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Abstract

Because fly ash from cellul ose industries contains considerable amounts of free lime and sulfate, they are potential secondary raw materi-
asfor the production of autoclaved aerated concrete. Laboratory experiments were performed by replacing lime and sulfate in conventional
autoclaved aerated concrete mixtures by fly ash. Compared to a reference series, samples with even higher compressive strength could be
produced with lime-sulfate ash. At higher proportions of fly ash, the formation of calcium silicate hydrate phasesis delayed and the presence
of unreacted portlandite and newly formed scawtite produce a drop in strength and an increase in shrinkage. Low strength resulted by using
Al-bearing ash with alower amount of free CaO, which makes this type of ash not applicablein practice. © 1999 Elsevier Science Ltd. All

rights reserved.
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Autoclaved aerated concrete (AAC) usualy is made
from quartz-rich sand, lime, cement, and calcium sulfate
with traces of aluminium powder as pore-forming agent.
These components are mixed with high amounts of water
and molded to produce a cellular green body by H,-gas gen-
eration at atmospheric pressure, and then autoclaved at
200°C under saturated steam pressure for several hours.
Calcium silicate hydrate (CSH) phases are formed from re-
actions between silicates and CaO of the bonding agent.

Generally, the physical properties of autoclaved aerated
concrete are determined by its structure, mineralogical com-
position, and texture. Although the structure can be con-
trolled up to a certain extent by addition of pore-forming
agents such as Al powder and water, mineralogical compo-
sition and texture depend strongly on composition and reac-
tivity of the raw materials. For these reasons the influence
of new raw materials on phase formation must be studied
carefully.

The influence of alternative SiO, sources, as well as var-
ious Al compounds, on phase formation under hydrothermal
conditions was studied by many authors [1-13]. Pure sub-
stances and different commercia products including waste
materials such as fly ash and slag from power plants, bricks,
and tiles were considered as sources for SIO, and Al,Os. In
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contrast, different types and sources of CaO and CaSO, and
their behavior in the hydrothermal process were rarely in-
vestigated [14]).

In this study, AAC was produced using ash as araw ma-
terial. Experiments on a laboratory scale were carried out
with mixtures in which lime and sulfate are totally substi-
tuted by ash. The goal of these series was to substitute pri-
mary raw materials as well as to optimize strength. Further-
more, samples were examined by various mineralogical and
chemical methods to establish relationships between the
mineralogical composition and the physical properties.

1. Materials

Fly ash from cellulose industries are fine-grained, lime-
and sulfate-containing waste products. The characterization
of the ashesincluding chemical, mineralogical, and physical
properties as well as results from experiments with hydro-
thermally treated ash were reported previously [15]. Two
principal types of fly ash, originating from two waste com-
bustion stages, can be distinguished. Lime-sulfate ashes are
mainly composed of free lime and anhydrite, whereas Al-
bearing ashes contain less lime and sulfate but considerable
amounts of low reactive calcium silicates and highly reac-
tive calcium auminates (Table 1). Minor phases include
low crystalline calcite, portlandite, hydroxyl-ellestadite, and
quartz. Due to coatings on particle surfaces and elevated
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Tablel
Data on the applied fly ashes from cellulose industry

Type Av.Ca0 SiOiot. Al,Ogtot. CaSO,tot.  Na,O
Lime-sulfateash  43.9 0.42 0.26 31.0 234
Al-bearing ash 244 1451 9.30 10.7 0.44

The amounts of available lime (Av. Ca0), total SiO, (SiO,tot.), total
Al,O; (Al,O4tot.), total SO, expressed as CaSO, (CaSO,tot.) and Na,O are
given in wt%.

contents of sulfate and alkalis, the reactivity of CaO in the
ash is significantly lower compared to commercia lime.

2. Experimental procedures and analyzing methods
2.1. Sample preparation

Based on a dry commercial mixture of sand (60 wt%),
lime (11 wt%), sulfate (4 wt%), and cement (25 wt%), an
analogous reference mixture (2500g) was produced. Al
powder was used as pore-forming agent (0.06 wt%). Mix-
tures of the reference series were obtained by varying the
lime-to-sand ratio while sulfate and cement contents were
held constant in all samples.

In the series with ash, commercial lime and sulfate were
entirely subgtituted by lime-sulfate ash and Al-bearing ash,
respectively. Variationsin the compositions were obtained by
adjusting the ash-to-sand ratio at a constant cement content.

