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The enormous production of both communal and industrial waste is a significant problem of our times. For this reason, seeking
ways to utilise such wastes is still topical, hand in hand with efforts for the maximum preservation of natural resources. This
paper addresses the possible replacement of sand used for the production of autoclaved aerated concrete. The effects created by
the partial and complete replacement of waste perlite filler on the physical-mechanical properties (for example, bulk density,
strength) and changes in the microstructure by the replacement of various amounts of primary raw materials (10, 30, 50, and
100) %) and secondary raw material, i.e., the formation of a porous structure, its characteristics and mineralogical composition,
in particular the formation of tobermorite.
Keywords: AAC, composite, waste perlite, tobermorite
Dandanes zelo pomemben problem je nastajanje ogromne koli~ine komunalnih in industrijskih odpadkov. Zato se stalno i{~e
nove re{itve za uporabo le-teh pri maksimalni ohranitvi naravnih surovin. V ~lanku avtorji obravnavajo mo`ne zamenjave za
pesek, ki se uporablja v proizvodnji betona, prezra~enega v avtoklavih. Avtorji so analizirali u~inke delne ali popolne zamenjave
peska z odpadnim perlitom na fizikalno-mehanske lastnosti, kot sta naprimer volumska gostota in trdnost. Analizirali so spremembe v mikrostrukturi betona pri zamenjavi primarne surovine z razli~nimi vsebnostmi (10, 30, 50 in 100) % perlita, to je
tvorbo porozne strukture, njene lastnosti in mineralo{ko sestavo ter posebej {e tvorbo tobermorita.
Klju~ne besede: v avtoklavih prezra~eni beton (AAC), kompozit, odpadki perlita, tobermorit

1 INTRODUCTION
Autoclaved aerated concrete (AAC) is a building
material that is characterized by a pore structure, high
porosity and a low bulk density. The AAC is cured under
hydrothermal conditions in an autoclave. To produce
AAC, quartz sand, lime, cement, gypsum, and aluminium powder are used.1–5 In this paper attention is paid to
the sand substitution with waste perlite. It is worth
mentioning that perlite is also a building material with a
high porosity and a very low bulk density. During the
production of perlite, waste material (WEP) is produced,
for which re-use is sought. It is a replacement of the
crystalline component with an amorphous component.
Amorphous silica is more soluble and may react under
hydrothermal conditions to form other phases or phases
in a different percentage than in the composite with
crystalline silica. For this reason, it is necessary to
monitor the effect of the replacement on the AAC
microstructure and thus on the physical and mechanical
properties.
Waste perlite (WEP) contains, besides SiO2, also
Al2O3, which makes it one of the pozzolanic reactive
materials.6–9 Based on this property, various substitution
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options and areas of application for WEP have already
been explored. For example, W. Long et al.10 studied the
effect of WEP on the hydration process and hence on the
physico-mechanical properties of alkali-activated slag
composites using WEP (WEP-AASC). They experienced
a decrease in the compressive strength with increasing
amounts of WEP replacement; however, no changes in
the reaction products appeared. On the other hand,
Kotwica et al.11 noted an increase in the compressive
strength of the WEP admixture cement composite, even
by 50 %, with a 35 % WEP admixture. Strength increases have also been observed by V. pet al.8 after the
addition of WEP to hydraulic injection composites. F.
Guenanou et al.7 studied the pozzolanic activity of perlite
powder and its effect on cement composites. They were
able to demonstrate the pozzolanic activity of perlite in
the presence of calcium silicate hydrates (CSHs),
calcium aluminate hydrates and hydrated gehlenite. They
also determined the optimum fraction of perlite in the
composite at 10–20 %. This amount improved the
resistance of the composite to an aggressive environment
due to the reduced porosity and water absorption.
The use of WEP in AAC is still a little-researched
area. A. Fabien et al.6 investigated the properties of
non-autoclaved aerated concrete in WEP. The substitution rate was 30 %. Since perlite has a low bulk
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density, it has been assumed that by substituting perlite
for sand, it will improve the thermal insulation conditions. Their assumption was confirmed, but the presence
of WEP had a negative impact on the compressive
strength. On the other hand, increasing the amount of
cement by 2 % increased the compressive strength by
21 %. According to their results, 10 % perlite sand substitution should not influence the compressive strength,
but at a 30 % substitution, they have already experienced
a 20 % decrease in compressive strength. On the other
hand, WEP had a positive effect on the formation of
tobermorite.

