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Abstract

In the following, a brief survey of mineral lightweight granules manufactured on the basis of a wide variety of constituents is given.
After that, research projects conducted at the Tomsk Polytechnic University (Russian Federation) and Bauhaus University Weimar
(Germany) are introduced that focus on the development of lightweight aggregates from new raw materials sources. In Tomsk, zeolitic
rocks were used, while the investigations in Weimar concentrated on the sand fraction of masonry rubble mixed with autoclaved aerated
concrete.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

An analysis of the present tendencies in worldwide
building activities shows that in design and construction
of buildings of the next generation, specialists will make
substantial efforts to minimize the weight of buildings. A
solution of this task is particularly urgent in urban agglom-
erations where the lack of sufficient ground space forces
builders to construct increasingly tall buildings. The use
of appropriate heat insulation for residential and other
buildings is linked to this problem. A possible way of
reducing building weight and optimizing heat insulation
is the application of lightweight granulates, both as a con-
crete aggregate and as a heat insulating fill.

Research projects conducted by the Tomsk Polytechnic
University (Russian Federation) in cooperation with the
Bauhaus University Weimar (Germany) are directed on

the development of lightweight aggregates from new raw
materials sources. In Tomsk, zeolitic rocks were used, while
the investigations in Weimar were concentrated on the
sand fraction of masonry rubble mixed with autoclaved
aerated concrete.

2. Survey of mineral lightweight aggregates

2.1. Lightweight aggregates from natural raw materials

Natural raw materials suitable for manufacturing light-
weight mineral granules are pumice, perlite, vermiculite,
expandable clay and slate. The raw materials, with the
exception of pumice, first undergo different conditioning
processes to bring them into the desired initial stage. Sub-
sequently they are subjected to a thermal treatment. In the
course of the thermal treatment, gas is formed in the inte-
rior of the granules as a result of different decomposition
processes. When the gas is restricted burst open and puff
out – in a similar way as popcorn – forming of a porous
structure results.
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The temperature required for the thermal treatment
depends on the gas formation reaction and the smelting
behaviour of the initial constituents. According to these
features the materials can be roughly broken down into
two groups.

Raw materials of ‘‘glass-like‘‘ composition

� Perlite and vermiculate belong to this group. Perlites are
made from volcanic raw perlite. Water enclosed in the
rock puffs up the broken raw materials to roundish
granules of 1–6 mm diameter. The following process
and materials parameters and applications are described
in the literature [1]:
The products are used as thermal insulation in floors, as
core insulation for bricks, as lightweight aggregate in
mortars, renders and concretes.
Raw materials of ‘‘clay-like’’ composition
� Expanded clays and slates belong to this group. The

clays are primarily illitic clays. Here, organic carbons
and/or iron hydroxides can cause the expansion process
that leads to an increase in volume [2,3].

Similar to the first type, the products are used as thermal
insulation in floors, as core insulation for bricks, as light-
weight aggregate in mortars, renders and concretes, and
as substrate in agriculture.

2.2. Lightweight aggregates from waste materials

In the manufacture of lightweight aggregates, a wide
range of wastes are increasingly take over the role of raw
materials. The following group of raw materials can be
classified as being of glass-like composition:

� Granules of recycled glass [4–7]
The recycled glass is processed into a powder,
mixed with an expanding agent and then formed into
granules.
� Granules from crushed sands obtained from pumice

processing [8]
The crushed sands, which have only a low porosity and
therefore are primarily used for recultivating pumice
opencast mining landscapes, is ground. The swelling
process and the consolidation process take place during
thermal treatment.

� Mineral foam granules [9]
These lightweight aggregates are made from mineral
materials, flux agents and foaming agents. After pro-
cessing and after adding the constituent materials, the
green granules are glassed and foamed. The bulk density
can be influenced by the choice of raw materials and by
the reaction materials.
� Foamed glass gravel [10,11]

Ground recycled glass is mixed with aggregates, fused
and blown up at temperature from 700 to 800 �C during
which process a closed structure is formed. After leaving
the kiln, the product is crushed.

The second group of lightweight aggregates produced
on the basis of waste materials includes products obtained
from sewage sludges with the addition of clays. The pro-
duction process comprises the following stages: mixing of
components, shaping and burning in a rotary kiln or in a
fluidized bed reactor. A detailed survey of these products
is given in [12].

