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Abstract

The conscious waste handling is getting more important world-wide. In the past fifteen years
several detailed decrees and regulations were issued, dealing with this topic. The independent
category of industrial waste of the construction industry is about 15-years old as well. In
our research, the opportunities in recycling autoclaved aerated concrete (AAC) waste were
investigated. AAC is a rather young building material, compared to the ancient ones, e.g.
concrete, wood, or natural stone. The first factory, producing this material, was founded in 1929,
in Sweden, and the first one in Hungary in 1963 (at Kazincbarcika). The following question has
been raised: What is going to happen with the large amount of AAC building elements (mainly
in family houses) when they reach their design lifetime, and are to be demolished, creating AAC
waste? In our research, different ways for recycling this material were investigated. Our theories
were confirmed by laboratory tests. Our ultimate task was to develop some new, useful concrete
products, made from AAC waste. In the past 3 years, two research phases were finalized, both
for different purposes of use. In the first phase, load bearing and insulating lightweight concrete
mixtures with crushed AAC aggregate have been made. In the second phase, the mixtures were
designed for vertical covering applications. Laboratory tests were made according to European
and Hungarian standards.
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1. Introduction

Waste-handling is a term, which has higher and higher
importance in both jurisprudence and technical science. The
first EU regulation, which has dealt with the topic in-detail, was
published in 2000 [1]. The Hungarian government took this
EC decision as a base to issue the first detailed national decree
about building industrial waste, after joining the European
Union in 2004 [2]. The operative regulation [3] contains both
compulsions and concessions. Today it is compulsory to use
recycled building materials above a limited investment value
(defined in the regulation). However, many extra terms and
financial support can be received in procurement processes,
according to green considerations. Due to this, several research
were targeted to study the recycling of communal and industrial
wastes in Hungary as well [4,5,6]. About lightweight aggregate
concrete (LWAC) made with crushed autoclaved aerated
concrete (AAC) there have been few researches published
yet, but there were some successful e.g. for clinker production
[7], and in testing of traditional screed for floorings [8], or
stabilized sand insulating concrete [9].

Our research was started at the Budapest University of
Technology and Economics, Department of Construction
Materials and Technologies in 2012.When looking for a topic
for our research, our main aim was to choose some building
material that is well-known world-wide, however, only few
researches are dealing with its recycling opportunities. AAC
perfectly met these requirements. This young building material
is produced since less than a hundred years. The first buildings,
made of its earlier version (aerated concrete, AC) are about
to reach their design lifetime, therefore, large amount of AC
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waste can be expected to appear in the next decade. Recycling
options should to be developed, supported by laboratory tests
and results. This is the first step to give a new product that can
be applied in the construction industry.

2. Experimental studies

In the last three years two different research phases were
completed in our laboratory - both for different purposes of use.
In the first phase, load bearing and insulation LWAC mixtures
were made. In the second phase, the mixtures were designed
for vertical covering applications. Detailed information about
the design parameters, and the test results are given in Table 1.

The mixtures, made in the first research phase (load bearing
and insulation purpose), were tested according to European
standards for apparent (body) density, compressive strength
(EN 12390-3), watertightness (EN 12390-8) and thermal
conductivity (ISO 8302). The mixtures, designed for vertical
covering purpose (second research phase) were treated and
tested as artificial stone. Apparent (body) density, compressive
strength (EN 14617-15), flexural-tensile strength (EN 14617-
2), impact resistance (EN 14617-9), freeze-thaw resistance (EN
14617-5) and thermal conductivity (ISO 8302) were studied.

The type and the dosage of the used cement were chosen
depending on the planned application. For the load bearing
mixtures, a CEM III was chosen - our primary target was cost
and ecological effectiveness. The mix design of LWAC targeted
to provide paste saturated mix [10]. In the second research
phase, when the mixtures were designed for covering purpose,
the top priority was aesthetical appearance. For this purpose
CEM 1 type was chosen and coloring pigments were added
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to the mixtures as well. The dosage was planned according to
reference recommendations [11] [12] [13].

We prepared the AAC waste for suitable aggregate to
lightweight concrete by a jaw crusher. After one crushing
period, particle size distribution was tested. The results showed
that the produced particle size distribution is in the II. quality
class according the recent Hungarian regulations (MSZ 4798)
(Fig. 1), therefore itis suitable for concrete aggregate without any
addition of conventional aggregate. In the first research phase
we used this one-phase-crushed bulk as lightweight aggregate.
The maximum particle size was 16 mm. In the second research
phase, to reach the highest compressive strength possible with
the selected cement dosage, the bulk was sieved into six, sharp
graded fractions (0/0,25 mm; 0,25/1,0 mm; 1/2 mm; 2/4 mm;
4/8 mm; 8/16 mm - Fig. 2). The fractions were added into the
mixtures according to limit grading curve B according the
recent Hungarian regulations (MSZ 4798).

