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Abstract

Most of the investigations on foam concrete in the past have been confined to neat cement paste, cement paste with partial replace-
ment with admixtures and to cement-sand mixes. This paper reports the results of a systematic study to ascertain the influence of filler
type (i.e., sand and fly ash) and the particle size of sand on the properties of moist cured foam concrete. This study shows that the con-
sistency of mixture, for achieving pre-formed foam concrete of design density, mainly depends on the filler type. The flow behaviour of
foam concrete is mainly influenced by the foam volume. A reduction in particle size of sand caused an improvement in strength of foam
concrete. For a given density, replacement of sand with fly ash resulted in higher strength. Finer filler resulted in a higher ratio of strength

to density.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Pre-formed foam concrete is manufactured by adding
foam, prepared by aerating a foaming agent solution, to
cement paste or cement mortar. The composition, physical
properties and uses of foam concrete were discussed in
detail by Valore [1,2], Short and Kinniburgh [3], Rudnai
[4] and Taylor [5]. Although several investigations have
been conducted on the properties of foam concrete, most
of them deal with cement-sand mixes, neat cement paste
with or without partial replacement using admixtures [6—
11]. Few studies report on the influence of filler type on
the properties of foam concrete. By using fly ash as filler
(fine aggregate) instead of sand, the high volume utilization
of fly ash becomes possible, thus providing a means of eco-
nomic and safe disposal of this waste product. Comparison
of strength of air-cured foam concrete made with cement—
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sand and cement-fly ash for masonry by Durack and
Weiqing [12] show that for products of comparable density,
mixes with fly ash as fine aggregate in place of sand gave
relatively higher strength. This paper discusses a systematic
study on the influence of filler type and fineness of sand on
the properties of foam concrete made using pre-formed
foam.

2. Experimental programme
2.1. Parameters investigated and mix compositions

As the experimental programme was aimed at studying
the effect of the fillers on the properties like density, flow
behaviour, water absorption and strength of foam con-
crete, the following mixes were investigated by keeping
the basic filler-cement ratio constant at 1:1 by weight.
The foam required for three densities of foam concrete
viz. 1000, 1250, 1500 kg/m* were arrived at as per ASTM
C 796-97 [13]. In the cement-sand-fly ash mixes 50% of
the sand is replaced with fly ash and in the cement—fly
ash mixes all the sand is replaced with fly ash.
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Table 1
Physical and chemical properties of cement and fly ash used
Properties Cement Fly ash
Physical
Blaine fineness (m?/kg) 391 252
Specific gravity 3.13 2.09
28-day compressive strength (MPa) 54.7 -
Chemical % By mass IS 12269-1987 [14] % By mass ASTM C 618
(Class F) [15]
SiO, 19.3 - 63.6 -
CaO 61 - 1.57 <10
AlLO; 5.687 28.19 -
Fe,04 6.036 - 2.99 -
MgO 1.875 6 0.54 5 (max)
MnO - - 0.03 -
Na,O - - 0.05 -
K,0 - 0.003 -
SO; 1.67 2.5 0.26 -
Loss on ignition 0.2963 4 0.85 -
Soluble residue 1.489 2 - -
A1203/ F6203 0.94 0.66 - —
SiO, + Al,O5 + Fe,03 - - 94.78 70 (min)
determined by measuring the flow % using a standard flow
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Fig. 1. Grain size distribution of sands used.

2.2. Materials

A locally available foaming agent was diluted with pota-
ble water in a ratio of 1:3 by weight, where after foam was
produced by aerating to a density of 50 kg/m®. Fifty three
grade Ordinary Portland Cement [14], coarse river sand
(specific gravity = 2.66), pulverized river sand finer than
300 pm (specific gravity =2.52) and class F fly ash con-
forming to ASTM C 618 [15] were used. The properties
of cement and fly ash used in this study are presented in
Table 1 and the grain size distribution of two types of sand
used is shown in Fig. 1.

2.3. Details of study

The consistency of the mix before adding foam and the
flow characteristics of the mix after adding foam were

cone [16]. After filling the cone with the mixture, the cone is
lifted and average flow of concrete is measured without
raising and dropping of the flow table as it may affect the
foam bubbles entrained in the mix. The fresh density of
foam concrete was measured by filling a standard container
of known volume. The specimens were removed from the
mould after 24 h and were subjected to moist curing for
28 days. The compressive strength, dry density and water
absorption were determined. Even for mixes with fly ash,
the 28-day strength test was conducted so that comparison
with the cement—sand mixes would be possible. Six 50 mm
cube specimens, as per the recommendations in ASTM
standards [17], were cast for the study of each para-
meter.