In a further group of lightweight aggregates, fly ash with
residual carbon content of 3–5% is used as a constituent
[13,14]. The fly ash and adjustment components, like e.g.
bentonite or fine ground carbon, are mixed, pelletized
and then sintered.

Properties of lightweight aggregates from natural and
waste materials are shown in Table 1.

3. Expanded granules from zeolitic rocks

Investigations performed in Italy and in Russian Feder-
ation have shown that high-grade granulate expanded
materials can be produced on the basis of zeolitic rock,
using temperatures between 1150 and 1200 �C, including
rocks with an average and low zeolitic content of 10–50%
[15–23]. The main objective of these investigations was
the development of a low-temperature-technology (up to
900 �C) for the production of lightweight granulated glas-
sceramic materials from zeolitic rock and an assessment
of the principal laws of the volume expansion occurring
in zeolitic masses. In the following, the compositions and
technological parameters will be described, which were
used in the investigations to obtain lightweight glassce-
ramic materials that offer a wide potential application spec-
trum for zeolitic rock.

Table 1
Properties of lightweight aggregates from natural and waste materials

Properties of
lightweight aggregates

Lightweight aggregates from
natural raw materials

Lightweight aggregates from waste materials

Perlite and
vermiculate

Expanded
clays

Granules of
recycled glass

Granules from
crushed sands

Mineral foam
granules

Fly ash and adjustment
components

Firing temperature (�C) about 900 1100–1200 750–900 1000–1080 <1000 1000–1300
Bulk density (kg/m3) 32–400 160–850 190–300 250–600 150–400 710–1400
Thermal conductivity

(W/mK)
0.04–0.06 0.08–0.12 0.07 0.06–0.09 0.09 0.07
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3.1. Raw material

Zeolites are alkali and/or earth-alkali aluminosilicates.
The structure of common zeolites is described by the fol-
lowing formula:

M2=zO �Al2O3 � xSiO2 � yH2O;

where M the mono- or bivalent metal, mostly Na+, K+,
Ca2+, Mg2+, Sr2+ or Ba2+; z is the valence of the cation;
x is the number of SiO2 from 1.8 to approx. 12; y is the
number of H2O from 0 to approx. 8.

Zeolites have a unique set of properties which opened
a broad range of traditional applications in the fields of
adsorption, ion-replacement, catalytic processes and
molecule differentiation [24–27]. One of the particularities
of the zeolite is its ‘‘porous’’ structure. It is traversed by
cavities and capillaries, whose formation can be
explained by the substitution of Si4+ by Al3+ ions and
the resulting necessity to compensate the negative resid-
ual charge of the ‘‘skeleton’’ through cation exchange
processes.

The raw material used in this investigation was the zeo-
litic rock obtained from the Sachaptinskoje deposit in the
region of Krasnojarsk (Russia). Mineral composition of
the zeolitic rock from this deposit is presented by zeolites
(clinoptillolite), quartz, feldspars and clay minerals (mont-
morillonite). By its chemical composition the zeolitic rock
is close to glass composition with shortage of alkali con-
tent. Chemical composition of the zeolitic rock is shown
in Table 2. Table 3 below summarises the chemical compo-
sition of the calcined soda that was used as an alkaline
component in the present investigations:

3.2. Experimental process for production of granules

For preparing the raw materials mix, the zeolitic rock
was ground in a ball mill to a particle size of 6250 lm.
After adding up to 20% of soda ash (see Table 3) to
increase the alkali content, the mixture was fritted at a tem-
perature of 700 �C. The generated frit was then ground and
an expanding agent was added. Then granules were formed
from the so obtained intermediate product using a pan
granulator. The granules were burnt in a muffle furnace,
and afterwards cooled (Fig. 1).

As variables, the firing temperature and the amount of
added soda were investigated. The bulk density, the
water adsorption and the particle strength were determined
on the so obtained expanded zeolites in accordance
with the standardized Russian test method GOST 9758-
86 [28].