2 EXPERIMENTAL PART
This study is supplemented with the findings of the
effect of WEP on a non-aerated calcium silicate composite (LSC). The mix proportion of raw materials was
selected from real AAC production, but in the production
of LSC, aluminum powder, which is commonly used as a
foaming agent, was omitted. The reason was to monitor
the extent to which WEP can be used in a substitution to
reduce the bulk density. Quartz sand, which is a source
of crystalline SiO2, is gradually substituted by WEP,
which is a source of amorphous SiO2. A 10 %, 30 %,
50 % and 100 % volume substitution was selected.
2.1 Materials
Quartz sand, unslaked lime, Portland cement CEM I
52.5 N, gypsum and aluminum powder in the case of
AAC were used for the production of lime-silicate composites. The quartz sand was selected with respect to the
maximum amount of silica (SiO2) and the minimum of
other minerals, especially clay minerals. From the chemical point of view, the sand used contained 92 % SiO2.
For the AAC production, the sand was ground to a specific surface of 2700 cm2/g. The lime contained 95 %
calcium oxide (CaO). In the reactivity test, lime reached
60 °C in 6 min, which meets the technological requirement. Calcium sulfate from thermal combustion was
used as a source of calcium sulfate. The calcium sulfate
content in the gypsum was 90 %. The WEP density was
determined to be 300 kg/m3. Its chemical composition is
shown in Table 1.

2.2 Ratio of raw materials
The primary raw-material ratios utilized are shown in
Table 2. Waste perlite was utilised as a 10 %, 30 %,
50 % and 100 % replacement of the silica sand.
2.3 Preparation process
For the production of the AAC, the dry reactive
components (lime, cement), sand suspension (sand,
gypsum, water) and aluminium suspension (powdered
aluminium, degreasing agent, water) were first homogenized separately. Then the sand suspension was
preheated to 40 °C. The preheated sand suspension and
the dry reactive components were mixed. Mixing was
performed for 60 ss. The aluminium suspension was
added last. The resulting mixture was stirred for an
additional 60 s. The mixture was poured into forms of
(100 × 100 × 100) mm and put into a drying room at
40 °C. After 24 h, the AAC blocks were placed in an
autoclave.
The preparation of the LSC was like the preparation
of the AAC. The main difference was in the absence of
any aluminium powder. Furthermore, the sample size for
the LSC was chosen to be (20 × 20 × 100) mm.
Both AAC and LSC were autoclaved simultaneously
in the same autoclave to keep the same hydrothermal
conditions. As the autoclaving temperature, 190 °C, was
selected and the time under hydrothermal conditions was
7 h. These conditions correspond to the real AAC
production. The amount of water was constant to observe
the effect of WEP on the suspension rheology.
2.4 Methods
The compressive strength was determined according to EN 679, "Determination of compressive strength
of autoclaved concrete".
The bulk density was determined in accordance
with EN 678, "Determination of the volume of dry autoclaved aerated concrete".
Flow tests of the green AAC suspension were performed by means of a cylinder measuring 5.4 cm in
height, 7.1 cm in diameter. The suspension was poured
into the cylinder and after its lift two perpendicular diameters of the spreading suspension were measured.

