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High porosity foams based on Portland limestone cement or gypsum plaster were prepared by a simple
method of stirring and drying using low levels of the food additives: methyl cellulose and iota carageenan
gum. Thermal conductivity of 0.11 Wm™ 'K~ ! at 92% porosity was achieved but compressive strength was
also very low. Foams were almost closed cell. Attempts to improve strength by incorporation of short staple
glass fibre were only partially successful because of a change in the failure mode from progressive collapse to
uniform fibre-cement debonding facilitated by the ability of the fibre network to transmit stress throughout
the assembly. This approach to fire resistant insulation materials does not yet match the high strength/
conductivity ratios of calcium silicate products but deserves exploring because of the simplicity of
preparation and the compositional freedom for using mixtures of hydraulic cement and other powders.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

There are now many methods of making foams from metals and
ceramics in which the material is initially in powder form. They
include the use of porosifiers [1], organic gels [2], replication on a pre-
existing polymer foam template [3] foaming polymer vehicles [4,5]
and aqueous foaming agents [6]. The method used here is similar to
that proposed for high temperature ceramic foams except that
hydraulic cement powder or gypsum plaster are used and indeed, in
principle it can be applied to any cementitious powder or mixture of
powders. This work is motivated by the requirement for low cost, fire
resistant thermal insulation materials in which the general aim is to
obtain high porosity but to retain high ratios of strength to thermal
conductivity. Rules for the porosity-dependence of thermal insulation
materials have been collated [7] and since the thermal conductivity of
airis 0.026 Wm™ 'K~ ! high porosity is sought but pore size should be
lower than 4 mm to inhibit convective heat transfer and cells should
preferably be closed or nearly so. This means the cell gas can be
regarded as having the thermal conductivity of still air. For porous
solids in general, it is only if the pore size is in the nanometer regime,
as is the case for aerogels and possibly for the gel porosity fraction in
cement pastes, that it is possible to reduce the effective thermal
conductivity of the gas phase in an unsealed product because Knudsen
conditions prevail [8].

Cement and concrete foams can be made by adding aluminium
powder to the mix before adding gauging water or injecting aqueous
foam into the cement slurry to give foams with porosity 50-90%. Tonyan
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and Gibson [9] prepared foams with densities of 160-1600 kg m™ > by
injecting a preformed foam generated by compressed air into a cement
slurry and then mixing with a food mixer. Microsilica and a plasticiser
were added to the cement-water slurry and polyester fibres were
incorporated to improve foam stability and strength. The compressive
strength o expressed in terms of density p, theoretical density ps and
porosity p, approximately followed a relationship which is suitable for
application at very high porosity levels:

1.2
o=oy(£) et (1)
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where 0O is the modulus of rupture of the cell wall material. Examples
of actual strength values in the low density region were: 160 kgm—>:
0.04 MPa and 224kgm™3: 0.12 MPa. The estimated value of the MoR
of the cell wall 05, was 6.1 MPa. Karam and Tonyan [10] note that the
pores follow a fractal distribution over a range of sizes. Indeed
surfactants are added to concrete to entrain air voids which will
relieve pressure and hence damage due to freeze-thaw conditions
during setting [11]. Attempts have been made to improve the proper-
ties of cement foams, for example, reinforcement with polyurethane
to give up to 60 wt.% cement and a density of 350kgm™> develops
compressive strengths in the region of 2 MPa [12]. Polyvinyl alcohol
fibres [13] or polystyrene beads [14] have been added. The latter
approach retains compressive strength at greatly reduced density
thus almost doubling the strength/density ratio. A more complex
system designed as a foam core for sandwich panels is based on
additions of glass micro-balloons, styrene-butadiene rubber latex,
glass fibre and nanoclay [15].

We sought to extend the foaming method previously reported for
high temperature ceramics [6] to explore its generality to hydraulic
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setting fine powders of almost any type recognising that the ability to
reach very high levels of porosity may not confer adequate me-
chanical strength for immediate application. The method is based on a
combination of additives used in the food industry. Short staple glass
fibre was added in an attempt to recover compressive strength by
creating a three dimensional interpenetrating structure of well-
bonded fibres in which each fibre was capable of bridging several
pores in the millimetre size range.