3.3. Results

The main conditions that determine the suitability of a
rocky material for the production of porous structure are
a low melting temperature of the rock and the ability of
the molten rock to expand and form a porous structure.
With respect to the melting temperature, the zeolitic rocks
resemble the low melting clays, where the melting temper-
ature for the production of expanded-clay-materials ranges
from 1100 to 1250 �C. Concerning the first condition zeo-
litic rock is thus comparable to alumosilicate rock which
is adequate for the production of expanded clay and other
porous materials.

In the first phase of the investigations, the influence of
the amount of calcined soda on the properties of the gran-
ulated zeolite was investigated. The results are shown in
Fig. 2. It can be seen that the granulated expanded zeolites
with a soda ash content of 20% has the best combination of
properties: Acceptable bulk density, low water adsorption
and relatively high strength.

A microscopic insight into the internal structures of the
granules with different content of the calcined soda is
shown in Fig. 3.

The granules with 20% calcined soda content show a reg-
ular structure with closed pores. An increase of the calcined
soda content entails an increase in pore size, and a reduction
of pore wall thickness, two factors that lead to a reduction
of the strength of the expanded zeolites.

The thermal behaviour of the zeolitic rock with 20% cal-
cined soda added is described by the differential thermo
analysis (Fig. 4). The heating rate adopted in the thermal
(DTA) analysis was 20 �/min. The endothermic effect at
150.6 �C (DTA) is related to the extraction process of hyd-
roscopic water up to 100 �C. The temperature range above
100 �C is characterized by the extraction of adsorbed water
from the zeolitic materials (Klinoptillolit and Geilandit)
and from the clay (Montmorillonit).

The endothermic effect in the DTG-curve at a tempera-
ture of 551.4 �C corresponds to the decomposition of clay
materials and is coupled to a mass loss of 4.22% on the
TG-curve.

One of the chosen expanding agents was anthracite.
The DTA and TG curves of the frit with 1% of anthra-

Table 2
Chemical composition of the zeolitic rock from the Sachaptinskoje deposit in the region of Krasnojarsk

Oxide content (%)

SiO2 TiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Loss of ignition

64.8 0.35 12.77 2.46 2.5 1.84 0.63 3.2 11.12

Table 3
Chemical composition the calcined soda

Na2CO3 Chloride
(NaCl)

Sulfate
(K2SO4)

Fe2O3 Insoluble
residue

Loss of ignition
(270–300 �C)

99.0 < 0.5 < 0.05 < 0.003 < 0.04 < 0.8
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cite are shown in Fig. 5. In the temperature range 100–
135 �C adsorbed water is extracted from the dispersion
system (DTA and DTG-curves). The exothermal effect
at 552.8 �C (DTA) is caused by the burning of the
anthracite. The resulting loss of mass is caused by the
liberation of CO2 and amounts to 1.91 %. The endother-
mic effect at 134.9 �C is caused by the evaporation of the
water, which was added to produce granulates by the
pan granulator. At fast heating rate of the zeolite sam-

ples the processes of gas evolution and melting coincide.
In this way, the generation of a porous structure is
achieved.

The next objective of the investigations was to assess the
influence of the added amount of expanding agent and of
the fineness of the frit on the properties of the expanded
zeolites. The expanding agent addition ranged from 0.5%
to 1.5%. The frit to which the expanding agent was added
was ground to a maximum particle size of 90 lm. The
results of these investigations are shown in Fig. 6. Using
an anthracite content of 1%, an expanded zeolite with a
bulk density of 460 kg/m3 was obtained.

An impression of the pore structure inside these granu-
lates is given by the microscopic pictures shown in Fig. 7.
Granulates have cellular structure. The pore sizes lie within
a broad range of 0.5–2.5 mm.

4. Expanded granules from masonry rubble

The starting point for this development was the low
rates of reuse of the mixed sand fraction of construction
and demolition waste, especially masonry rubble and used
autoclaved aerated concrete. Recipes and technologies for
the manufacture of expanded granules from these sources

Water

Water

Soda 

Expanding agent 

Fritting (700 °C) 

Pulverization (Ball mill) 

Mixing

Shapening (Pan granulator)

Burning (850 °C)

Cooling

Mixing

Zeolitic rock

Pulverization (Ball mill) 

Fig. 1. Experimental process for expanded granule production from zeolitic rock.
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Fig. 2. Properties of the expanded zeolites as a function of calcined soda
content.

