers, which act as a bridge between the macro-
and micro-cracks (Laukaitis et al., 2009). However, fibers
can increase the ductile properties of AAC by providing
the bridging between micro- and macro-cracks (Lau-
kaitis et al., 2009; Pehlivanl et al., 2015).

Different fibers, such as polypropene, basalt, non-
hydrophilic and hydrophilic carbon, and kaolin have
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been used to enhance the properties of AAC (Pehlivanl
etal, 2015, 2016).

Result shows that both type of fiber additives, i.e.,
hydrophilic, and non-hydrophilic enhanced the flexural
and compressive strengths of AAC. Hydrophilic additives
are more effective than their respective non-hydrophilic
fibers. Compressive and flexural strengths are increased
more in this case; whereas, all other fiber substitution
enhanced the modulus of rupture of concrete more than
the compressive strength, the order of which was as fol-
lows: kaolin fiber < basalt fiber < polypropylene fiber < car-
bon fiber (Laukaitis et al., 2009).

The results of microstructural analysis of FRACs using
scanning electron microscope (SEM) showed that the
carbon and polypropylene fibers are chemically inert
with the hardened concrete matrix. Therefore, FRAC
using these fibers can resist the erosion of alkaline mor-
tar media. So it will not be chemically damaged, will not
lose its flexibility, and when destructive force is applied to
the concrete, they will slide in the matrix of the hardened
binder. Hence, flexural and compression strength of con-
cretes generally increases in these cases (Laukaitis et al.,
2009; Pehlivanh et al., 2015); whereas, the filaments of
fibers like basalt and kaolin fibers chemically react with
the binder of concrete. Consequently, they will not slide
in the mixture when the concrete is destroyed or when
the destructive forces are applied. Due to the chemical
reactions, only little increment in the compressive and
bending strength of the concrete is observed (Laukaitis
et al., 2009).

Experimental examination of fiber reinforcement con-
cluded that the thermal behavior of fiber incorporated
AAC linearly varies with thermal properties of the added
fibers (Tanyildizi, 2008). AAC reinforced with basalt fiber
gives the lowest thermal resistivity. But AAC reinforced
with carbon fiber shows higher modulus of rupture and
compressive strength. SEM analyses of polypropylene,
glass, basalt, fiber undoped AAC and AAC reinforced
with carbon fiber are shown in Fig. 4 (Pehlivanl et al,
2016). Microstructural analysis was obtained using fiber
undoped AAC as reference. Fig. 4a shows the C-S-H
(tobermorite) crystals of the control sample at (5000x)
magnification along with reference sample at (35x) mag-
nification. It was observed that the sizes of pores were
varying from 1 and 1.5 mm. In SEM image of basalt
FRAC (Fig. 4b), between AAC and basalt fiber (bond pro-
duced by the fiber and AAC) adherence compliance was
developed. Small quantity of tobermorite gels also vis-
ible in the image. In polypropylene FRAC image (Fig. 4c),
between AAC and polypropylene fiber adherence com-
pliance was ensured. In cropped carbon FRAC image
(Fig. 4d), between AAC and cropped carbon fiber adher-
ence compliance was ensured (Pehlivanl et al., 2016).
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Fig. 4e shows the reinforcement by glass fiber. Also, on
the left side, tobermorite (C-S-H) was observed. Rein-
forcing of AAC with fiber microstructure analysis seems
to be strengthen the adherence.

Graphical representation of few desirable properties
is shown in Fig. 5. From the graph, it can be easily con-
cluded that the thermal behavior of with fiber AAC (WF)
linearly varies with thermal properties of the added fib-
ers unlike non-fiber AAC (NF). It can also be concluded
that flexural strength as well as compressive strength also
increased in WF when compared to NF. The bulk den-
sity was increased in the AAC mix with/without fiber
addition.

2.5 Hydrophobic Agents

Addition of suitable hydrophobic agents enhanced the
strength characteristics of the AAC. This leads to enable
its suitability in various field of civil engineering, such as
bridge, hydraulic structures, etc. The effect of inclusion of
hydrophobic products in preparation of AAC is discussed
in this investigation. It has been found that various mate-
rial properties significantly change at the same time, such
as compressive and bending strengths. Also, important
effect takes place on reducing water absorption capacity,
which play important role in building construction and
subsequently enhanced freeze—thaw resistance, carbona-
tion resistance, and chloride ion penetration (Beben and
“Zee” Manko, 2011).

