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Abstract

The pore structure of cementitious material, predetermined by its porosity, permeability and pore size distribution, is a very important
characteristic as it influence the properties of the material such as strength and durability. The pore parameter could therefore be a primary factor
influencing the material properties of foam concrete and an in depth look into this aspect is required to establish relationships between this and
material properties. In order to evaluate these relationships it was necessary to develop parameters to explain and quantify the air-void structure of
foam concrete. This paper discusses the investigations done to characterise the air-void structure of foam concrete by identifying few parameters
and influence of these parameters on density and strength. A camera connected to an optical microscope and computer with image analysis
software were used to develop these parameters. It is found that out of the air-void parameters investigated, volume, size and spacing of air voids
have influence on strength and density. Mixes with a narrower air-void size distribution showed higher strength. At higher foam volume merging
of bubbles seems to produce larger voids, results in wide distribution of void sizes and lower strength. Air-void shape has no influence on the

properties of foam concrete.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Foam concrete is a lightweight material consisting of
Portland cement paste or cement filler matrix (mortar) with a
homogeneous void or pore structure created by introducing air
in the form of small bubbles. Introduction of pore is achieved
through mechanical means either by preformed foaming
(foaming agent mixed with a part of mixing water and aerated
to form foam before being added to the mix) and mix foaming
(foaming agent mixed with the matrix). The foam concrete
discussed in this paper has been manufactured using performed
foaming method.

The pore system in cement-based material is conventionally
classified as gel pores, capillary pores, macropores due to de-
liberately entrained air, and macropores due to inadequate
compaction. The gel pores do not influence the strength of
concrete through its porosity, although these pores are directly
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related to creep and shrinkage. Capillary pores and other large
pores are responsible for reduction in strength and elasticity etc.
[1-3]. The above type of pores can be measured by the test
methods viz., nitrogen gas absorption—desorption, mercury
porosimetry, optical microscopy with image processing and X-
ray computed tomography with image processing respectively
[4]. The pore systems of autoclaved aerated concrete is clas-
sified as (i) artificial air pores, intercluster and interparticle
pores [5] (ii) macropores formed due to the expansion of the
mass caused by aeration and micropores which appear in the
walls between the macropores [6] and (iii) micro capillaries
(<50 nm and macro capillaries (>50 nm to 50 pm) and artificial
air pores (>50 um) [7]. In a similar fashion, the pore structure of
foam concrete consists of gel pores, capillary pores as well as air
voids (air entrained and entrapped pores) [8]. As foam concrete
is a self-flowing and self-compacting concrete and without
coarse aggregate the possibility of entrapped air is negligible.
Empirical models have been proposed to relate porosity and
strength of porous solids [9—-11]. Based on these models and
extending it, a few strength—porosity models have been devel-
oped for aerated concrete by Narayanan and Ramamurthy [12]
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Fig. 1. Typical binary images.

and for foam concrete by Hoff [13] and Kearsley and
Wainwright [14]. These models reflect the effect of porosity
on the strength and may not adequately represent the pore
structure.

According to Cebeci [15], air entraining agents introduce
large air voids and do not alter the characteristics of fine pore
structure of hardened cement paste appreciably. Kearsley and
Visagie [16] reported that the air-void size distribution is one of
the most important micro-properties influencing the strength of
foam concrete.

The above discussion indicates that the pore parameters
could be a primary factor influencing the material properties of
foam concrete. Hence an in depth study is necessary to char-
acterise the air voids through certain parameters to explain and
quantify the air-void structure of foam concrete. This paper
discusses the investigations on air-void structure of foam con-
crete by identifying few parameters like, volume, size dis-

tribution, shape and spacing and influence of these parameters
on density and strength. For characterisation of pores of cement-
based materials through microscopical studies, image analysis

Table 1
Variation of percentage volume of air voids with foam volume

Foam  Percentage volume of air voids in Percentage volume of air voids
volume cement—sand mix based on cement—fly ash mix based on
1n'the Measured fresh Image analysis Measured fresh Image analysis
F:lx density of foam of hardened density of foam of hardened

) concrete foam concrete  concrete foam concrete
10 8.93 11 9.23 10.43
20 18.76 18.66 19.01 18.81
30 28.90 27.79 28.61 28.13
40 37.90 36.70 38.01 36.41
50 47.34 44.44 47.94 44.84
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has been successfully used [8,17—20]. In this study, air-void
parameters of foam concrete were measured using an image
analysis software on images of prepared surfaces of specimens
captured by an optical microscope.