Fig. 3. Expanded zeolites with different amounts of added calcined soda.
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of secondary materials should be developed. Further it
should be demonstrated that granulates are suitable as
lightweight aggregate in concrete or as lightweight struc-
tural bulk material.

4.1. Raw materials

The investigations were performed on masonry rubble
of fraction 0/4 mm from a recycling company. Autoclaved
aerated concrete sand was used as a second component.
The chemical composition (Table 4) illustrates the typical

differences between the two constituents. In the masonry
rubble, Al2O3 is the component with the highest content,
if the SiO2 is excluded from the considerations. In the auto-
claved aerated concrete rubble, CaO is the dominant com-
ponent after SiO2.

The thermal behaviour of the both raw materials differ
quite considerably (Fig. 8). The total mass loss of the auto-
claved aerated concrete amounts 22.5%. While the mass
loss observed at temperatures of up to about 100 �C are
to be attributed do the evaporation of the adsorbed
water, the loss at higher temperatures is caused by the

Fig. 4. DTA and TG curve of zeolitic rock with an addition of 20% calcined soda.

Fig. 5. DTA and TG curve of the frit with 1% of anthracite.

A. Mueller et al. / Construction and Building Materials 22 (2008) 703–712 707
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decomposition of calcium silicate hydrate. The curves for
brick show comparatively little temperature reactions.

4.2. Experimental process for production of granules

The technological procedure adopted for the investiga-
tions is presented in Fig. 9. The materials – masonry rubble
and autoclaved aerated concrete wastes – were first sepa-
rately ground to particle sizes <100 lm. Grinding was fol-
lowed by mixing of the components, by addition of the
expanding agent – suitable were e.g. silicon carbide (SiC)
residues – and by granulation. In the follow thermal pro-
cess the granules were expanded and solidified. In prelimin-
ary tests, the suitability of CaSO4 Æ 2H2O, NaCl, beet

3.8 4.1
3.4

408460460

9.5

5.876

Anthracite content (%) 

Bulk density (kg/m³) 
Water adsorption (%)  
Particle strength (MPa) 

0.5 1.0   1.5

Fig. 6. Properties of expanded zeolites as a function of the expanding
agent concentration.

Fig. 7. Microscopic structure of the granulates with 1% anthracite addition.

Table 4
Chemical composition of the raw materials components

Oxide content (%)

SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O Loss of ignition

Autoclaved aerared concrete rubble 43.6 3.6 1.7 30.1 0.8 0.5 1.9 15.1
Masonry rubble 56.1 15.7 5.8 5.0 2.8 0.9 3.5 2.6
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Fig. 8. DTA and TG- curves of the raw materials masonry rubble and autoclaved aerated concrete sand.
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Constituent material: masonry 
rubble from a recycling plant +

autoclaved aerated concrete wastes 

Preliminary pulverization

Impact mill / Roll crusher 

Fine pulverization (mill with air
classifier)

Mixing (Ploughshare mixer) 

Shapening (Pan granulator) 

Thermal treatment (Rotary kiln)

Product: expanded granules 

Addition of expanding agent 

Fig. 9. Experimental process for expanded granule production from masonry rubble and autoclaved aerated concrete wastes.
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sugar, coke power and silicon carbide had been tested as
expanding agents. The materials, pulverized to <100 lm,
were added to the ground constituents in a proportion of
3%. In order to assess the effect of the expending agents,
the particle densities of the burned granules were compared
to the particle densities of green granules. A clear difference
could be observed when SiC was added as expanding agent.
Therefore, SiC was used as the only expanding agent for all
subsequent testes.

The investigations were first performed to laboratory
scale in order to determine the effects of the composition
and the firing conditions on the properties of the granules.
After that, a larger amount of granules was manufactured
to pilot plant scale to be able to manufacture lightweight
concrete blocks in a concrete plant.

4.3. Results

It could be shown that a mixture of the sand fractions
from masonry rubble and autoclaved aerated concrete is
suitable as raw material for the production of lightweight
aggregates. The masonry powder content in the mix can
be up to 100%, while the autoclaved aerated concrete pow-
der content should not exceed 50%. The densities of the
granules ranged between 530 and 1800 kg/m3. The densities
of the constituents were 1850 kg/m3 for the masonry rubble
and 640 kg/m3 for the autoclaved aerated concrete [29].