2.6 Superplasticizer

By chemical nature, superplasticizers are water-solu-
ble polymers (Dziekan et al., 2011). They contain sul-
fonated and carboxylated macromolecules and referred
as high-range water reducers in concrete. Reduction of
the amount of water in the mix is crucial for decreas-
ing the capillary porosity of the hardened cementitious
materials. The second important function of a superplas-
ticizer is to retain the specified consistency of concrete
at fresh state for a given course of time, even at feasible
water/binder ratio (Dziekan et al., 2011). Superplasticiz-
ers based on polycarboxylates are useful to influence the
properties of AAC. Poly-carboxy, carboxylic groups and
polyether contains plasticizers having more solubility in
the water.

Solutions of water in which 30% (by wt.) plasticizer are
added as an admixture, were applied to concrete (Zemin-
ian et al., 2018). Samples concrete are based on calcium
oxide, gypsum and, fly ash as binders and an aggregate.
Foam-—gas—silicate (FGS) technique was used to form
concrete in this study. Mixtures containing superplasti-
cizers as well as mixtures without containing superplas-
ticizers were autoclaved, and then characterized. The
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ash and aluminum powder (Song et al., 2015)

samples with superplasticizers were enabled to decrease
water requirement by 20% and showed 10% higher
density, and about 20% higher compressive strength
compared to the samples without plasticizers (Zemin-
ian et al, 2018). Phase analysis did not show any differ-
ences between these two concrete samples. All samples
contained tobermorite phase, and the C-S-H phase. It is
important to note that there is not any significant effect
on chemical and mineralogical composition of AAC on
addition of superplasticizer (Keriené et al., 2013).

3 Preparation Method of AAC
In the physical stage of mix proportions of AAC, calcare-
ous materials and siliceous materials, the dosage of air-
entraining agent (Al powder), initial water temperature,
and water solids ratios (W/S) are the major parameters
that should be predetermined. The range of bulk (Ca/
Al +Si) ratio opted by many researches are varying from
0.48 to 0.83 (Bonakdar et al., 2013; Laukaitis et al., 2009;
Pehlivanli et al.,, 2016; Qu & Zhao, 2017; Walczak et al.,
2015a), whereas binder (cement and lime)/fine aggre-
gate ratio lies as 1:1-1:2 (Qu & Zhao, 2017). The water
solids ratios are the ratio of the weight of water, required
for mix formation to the weight of solid, required for the
formation of mixture. W/S ratio can change depending
on the fluidity of the slurry, and hence varies with con-
stituents and mix proportion. At lower W/S ratio, higher
viscosity with rapid hardening will slow down its smooth
swelling because of increased cohesive forces (Laukaitis
et al., 2009).

Pore structure, such as distribution and pore size
relates the variation in the volume of AAC slurry which
is essentially control by W/S ratio (Laukaitis et al., 2009).
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At a very higher W/S ratio, the segregation in the slurry
occurs at different location and the hardening rate
becomes slow. Hence, gas is not entrapped properly and
tends to move upward which consequently generates
interconnected pores. This distribution of uneven pores
in the direction of expansion is known as anisotropy
(Qu & Zhao, 2017). The setting rate of slurry and gas-
formation rate is influenced by the initial water tempera-
ture which is responsible for the balance between these
two. Reasonable water temperature increases the tem-
perature of slurry about 70-80 °C at room temperature
which consequently provides satisfactory pore size (Ma
et al,, 2016; Qu & Zhao, 2017). The density of AAC can
be adjusted by the dosage of aluminum powder and the
range of aluminum powder lies between 0.1 and 0.25% of
the weight of binder (Bonakdar et al., 2013; Hussin et al.,
2010; Kunchariyakun et al., 2015; Rahman et al., 2021;
Wang et al.,, 2016; Zafar et al., 2020). With steam curing
in autoclave treatment, the transformation of an origi-
nally formed C-S-H phase takes place into tobermorite
(5Ca0-6Si0,-5H,0) by reacting with dissolved silica.
This hydrated product provides smaller shrinkage and
higher compressive strength at a lower density. Gyrolite
(Ca,(SigO45)-(OH),-3H,0) was formed when finer quartz
is utilized for preparation of AAC at higher autoclaving
time (Albayrak et al., 2007). On increasing the autoclav-
ing pressure (i.e., >0.8 MPa) tobermorite developed well,
whereas when the autoclaving pressure was more than
1.2 MPa other hydrothermal products were also formed
which had lower strength (Serhat Baspinar et al., 2013;
Cong et al.,, 2016; Zhao et al., 2012). Tobermorite appears
at nearly 2 h of autoclaving and profound up to 6-8 h
and further, no formation takes place on increasing time
(Narayanan & Ramamurthy, 2000; Wang et al., 2016).
The process of AAC preparation is described in Fig. 6
(Hamad, 2014).