3. Results and discussion
3.1. Effect of water—solids ratio on design density

As the foam is added to the wet foam concrete mix, the
consistency of the wet mix is very important to get the
design density. Fig. 2(a) and (b) show the variation of
density ratio (measured fresh density divided by design
density) with water—solids ratio for mixes with different fil-
ler type for each of the design densities, viz., 1000 and
1500 kg/m>, respectively. It is observed that at lower
water—solids ratios, i.e., at lower consistency, the density
ratio is higher than unity. The mix is too stiff to mix prop-
erly thus causing the bubbles to break during mixing result-
ing in increased density. At higher water—solids ratios there
is also an increase in density ratio as higher water contents
make the slurry too thin to hold the bubbles resulting in
segregation of the foam from the mix along with segrega-
tion of the mix itself thus causing an increase in measured
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Design density 1000 kg/m®
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Fig. 2. Variation of density ratio with water—solids ratio for different filler
type.

density. Therefore, as shown in Fig. 2(a) and (b), a density
ratio of unity or nearly unity is achieved only at a particu-
lar consistency. This consistency requirement for the mix
before adding foam to it can be expressed in terms of
water—solids ratio. It is also observed that the water—solids
ratio required to obtain a density ratio value of one,
depends on the filler type.

Water—solid ratios required to achieve a density ratio of
unity for various densities and corresponding foam volume
requirements are presented in Fig. 3. Due to higher surface
area, foam concrete mixes with fly ash require relatively
higher water—solid ratios compared to mixes with sand.
At the same time mixes with fly ash require less foam vol-
ume due its low specific gravity (2.09) compared to fine
sand (2.52). The water—solids ratio requirement reduces
only marginally with an increase in density, but the foam
requirement reduces steeply. The above observations show
that the consistency requirement is mainly affected by the
filler type and foam volume to be added in the mix has only
a marginal influence. All mixes for further investigation on
the properties of foam concrete were made at the water—
solids ratios corresponding to the filler types and target
densities.

Filler type
—m— Coarse sand (water-solids ratio) --0-- Coarse sand (foam volume)
—e— Fine sand (water-solids ratio) --O-- Fine sand (foam volume)

—A— Fine sand-fly ash (water-solids ratio) --A- Fine sand-fly ash (foam volume)
—w— Fly ash (water-solids ratio) -~v--Fly ash (foam volume)
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Fig. 3. Consistency requirement in terms of water—solids ratio for different
densities.

3.2. Flow behaviour

In order to study the relative flow behaviour, the flow of
mixes before and after the addition of foam is compared in
Fig. 4. For a given mix, it is interesting to note that (i) the
flow reduce when the foam is added to the mix, and (ii) the
flow reduces steeply with a reduction in design density (i.e.,
increase in foam volume), even though the variation of flow
for corresponding mixes without foam is marginal. The
reduction in flow after the addition of foam is a maximum
at lower densities of the mix. A possible reason for this is
that, at lower densities there will be more foam in compar-
ison to paste and the adhesion between the bubbles and
solid particles in the mixture increase the stiffness of the
paste. The existence of this adhesive force is indicated qual-
itatively by the observation of flotation of cement and filler
in the mixture. For a given density, the flow value is

Filler type
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---0---Coarse sand (with foam)
—e— Fine sand (without foam)

--o---Fine sand (with foam)
100 -
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Fig. 4. Variation of flow % with and without foam.
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Fig. 5. Variation of flow of foam concrete with foam content.

relatively higher for fly ash mixes as it contains a smaller
volume of foam due to its low specific gravity compared
to sand. For a given foam volume, the flow of foam con-
crete is not much affected by filler type (Fig. 5).

3.3. Compressive strength

The effect of fineness of sand on the compressive
strength of foam concrete is presented in Fig. 6. For a given
density, the mix with fine sand resulted in higher strength
than the mix with coarse sand and the variation is higher
at higher density. Similar results have been reported in lit-
erature [5,6]. Cut sections of the specimens viewed through
an optical microscope with magnification factor of 20
showed that there was a comparatively uniform distribu-
tion of pore in the case of foam concrete with fine sand,
while the pores were larger and irregular for mixes with
coarse sand. This indicates that coarse sand causes cluster-
ing of bubbles to form irregular large pores. Thus it can be
concluded that fine sand results in uniform distribution of
bubbles and hence results in higher strength than coarse
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Fig. 6. Strength density variation for mixes with sand of different fineness.
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Fig. 7. Strength density variation for mixes with different filler type.

Table 2
Comparison of strength to density ratio (in MPa per kg/m? x 1000)

Design density, Strength to density ratios for foam concrete mixes with

3
ke/m Coarse sand Fine sand Fine sand-fly ash  Fly ash
1000 0.77 1.73 1.68 2.79
1250 3.87 3.63 5.32 7.11
1500 5.04 6.94 8.64 12.66

sand at a given density. Kearsley and Visagie [18] reported
similar observations on the effect of pore size on the
strength of foam concrete.