2. Experimental investigations
2.1. Constituent materials

The constituent materials used to produce foamed concrete
comprised of (i) ordinary Portland cement conforming to IS
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12269-1897 [21], (ii) pulverized river sand finer than
300 microns (specific gravity = 2.52), (iii) class F fly ash
(specific gravity = 2.09) conforming to ASTM C 618-1989
[22], and (iv) foam produced by aerating an organic based
foaming agent (dilution ratio 1:5 by weight) using an indig-
enously fabricated foam generator to a density of 40 kg/m*. The
water—solids ratio of these mixes were arrived based on (i) the
stability of the foam concrete mix which is defined as the state
of condition at which measured density is equal to or nearly
equal to design density and (ii) the consistence of mix (for a
flow cone spread value of 45 + 5%) [23].
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Fig. 2. Air-void size distribution for cement—sand (a,c,e) and cement—fly ash mixes (b,d,f).
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cement—sand mix and (b) cement—fly ash mix.

2.2. Specimen and surface preparation

Foam concrete mixes used for the study include cement—
sand and cement—fly ash mixes (FA-100%) with a filler—cement
ratio of 2 and varying foam volume (10% to 50%). For each
mix, 4 cube specimens of size 50 mm were cast and moist cured
till testing. The cubes were then cut into slices of 25 mm thick,
parallel and perpendicular to the cast face and at different depths
of specimen, in order to get 6 pieces of specimen (cut surfaces)
from each sample using a diamond rotary saw. The dimensions
of specimen for image analysis were 50 x 50 x 25 mm. These 6
surfaces for each foam concrete mix were first analysed to
verify the uniformity in distribution of air voids, when cut from
different directions. An important requirement for successful
application of image analysis is a sufficient contrast between
pores and matrix. The quality of the surface treatment is impor-
tant because any surface defect can be mistaken for an air void
and can thus become a significant source of error. The conven-
tional surface preparation method of filling pores with synthetic
resin and smoothening by grinding is not suitable for foam
concrete because new pore gets opened during grinding and

polishing operations, which have to be filled with resins again
[20]. Hence the specimens were first carefully polished in a
machine to attain a surface on which the boundaries of the air
voids and matrix are sharp and easily distinguishable. The
specimens were cleaned with compressed air and placed in the
oven at 50 °C to get a dry surface. This surface was applied 2
coats of black ink using a permanent marker pen and allowed to
dry. White talc powder was then spread on the polished surface,
and slowly worked into the air voids with a flat face of a glass
slide. The excess powder was wiped away with the edge of a
razor blade and then with a lightly oiled finger tip, leaving only
the powder that had been worked into the air voids. Only foam
concrete specimens with excellent quality surface are subjected
to image analysis measurement.

2.3. Image processing and analysis

Image analysis system consisted of an optical microscope
and a computer with image analysis software. As the objective
is to investigate the structure of the macropores of foam con-
crete which is considered as pores having diameter larger than
50 um [7], a magnification of 20x was selected with a pixel
representing 16 microns and each image covering 44.23 mm?
(7.68 mm x 4.23 mm). A total of 30 images were captured for
each mix all together from the six cut surface. Each image is
digitized, converted into binary form and a few morphological
operations were done to refine the form of objects. Five such
operations found to be useful in application to concrete micro-
scopic images are dilation, erosion, opening, closing, and hole
fill. Between auto-threshold and hole-fill functions, many
scenarios can be proposed to achieve the goal of enhancing
the features of interest [24]. Different combinations of the above
operations were tried and the number of iterations of such
operations required depended on the quality of the image.
Simple operations were only needed for this study as the air
voids of white colour contrast sharply with the surrounding
matrix of black colour, producing almost similar to a binary
image prior to the microscopic examination. Typical binary
images for two mixes (cement—sand and cement—fly ash) are
shown in Fig. 1 (a) and (b).
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Fig. 4. Variation of D 50 and D 90 with foam volume.
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Fig. 5. Density and strength vs. air-void size distribution parameters (cement—sand mix).