The variations of the lime-to-sand and ash-to-sand ratio,
respectively, as well as their relationship to the lime-to-sil-
icaratio (bulk C/S ratio) are shown in Fig. 1. The lime-to-
silicaratio is calculated as follows: CaO includes total CaO
from cement and available lime from ash and commercial
lime, whereas SO, represents total SiO, from cement as
well as quartz from sand and Al-bearing ash. The sulfate
content is directly linked with the sulfate content of the ash
and therefore increases with increasing bulk C/S ratio.
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Fig. 1. Composition of the dry raw mixtures. Variations of the bulk C/S
ratio were achieved by different lime-to-sand and ash-to-sand ratios,
respectively.

Other important factors are the amount of available Al,O; as
well as the content of available alkalis that are contributed
by all ashes.

The pastes were produced by mixing with warm water
(60°C). The water-to-solid ratio was adjusted to obtain
pastes of workable viscosity and was balanced with the
amount of added Al powder (0.04-0.06 wt%) to control po-
rosity. The pastes were mixed in alaboratory stirrer and cast
into steel molds with avolume of 5000 mL. After areaction
time of about 4 h at atmospheric conditions, the samples
were cured in an industrial autoclave for 6 h at 200°C.

2.2. Analyzing methods

Compressive strength was measured using three 120-mm
cubes, which were dried at 80°C for 24 h. The flatness of the
load-bearing surfaces was adjusted by grinding. Force was
applied perpendicular to the direction of the rising mass
during manufacturing. Moisture content and bulk density
were determined after drying at 160°C for 24 h. The com-
pressive strength was normalized to a moisture content of
10 wt% after the relation reported by Aroni et al. [16],
which represents an average of the relations shown by other
authors [17-19] (Table 2).

Because it was not possible to keep bulk density constant
for all samples, the measured compressive strength was nor-
malized to an intermediate bulk density of 650 kg/m? after

Eq. (2):
Compressive strength = k(bulk density)?, (@)

where k represents a coefficient for the compressive
strength, which is independent of bulk density [20]. Shrink-
age was obtained by measuring the relative length change
during moisture movement of water saturated prisms and
subsequent drying at 20°C and 45% relative humidity for at
least 1 month. The data of the physical properties represent
average values obtained by measurements on two or three
specimens. Error bars indicate extreme values.

For the mineralogical investigations the autoclaved ma-
terial was dried at 50°C and ground. X-ray diffraction
(XRD) analyses were carried out on a Philips PW1800 dif-
fractometer equipped with an automatic divergence dlit us-
ing CuKa radiation. Theinternal standard method using LiF
was applied for semiquantitative measurements. The solu-
bility of SIO, in hot (boiling) and cold (5°C) HCI was deter-
mined [21,22]. Residual portlandite was analyzed by the
sugar method [23].

Table2
Correction factors of the compressive strength at different moisture
contents after Aroni et al. [16]

Moisture (wt%) 0.00 0.15 3.00 6.00 10.00 20.00 30.00 40.00 50.00
Correction factor 1.31 1.30 1.20 1.10 1.00 095 0.93 0.92 092

Intermediate values were calculated by interpolation.
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Fig. 2. Compressive strength normalized to abulk density of 650 kg/m® and
10 wt% moisture content. Bars represent minimum and maximum values.

3. Results
3.1. Compressive strength and shrinkage

Normalized values for the compressive strength are plot-
ted against the bulk C/Sratio (Fig. 2). The reference series
and the series with lime-sulfate ash have maximum
strengths at bulk C/Sratiosin the range from 0.6 to 0.8. The
highest compressive strengths are obtained by the series
with lime-sulfate ash followed by the reference series. Low
strength is obtained by the serieswith Al-bearing ash, which
decreases with increasing proportions of ash.

Shrinkage, defined as relative length change between the
water-saturated and subsequent dried specimen, generally
decreases with increasing bulk C/S ratio (Fig. 3). At lower
to intermediate bulk C/S ratios, shrinkage of the series with
ash are comparabl e to the reference series. At higher bulk C/
S ratios, samples of the series with lime-sulfate ash show
more shrinkage.

3.2. XRD analysis

Semiquantitative concentrations of tobermorite (d =
1.13 nm), xonoetlite (0.70 nm), hydrogarnet (0.51 nm), port-
landite (0.49 nm), and scawtite (0.46 nm) given as XRD
peak intensities relative to an internal standard are shown in
Fig. 4a. Tobermorite was detected in al samples. In the ref-
erence series and series with Al-bearing ashes, peak intensi-
ties for tobermorite, d(002) = 1.13 nm, increase with in-
creasing bulk C/S ratio. The tobermorite intensity of series
with lime-sulfate ash is almost constant. Hydrogarnet with a
composition near C;ASH, occurs in all series, decreasing
with increasing bulk C/Sratio. X onotlite was only observed
at high bulk C/S ratios of the reference series. Scawtite is
present at high bulk C/S ratios of series with ashes.