4 Physio-mechanical Properties

4.1 Density

Bulk density affects numerous behaviors of AAC, such as
dry shrinkage, compressive strength, and thermal con-
ductivity (Tada, 1986). The specific gravity of constitu-
ent materials and quantity of air-entraining agent are the
factors that closely controlled the bulk density (Karakurt
et al,, 2010; Kunchariyakun et al., 2015; Song et al., 2015).
As the density control the various physical properties of
AAC, it is essential to specify the density with respect
to the moisture condition, i.e., at equilibrium with the
atmosphere or oven-dry condition. AAC produced from
autoclaving may be 15 to 25% more heavier than oven
treated AAC (Narayanan & Ramamurthy, 2000). On
increasing the duration of autoclave (i.e., >8 h), bulk den-
sity slightly increases because more hydration products
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were formed (Narayanan & Ramamurthy, 2000; Karakurt
et al., 2010).

AP reacting with lime results in a decrement in density,
consequently reducing the strength of AAC. To compen-
sate this decrement in strength, marble waste used as
substituents of cement which fill the micro-pores created
during aeration reaction hence enhanced the strength of

AAC. Hence reutilization of industrial waste helps to the
development of energy-efficient concrete (Perumalsamy
et al,, 2018). Fig. 7 shows graphical representation of bulk
density. AAC samples with RHA showed gradual decre-
ment in the density (Kunchariyakun et al., 2015). Respon-
sible cause for this decrement was the lower specific
gravity of RHA (Kunchariyakun et al., 2015); whereas, the
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sudden decrease was observed in the density of BA sub-
stituted AAC samples (Kunchariyakun et al., 2018). This
was due to the nonpolar surface and retardation effect of
presented unburned carbon in BA. At 20% of optimum
replacement of sand by granite dust, density of AAC
was increased by 13.45% (Zafar et al., 2020). Responsi-
ble cause for this increment was the formation of higher
density tobermorite crystals, instead of hexagonal Port-
landite crystals (Zafar et al., 2020). The bulk density was
decreased by 12% when quartz sand replaced with 5%
perlite waste; whereas, density was decreased by 45%
quartz sand replaced by 40% perlite waste (Rozycka &
Pichér, 2016).

4.2 Compressive Strength

The measurement of resistance which is offered by walls
of pores to stress is known as compressive strength. Many
factors can affect the compressive strength, such as pore
size distribution with the number of pores and the hydro-
thermal products (such as C-S-H) formed by the binder
(Tada, 1986). However, the porosity has imposed more
effect on this mechanical property. Porosity also affects
density, as increase in the porosity, density reduces. How-
ever, compressive strength is not solely dependent on
porosity, but pore size can also influence it. Smaller pores
lead to higher compressive strength in comparison to
larger pores (Hoff, 1972; Tada, 1986); whereas reduction
in density leads to the decrement in compressive strength
(Albayrak et al, 2007; Alexanderson, 1979; Bonakdar
et al.,, 2013; Holt & Raivio, 2005; Hu et al., 1997; Kun-
chariyakun et al., 2018; Narayanan & Ramamurthy, 2000;

Petrov & Schlegel, 1994; Song et al., 2015; Wongkeo &
Chaipanich, 2010; Wongkeo et al., 2012).