In order to study the effect of replacement of sand with
fly ash, the relationship between dry density and compres-
sive strength for foam concrete mixes with fine sand, fly
ash, and fine sand-fly ash as filler is shown in Fig. 7. For
a given density, an increase in fly ash content results in
higher strength. Apart from pozzolanicity of fly ash, the
lower requirement of foam volume for a given density of
foam concrete will also contribute to strength enhancement
by reducing the pore volume and facilitating uniform dis-
tribution of pores. Durack and Weiqing [12] observed a
similar enhancement in strength due to fly ash and this
was attributed to the development of strong inter particle
bond between the gel matrix and the fly ash particles.

Based on a comparison of strength to density ratio for
different mixes in Table 2 the following conclusions can
be drawn: (i) for a given mix, the strength to density ratio
increases with an increase in design density, and (ii) out of
the four types of mixes investigated, foam concrete with fly
ash as filler has a higher strength to density ratio for all
design density values, i.e., finer filler results in higher
strength to density ratio.

3.4. Water absorption
Water absorption was measured on foam concrete cubes

after 28-day moist curing as per ASTM C 642-97 [19]. The
water absorption at different dry densities of foam concrete
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Fig. 8. Variation of water absorption with dry density.

is presented in Fig. 8(a) and (b). For a comparison, water
absorption of corresponding mixes without foam is also
plotted in the same graph. The water absorption of foam
concrete, represented as a percentage by mass, increases
with a reduction in density (Fig. 8(a)). When the water
absorption is represented in kg/m?® of foam concrete, it is
seen that the water absorption is lower at lower densities
(Fig. 8(b)). Thus for foam concrete mixtures discussed
here, as there is significant differences in density, expressing
water absorption as % of dry mass leads to misleading
results and it is thus better to express water absorption in
kg/m?®. In mixes without foam, where density variation is
normally less, the results are not affected by the way in
which it is expressed. It can also be seen from Fig. §(b) that
some mixes without foam showed higher water absorption
than foam concrete mixes. Thus, mixes with and without
foam clearly show that the water absorption is mainly
influenced by paste phase and not all artificial pores are
taking part in water absorption. This indicates that all of
the pores are not inter-connected. The effect of paste phase
on water absorption depends on the capillary pores (classi-
fied as microcapillaries and macrocapillaries [20]) present
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Fig. 9. Variation of water absorption with compressive strength.

in it. The decreasing trend of water absorption thus
observed at lower density is attributed to the relatively
lower paste volume phase, i.e., smaller capillary pore
volume with decreasing bulk density. It can be noted
that replacement of sand with fly ash increases the water
absorption. Apart from the increased paste content due
to the lower foam volume requirement, the higher water—
solids (consistency) requirement for fly ash mixture to
achieve design density compared to sand mixture (Fig. 3)
will also contribute to an increased capillary pore volume
and thus in increased water absorption.

Fig. 9 shows the variation of compressive strength with
water absorption of foam concrete. It is noted that, unlike
conventional concrete, water absorption increases with
compressive strength. A possible explanation can be that
for a given foam concrete mix, increased density corre-
sponds to an increase in paste volume (capillary pore
volume) and reduction in foam volume (artificial pore
volume). It can be seen from Figs. 6-8 that compressive
strength and water absorption increase with density of
foam concrete. Thus, for a given foam concrete mix, water
absorption mainly depends on capillary pore volume and
the volume of artificial pores governs the compressive
strength and density. Prim and Wittmann [21] reported
similar conclusions on strength-artificial pore dependency
for aerated concrete.

4. Conclusions

The conclusions drawn from this study and summarised
below are applicable to the characteristics of the materials
used and the range of parameters investigated: (i) the con-
sistency of pre-formed foam concrete mixtures (defined as
the water—solids ratio for achieving the target density)
mainly depends on the filler type, i.e., relatively higher
for mixes with fly ash as filler compared to mixes with sand;
(i) the flow behaviour mainly depends on the foam volume
and as the foam volume increases the flow decreases. For a
given density, foam concrete with fly ash as filler showed
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relatively higher flow values; (iii) an increase in fineness of
sand causes an increase in strength of foamed concrete; (iv)
for a given density, an increase in fly ash content of the mix
results in increased strength; (v) finer filler results in higher
strength to density ratio, i.c., foam concrete mixes based on
fly ash as filler showed higher strength to density ratios
than those based on sand for all density values; (vi) the
water absorption of foam concrete, because of its reduced
density, should rather be expressed in kg/m> than as a per-
centage by weight; (vii) the water absorption of foam con-
crete is observed to decrease with density. In comparison to
cement-sand mixes, cement—fly ash mixes showed relatively
higher water absorption.
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