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Abstract. The term calcium-silicate composite can be recalled several basic building materials.
The most common representatives are lime-silicate bricks and autoclaved aerated concrete. It is
any material based on the reaction of lime and siliceous raw material. In this paper, attention is
paid to composites based on autoclaved aerated concrete production technology. Possibilities
of lightening the composite utilizing waste expanded perlite as a secondary raw material were
investigated without the use of aluminium powder, which is commonly used in aerated concrete
technology. Replacements of 10%, 30%, 50%, and 100% waste expanded perlite for sand were
used. Based on physico-mechanical properties, and with the assessment
of the microstructure, it has been found that up to 50% of the replacement of waste expanded
perlite results in a lightening of the composite while increasing the compressive strength.

1. Introduction
The conventional substitution of quartz sand in autoclaved aerated concrete, whether partial or complete,
if it would be possible to reduce the bulk density by substitution of sand with waste expanded perlite
(WEP) and lightening of the composite without the use of aluminum powder.
As mentioned above, the calcium-silicate composite of interest is based on the autoclaved aerated
concrete production technology. For clarity, this technology will be briefly described. The basic raw
materials to produce autoclaved aerated concrete are lime, silica sand, and water. Cement, gypsum, and
aluminium powder are also used. Lastly, other additives may be used, depending on
the manufacturer. The raw materials are mixed to form a very fluid mixture to which aluminium powder
is added at the end of the mixing. Then, the liquid mixture is poured into the mold. During
the reaction of the aluminium powder with lime and water, hydrogen gas is produced, thereby aerating
the liquid mixture. In this way, the porous concrete obtains its typical porous structure. After demolding
and cutting the green body mass to the desired size, the intermediate is ready for curing. Curing
performed in an autoclave at 180–190°C for 7–12 hours and at a pressure of 1.2–1.4 MPa
(the temperature, time, and pressure of autoclaving vary by manufacturer). During curing, chemical
reactions take place in the microstructure of the autoclaved aerated concrete, giving the resulting
products their strength. After curing, the products are immediately ready for dispatch [1–3].
To understand the changes in microstructure, it is first necessary to describe the basic mechanisms
of calcium hydro silicate (CSH) formation. The basic raw materials for the production
of calcium-silicate composites are lime and quartz sand. These materials are characterized by oxide,
they are primarily composed. Lime is a carrier of calcium oxide (CaO), silica sand contains a high
amount of silica dioxides (SiO2). The last important component for the formation of the CSH phase is
water. However, the formation and interconnection of these three components would not have been so
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simple after mixing. The silica dioxides contained in the sand are in crystalline form, i.e. it is insoluble
and under normal conditions, its reaction is very weak, and only on the grain surface. Therefore, it is
necessary to cure the composites under hydrothermal conditions. During curing, SiO2 reacts with CaO
and H2O to form a CSH phase. However, the CSH phases are many forms, and each form depends on
the specific temperature, cure time, and ratio of individual oxides. For calcium-silicate composites,
the CSH phase is an important 1.1 mm tobermorite. It is a layered mineral in the form of long needles,
which connects individual grains of unreacted sand and ensures the strength of the product [4–7].
The effect of WEP on the calcium-silicate composite is a subject almost unexplored. Perlite
is an amorphous volcanic rock that can be classified as a natural pozzolanic material due to its glassy
structure, high silica dioxides, and alumina oxide content [8]. It is these two oxides, alumina oxide and
silica dioxide, which are important for the use of WEP in the technology of autoclaved calcium-silicate
composites. During perlite formation by the rapid cooling of ejected material
in the water medium, about 5% of the water was bound to the rock, which is used in the production
of expanded perlite. Perlite is heated to a temperature in the range of 900–1000°C, which converts
the contained water into steam. As a result of the expansion of the material, expanded perlite is formed
which has up to 4–20 times higher volume [8–11]. This also increases the specific surface area, so
expanded perlite is a very porous material and thus becomes a good thermal insulator. WEP is
characterized by low bulk density, fire resistance, and resistance to fungi and algae [9]. During
the production of expanded perlite, WEP is formed, which belongs to the waste category "O" [12][13].
It can be further recycled, used as a secondary raw material, or deposit in construction waste dumps.
Kotvica et al. [13] utilized ground expanded perlite as an additive to cement and increased compressive
strength by up to 50% at 35% substitution. Further research has found that WEP is suitable for zeolite
synthesis and suppresses the alkaline silica reaction when used in cement [13, 14]. In autoclaved aerated
concrete, WEP was used as a substitute for quartz sand, and a 10% substitution resulted in a 15%
reduction in thermal conductivity [1]. The possibility of using WEP is also confirmed by other studies
dealing with the use of expanded perlite in autoclaved aerated concrete and fly ash-lime-gypsum mixture
[15][16].
This experiment aimed to determine and define possibilities of lightening of autoclaved
calcium-silicate composite with light filling. Waste expanded perlite (WEP) was chosen as a light filler.
The data should then serve for further research into the use of lightweight filler in both calcium-silicate
composite and autoclaved aerated concrete.
2. Materials and methods
2.1. Materials
Quartz sand, quicklime, cement, gypsum, and water were used to prepare the reference sample. Quartz
sand (CZ, Dolní Lutyně) contains more than 92% silica dioxides. It can, therefore, be described
as a very pure material. Quicklime (CZ, Beroun) is labeled CL 90-Q (R5, P1) according to ČSN EN
459-1 "Building quicklime". Portland cement has the designation CEM I 52.5 N (SK, Rohožník). Flue
gas desulfurization (FGD) gypsum contains at least 95% calcium sulfate (CZ, Dětmarovice).
Table 1. Raw materials mixture.
Raw materials
Lime
Cement
FDG Gypsum
Quartz