Table 1: Chemical composition of WEP

Oxide
(%)

CaO
1.26

MgO
0.228

K2O
4.56

Al2O3
13.1

P2O
<0.023

Fe2O3
2.02

MnO
0.057

Na2O
2.14

SiO2
74.0

TiO2
0.157

Table 2: Raw-materials mixture references sample

Raw materials
AAC
LSC
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Lime

Cement

2.1
2.1

3.2
3.2

Calcium sulfate
(w/% )
17.6
17.6

Quartz sand

Aluminum powder

77.1
77.1

0.021
–
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Optical microscopy. A Keyence VHX-950F optical
digital microscope was used, it has a CMOS image
sensor with 1600 (H) × 1200 (V) virtual pixels, a frame
rate of 50 F/s and a maximum magnification of 67.7×.
X-ray diffraction analysis (XRD) was used to study
the microstructure of the AAC and LSC. XRD consists
of measuring the angle Theta at a known wavelength
Alpha. The specific spacing value d of a given mineral
can thus be determined. The samples were mechanically
cleaned and ground to a fine powder with a maximum
grain size of 20 μm.
Scanning electron microscopy. To complete the
microstructure study, scanning electron microscopy
(SEM) images were added to the XRD diagram. AAC
and LSC fragments of (5 × 5 × 5) mm were selected for
this purpose. A TESCAN MIRA3 XMU was used for
SEM.
3 RESULTS AND DISCUSSION
3.1 Physical – mechanical properties
3.1.1 Flow behaviour
First, a consistency test was performed on each
recipe. The mixture contained a constant amount of
water to compare the effect of the WEP on consistency.
At a low viscosity of the mixture, the hydrogen gas
formed does not bind to the microporous binder matrix,
and the gas escapes from the mixture before its hardening. Imperfect aeration also occurs at too high a viscosity. In such a case, the hydrogen gas is incompletely
dispersed in the AAC suspension and the high pressure
of the microporous binder matrix flocculates the gas.
This creates large pores and the porous concrete loses its
thermal insulating property.12 The results of the flow test
are shown in the summary graph of Figure 2.
The dependence of consistency on the amount of
WEP can be observed based on a flow test. As WEP
sand substitution increases, the viscosity of the mixture

decreases. This dependence was observed up to 30 %
WEP. The addition of 10 % WEP had no effect on the
consistency. It should be noted that the viscosity of the
high WEP blend was expected to be higher. However, the
low viscosity is only apparent, and when the air layer
breaks around the perlite grains, the water is rapidly
absorbed, the suspension thickens, resulting in imperfect
aeration. This phenomenon can be observed in a sample
with a 100 % WEP substitution. The graphs show a decrease in the pore content mainly in the lower part of the
sample and at the same time to a significant increase in
the pore size, mainly in the middle of the sample
3.1.2 Compressive strength and bulk density
Depending on the amount of WEP substitution, the
bulk density and compressive strength are monitored.
The compressive strength of the samples increases to
30 % of the values of the compressive strength of the
reference sample strength. From the 50 % WEP content,
the strength of the sample is already decreasing. The
AAC samples were shown to be dependent on the WEP
content, despite the increased bulk density of the sample
with a 50 % WEP substitution.
A sample with 50 % WEP substitution achieves a
higher bulk density. This phenomenon caused the leakage of hydrogen gas before the microporous binder
matrix’s hardening. This phenomenon was also confirmed by the number of pores shown in Figure 2. With
a 50 % WEP substitution, a decrease in the total pore
content as well as a decrease in the average pore size can
be observed. Therefore, it can be concluded that the
viscosity of the mixture was too high. The 100 % WEP
sample had the lowest bulk density. The low bulk density
of a 100 % substitution sample is also due to the total
replacement of silica sand with a very low bulk density
material.

Figure 1: Image of admixture of water suspension of WEP and quartz sand
Materiali in tehnologije / Materials and technology 54 (2020) 3, 373–378
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Figure 3: Content and molar ratio of tobermorite from the reference
sample and the samples with WEP substitution

related to the microstructure of the sample, as described
below.
The same measurement results in three different parts
of the sample indicate an even pore distribution. The
different pore content and size is present only in the
sample with a 100 % WEP substitution.
3.1.4 Microstructure
The microstructures of the AAC and LSC were
studied by a quantitative determination of the minerals
using a Rietveld refinement from the XRD diffractogram. The approximate calculated tobermorite content
was monitored. The values are indicated in a graph
(Figure 3).
In the AAC samples there was an increased amount
of tobermorite with an increasing WEP content up to a
50 % substitution. At 100 % WEP, the AAC samples

Figure 2: Area ratio, average pore size, compressive strenght, bulk
density and flow test of reference sample and samples with WEP
substitution