100
90 )
80 e (36/
70 74
E 60 &4
T 50
i 40 /'/ ,u/43
= I /1‘37
£ 3 LRy s
Foog M 28
L) 4
10 i =
H/u’s'
0063 0125 025 05 1 2 4 8 16 32 6

Sieve size, mm (logarithmic scale)

Fig. 1. Particle size distribution curve
1. dbra  Szemeloszldsi gorbe

After a half year of storage, map surface cracking of the
specimens was observed, made in the first research phase. For

1%t research phase

this reason, we decided to add PP fiber addition to the mixtures
in the second phase, to prevent the formation of shrinkage
cracks on the surface of the specimens [11] [12] [13].

Fig. 2. Sieved aggregate frections
2. dbra  Szitdlt adalékanyag frakciék

3. Discussion

3.1. First research phase - general

According to the test results of the first research phase, it
can be postulated that the tested mixtures can be applied as
vertical load bearing structures of a multi-level building. Based
on the compressive strength results, we recommend using the
designed mixtures in building blocks (Table I). The masonry
mortar, necessary for walling, can be manufactured from the
AAC waste (with fractions under grain size of 1 mm) as well.
According to our watertightness test results, the mixtures can
be applied to subsoil parts of such buildings as well - this is an
advantage to other common blocks, which are available on the
market.

2" research phase

Grain size distribution Class Il (MSZ 4798)

15t mixing stage
Curve B (MSZ 4798)

2" mixing stage
Curve B (MSZ 4798)

(MSZ 4798)

Cement type CEM I BS 42.5N (V) CEM 152.5 N (grey) CEM | 52.5 N (white)
Cement dosage 500-650 kg/m? 350-450 kg/m? 350-450 kg/m?
Water-to-cement ratio 0.55 0.4 0.4

PP fibers - 1.5 kg/m® 1.5 kg/m?
Coloring - 5 m% (to cement) 5 m% (to cement)

Apparent (body) density 1380-1450 kg/m?

1250-1350 kg/m?

1250-1350 kg/m?

Compressive strength 12-16 N/mm? 6-9 N/mm?2 2.5 N/mm?
(EN 12390-3, EN 14617-15)

Thermal conductivity 0.39-0.45 W/mK 0.28-0.36 W/mK 0.28-0.36 W/mK
(1ISO 8302)

Watertightness XVA(H) - XV2(H) (MSZ 4798) n.t. n.t.

(EN 12390-8)

Flexural-tensile strength n.t. 1.5-2.5 N/mm? 0.6-0.8 N/mm?
(EN 14617-2)

Impact resistance n.t. 45-55 mm 25-30 mm
(EN 14617-9)

Freeze-thaw resistance n.t. not resistant not resistant

(EN 14617-5)

Table 1. Design parameters and test results (n.t.: not tested property)
1. tdbldzat ~ Tervezési paraméterek és vizsgdlati eredmények (n.t.: nem vizsgdlt jellemz6)
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3.2. Second research phase - general

According to the test results of the second research phase,
it can be postulated that the designed mixtures are suitable
for indoor vertical covering applications — as mounted panels
or as monolithic concrete wall. Freeze-thaw resistance tests
showed that the mixtures are not resistant against frost effect,
despite of the standard level of only 25 freeze-thaw cycles.
Our specimens suffered visible damage after 10 cycles (Fig. 3).
After 25 cycles they became inappropriate for any more testing
(Fig. 4) (the standard defines frost resistance based on residual
flexural-tensile strength). The significant open porosity of
the specimens causes excessive water-absorption that makes
the mixtures unable to resist against numerous freeze-thaw
cycles [14]. The apparent (body) density of the AAC waste
based mixtures is about half of that of naturals stones, which
are commonly applied in wall coverings (e.g. travertine
2000-2400 kg/m’, granite 2500-2800 kg/m?). It results much
smaller scale of mounting assemblies. According to thermal
conductivity test results, the designed artificial stone mixtures
are hand warm to touch. Moreover, considering their moisture
absorption capacity, the panels are able to store 15-20 m%
moisture from the air. These two attributions make the panels
ideal to maintain comfortable indoor air condition. According
to flexural tensile strength and impact resistance [15], it is ideal
for covering panels. In the moment of failure, the intersection
does not cracks through, the panel remains in one piece. It is
advantageous, because there is no falling debris, which may
cause collateral damage, or personal injuries.