REF [%]
9
14
3
75
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Table 2. Chemical composition of raw materials.
Raw
Oxide
materials
WEP
[%]

CaO

MgO

K2O

Al2O3

P2O

Fe2O3 MnO Na2O

1.26

0.23

4.56

13.10

0.02

2.02

0.06

SiO2

TiO2

2.14

74.00

0.16

Sand

[%]

0.23

0.16

1.53

2.53

0.01

0.84

0.01

0.70

92.91

0.14

Cement

[%]

64.25

2.02

3.32

5.40

0.16

3.06

0.10

0.36

19.67

0.31

Lime

[%]

95.62

0.79

-

-

-

-

-

-

-

-

The raw materials mixtures are based on the autoclaved aerated concrete technologies but without
the use of aluminium powder (table 1). The chemical composition of raw materials is given in table 2.
Quartz sand was substituted by 10%, 30%, 50%, and 100% WEP in raw materials mixtures.
The substitution was not in weight units, as is usual with other raw materials. Due to the very low bulk
density of WEP, which was set at 300 kg/m3, it was necessary to choose a substitution in volume units.
The determined water-absorbing capacity of WEP was 260%. The chemical composition of WEP (CZ,
Šenov u Nového Jičína) is given in table 2. The phase composition of WEP is quartz, cristobalite,
muscovite, biotite, anorthite sodian, albite, and anorthoclase. The particle size distribution of WEP and
quartz sand is given in Figure 1. Quartz sand contains the sand contains a higher proportion of fine
grains. The curves have a similar increase. For this reason, the grain size distribution will be similar for
WEP and quartz sand.