2. Experimental details

The materials and their sources are listed in Table 1. The de-
velopment of formulation was mainly based on preparation of mixtures
of distilled water and Portland limestone cement (PLC) of volume
200 ml with additions of methyl cellulose (MC) and iota carageenan
gum (iCG) systematically varied. The foam was produced by an elec-
trical whisk operated for approximately 120 s in a graduated vessel and
the foam ratio (foam volume/initial volume) was recorded after which
the foam was cast into rectangular moulds of 30 mm depth and left to
cure and for excess water to dry at ambient conditions. The glass fibre
was alkali-resistant, 18 pm diameter filament in the form of 6 mm
chopped rovings. It was added either as-received or after dispersion for
600 s in propan-2-ol using an ultrasonic probe (U200S, IKA Labortech-
nik, Germany) and drying, the fibres being introduced into the sus-
pension in stages during foaming to facilitate mixing. The same
procedure was followed for the plaster foams. Systematic variation in
composition was used to find the minimum water content and the
minimum organic constituents and still retain high air entrapment.

A Hitachi S-3400N Scanning Electron Microscope (SEM) operating
at 5 kV was used to examine the foams after hydration for 5.2 Ms
(60 days). Fracture surfaces were sputter coated with gold. Compres-
sion testing was done on a HSKS Hounsfield mechanical testing ma-
chine fitted with a 250 N load cell. A Bruker AXS D8 Discover X-ray
diffractometer using partially monochromatic, CuKa radiation oper-
ating at a voltage of 40 kV and current of 40 mA was used to examine
the foam prepared with 13.5 vol.% PLC (w/c=2) at a scanning speed
of 5° of 26/min in the range of 0-65° of 26.

Thermal conductivity was measured using the hot-wire (parallel)
method according to the European Standard [16]. This method is
suitable for thermal conductivities less than 25 Wm™~ 'K~ ! and re-
quires the determination of the temperature increase as a function of
time at a distance of 15 mm from a linear heat source (hot-wire) that is
sandwiched between two foams slabs of 200x 100x 50 +1 mm?®. In
order to have confidence in the method, measurements were also
made on blocks of expanded polystyrene of porosity 99% for which the
thermal conductivity can be calculated [7].

Table 1
Details of the materials used for the porous cement making process.

Material Sources information

Portland limestone Mastercrete original cement. Portland limestone cement,

cement density original powder* 3200 kgm 3 after hydration*:
2514kgm >
Glass fibre Cem-FIL™ Go/3 alkali-resistant chopped strand 6 mm
staple. Saint-Gobain Vetrotex (UK) LTD, 2580 kg m—>
Plaster One coat plaster. Lightweight gypsum building material

plaster, Knaufdrywall-Sittingbourne, 2695 kg m~>;

hydrated 2320 kgm ™.

Methocel food grade, product type: A4CFG(E461),
Dow Methocel Food Group, Europe.

Gelcarin GP 379 FMC Biopolymer, Bournel, Belgium.

Methyl cellulose (MC)

Iota carageenan (iCG)

*Density bottle using propan-2-ol.
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Fig. 1. Foam ratio as a function of methyl cellulose content (wt.% based on water).
Water/cement ratio by mass=1 giving 24 vol.% cement; water/plaster ratio=1.3
giving 22 vol.% plaster.