After completing the image processing and air-void iden-
tification, the total area, perimeter, equivalent diameter of every
defined area (air void) in the image was stored in Excel format
and analysed for obtaining the parameters for the air voids such
as percentage of voids, air-void size distribution, shape of the
pores in terms of shape factor and spacing factor for each mixes.

3. Characterisation of air voids
3.1. Volume of air voids

Table 1 shows the variation of percentage volume of air
voids with the volume of foam added computed from fresh
density measurements and through image analysis in foam
concrete with cement—sand and cement—fly ash mixes.

As the water—solids ratio for each mix is chosen to achieve a
stable mix, i.e. to provide a density ratio of 1 (design density to
obtained density), the difference between foam volume added
and the measured fresh density of foam concrete is almost
closer.

In mixes with 20% and higher foam volume, the percentage
volume voids measured in hardened foam concrete is mar-
ginally lower as compared to volume of voids calculated based
on measured fresh density. This difference may be attributed to

(a) Density vs air-void distribution

error in interpretation likely to occur 1) as all the voids are not
cut exactly through its centre while cutting the specimen, results
in sizes distribution smaller than that of actual air-void sizes
i) when air voids overlap each other, as can be seen from Fig. 1,
and (iii) when the air void touches the boundaries of the image.
As the foam volume increases the reduction in measured value
increases. Most of the specimen exhibited marginally higher
density than the designed density and to some extent the
lowering of this value can be explained by this.

In mix with 10% foam volume, the percentage volume of
voids estimated through image analysis was higher than the
foam volume added. This overestimation may be due to dif-
ficulty in discriminating air voids from surface defect or other
artifacts such as sticking of the talc powder used for pore filling.
This possibility is more at low foam volume as the majority of
the pores are of uniform and smaller size (as can be seen later)
and as most such defects unfortunately fall in the same narrow
size range.

3.2. Air-void size distribution parameters
The frequency distribution of air-void sizes in Fig. 2 shows

that the majority of the voids are of uniform size. There are a
few bigger sized pores present and their number also increases

(b) Strength vs air-void distribution
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Fig. 6. Density and strength vs. air-void size distribution parameters (cement—fly ash mix).
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with an increase in foam volume, which may be due to the
possibility of merging and overlapping of pores at higher foam
content [25]. Referring to cumulative frequency distribution in
Fig. 3, at low dosage of foam volume the air-void distribution is
more uniform than at high foam volume content. This unifor-
mity is relatively predominant in foam concrete with cement—
fly ash mixes as compared to cement—sand mixes. In order to
quantify and compare the air-void size distribution of different
mixes and to evaluate its influence on the strength and density
of foam concrete, the parameters used are D 50 and D 90 (10%
oversize).

These two parameters can be read from Fig. 3 (a) and (b) and
the variation with foam volume is shown in Fig. 4 for both
the mixes. The median air-void size varies between 200 and
400 microns. In a study of the bubble size distribution of the
foam, it was observed that the bubble size varied mostly be-
tween 200 and 450 microns with a median value at 350 microns.
Both D 50 and D 90 increase with foam volume, but the size of
larger voids increases sharply with foam volume. These param-
eters are smaller for cement—fly ash mix, suggesting that the
inclusion of fly ash helps in achieving more uniform distribu-
tion of air voids than fine sand. Similar observations were made
through a study on fineness of sand on compressive strength of
foam concrete [26]. As the filler becomes finer, a more uniform
distribution of air voids is achieved probably by providing a
uniform coating of the paste on each bubble thereby preventing
it from merging and overlapping.

Figs. 5 and 6 represent density and strength as a function of
the air-void size parameters for foam concrete with cement—

sand and cement—fly ash mixes. As the density increased the
median void diameters become smaller (Figs. 5(a) and 6(a)). At
higher densities, D 90 (10% oversized voids) also become
smaller. It is also to be noted that the D 50 and D 90 curves
converge at higher densities (with low foam volumes) indi-
cating that voids become smaller and more uniform in size in
this range.