The thermal process and the type, content and fineness
of the expanding agent are decisive for converting the green
granules into expanded granules with defined properties.
For the thermal treatment, sufficient gas formation induced
by the expanding agent in a temperature range in which
sufficient amounts of melting phases are already present
are an absolute requisite for the production of porous gran-
ules. At the same time, however, a collapsing of the gran-
ules due to an excessive amount of melting phase must be
avoided. Fig. 10 illustrates the correlations:

� The diagram on the left shows that the temperature
ranges should lay between 1260 and 1290 �C. Insuffi-
cient firing temperature (<1260 �C) prevents complete
decomposition of the SiC and the amount of melting
phase that is formed is not sufficient. At excessive tem-
peratures, the granules will shrink; the density increases.

� In respect of the amount and the fineness of the expand-
ing agent there is also an optimum. When low amounts
are added, or a relative to the matrix material coarser
additive is used, granules of high density are produced.
When higher amounts have been added and in a finer
preparation, pore formation increases, resulting in a
lower density. The addition of too high amounts causes
the granules to collapse. The density increases once
again.

In Fig. 11, the formation of polyedric pores in granules
manufactured with different amount of expanding agent is
shown. Lightweight granules with density of 0.62 g/cm3 are
produced when 3% expanding agent has been added. Dense
granules result when no expanding agent whatsoever is
added. Accordingly, the granules can be adjusted to suit
a given application by appropriately dosing the porosity
enhancer.

After the laboratory investigations were completed,
lightweight aggregate in the amount of approx. 150 kg

Fig. 11. Formation of the pores in the granules based on mixed from masonry rubble and autoclaved aerated concrete.

Table 5
Properties of the lightweight aggregates manufactured in the pilot plant

Bulk density
classes (kg/m3)

Yield (in the different
density classes) (%)

Water
adsorption
(%)

Particle
strength
(N)

400–500 18.2 5 103
500–600 51.8 4 159
600–700 20.9 4 173
700–800 9.0 3 251

Table 6
Properties of concretes made with different lightweight aggregates

Lightweight
aggregate
type

Compressive
strengtha

(N/mm2)

Concrete
density
(kg/m3)

Resistance to
freeze-thaw cycle

Thermal
conductivity
(W/mK)Mass

loss per
surface
(g/m2)

Change
of Edyn

(%)

Expanded
clays

6.5 871 285 �67.9 0.24

Granulate 12.5 1120 169 �2.6 0.35

a 150 mm Cube, after 7 days.
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was manufactured to pilot plant scale. The used mixture
consisted of masonry powder <100 lm (49.5%), autoclaved
aerated concrete powder <100 lm (49.5%) and SiC powder
<30 lm (1%). The particle size of the green granules ranged
between 4 and 5.6 mm. The burned granules produced in
the rotary kiln at a temperature of 1230 �C have a particle
size from 5.6 to 8 mm. The bulk density ranged from
400 kg/m3 to 800 kg/m3, with the classification into bulk
density classes shown in Table 5. Water adsorption at
3–5% was very low, compared to the granules manufac-
tured in the laboratory.

The aggregates were tested for such properties as freeze-
thaw resistance and thermal conductivity. First results on
their fitness in practice were obtained in test performed
with lightweight concrete blocks in a precast concrete
plant. Of the aggregates used in that plant – expanded slate
0/4 mm and expanded clay 4/8 mm – the expanded clay
was volumetrically replaced with lightweight aggregates
from masonry and autoclaved aerated concrete sand. The
properties of both types of concrete are compared in
Table 6. The manufactured blocks are shown in Fig. 12.

The results confirm that concrete made with the light-
weight aggregates presented in this paper are quite compet-
itive with, for example, expanded clay, which has already
established itself in the market place. With an optimized
mix design, further improvements of the properties should
be achievable.