3. Results and discussion
3.1. Portland limestone cement foams

Fig. 1 shows the dependence of foam ratio on MC addition for a fixed
PLC content of 24 vol.% (plotting data for samples 5-9 with w/c=1 in
Table 2) and compares it with the foam ratio for water only. Throughout
this work, the MC content was based on the mass of powder, PLC or
plaster, but for the purpose of this comparison, the masses of PLC and
water were the same (Table 2) so that the MC content for the PLC curve,
the water curve and the plaster curve are directly comparable, all
reflecting the aqueous concentration. Clearly the addition of powder
reduces the foam ratio significantly compared with water but the trend
with MC content is the same. The curve for water provides more
discrimination and justifies the level of 0.13 wt.% MC based on PLC
which was used in much subsequent work, a choice based upon the
wish to increase foam ratio with minimum addition of organic additive.
Converted to volume fraction, the PLC powder occupied 24 vol.% of the
suspension, slightly higher than that used for the plaster foam (22 vol.%)
and in subsequent work, a lower fraction was used (It is the convention
to express composition in w/c ratio but the behaviour of suspensions is
often dependent on solids volume fraction and less dependent on solids
density and so both designations are used here). If MC was eliminated as
in sample 9 (Table 2), any foam that did develop during stirring quickly
collapsed, confirming its role as a foaming agent.

The results of the preliminary samples 1 and 2 (Table 2) confirm
that PLC volume fraction has a significant effect on foam ratio but this
is reduced by only 10% from 3.3 to 3.0 when the cement volume
fraction rises from 13.5 to 19% (w/c falls from 2.0 to 1.33). Systematic
variation of the cement fraction (Fig. 2), plotting data for samples 10
to 14 (Table 2) shows that foam ratio increases as the powder content
decreases, levelling off at 13.5 vol.% powder (w/c=2). Reducing the
water content facilitates drying of excess water and it can be argued
that reducing the organic content causes less interference with
cement hydration and development of strength. Cellulose ethers are
known to retard hydration [17,18]. Density measurements on the
cured and dried foam showed that as the powder content in the slurry
was increased from 11 vol.% to 32 vol.% (w/c from 2.7 to 0.67), the
porosity in the final foam decreased from 94 to 79%.

It was also apparent that a foam could still be obtained if iCG was
omitted (Sample 3 in Table 2). However when iCG was eliminated, the
foam survived for only about 300s before collapsing through
drainage. The iCG therefore, while not acting as a foaming agent
itself, enhanced stability of the organic gel and it was concluded from
adjustments of iCG content that a minimum of 0.07 wt.% iCG based on
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Table 2
Composition and porosity of PLC foams.
No. PLC/wt.% wj/c by iCG* /Wt MC*/wt% PLC/vol.% Foam ratio Foam™ Final Porosity
mass density/kgm > porosity % Eq. (2)
1 33 2.0 0.13 0.13 135 33404 220+30 91 95
2 43 133 0.13 0.13 19.0 3.0+04 250450 90 92
3 43 1.33 0.0 0.067 19.0 25402 230420 91 90
4 43 133 0.13 0.013 19.0 24402 - - 90
5 50 1.0 0.13 0.13 238 25402 320430 87 88
6 50 1.0 0.13 0.093 238 1.840.1 610420 76 83
7 50 1.0 0.13 0.053 238 1.6+0.3 630440 75 81
8 50 1.0 0.13 0.027 23.8 1.7+03 - - 82
9 50 1.0 0.13 0.0 238 1.0 - - 70
10 27 2.70 0.13 0.13 10.5 35405 140 + 30 94 96
11 33 2.0 0.13 0.13 135 33404 250+30 90 95
12 43 133 0.13 0.13 19.0 29403 320450 87 92
13 50 1.0 0.13 0.13 238 25402 320430 87 88
14 60 0.67 0.13 0.13 319 20+0.2 520+ 40 79 80

*Based on mass of PLC; *for cured and dried foam.

cement powder was needed to maintain stable foam; slightly higher a
additions were generally made.