Figure 1. The grain size of WEP and quartz sand.
2.2. Preparation of mixture
The sand and gypsum were homogenized in a mixer separately. After careful mixing, water was added.
Reactive components (lime, cement) and WEP were mixed into this mixture. the prepared liquid mixture
was poured into molds of 40 × 40 × 160 mm. The flow test was immediately determined
on the remaining mass. WEP is a very absorbent material. With such a high-water absorption, WEP can
take up a large amount of water during mixing, which affects the resulting consistency of the mixture.
To monitor the effect of the amount of WEP in the composition on its consistency, the water was
constant.
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After 24 hours maturing of the mixture in the molds, the samples were removed from the molds and
placed in a laboratory autoclave. Curing was carried out at 190°C for 7 hours.
2.3. Methods
Basic physical-mechanical properties, such as compressive strength and bulk density according to ČSN
EN 1351 and ČSN EN 678, were determined on the samples.
The microstructure of samples was studied by X-ray diffraction analysis and scanning electron
microscope. The method of X-ray diffraction analysis is based on the fact that the crystal lattice of each
mineral has a specific distance between two parallel surfaces. This value can be obtained at a known
wavelength λ and a measured reflection angle θ. To be able to subject X-ray diffraction analysis, it was
necessary to grind to a size of less than 20 µm in a so-called micromills. X-ray powder data were
collected on an Empyrean PANalytical using Cu-cathode, λ = 1.540598 for Kα 1. Angular
reproducibility is <0,0002°. For scanning by the electron microscope, it was again necessary to obtain
central cores of samples, without contamination by surrounding impurities. These samples were then
gold plated to ensure their conductivity. They were then inserted into the microscope body to remove
residual moisture and air. Samples were analyzed on a TESCAN MIRA 3 XMU scanning electron
microscope at an accelerating voltage of 20 kV.
The flow test is performed using a cylinder (height 5.4 cm, diameter 7.1 cm) and a plastic plate.
The mixture is poured into the cylinder. The cylinder is raised and immediately after spilling the mixture,
two perpendicular diameters are measured. The results are given in cm.
3. Results
3.1. Physical-mechanical properties
Figure 2 shows the physico-mechanical properties of samples with WEP substitution. The graph shows
the dependence of compressive strength and flow of the mixture on bulk density. Each curve shows one
dependence, namely the compressive strength on the bulk density and the flow of the mixture
on the bulk density. The decrease in bulk density in the graph is dependent, inter alia, on the increasing
amount of WEP substitution. The increasing WEP substitution value moves from right to left
in the graph. The table with the values used is also shown in the graph.
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Figure 2. Physical-mechanical properties of calcium-silicate composite with substitution of WEP.
Interesting results were obtained when measuring the flow of the mixture. WEP has a high-water
absorption capacity (260%) and it was expected that with higher sand substitution of WEP the flow
of the mixture would decrease. However, the liquid mixture became more fluid. To elucidate the increase
in the fluidity of the mixture, optical images if WEP were determined. In the images of WEP in water,
an air layer formed around the WEP grain, which prevents water from penetrating its structure. The air
layer disappears within a few minutes, creating only the apparent fluidity of the mixture. Therefore,
a longer and more intensive mixing of the mixture is suggested.
One of the basic parameters of lightweight calcium-silicate composites is the bulk density.
The calcium-silicate composite is characterized by a bulk density of 1450 kg/m3. When WEP is used,
the material is gradually lightened. Significant weight loss was recorded at 100% sand substitution by
WEP.
The unexpected result was the achieved compressive strength of lightweight calcium-silicate
composites. Up to 50% sand substitution, composites were lightened, and strength increased. At 100%
sand substitution by WEP, the strength decreased to 0.6 MPa. However, considering the significant
decrease in bulk density, the resulting calcium-silicate composite can be described as a potential thermal
insulator.
3.2. Microstructure
As described in the introduction, it is necessary to identify newly formed minerals to explain
the behavior of the properties of calcium-silicate composites. In this case, the focus is on the mineral
1.1 mm tobermorite, which is a carrier of strength. Images of the minerals are shown in Figure 4 and
figure 4.
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Figure 3. SEM images of the reference sample.
The calcium-silicate composite contains plate-like 1.1 mm tobermorite crystals. This shape
of tobermorite is most often found in the crystalline quartz reaction. Tobermorite of composite with 10%
sand substitution by WEP does not change its shape. In addition, a non-crystalline CSH gel is present in
the sample. At 30% and 50% sand substitution by WEP, the shape „house of cards“ of 1.1 nm
tobermorite described by Chucholowsky [17] occurs in his work. This shape of tobermorite is
characterized by the support of compressive strengths, which has been manifested here. The composite
with 100% substitution by WEP does not contain 1.1 nm tobermorite crystals. It contains long hairy new
phases. These phases are called α-C2SH and are formed as the first reaction product using 0.10–1 mm
grain silicon sources [18].