Microstructure and ingredients also influence the com-
pressive strength. W/S ratio predicts the amount of water
which is very important to maintain the density as well as
compressive strength. Higher compressive strength is the
result of smaller microscopic pores which can be derived
from smaller values of the W/S ratio (Kunchariyakun
et al,, 2015; Song et al,, 2015). Tobermorite crystals are
majorly responsible for the compressive strength of AAC.
Higher compressive strength and more crystalline phases
are correlated to each other hence basic proportioning
should be optimal for larger tobermorite crystals (Thong-
tha et al,, 2014). Low values of the C/S ratio result in the
creation of very poor-quality crystalline phase as well
as not facilitates the formation of Tobermorite crystals.
Hence, to prevent these outcomes the range of the C/S
ratio should lie at 0.8—1.0 (Mostafa, 2005). Quartz sand is
higher in the percentages of silica in comparison to river
sand thus the estimated addition of sand is bound to 20%
only, whereas an increment in compressive strength has
been observed from 2.2 to 3.74 MPa on increasing the
quantity of quartz sand (Cicek & Tanriverdi, 2007).

From Fig. 8, it can be concluded that addition of waste
can enhance the strength of AAC. Optimal range for
the addition of various wastes to improve the compres-
sive strength of AAC is 30-40%, as shown in the graph.
At 30% of optimal replacement by different wastes, such
as black rice husk ash (Kunchariyakun et al., 2018), bot-
tom ash (Kunchariyakun et al., 2018), and sugar sediment
(Thongtha et al., 2014), compressive strength increases
by 46%, 26% and 18%, respectively. Beyond 40% addition
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of waste shows no improvement on the compressive
strength and it decreases gradually. As specific strength is
defined as strength per unit density, compressive strength
increases with increase in density and vice-versa. From
Fig. 8b, it can be observed that optimal addition of vari-
ous kinds of wastes (by 20-40%), such as black rice husk
ash (Kunchariyakun et al., 2018), bottom ash (Kunchari-
yakun et al., 2018) can improve the specific strength of
AAC.

4.3 Flexural Strength

Flexural strength is the measurement of bending strength
of beams or slabs of AAC when exposed to a transverse
load at the mid-span of the beam and its value is about
17-34% of their compressive strength (Hu et al., 1997).
Comparison between the properties of AAC and FRAC
was studied. It was concluded that AAC has slightly
higher maximum flexural stress than FRAC (Dey et al.,
2014); whereas deflection and toughness capacity are

reported higher in FRAC than AAC due to the presence
of polypropene fiber (0.5% by weight) which provides
bridging to cracks (Song et al., 2015). Fig. 9 shows that at
50% replacement of ZC (coarse zeolite 0.5—1 mm) in the
formation of AAC provides max strength. On the other
hand, ZF (fine zeolite 100 um) decreased the strength due
to lower particle size and retardation effect of pozzolonic
materials (Karakurt et al., 2010). At 20% optimal replace-
ment of sand by waste granite dust, flexural strength was
increased by 50% (Zafar et al., 2020).

4.4 Drying Shrinkage

The process of drying leads to dimensional changes
responsible for inducing cracks in the structure. AAC
shows high drying shrinkage which is the result of the
specific surface of pores, high porosity, and absence of
aggregates. Drying shrinkage of porous building material
is explained by capillary tension theory which stated that
water experiences stress in the micro-pores which creates
attraction between the walls of the pore (Nielsen,1983;
Ramamurthy & Narayanan, 2000). AAC has less drying
shrinkage when compared to NAAC due to the conver-
sion of set cement gel into microcrystalline form after
autoclaving (Alexanderson, 1979; ACI 516, 1965).

As cement is fine, it therefore provides a large surface
area to evaporate adsorbed water and hence higher dry-
ing shrinkage can be observed. The increment in lime/
cement ratio increased the quantity of fines in the mix-
ture which consequently increases the drying shrinkage.
So limiting the incorporation of lime in the mix prevents
the increment in drying shrinkage. Fly ash also increases
the drying shrinkage due to the presence of a higher sur-
face area (Lam et al., 2018). The quantity of air-entraining
agent, superplasticizers, and silica fumes has no influence
on drying shrinkage (Ramamurthy & Narayanan, 2000);
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whereas the incorporation of alumina-rich substances,
such as bauxite, alumina-rich cement and blast furnace
slag can decrease the percentage of drying shrinkage by
30-100% because of the development of a greater num-
ber of tobermorite (Alexanderson, 1979).