Fig. 3. Damaged specimen after 10 freeze-thaw cycles
3. dbra Prébatest kdrosoddsa 10 fagyasztds-olvasztds ciklust kovetden

Fig. 4. Damaged specimen after 25 freeze-thaw cycles
4. dbra  Probatest kdrosoddsa 25 fagyasztds-olvasztds ciklust kovetden
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3.3. Chemical reactions in white cement mixtures - second
research stage

Inthesecondresearch phase, two mixing stages were performed.
After preparing the mixtures for the first stage, the specimens
made with white cement became unsuitable for testing. At the
age of 28 days (all specimens were stored under water from the
day of demolding) it was visible that the hardening has not been
completed. The specimens were peeling in touching by hand
(Fig. 5). It was generally assumed that the used white cement was
too old, therefore, unsuitable for concrete mixing (the specimens,
made with fresh grey cement were appropriate, and were tested
without problems). Therefore, the mixtures with fresh white
cement were mixed again in the second mixing stage. The new
specimens became suitable for mechanical testing, except one
mix (with the highest cement dosage). That one showed the same
look and damage than the ones in the first mixing stage. The test
result of suitable specimens showed significantly lower values in
all tests than the Portland cement (grey) mixtures. The results
suggested that some unexplored chemical transformation occurs
inside the specimens.

Fig. 5. White cement mixtures peeling in hand
5. dbra Fehér cementtel késziilt prébatest kézben mallik
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Fig. 6. Differential thermal analysis of AAC
6. dbra Porusbeton derivatogramja

Fig. 7. Map-like cracks
7. dbra Térképszerii feliileti repedések



épitdoanyag - Journal of Silicate Based and Composite Materials

To explore this reaction, differential thermal analyses
(derivatograhpy) have been made on the AAC waste, on
the coloring pigments, and on the hardened concrete as
well. The TG-DTG-DTA curves of the AAC showed that
the raw material contains approximately 10-12 m% gypsum
(Fig. 6). The map-like cracks on the surface of the specimens
(Fig. 7) indicated that we some kind of swelling reaction occurs
connected to the gypsum content. The permissible maximum
acid-soluble sulphate content of recycled concrete aggregates
according to the DIN 4226-100:2002 standard and the DAfStb-
Richtlinie (2010) technical specification is 0.8 m% [16]. In the
aggregate tested in our experiments this value was higher,
due to the gypsum content. The aluminate modulus (AM) of
the used cement was AM > 17. AM is one indicator for the
predisposition of the cement to sulfate corrosion. The AM of
normal Portland cements is AM = 1.0 - 2.5. The AM of sulfate
resistant Portland cements is AM < 0.64, for moderate sulfate
resistant Portland cements is AM < 1.0. If AM is above 1.0, it
increases the intensity of formation of a clinker mineral, called
tricalcium-aluminate.  Tricalcium-aluminate (3CaO-ALO,,
commonly known as felite; silicate chemical nomenclature:
C,A) is a fast set clinker mineral, with high heat of hydration,
and may result a concrete mixture unsuitable for placing due to
the fast formation of calcium-aluminate-hydrate:

3Ca0-ALO, + Ca(OH), + 12H,0 = 4Ca0-AL,0,-13H,0
(calcium-aluminate-hydrate)

Moreover, the calcium-aluminate-hydrate formed has
very low strength, so this reaction may completely ruins
microstructure of concrete. This is the reason why cement
factories add gypsum to the clinker, since C,A reacts with the
gypsum, and a new phase, trisulphate (or ettringite) is formed:

3Ca0-ALO, + 3CaSO,-2H,0 + 26H,0 =
3Ca0-Al0,-3CaS0O,-32H,0 (ettringite)