An increase in median diameter of air voids leads to reduc-
tion in strength (Figs. 5 (b) and 6(b)). But at higher densities the
air-void distribution does not seem to have an influence on
compressive strength, which may be because of attaining more
uniform distribution of voids at low foam volume ranges or
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Fig. 8. Variation of SH 50 and SH 90 with foam volume.



Frequency %

Frequency %

E.K.K. Nambiar, K. Ramamurthy / Cement and Concrete Research 37 (2007) 221-230

a s N ‘Cament—sand mix N
1400 7 14 Cement-sand mix
2= 0.464 e SHS50 o
. * + SH90 S 12
"E 1200 A .
S 5101
= )
£ 1000 1 a2 8
g 2 6]
° 2
£ 800 ] 2 49
g 2
&)
600 T T T T T 0 T T T T T
1.0 1.2 1.4 1.6 1.8 2.0 2.2 1.0 1.2 1.4 1.6 1.8 2.0 22
Shape factor Shape factor
Fig. 9. Density and strength vs. shape factor parameters (cement—sand mix).
1200 . Cement-fly ash mix 14 4 ., » Cement-fly ash mix
ke A
1100 .t . £ ,] % 4.
- SH 50 =S \ = SHS50
%J 1000 1 + SH9 £ 107 s+ SH90
<900 A 5 g
> =} -
§ 800 1 .E 6
- J W
Z. 700 £ 4]
S 600 A s | E
S 27
500 1 ©
0_
400 T T T T T T T T T
1.0 1.2 1.4 1.6 1.8 2.0 1.0 1.2 14 1.6 1.8 2.0
Shape factor Shape factor

Fig. 10. Density and strength vs. shape factor parameters (cement—fly ash mix).

Cement-sand mix

200 400 600 800 100012001400160018002000

Spacing, microns

Cement-fly ash mix

200 400 600 800 100012001400 160018002000

Spacing, microns

100 4

80 4

60

40 4

Cumulative frquency %

20

0 ——

Cement-sand mix

0 200 400 600 800 100012001400160018002000

Spacing, microns

100 4

80

60

Cumulative frequency %

Cement-fly ash mix

0 200 400 600 800 100012001400160018002000

Spacing. microns

Fig. 11. Frequency histogram and cumulative frequency curve for spacing (FV — 30%).

227



228

E.K.K. Nambiar, K. Ramamurthy / Cement and Concrete Research 37 (2007) 221-230

600

550 ] kﬂ

500
2 450 ]P0 , \
2 ] —=— Cement-sand mix \
4 400 -1 —a— Cement-fly ash mix \ A
& 350 1 SP10 T .
'S 300 - % Cement-sand mix
3 250 1 Cement-fly ash mix

200 - a . A a—

150 1 = RV Y I [ ] -:T:g

100 T T T T T

10 20 30 40 50

Foam volume %

Fig. 12. Variation of SP 50 and SP 10 with foam volume.

higher density ranges. Similar observation was reported by
Visagie and Kearsley [8]. D 90 correlates better than D 50 with
strength for both the mixes, showing that compared to smaller
pores it is the bigger pores that influence the strength of foam
concrete. This corroborates with the observations of Luping
[10] that the materials having the same matrix and porosity, the
strength of the material containing more large-size pores are
lower. Compared to cement—sand mixes, the correlation be-
tween D 90 and strength is lower in cement—fly ash mixes,
indicating that the effect of air-void size parameter is more
predominant in cement—sand mixes.

3.3. Air-void shape parameter

The shape factor defines the geometry of the voids and is a
function of outer perimeter and surface area for each void

obtained through image analysis and is given by

Shape factor (SH) =

(Perimeter)”
4m(Area)

Shape factor equals unity for a perfect circle and is larger for
irregular shaped voids. Similar concepts have been used by
Lange et al. [18] and Zhang et al. [27]. A typical shape factor

frequency histogram and cumulative frequency distribution
curve are shown in Fig. 7 for foam concrete with cement—sand
and cement—fly ash mixes. From the cumulative frequency
diagram it is evident that shape of the voids is similar and only
negligible number of voids is having irregularity. Compared to
foam concrete with sand as filler, mixes with fly ash exhibit
more uniform shape. This is attributed to the uniform distribu-
tion of bubbles without merging and overlapping in a mix
containing finer materials like fly ash.