The shrinkage mechanism of AAC is still unclear. It has
not been thoroughly explored for the wide range of sat-
uration conditions to dry conditions at various range of
relative humidity (RH) (Lam et al., 2018). Drying shrink-
age of AAC has been studied at lower and higher value of
RH. Result shows that at higher RH (>65%), capillary ten-
sion theory plays important role for the drying shrinkage
mechanism; whereas at lower RH (<65%) the shrinkage
of AAC has a linear connection with the surface energy
change. It has been determined that the primary factor
for AAC to shrink under low RH circumstances (RH 65%)
is a shift in the surface free energy (Lam et al., 2018).

4.5 Water Absorption

High porosity is the main characteristic of AAC which
is mainly responsible for high moisture absorption of
AAC (Jerman et al., 2013). Water absorption is basi-
cally worked from two channels, i.e., capillary pores
and artificial air pores. The volume of capillary pores
does not vary so much but as the volume of artificial
air pores increases, average length for water migration
also increases in the material. Moisture absorption in
air pores is resulting from the capillary rise which can
be observed when any porous material comes into the
contact of water and can be explained by the following
relationship:
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AM = CF+%,

where ‘F’ is absorbed water per surface area with time
(#); ‘C is the capillary coefficient and depends on number
of participated pores during the suction process. Mois-
ture condition plays a decisive role in water absorption
(Lam et al., 2018). Water vapor diffusion increases in the
dry state because all pores are vacant in the dry state;
whereas, in the regions where humidity is high, the cap-
illary condensed water can fill some pores due to which
these pores will not contribute to water vapor diffusion,
and consequently water moves in it through the capil-
lary forces only (Prim & Wittmann, 1983). Fig. 10 shows
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graphical representation of water absorption using dif-
ferent wastes, such as sugar sediments (Thongtha et al,,
2014), waste granite dust (Zafar et al., 2020) and, stone
sawing mud (Wan et al., 2018). On increasing the per-
centage of various wastes, water absorption was constant.
However, decrement in the water absorption is the result
of lesser porosity. Water absorption gradually decreased
up to 8% when sand is replaced by SSM from 10 to 100%
(Wan et al., 2018).

5 Microstructural Analysis

5.1 Mineralogy

Alite and belite are the major C-S-H phases of Portland
cement. The reaction of alite with water is relatively
faster than belite leads to development of early strength
in concrete. Belite reacts slowly in initial stages, but in
later ages it can significantly impart strength in concrete
(Karakurt et al., 2010). Autoclaving process limits the
formation of Portlandite as a result of development of
stable C-S-H, which have similar properties alike tober-
morite natural mineral (characterized by a 11.3 A basal
reflection and discovered in 1880 by Heddle). As the
autoclaving time increases, initial crystalline phases pro-
duced by various components (Isu et al., 1995; Karakurt
et al., 2010; Kikuma et al., 2011; Klimesch et al., 1996).
The literature study on XRD has confirmed that C-S-H,
tobermorite, and other crystalline systems are the main
mineralogical constituent of AAC (Albayrak et al., 2007;
Hauser et al., 1999; Huang et al.,, 2012; Karakurt et al.,
2010; Kunchariyakun et al.,, 2015; Mostafa, 2005; Yang
et al., 2013). Earlier studies showed that the C/S ratio
determines the texture and micro-morphology of crys-
talline phases like tobermorite crystals (Hong & Glasser,
2004; Mostafa, 1995; Mostafa et al., 2001; Pellenq et al,,
2009; Sato & Grutzeck, 1991; Taylor, 1997).

The optimal C/S range for the formation of tobermorite
has been reported by previous works, which shows that
the range lies between 0.8 and 1.0 (Kunchariyakun et al.,
2015; Mostafa, 2005). At a higher C/S value (> 1), tober-
morite crystals of needle-shaped were formed; whereas
at lower C/S value (< 1), crumbled foil-like and plate-like
tobermorite crystals were formed but at very less C/S
value (<0.8), grass-like C-S-H was observed which can be
easily convert in tobermorite crystals due to having short
silica chains. (Kunchariyakun et al., 2015, 2018; Papatzani
et al,, 2015; Sato & Grutzeck, 1991).