3.3. Soluble SO,

Solubility of SiO, in HCI (Fig. 4b) can be correlated to
the crystallinity of CSH (Fig. 44). SO, soluble in hot HCI
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Fig. 3. Shrinkage, defined as length change between 5 days of immersion
in water and equilibration at 20°C and 45% relative humidity.

corresponds to the total CSH. Weakly crystallized tober-
morite, and semicrystalline and nearly amorphous CSH are
only soluble in cold HCI. The difference between hot and
cold extractsisrelated to well-crystallized CSH phases such
as tobermorite and xonotlite [9]. In the reference series, the
soluble (hot and cold) as well as the insoluble amount of
SiO, increases with increasing bulk C/S ratio, indicating an
increase of more stable CSH phases with increasing bulk
C/Sratio. In contrast, in both series with ash, the amount of
soluble SiO, in cold HCI increases more rapidly than in hot
HCI at higher bulk C/S ratios, resulting in a decrease in the
amount of insoluble SiO, at higher bulk C/Sratios.

4. Discussion
4.1. Phase formation of AAC

During autoclaving, poorly crystalline primary phases
rich in Caare formed first (polymerization state), due to the
high concentration of Ca(OH), in the solution with respect
to silica, followed by subsequent reactions with dissolved
silicaforming CSH toward lower C/Sratios (CSH | > CSH
Il > tobermorite) and a higher degree of crystallinity [24].
The phase formation iskinetically controlled and influenced
by a number of parameters. The most important for the fol-
lowing discussion are:

e Raeni [14] studied the influence of lime with different
reactivities and found higher amounts of semicrystalline
phases by using lime with lower specific surface area.

e The role of sulfate is not yet completely explained. It
was observed that sulfate accel erates the formation of
tobermorite and favored its crystallinity [25]. Investi-
gations of Sauman [26] indicate that these effects are
more pronounced if Al is simultaneously available. In
pure lime-silicamixtures, sulfate retards the hydrother-
mal reaction sequence [3].

» The presence of elevated amounts of available sodium
accelerates the formation of semicrystalline CSH but
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Fig. 4. Results from mineralogical investigations on autoclaved aerated concrete plotted against the bulk C/S ratio for each series. (a) Relative XRD peak
intensities. (b) SiO, solublein hot and cold HCI, respectively, as well as the difference between hot and cold extracts.

suppresses the subsequent formation of tobermorite
[27-31].

« Many authors reported that Al,O, favors the formation
of tobermorite and raises the crystallinity [8,10,31,32].
Other authors pointed out that Al,O; enhances crystal-
linity in the crystallographic c-direction of the CSH
structure to a greater extent than within the ab-plane
[32-34]. Crystallinity within the ab-plane reflects the
degree of polymerization of the silicate structures,
which is measured by the solubility of SiO, in HCI.
Furthermore, Al itself is suggested to retard reaction
rates at high bulk C/S ratios [30,31,35-37]. Similar ef-
fects were shown by experiments of Gabrovsek et al.
[38,39]. They investigated the influence of Al,O; and
Al,O; + Na,O and found that the degree of condensa-
tion of the silicate anions in tobermorite was signifi-
cantly lowered by both.

At very high bulk C/S ratios, portlandite and scawtite

may form. The formation of scawtite isfavored by the pres-
ence of CaCO;, which was reported in a number of studies
[7,40-44], and there is no evidence that CO, from the atmo-
sphere or from water may be the source of CO, to form
scawtite [7,42,45].

4.2. Reference series: phase formation and
physical parameters

In the reference series, a high reaction rate is demon-
strated by the high amounts of well-crystallized tober-
morite, low proportions of poorly crystalline CSH, as well
as the presence of xonotlite at high bulk C/S ratios. Al-
though the total amount of CSH represented by the SiO,
soluble in hot HCI increases within the given range of bulk
C/S ratio, dlightly increasing proportions of SiO, soluble in
cold HCI and unreacted portlandite indicate that the reaction
sequence remains increasingly incomplete with increasing
bulk C/S ratio.
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The behavior of the compressive strength is strongly re-
lated to the mineralogical properties of AAC. At abulk C/S
ratio below 0.8, increasing strength is correlated with in-
creasing total amount of CSH [32,46,47]. At abulk C/S ra
tio above 0.8, the ratio of sand to binding agent no longer is
ideal, thus having a negative influence on strength and pro-
moting the formation of xonotlite [11,47,48]. Decreasing
shrinkage with increasing bulk C/Sratio is explained by in-
creasing degree of crystallinity of the CSH phases [1,49].