The final porosity P, of the hydrated and dried foam is given
approximately by:

Vepp

P=1—
Fpy

@)

where V. is the volume fraction of cement powder in the unfoamed
suspension, Fis the foam ratio, p, (3200 kgm™ ') and py, (2514 kgm ™ ')
are the cement powder and hydration densities respectively and were
measured in a density bottle with propan-2-ol on the as-received
cement and powdered hydrated foam paste. This expression makes it
possible to assess how the foam structure sustains itself during drying.
Thus for the cement foams, the porosity calculated from Eq. (2) (last col.,
Table 2) was only slightly higher than the porosity found from density
measurement on the hydrated and dried foam (penultimate col.,
Table 2). This means there had been very little collapse during drying.
When applied to the plaster foams using densities in Table 1, the
situation was slightly less favourable; there was a deficit of 5% or more
when the porosity obtained from density was compared with P from
Eq. (1); the organic gel formed by the MC and iCG with calcium sulphate
is apparently less robust than the Portland limestone cement suspension
and some collapse occurs on drying.

There were some large pores of 3-4 mm not shown in the
microscopic images and the foam threw a thin dark sediment, possibly
of coarser powder. Fig. 3a shows a general area of the fracture surface
with pores in the sub-millimetre region; the pores average (0.70 +

4.5

4 4
3.5 1
3

2.5

Foam Ratio

2_

1.5 1

.

1 T T T T -

10 15 20 25 30 35 5.00kV 12.1mm x37 SE
Powder vol.%

Fig. 3. Scanning electron microscope images (a) 91% porous foam made with 13.5 vol.%
Fig. 2. Foam ratio as a function PLC powder fraction (methyl cellulose and carageenan cement (w/c=2), (b) higher magnification image showing that the foam is almost
both at 0.13% based on cement). closed cell.
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0.10) mm in diameter. This foam has a porosity of 91%. Fig. 3b shows a
higher magnification image in which the cell windows can be seen as
irregular perforations and the strut fracture faces are visible. Generally,
as the pore volume fraction of a ceramic foam increases, the structure
progresses from closed cell to reticulated as windows (perforations
between cells) form and widen. The important observation is that even
with the porosity above 90%, the foam is almost entirely closed cell.
Fig. 3b shows that there are some small windows beginning to develop
but they are not large enough to allow significant convection between
cells or significant radiation transfer. With other foaming methods for
ceramic materials, it is often the case that reticulated structures de-
velop above about 80% porosity [19]. The XRD trace at 10.4 Ms
(120 days) did not differ greatly from the literature trace for an
ordinary Portland cement after 15.6 Ms (180 days) [20]; the differ-
ences in XRD between OPC and PLC are discussed in more detail by
Voglis [21].

The fracture faces of foams reinforced with undispersed and
dispersed fibres are shown in Fig. 4a and b respectively. The hydrated
cement adheres well to the fibre. The undispersed chopped fibre can
be seen still aligned in the original tows whereas the dispersed fibre
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Fig. 4. Fracture face of a cement foam reinforced with 8% fibre; (a) undispersed fibre
showing most of the tows intact, (b) dispersed fibre.
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Fig. 5. The effect of undispersed (upper curve) and dispersed (lower curve) short staple
glass fibre on foam ratio of cement foams with w/c=2 and 0.7 wt.% iCG, 1.3 wt.% MC
based on cement.

produces a more chaotic arrangement. Upon addition of glass fibre,
the foam ratio was considerably reduced compared to the foam ratio
without addition of glass fibre. The effect was less pronounced in the
case of undispersed fibres and can be attributed to entanglement
effects among fibres that have been freed from their tows opposing
the incorporation of air into the liquid. The change in foam ratio
brought about by dispersed and undispersed fibre is shown in Fig. 5 in
which data for samples G1 to G10 are plotted (Table 3). A similar
trend was observed for the plaster foams. It was concluded that as a
guide, no more than 15-20 vol.% fibre based on the cement powder
should be used. The volume fraction of fibre based on cement is much
higher than that used in, for example, concrete where volume
fractions in the region 0.1 vol.% provide local reinforcement [22] but
in these porous structures the fibres occupy typically less than 2% of
available space.