The effect of waste granite dust (WGD) inclusion in
AAC has also been studied (Zafar et al., 2020). High-
quartz sand is partially replaced by WGD in various per-
centage of replacement, such as 5, 10, 15, and 20%. In
this research, the energy dispersive X-ray (EDX) test on
AAC result showed that the C/S ratios of the crystalline
phases comes out to be 0.99, 0.94, and 1.40 for WGD10
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mix, WGD20 mix, and CM, respectively (Zafar et al,,
2020). For WGD10 mix, foiled tobermorite (plate-like/
crumble) (Fig. 11c), and for WGD20, C-S-H gel (Fig. 11b)
was observed; whereas microstructure of CM mixes the
calcium hydroxide hexagonal plate-like morphology
was observed (Fig. 11a). All crystals are shown in Fig. 11
(Zafar et al., 2020).

5.2 X-ray Diffraction Analysis

Solid crystalline phases of specimens formed by using
wastes were analyzed by XRD. Fig. 12 represents
the diffraction patterns of AAC after 8 h and 18 h of
autoclaving time with and without waste (Kunchari-
yakun et al,, 2015). Fig. 12a shows the peak of quartz,
Ca(OH), and tobermorite crystals with high intensity.
As RHA introduced in control mix, peak intensity of
quartz and Ca(OH), was decreased. As the substitution
of RHA reached up to 100%, peak of quartz has disap-
peared; whereas, the peak intensity of tobermorite was
increased on RHA substitution. Decrement in the peak
of Ca(OH), concluded that silica which present in RHA
is highly reactive and readily consumed Ca(OH), to
produce C-S-H. However, there is no effect on tober-
morite formation when temperature was increased
from 8 to 18 h (Fig. 12b) (Kunchariyakun et al., 2015).
XRD of AAC (Fig. 12d) with stone sawing mud con-
cludes that tobermorite is main constituent (Wan et al.,
2018) and its peak intensity was increased as compared
to normal AAC samples (Fig. 12c). XRD graphs of AAC
with ZSM-5 waste are shown in Fig. 12e, f. It shows that
sample produced with 15% ZSM-5 (or ZN15) has the
highest crystallinity peak, as shown in Fig. 12e. As the
time of autoclaving increased, peak of CH, mullite was
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Abhilasha et al. Int J Concr Struct Mater (2023) 17:6

decreased in Fig. 12f (Jiang et al., 2021). Tobermorite
was formed predominantly after 2 to 8 h.

5.3 Pore Structure

High porosity (which covers the range from 65 to 90%)
is the main characteristic of AAC. Due to this prop-
erty, density and compressive strength of AAC is com-
paratively low with respect to normal-weight concrete
(Bonakdar et al., 2013; Thongtha et al., 2014). There are at
least two types of pores in AAC, which are called “macro-
pores” and “micro-pores” Macro-pores are pores with
diameters more than 50 nm and micro-pores have pore
sizes lower than 2 nm (Lam et al., 2018). The other one
is called “meso-pores” and they exist between the gaps
of these two ranges. The pore distances of air pores in
AAC may range from one millimeter down to zero which
means the pores touch each other or are even intercon-
nected. The pore size in AAC is always in the millimeter
range, mostly having diameters in the range between 0.5
and 3.0 mm as shown in Fig. 13a (Schober, 2011).