5. Conclusion

The investigations performed in the laboratory and in
the pilot plant have demonstrated that the variety of con-
stituents suitable for lightweight aggregate production
can be broadened. Suitable are zeolitic rocks, of which
there are deposits in many regions of Russia. In Germany,
masonry rubble could be used as alternative raw material.
The technological process for the manufacture of the gran-
ules is similar for both materials. Grinding is followed by
shapening by means of granulation. Subsequently, the

green granules are burned at temperatures of about
850 �C for zeolitic constituents and at around 1230 �C for
masonry rubble. The bulk density of the aggregates made
from zeolitic rock lies between 420 and 480 kg/m3. The
densities of the lightweight aggregate from masonry rubble
can be adjusted in a range from 530 to 1800 kg/m3, as
required. With the application of the findings and experi-
ences gained in the two research facilities it should be pos-
sible to further enhance the process and the products for
both variants.

In recycling construction and demolition wastes, the
strict dependency of the product quality on the quality of
the constituent material is often typical. For the utilization
process for masonry rubble described here, this dependency
is clearly reduced, if not altogether eliminated: of a fine-
grained mixed material of fluctuating quality, a homoge-
neous product of defined particle size and composition is
manufactured.
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[13] Vereinigung der Österreichischen Zementindustrie <http://www.

zement.at>, Cited 22 Jan 2007.
[14] POLLYTAG Danziger Leichter Zuschlagstoff. Firmenprospekt.
[15] Ovtscharenko GI, Sviridova VA, Kasanzeva KL. Zeolites in the

building materials. Barnaul: Altai State Technical University Pub-
lishing House; 2000. 320 p.

[16] Doldi M, Cappelletti P, Cerri G, Gennaro M, Gennaro R, Angella A.
Zeolitic Tuffs as raw materials for lightweight aggregates. Key Eng
Mater 2004;264–268:1431–4.

[17] Gennaro R., Dondi M., Colella A., Langella A. Use of high zeolite-
bearing as raw material for the preparation of lightweight aggregates.
EUROMAT 2001, Seventh European conference on advanced
materials and processes; 2001. p. 1–7.

[18] Kazantseva LK, Belitsky IA, Fursenko BA, Dement’ev SN. Phys-
icomechanical properties of sibirfom, a porous building material
zeolite-containing rock. Glass Ceram 1996;52:257–60.

[19] Kazantseva LK, Belitsky IA, Fursenko BA. Zeolite-containing rocks
as raw material for sibeerfoam production. In: Natural zeolites, Sofia
’95. Pensoft Publications; 1997. p. 33–42.

[20] Mumpton FA. Natural zeolites: a new industrial mineral commodity.
In: Sand LB, Mumpton FA, editors. Natural zeolites: occurance,
properties, use. Elmsford, N.Y.: Pergamon Press; 1978. p. 3–27.

[21] de Gennaro R, Cappelletti P, Cerri G, de’ Gennaro M, Dondi M,
Langella A. Zeolitic tuff as raw material for lightweight aggregates.
Appl Clay Sci 2004;25:71–81.

[22] de Gennaro R, Cappelletti P, Cerri G, de’ Gennaro M, Dondi M,
Langella A. Neapolitan yellow Tuff as raw material for lightweight
aggregates in lightweight structural concrete production. Appl Clay
Sci 2005;28:309–19.

[23] de Gennaro R, Cappelletti P, Cerri G, de’ Gennaro M, Dondi M,
Graziano SF, et al. Campanian Ignimbrite as raw material for
lightweight aggregates. Appl Clay Sci 2007;37(1):115–26.

[24] Breck D. Zeolitic molecular sieves. Moscow: Mir Publishing House;
1976. 781 p.

[25] Zizishwili GW. Physico-chemical characteristics and application fields
of natural zeolites. Proceedings of the symposium on natural zeolites.
Tiflis: Miznieraba Publishing House; 1979. pp. 37-49.

[26] Chelishchev NF, Berenschtein BG, Volodin VF. Zeolites – a novel kind
of mineral resource. Moscow: Nedra Publishing House; 1987. 52 p.

[27] Gottardi G, Galli E. Natural-zeolites. Minerals and rocks, vol. 18.
Giessen: Springer-Verlag; 1985.

[28] CICO 9758-86 Porous inorganic aggregates for civil engineering.
Test methods. Izdatelstvo standartov Publishing House, Moscow,
1987, 60 p.

[29] Offenlegungsschrift DE 103 54 711 ‘‘Poröse Granulate aus Abfallst-
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