4.3. Serieswith lime-sulfate ash: phase formation and
physical parameters

The composition of the CSH phases in autoclaved sam-
ples of the series with lime-sulfate ash shows significant
differences compared to the reference series. Although peak
intensities for tobermorite remain approximately constant
with increasing bulk C/S ratio, the proportion of semicrys-
talline CSH increases as shown by the solubility of SIO, in
cold HCI. The absence of hydrogarnet at higher bulk C/Sra-
tios might be a further indication that aluminium sources
such as feldspar and clay minerals are consumed only to a
minor extent. This indicates incomplete reaction sequences
caused by retarding effects of the added lime-sulfate ash.

By analogy to Raeni [14], the low reactive CaO of the
lime-sulfate ash favors the initial formation of Ca-poorer
CSH, which subsequently reacts more sluggishly with sil-
ica [2,5,50,51]. Elevated amounts of available sodium in
the series with lime-sulfate ash (Na,O: 1.53 wt%) in com-
parison to the reference series (1.16 wt%), accelerates the
formation of semicrystalline CSH and suppresses the for-
mation of tobermorite [27—31]. The predominance of semi-
crystalline CSH might be due to the initial formation of Ca-
poorer CSH [52] and their retarding effects on the reaction
sequence. Mixtures of the series with lime-sulfate ashes
have high sulfate concentrations but low amounts of Al,O,.
The retardation effect of sulfate on the reaction sequence
[3] and the absence of Al [26] might stabilize semicrystal-
line CSH.

Bulk C/S ratios above 0.8 lead to carbonation of the
binding agent and formation of scawtite, which decreases
compressive strength and increases shrinkage.

4.4. Serieswith Al-bearing ash: phase formation and
physical parameters

The mineralogical investigations of the series with Al-
bearing ash show both strongly increasing XRD peak inten-
sities of tobermorite (002) and increasing proportions of
SiO, soluble in cold HCI. These features may be explained
by the effect of Al,O;. Decreasing XRD peak intensities for
hydrogarnet with increasing bulk C/S ratios, and therefore
with increasing additions of Al,O; by the Al-bearing ash,
indicate that Al,O; is incorporated in the CSH phases
[8,10,31,32]. The formation of tobermorite is favored and
the crystallinity within the ab-plane raised [32-34], which
reflects the degree of polymerization of the silicate struc-

tures. In contrast to the series with lime-sulfate ash, low
reactive CaO and the availability of akalis retards the for-
mation of more highly polymerized silicate structures. Fur-
thermore, high Al content retards the reaction rates at high
bulk C/S ratios [30,31,35-39]. Although Al produces tober-
morites with high (002) XRD intensities, the retarding ef-
fect of Na delays the formation of highly condensed silicate
structures.

Thedrop in strength with increasing bulk C/Sratio corre-
lates with the proportion of SiO, insoluble in cold HCI, but
not with XRD intensities of tobermorite (002). Decreasing
strength with increasing additions of Al-bearing materials
(e.g., dag) aso were reported elsewhere [1,26,53]. In gen-
eral, the low compressive strength for series with Al-bear-
ing ash might be related to the low content of free CaO.
There, high amounts of ashes are needed to adjust the ap-
propriate bulk C/S ratio (Fig. 1), which may enhance the
negative effects of the Al-bearing ash such that highly poly-
merized silicate structures are not formed.

5. Conclusions

The reference series with commercial lime is character-
ized by increasing amounts of CSH, well-crystallized tober-
morite with increasing bulk C/S ratio, and xonotlite at very
high bulk C/S ratios. Using ash from the cellulose industry
as a substitute for commercial lime, phase formation in
AAC issubstantially influenced:

» Ash retards the hydrothermal reaction sequence, and
increasing proportions of semicrystalline CSH are not
converted into well-crystallized tobermorite.

 Poorly reactive CaO, and elevated akali and sulfate
contents are responsible for the retarding effects of
phase formation.

» Highly reactive calcium aluminates in ash produce
considerable amounts of hydrogarnet. However, at
higher bulk C/S ratios, Al-bearing tobermorite occurs
instead of hydrogarnet.

» Al favors high crystallinity paralel to the c-axis, but
the retarding effects of the ash inhibits the growth of
silicate structures within the ab-plane.

» Scawtite occurs at high bulk C/S ratios where poorly
crystallized CaCO; is present in the ash.

Substitution of lime by ash influences strength such that:

» The highest compressive strengths are obtained by the
series with lime-sulfate ash at bulk C/S ratios between
0.7 and 0.8. Thus, this type of ash is favored as a prac-
tical substitute for commercial lime.

 Strengths of the AAC series made with Al-bearing ash
are markedly lower, which makes this type of ash not
applicablein practice.

» The decrease in strength above the optimum C/S ratios
is explained by the beginning of decomposition of to-
bermorite to xonotlitein reference series, and by the for-
mation of scawtite in the series with lime-sulfate ash.
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