Ettringite is a mineral of relatively large in size due to
the 32 moles crystallization water in its structure, and
the crystallization pressure during formation can reach
100 N/mm?. This is not a problem, if the genesis of the crystals
occurs while the concrete mixture is still plastic, and is able
to be deformed. It is assumed that in our case, the production
of ettringite was shifted in time, and still formed, when the
strength holding tricalcium-silicate (3CaO-SiO, commonly
known as alite; silicate chemical nomenclature: C,S) minerals
started to generate the calcium-silicate-hydrate products in
the hydration process. If our presumption is correct, then
the crystallization pressure of ettringite crystals destroys the
bonding between the C,S hydration products, and this way the
hardening process of the concrete is damaged. In order to verify
our assumption, X-ray diffraction analysis was carried out.
On the XRD images of the 1-day-old samples both anhydrite
(Fig. 8) and ettringite (Fig. 9) were detected. Comparing the
XRD images of ettringite, made on 1-day-old and 7-day-old
samples, it was proved that the amount of ettringite has been
increased (Fig. 10 - solid line is the 1-day-old sample, dotted
line is the 7-day-old sample). For further proofing, swelling
has also been measured on fresh samples from 1 to 7 days of
age (Fig. 11). Samples JT1, JT2, JT3 were cured on air under
permanent climatic conditions. Samples JT4, JT5 were cured
under water. Another finding is that under water the samples

have swollen almost the double that of the samples cured on
air. This is due to the curing water supply for hydrate genesis
(from anhydrite), which maintains the formation of ettringite.
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8. dbra Réntgendiffraktogram anhidrit csiicsokkal
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9. dbra Rontgendiffraktogram ettringit csiicsokkal
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4. Conclusions

During our research, lightweight aggregate concrete with
crushed autoclaved aerated concrete (AAC) waste aggregate
was prepared. The mixtures were tested in two different research
phases, both for different purposes of use. Their suitability for
the planned use was confirmed by laboratory tests according to
the Hungarian and European standards.

In the first research phase, mixtures were designed for
vertical load bearing and insulation purpose. Our test results
confirmed the suitability for this application. We recommend
using the mixtures for the preparation of building blocks.
Required mortar for masonry work can be produced from
fine-grained crushed AAC waste as well. The advantage to
reinforced concrete is the low apparent (body) density and
low thermal conductivity. Unlike other building blocks on the
market, the watertightness of the mixtures tested is beneficial.
Therefore, the tested LWAC mixtures can be applied in subsoil
parts of buildings, while none of the commercially available
building block families are suggested for this.

In the second research phase, the mixtures were designed
for vertical covering purpose. The test results confirmed the
suitability only for indoor application. They can be used as
covering panels, or as monolithic concrete walls. The designed
mixtures showed many advantages. If used as panels, their low
apparent (body) density generates savings in the costs of the
mounting equipments, and generates less load on the structures
- compared to the commonly used natural covering stones.
Low thermal conductivity and excessive moisture absorption
capacity makes it ideal to maintain comfortable indoor air
condition. According to flexural tensile strength and impact
resistance, it is ideal for the preparation of covering panels. A
chemical reaction between AAC aggregate and white cement
was revealed. Considerable swelling is observed due to delayed
ettringite formation damaging the solid mineral phases, with
a strong effect of curing on the reaction. Specimens cured
underwater swollen double in magnitude than specimens
cured on air in climate chamber.
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Ujrahasznositott porusbeton alkalmazasi lehetdségei
konnylibeton adalékanyagaként

A tudatos hulladék-gazdalkodas, és ezen belll az épitési
hulladékok lerakott mennyiségének csokkentése, Ujrafel-
hasznalasa, illetve Gjrahasznositasa egyre fontosabba valik
vildgszerte. Onallé kategériaként kb. 15 éve jelent meg az
épitési-bontasi hulladék jogszabalyainkban, mely szintén e
kutatasi téma fontossagat jelzi. Kutatasunk soran a porus-
beton és gazbeton hulladékok Gjrahasznositasaval foglalko-
zunk. A mai napig két kutatasi fazist fejeztiink be ebben a
témaban, de tovabbi kisérletek végzését tervezziik a jovo-
ben. F6 célunk az épitdiparban is hasznalhaté kdnnylbeton
keverékek elballitdsa porusbeton hulladék felhasznalasa-
val. Az els0® kutatasi fazis soran teherviseld és hoszigeteld
funkcioju betonkeverékeket vizsgaltunk. Masodik kutatasi
fazisunkban pedig fuggdleges burkolathoz készitettlink kony-
nylbetont, zGzott pérusbeton adalékanyaggal. Laboratoériu-
mi vizsgalatainkat a hatalyos eurdpai és Magyar szabvanyok
szerint végeztlk.

Kulcsszavak: Pérusbeton, gazbeton, épitési-bontési hulla-
dék, Gjrahasznositas, konnylibeton