The pore size distribution is commonly a mono modal
and narrow one and it is primarily a matter of air-
entraining agent or method by which medium size of
air pores will be generated in AAC. The air pores con-
tribute between 25 and 70% to the total volume of pores
introduced in AAC during the manufacturing process
(Schober, 2011). The expanding crack structure is a sig-
nificant pore structure element in AAC material made
with aluminum as shown in Fig. 13b. The cracks own a
preferred orientation that they lie horizontal when the
rising direction is upward and mostly are interconnect-
ing the air pores (Petrov & Schlegel, 1994; Schober, 2005,
2011).
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6 Functional Property: Thermal Conductivity
AAC has very low thermal conductivity due to its cellular
structure and it ranges from 0.1 to 0.7 W/mK in the den-
sity range of 400—1700 kg/m?; whereas for normal-weight
concrete value of thermal conductivity lies between 1.6
and 2.0 W/mK (Dey et al., 2014; Thongtha et al,, 2014).
Many factors can influence the thermal conductiv-
ity, such as pore structure, density, etc. However, ther-
mal conductivity has largely been influenced by density.
On the decrement of density, thermal conductivity also
decreases. On the other hand, density and porosity both
are inversely proportional to each other. More porosity %
results in more entrapped air in the pores and hence less
density and more thermal insulation have been observed.
On increasing porosity from 50 to 70%, decrement of
thermal conductivity as 0.22—-0.08 W/mK, was observed
(Albayrak et al., 2007; Dey et al., 2014; Hu et al., 1997; Jer-
man et al., 2013; Kreft et al., 2011; Kunchariyakun et al.,
2015; Schober, 2005; Topgu & Uygunoglu, 2007).
Depending on the phase structure, thermal conductiv-
ity also varies. AAC with fly ash has a lower value of ther-
mal conductivity than AAC with Quartz sand because
they both have different hydrated phases, and also fly ash
particles have microporous structures as compared to
Quartz sand (Choo et al., 2021). Fly ash has glass phases
whereas quartz sand has crystalline phases. Since, fly ash
has a high glass concentration. Therefore, it is possible
to see distinct phase compositions, such as tobermorite-
like fiber, gel C-S-H, or hydrogarnets, due to high Al,O4
content within fly ash incorporated AAC. While, only a
tobermorite-like plates can be seen in the sand incorpo-
rated AAC (Walczak et al., 2015b). Also, apart from the
above, as fly ash comprises 60-85% glass, 10-30% crys-
talline compound and around 5% unburned carbon. Par-
ticles of carbon are generally cellular (>45 pm). Studies
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Fig. 11 Surface texture of granite dust incorporating AAC. a Control mix; b WGD20 and ¢ WGD10 (Zafar et al., 2020)
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on particle size distribution reveal that fly ash contains
particles ranging from nearly 1 um to 100 pum (Mehta &
Monteiro, 2013). Most of the particles in fly ash occur
as solid spheres of glass. Sometimes a small number of
hollow spheres, called cenospheres (completely empty)
and plerospheres (packed with numerous small spheres),
may also be present. Presence of these hollow spheres in

fly ash increases the porosity in the fly ash incorporated
AAC. As the thermal performance of AAC is directly
related to the porosity, the larger the porosity, the lower
the thermal conductivity (Chen et al, 2021; Kumar,
2021). Thus, due to the above reasons, fly ash induced
AAC has lower thermal conductivity as compared to
AAC with quartz sand.



Abbhilasha et al. Int J Concr Struct Mater (2023) 17:6

Low specific gravity substances reduce thermal con-
ductivity, e.g., coal bottom ash (39% reduction), rice husk
ash (29% reduction), perlite waste (41% reduction), and
natural zeolite (47% reduction) (Karakurt et al.,, 2010;
Kunchariyakun et al., 2015; Kurama et al., 2009). Ther-
mal conductivity depends on the water content, i.e., by
increasing the water content by 10%, thermal conduc-
tivity can increase about 0.04-0.05 W/mK (Campanale
& Moro, 2016; Campanale et al., 2013; Collet & Pretot,
2014; Jerman et al., 2013; Jin et al., 2016). Autoclaving has
no effect on thermal conductivity (Narayanan & Rama-
murthy, 2000; Karakurt et al., 2010). Fig. 14 shows the
graphical representation of thermal conductivity, waste
content and bulk density. It shows that on increasing
the different waste content thermal conductivity of AAC
decreased. So, AAC can be used for thermal insulation in
construction.

7 R&D at CSIR-CBRI

Earlier, R&D work has been done on Lightweight Con-
crete by CSIR—Central Building Research Institute
(CBRI) (Lakhani & Kumar, 2015; Kumar, 2020, 2021;
Kumar & Lakhani, 2021; Kumar & Srivastava, 2022;
Kumar et al.,, 2021a, 2021b). Limestone slurry has been
used for the development of Cellular Lightweight Con-
crete (CLC) blocks of density ranging from 650 to
1200 kg/m® (Kumar et al., 2018). Generally, cement, fly
ash and natural river sand are the basic constituents for
the formation of CLC blocks. For the generation of foam,
natural protein based foaming agent was used in the
ratio of 1:20 (foaming agent and water). Limestone slurry
being rich in silica content, was used for the replace-
ment of natural river sand. 50% optimized replacement
of natural river sand was done by limestone slurry. Vari-
ous physico-mechanical properties of the developed CLC
blocks were determined. It was found that there was
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enhancement in compressive strength and performance
factor of CLC blocks.