3.2. Gypsum plaster foams

Fig. 1 shows the effect of MC content for plaster slurries with 22 vol.%
powder, slightly below the volume loading for cement which was 24
vol%. Slightly higher foam ratios are obtained because of the sensitivity to
powder volume fraction. The amounts of iCG and MC selected for use in
the plaster foam experiments were 0.044 wt.% and 0.089 wt.% respec-
tively based on plaster. A water/plaster weight ratio of 1.3 was sufficient
to give a foam ratio of almost 3 and to develop a porosity of 80-85%.
Fig. 6 shows the microstructure of the plaster foams; it is similar to the

Table 3
Formulation of Portland limestone cement foams with short staple glass fibre additions.
No. Fibre Foam Foam Final
vol.%* ratio density porosity
/kgm—> %
G1 8U 3.04+0.2 220+30 91
G2 18U 29402 230+30 91
G3 25U 27402 240440 91
G4 33U 23402 240440 91
G5 54U 1.9+02 260+20 90
G6 8D 25402 290420 88
G7 18D 23402 320440 87
G8 25D 2.0+0.1 330450 87
G9 33D 1.74+0.1 340+ 60 87
G10 54D 1.3£0.1 750 £ 10 71

All foams use 13.5 vol.% based on water-cement (w/c=2) and 0.067 wt.% iCG and
0.13 wt.% MC based on PLC.
*Fibre vol.% based on fibre + hydrated PLC; U; undispersed , D; dispersed.
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5.00kV 27.9mm x120 SE

Fig. 6. Scanning electron micrograph of a plaster foam made with a water/plaster
ratio = 1.3 by mass and 0.09 wt.% MC and 0.04 wt.% iCG based on plaster.

cement foams with most of the pore diameters in the 0.5-1 mm region
and with some larger pores. Fig. 7 shows that the effect on foam ratio of
addition of short staple glass fibre to plaster foams is less than the effect
on cement foams; again pre-dispersal of the fibre reduces the foam ratio
(Table 4) but has less effect on porosity.

3.3. Mechanical testing

The form of the load-deflection curves for the unreinforced foams
was similar to that shown by Gibson and Ashby ref. [23, p.177,
Fig. 5.1c] for an elastic-brittle foam. The load first rises, representing
the initial stage of cell wall bending, followed by a collapse plateau
associated with progressive failure of struts throughout the bulk at
nominally constant load and then ascending load as the debris is
densified. Crushing strength, in the case of such foams, is deduced
from average load at the collapse plateau.

Three factors affect the mechanical strength of these foams: (1) The
intrinsic strength of the cement cell walls; the foaming method may
interfere with hydration reactions through the presence of organic
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Fig. 7. The effect of dispersed and undispersed glass fibre on foam ratio in plaster foams
with a water/plaster ratio = 1.3 by mass.

Table 4

Formulations of gypsum plaster foams with short staple glass fibre additions.
No. Fibre™ Foam Foam Final

vol.% ratio density porosity
/kgm—3 %

GP1 12U 28+0.2 530440 77
GP2 24U 25402 520 +40 78
GP3 33U 23402 520+20 78
GP4 43U 1.74+0.2 550+30 77
GP5 51U 1.540.1 530+30 78
GP6 12D 25+02 - -
GP7 24D 24+02 380+ 60 84
GP8 33D 21+£02 340420 86
GP9 43D 13+£02 340+ 40 86
GP10 51D 12402 630440 74

*Fibre vol.% based on fibre + hydrated plaster; U; undispersed , D; dispersed.

additives. (2) The porosity, which influences strength through the
Ashby equation:

o =0204(p"/p,)"? (3)

(3) The addition of glass fibre may change both foaming and
strength. The former effect is shown in Figs. 5 and 7 but the mechanical
response of the fibre-reinforced foams was also quite different to that
shown by the unreinforced foams. The collapse plateau, although it
occurred at similar compressive stress, was drastically shortened and
represented only by a ‘knee’ in the curve. At this point, the foam failed
throughout the bulk as the fibres transmitted load through the slab and
the cement foam around the fibres failed concurrently. Thereafter the
load continued to rise because the network of fibres, still loosely
connected by cement structures, supported increasing load but this
really represents the densification of debris in the final stage and the
foam has already failed.