3.1.3 Porous structure
The formation of the air layer was monitored using
an optical microscope (Figure 1). The picture shows
silica sand and WEP after the homogenization with
water.
The total amount of pores in the reference sample is
63 % and their average size is up to 1 mm. The macropores in the AAC are defined from a size of 0.06 mm and
significantly affect the physical-mechanical properties.12–14
At 10 % and 30 % admixture, the total porosity of the
sample increases, while the average pore size increases.
In correlation with an increasing porosity, the bulk density of the sample also decreases. However, the compressive-strength values increase with a lower bulk
density and a higher porosity. This statement applies to
samples with the 10 % and 30 % WEP substitutions. The
explanation of the increasing strengths is likely to be
376

Figure 4: SEM image of reference sample
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Figure 5: SEM image of sample with WEP substitution

showed no tobermorite. The reason for these effects is
probably the character of WEP. Up to 50 % WEP
substitution, amorphous SiO2 stimulated the formation of
tobermorite. Tobermorite is easier to form and at lower
temperatures when the SiO2 source is amorphous. At the
same time, the grain size and the specific surface area
also have an effect. Since WEP is a fine-grained raw
material with a high specific surface area, it is more
soluble and reacts more rapidly in the hydrothermal
environment to form new CSH phases.15,16 Based on the
results of the XRD analysis, a combination of crystalline
and amorphous SiO2 is needed to promote the formation
of the tobermorite.
This finding is supported by SEM images. A change
in the morphology of tobermorite can be observed with
the increasing proportion of WEP (Figure 5). Thick,

long tobermorite crystals are visible in the reference
sample (Figure 4). At a 10 % substitution, they became
smaller and the content was reduced, at 30 % the tobermorite crystals were already plate-like. At a 50 % substitution, the crystals were still visible as plate-like, but
of larger dimensions. No tobermorite was observed at
100 % substitution.
It follows from the above that the compressive
strength of the AAC samples is not dependent on the
amount of tobermorite contained in the sample. In order
to achieve the required AAC strengths using WEP, it is
necessary to maintain a suitable proportion of the sand as
a filler. In this case, a maximum WEP substitution limit
of 30 % can be established.
3.1.5 Comparison of AAC and LSC

Figure 6: Compressive strength and bulk density of AAC and LSC
Materiali in tehnologije / Materials and technology 54 (2020) 3, 373–378

The results of LSC and AAC are compared in Figure 6.
The sample bulk density (Figure 6) of the AAC was
approximately 30 % of the bulk density of the LSC
samples. The bulk density values of the LSC showed a
decrease depending on the amount of WEP. Interestingly,
the LSC sample with 100 % WEP showed a more than
50 % lower bulk density. It can be assumed that a low
bulk-density composite could be achieved even without
loosening.
The compressive strengths of the LSC samples were
approximately 6 % of the compressive strengths of the
AAC. In the LSC sample, an increase in the compressive
strength was observed with replacements of 10 %, 30 %
and 50 % sand by WEP. 100 % WEP then showed a
marked decline. The decrease in strength is caused by
the physical mechanical structure of the raw-material
WEP, which achieves a lower mechanical strength than
the sand itself. Further, it can be assumed that the
development of the microstructure is similar to that of
the AAC and thus the binder crystalline phase is absent
in the sample. Thus, WEP is associated only with
non-crystalline CSH phases.
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5 CONCLUSION
The study of the influence of the substitution of WEP
for silica sand in AAC technology has brought an
interesting finding. The results show that the maximum
beneficial amount of WEP is 30 %. Up to this limit,
WEP has a positive effect on the even distribution of
pores in the matrix, with a zero-phase content of more
than 65 %. Furthermore, the positive impact of WEP on
the compressive strength of AAC was observed, where
the values increased, and at the same time a decrease in
the bulk density was observed. AAC using WEP has a
high potential as a building-insulation material. Likewise, one can see an interesting isolation potential of the
non-aerated lime silica composites made with 100 %
WEP substitution, which achieved a bulk density value
comparable to the commercially produced AAC. This
finding opens up further study possibilities in the future.
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