Figure 4. SEM images of calcium-silicate composite with sand substitution by WEP.
The microstructure of the composite can also be determined by X-ray diffraction analysis. In this
analysis, it is possible to determine the degree of crystallization of the new phases using the intensity
of the diffraction line. This analysis was also used in the research of expanded calcium-silicate
composite. The hydrothermal conditions were adjusted such that the quartz surface was partially
dissolved and released H3SiO4- or H2SiO42- ions into the alkaline solution. These ions react with Ca2+
ions present in the alkaline solution to form crystalline calcium hydrogen silicate phases. For this reason,
crystalline 1.1 mm tobermorite or other crystalline phases should appear in all samples. This assumption
partly correlates with the results presented in Figure 5.
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Figure 5. X-ray diffractograms of calcium-silicate composite with sand substitution by WEP.
Samples with the 10–50% sand substitution by WEP contain 1.1 mm tobermorite. In these samples,
WEP increased the crystallization rate and the crystallization of tobermorite was most intense at 50%
substitution. These samples also contain quartz and muscovite. These minerals are contained in the sand.
Calcium Fluoride was added to the samples as standard.
1.1 mm tobermorite was not formed in the sample with 100% sand substitution by WEP. Quartz and
muscovite are not present in the sample. Quartz and muscovite contain sand. Therefore, these minerals
are not present in the sample with 100% sand substitution by WEP. However, there are other new phases
in the sample. The sample contains α-C2SH and portlandite. The results confirm the results of the SEM
analysis.
4. Discussion
4.1. Structure formation used crystalline silica dioxides (sand)
In the case of the reference sample, which was formed using sand, that is, crystalline silica dioxides, it
can be stated that this was a process of microstructure formation already described. As a result, a platelike 1.1 mm tobermorite was formed which crystallized on the surface of the sand grains to form a solid
bonding matrix between these grains. This is related to the achieved compressive strength, which is
standard for a calcium-silicate composite.
4.2. Structure formation used crystalline silica dioxides (sand) and amorphous silica dioxides (WEP)
The combination of crystalline and amorphous silica dioxides, the formation of 1.1 mm tobermorite is
inclined to the side of the higher amount of amorphous silica oxides. In previous studies [19][20],
the positive effect of amorphous silica dioxides on the formation of 1.1 mm tobermorite was confirmed.
The results obtained to confirm this statement. Another reason for the increased crystallization
of tobermorite is in the porous character of WEP. The respective surface and hence the reaction surface
of silicon sources makes a decisive role in the solubility behavior of silicon. Due to the high reaction
surface, WEP dissolves to a greater extent and thus contributes to the crystallization of 1.1 mm
tobermorite.
4.3. Structure formation used amorphous silica dioxides (WEP)
In the case of a sample with 100% sand substitution by WEP, unlike other samples, a crystalline 1.1 mm
tobermorite was not formed. SEM and XRD analyses confirmed the presence of α-C2SH, which is
the primary curing product and is partially crystalline [18]. During later curing, α-C2SH decomposes in
favor of 1.1 mm tobermorite. However, in this sample, only the α-C2SH, portlandite and CSH gel were
formed which is evident in Figure 5. There may be several reasons why tobermorite is not formed.
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The high curing temperature and reactivity of the silica dioxide cause the formation of a supersaturated
solution. Increased dissolution changes the entry conditions for tobermorite formation. [21], [22] This
phenomenon is also confirmed by the presence of portlandite. Portlandit is not involved in the reaction
in its entirety, like other samples. Another explanation is in exceeding the curing temperature (180°C).
The solubility curve according to states that the solubility curves of portlandite and amorphous silicon
dioxides intersect at 120°C [22]. At higher temperatures, the solubility of portlandite decreases while
the solubility of amorphous silica dioxides increases. As a result of this rule, the solution could be
supersaturated in favor of silica dioxides. WEP is also characterized by porosity and thus generates
a large reaction area which, in turn, may have resulted in a change in the entry ratio of calcium oxide to
silica dioxides. According to studies, the ideal ratio for 1.1 mm tobermorite formation is 0.83, and
an unstable calcium hydrogen silicate phase is formed at a higher ratio.
5. Conclusion
Nowadays, it is the duty to address sustainable technologies, environmental solutions, and efforts to
recycle and use as much waste as possible. This study focused precisely on the use of waste material
that waiting for its use. WEP is tested in the production of calcium-silicate composite. Research has
shown that the recovery of this waste can have a positive effect on the properties of the composite. By
using WEP, the compressive strength of composites was increased, and the bulk density of composites
was reduced, too. At 100% sand substitution by WEP, a composite with a very low bulk density
of 640 kg/m3 and a compressive strength of 0.6 MPa was formed.
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