Fig. 8 shows the dependence of crushing strength on relative density
to the power 3/2 for the cement foam in an attempt to gain the straight
line predicted by Eq. (3). The failure strength o was extracted from the
equation of the line to give o = 8.9 MPa, slightly higher than the value
found by Tonyan and Gibson [9] of 6.1 MPa for Portland cement but
their value is deduced from a slightly different equation (Eq. (1)) which
includes an exponential function of porosity. This represents the
notional flexural strength of cement cell walls and struts and may be
distinguished from a flexural strength measurement on a bulk cement
paste. It can be seen that all the foam strengths were below 1 MPa. The
reinforced foams produced a very short plateau at a slightly lower stress
after which the stress continued to rise. The plaster foams had lower
crushing strengths in the region 0.04 MPa.

0.4
0.3
0.2+ *

0.1 &

Crushing strength/MPa

0 T T 1
0 0.05 0.1 0.15

(Relative density)*?

Fig. 8. Gibson-Ashby plot for unreinforced cement foams with 0.13 wt.% MC and
0.13 wt.% iCG.
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3.4. Thermal conductivity

The hot-wire (parallel) standard method (BS EN 993-15-1998) has
the great advantage of simplicity and has been assessed in conjunction
with two guarded hot-plate methods and a steady state radial heat flow
method using xonotlite test materials of porosity 92% and 89% [24].
The thermal conductivity of expanded polystyrene blocks of density
7.0 kgm~3 which corresponds to a porosity of 99.3% (bulk density
1050 kgm™3) was measured in order to be confident of the method. The
value recorded between 20 and 40 °C was 0.03140.009 Wm~ 'K~ .
Taking the solid conductivity (k) for polystyrene of 0.155 Wm™ 'K~ !
[25] and thermal conductivity of air at 20 °C (kg) of 0.026 Wm™ 'K,
Eq. (2) from reference 7] gives a predicted thermal conductivity for this
foam of 0.027 Wm™ 'K~ a 12% deviation from that measured. Such
variations are typical for thermal conductivity of low conductivity
materials [24].

Thermal conductivity of the cement foam was measured on two
pairs of blocks 200 mmx 150 mmx 50 mm. For density 193 kgm ™3
(porosity 92%) the conductivity was 0.110+£0.017Wm™ 'K~ ! and for
density 220 kgm ™! (91% porosity) was 0.135+0.048Wm~ 'K~ ..

The apparent thermal conductivity of the cement foam k, can be
related to volume fraction of gas by any of a family of semi-empirical
equations [7]. A relationship that provides a mid-range estimate was
chosen:

k = k(1—A) + k,A where A =

2" 1
271 <1_(1 + vg)"> @

in which n=2 and the thermal conductivity of air kg at 20°C is
0.026 Wm™ 'K~ . The equation requires a value of k, for the solid phase
and there is a steep dependence of ks on all forms of porosity at high
relative density making ks relatively difficult to access. Since solid
volume fraction (1—V;) is calculated from measured density of
powdered hydrated paste, the equation requires the conductivity of
that material and a putative value can be calculated from the
experimental data; a similar approach has been taken to find ks for
hydrated product in a study of fly ash concrete [26]. Using the measured
foam conductivities gives ks between 2.7 and 3.0 Wm~ 'K~ . For
comparison, these lie between the value for vitreous silica and quartz of
1.6 [27] and 88 Wm 'K~! respectively [28]. Using the average
experimental value of k,=2.8 Wm~'K~! it is possible to plot the
predicted thermal conductivities as a function of porosity for similar
cement foams (Fig. 9).

0.3
—— Cement foam Equn.3
m  Calcium silicate (other sources)
0.25 - PLC measured L
0.2 4
E 0.5 A
g
-
0.1 1
0.05
0 T T T T
1 0.95 0.9 0.85 0.8

porosity

Fig. 9. Thermal conductivity as function of porosity for cement foams (this work). The
solid line is Eq. (3). The lower data points are for calcium silicates assembled from other
sources as discussed in the script.