At present, CSIR-CBRI has initiated the work on the
development of AAC blocks by using different waste
materials like marble slurry, fly ash, industrial wastes, etc.
Fig. 15 shows the laboratory preparation of AAC blocks
at CSIR-CBRI. Targeted features to be achieved are as per
IS 2185 (Part-3), i.e., density and compressive strength
should be in range 451 to 1000 kg/m?® and 2.0 to 7.0 MPa,
respectively. Thermal conductivity should lie between
0.21 and 0.42 W/mK.

8 Recommendations

+ In order to reduce the carbon emission, replacement
of cement by different wastes should be acknowl-
edged in the preparation of AAC.

+ Impact of various wastes on the acoustic properties
of AAC must be studied.

« Utilization of demolished AAC waste should also
need attention in construction.

+ As micro- and macro-pores are the main characteris-
tic of AAC, therefore how the utilization of different
waste affects the porosity of AAC should be studied.

+ Stone wastes contain various other components
(except quartz) like potassium and soda feldspar.
Their involvement in the hydration process is still not
much explored.

+ Strength of AAC is related to the moisture content.
Detailed study of this parameter will be helpful for
further research studies.

(Schober, 2011)

Fig. 13 Pore structure of a AAC sample and b expanding crack structure of an AAC sample made with aluminum powder as expanding agent
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9 Conclusions

The following observations are being provided in light
of the many literature studies that were previously men-
tioned. Autoclaved aerated concrete (AAC) offering a
potential solution for dealing with various wastes. While
focus on the changes in microstructure and character-
istics is important, it is also important to consider the
underlying toxicity of waste. Investigations of the micro-
structure using a scanning electron microscope and an
X-ray diffraction study will be useful for determining
the pore development and structure of AAC. There is
evidence in the literature that properties of AAC can be
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+ Presence of air voids in AAC, provide thermal insu-
lation properties to it. Due to its thermal insulation
property, about 50% consumption of building energy
reduces. Hence maximize energy efficiency in build-
ings.

+ AAC block generated around 67% less carbon emis-
sions than clay brick.

+ AAC can be used in constructions of panel in both
load and non-load bearing for walls, roofs, floors, etc.

+ Fiber-reinforced aerated concrete (FRAC) had nearly
half compressive strength than that of AAC samples

enhanced by wastes/byproducts according to criteria of
affordability and durability. The following findings can be
made as a result of the literature review:

+ As most of the raw materials of AAC are silicious
in nature. It offers wide opportunity for the various
silicious waste throughout the world. For e.g., Rice
Husk, Natural zeolite and Sugar sediments, etc.,
highly rich in silica content (>65%) can easily replace
natural resources like sand (up to 20-40%).

+ Asitis light in weight, therefore application becomes
very easy. As well as it requires less reinforcement in
the foundation work of buildings.

+ All the ingredients used in the production of AAC
are eco-friendly and utilization of fly ash as one of the
constituents is leading it towards greener develop-
ment.

+ The pore size in AAC is always in the millimeter
range, mostly having diameters in the range between
0.5 and 3.0 mm.

Fig. 15 Laboratory preparation of light weight concrete. a Pouring
of mix; b expansion of mix; ¢ autoclaving of AAC blocks and d
developed AAC block
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but flexural strength of FRAC was 100 times greater
than that of AAC.

+ On increment in the autoclaving pressure (ie.,
>0.8 MPa) tobermorite developed well, whereas
when the autoclaving pressure was more than
1.2 MPa other hydrothermal products were also
formed which have lower strength.

+ Tobermorite crystals are majorly responsible for the
compressive strength of AAC. Tobermorite appears
at nearly 2 h of autoclaving and profound up to 6-8 h
and further, no formation takes place on increasing
time.

+ Preparation of AAC by using different industrial
wastes is a great way to cope with the problems
which have been generated by the wastes.
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