The influence of foam volume on the shape factor for both
the mixes is shown in Fig. 8. SH 50 represents the median value
of observed shape factors of pores. Shape factor at SH 90
represents that 90% of the observed shape factor values are
lower than (or 10% of the values are higher than) this value,
showing the extreme values of shape factor or irregularity of
pores. The median shape factor (SH 50) remains almost con-
stant (1.1 to 1.23), which indicates that practically most of the
air voids are nearly spherical unlike aerated concrete where
the expansion of concrete during gas formation results in the
development of ellipsoidal oriented pores [28]. However a few
higher values of shape factor (1.6 to 1.8) represent irregular
pores produced due to merging of bubbles at higher foam
volume (Fig. 2). Figs. 9 and 10 show the correlation between
shape factor and density and strength of foam concrete with
cement—sand and cement—fly ash mixes. It can be seen that
there is no correlation between strength and density with shape
factor. This is due to the fact that all air voids are of approxi-
mately same shape and independent of foam volume.

3.4. Air-void spacing factor

The smallest distance through the matrix between two voids
in the vicinity is measured as spacing of air voids on the images
using the manual measurement options given in the analysis
software. The frequency histogram and cumulative distribution
curves for typical cement—sand and cement—fly ash mixes are
given in Fig. 11. Similar to other air-void parameters, spacing
parameters are represented by SP 50 and SP 10, obtained from
the cumulative distribution curve. SP 10 represents that spacing
of which 10% are below this value. In the case of spacing, it is
the minimum spacing which is going to be the critical for
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Fig. 13. Density and strength vs. spacing factor parameters (cement—sand mix).
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strength and therefore 10% value is taken as the parameter
different from that of diameter (90% value) where maximum
diameter is the critical value.

The variations of spacing factor with foam volume for both
the mixes are shown in Fig. 12. An increase in foam volume
causes reduction in SP 50, while SP 10 exhibit marginal varia-
tion. This reduction in spacing is attributed to reduction in paste
phase with an increase in foam volume. The relationship be-
tween these spacing factors and strength and density are shown
in Figs. 13 and 14 for cement—sand and cement—fly ash mixes
respectively. In general, as spacing increases the strength and
density increase. Only mean spacing factor (SP 50) correlates
highly with the strength and density. Even though SP 10 showed
a very poor correlation with strength, a closer look into the data
reveals that disregarding lower density range where there is high
scattering, correlation exists for other densities, i.e. at higher
density it may have an effect on strength.

4. Conclusions

Considering as a primary factor influencing strength and
density, the air voids in foam concrete are characterised and air-
void parameters are developed. The air voids are characterised
on the basis of volume, size distribution, shape and spacing and
based on this following conclusions are made:

® Out of the air-void parameters investigated, volume, size and
spacing have influence on strength and density.

® Inclusion of fly ash as a filler in foam concrete helps in
achieving more uniform distribution of air voids than fine
sand. Fly ash being finer, helps in uniform distribution of air
voids by providing a well and uniform coating on each
bubbles and preventing it from merging and overlapping.

® D 90 correlates better than D 50 with strength for both the
mixes, showing that compared to smaller pores it is the
bigger pores that influence the strength of foam concrete.

® Mixes with a narrower air-void size distribution showed
higher strength. At higher foam volume merging of bubbles
seems to produce larger voids, results in wide distribution of
void sizes and lower strength.

® Air-void shape has no influence on the properties of foam
concrete as all air voids are of approximately same shape and
independent of foam volume.

® A clear relationship between SP 50 with strength and density
are observed, in general as spacing increases the strength and
density increase. There is no clear correlation between SP 10
with strength and density, but at higher density it may have
an effect on strength.
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