Fig. 10 combines the thermal conductivity equation (Eq. (4)) with
that for compressive strength (Eq. (3)) to give a figure of merit (FoM)
as o/k:

o 0205(1-V,)}

kT k(1—A) + kA )

Using the solid phase thermal conductivity of k=28 Wm™ 'K !
and o= 8.9 MPa this shows how the ratio of strength to conductivity
changes with increasing solid phase volume fraction in the region 0 to
0.3. The FoM progressively levels off with decreasing pore volume
fraction (Vg) as the benefit of increased strength from reducing the
porosity is progressively lost. This curve, for Portland limestone cement
foam, provides a baseline. Any intervention, for example addition of
toughening agents such as fibres or latex particles or of radiation
modifiers such as scatterers or reflectors should position data points
above the line.

These foams do not achieve the figures of merit of porous calcium
silicate which ranks as one of the best fire resistant, thermal insulating
panel materials in terms of apparent conductivity, compressive strength
and cost. The main mineral is xonotlite with theoretical density
2700 kgm~ 3 and traces of calcite [29] but such boards contain varying
amounts of cellulose fibre [30]. In making the following comparisons,
absolute densities have been converted to porosity using 2700 kg m~>
thus over-estimating pore volume, neglecting defective xonotlite crystal
structure and the presence of cellulose typically at 8 vol.%. Zheng and
Chung [31] obtained a thermal conductivity of 0.046 Wm~ 'K~ for a
92% porous material with compressive strength in the region 0.59 MPa
giving a FoM of 13 MKsm ™~ 2. Similarly Do et al. [32] report apparent
conductivities as low as 0.089 Wm~ 'K~ at 20 °C for an 89% porous
board. Their data are superimposed on Fig. 9. Measuring thermal
conductivity by the hot strip method, similar in principle to the method
used here, the data of Wei et al. [33] are also superimposed on Fig. 9. The
combined calcium silicate data agree and suggest that the cement foams
follow a higher k-volume fraction curve, partly perhaps due to
differences in radiative transport, a question that will doubtless receive
more attention as the demand for better thermal insulation materials
becomes more pressing.

4. Conclusions

A simple method of preparing cementitious foams by stirring
powders suspended in water has been established and the formulation

0.8
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Fig. 10. A Figure of Merit given by crushing strength/thermal conductivity for the
cement foams plotted as a function of porosity.



358 FK. Akthar, J.R.G. Evans / Cement and Concrete Research 40 (2010) 352-358

conditions established. The method is transferred from the food
industry and uses food additives. At present, the ratio of mechanical
strength to thermal conductivity is still too low for these foams to be
commercially viable and it would be necessary to protect such foam
blocks with a cement skin. The foam is produced by the mechanical
incorporation of air and stabilised by a mixture of methyl cellulose and
iota carageenan gum. Experimental work established the composition
ranges for high porosity (>90%) foam formation. The organic
constituent iCG contributes to foam stability by reducing foam drainage
but does not participate in foaming and was used at ~0.13 wt.% based on
cement powder. MC is essential for foam formation and was also used at
0.13 wt.%. In order to maintain a 90% porosity level or more a high w/c
ratio should be used. To attain >85% porosity in the plaster foams a
water/gypsum ratio of 1.6 was needed.

It was thought that dispersed glass fibres would reinforce the
structure but in practice, failure of the whole structure occurred at once
because the fibres transmitted the load throughout thus preventing
steady, progressive collapse. Fibre addition does not therefore improve
compressive strength but it does allow the foam to sustain increasing
load post fracture. An overall figure of merit was used to show how both
strength and thermal conductivity change with porosity. This showed
that the benefit of increased strength from reducing the porosity is
progressively lost and, because it is constructed for unmodified cement
powder provides a baseline upon which to compare interventions to
increase strength or decrease apparent conductivity.
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