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Abstract

Lightweight foamed mortars are produced through the addition of foaming agentken

cement blend, so that vaidf different sizes are foredwithin the matrix, reducing the density

of the materigland thereforalso itsweight. However, the increased porosity of these materials
usually compromises their mechanical strength, limiting applicatsoa structural material.
Modern infrastructure demands high strenigghtweight concrete formulations that can be
adjusted to develop more ambitious projedisth in design and application. In this study

lightweightpastes andhortars were produced using Portland cement blended with fly ash and

silica fume, with varying water contentand foamed using aluminium metalwater. To

stabilise the bubbles producttitough oxidatiorof the aluminium metal, polyethylene glycol
was added to the mixes, and proved effective in yielding more uniform bubbles than were

observed in the samples with no added stabiligeis led to impovements in both the bulk

density and compressive strength of the materials produced according to tmsth@dology.
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1. Introduction

The use of lightweight concretes in structural or sstmictural applications has long been the
target of technological developments, with efforts involving the reduction of unit weight of
both the aggregate and the binder having been undertaken fothranr&00 year¢Valore,
1954).The availability of ightweightconcrete as a construction material is particularly topical
at present, as the combination of good mechanical and thermal insulation prop&stees of
significantimprovements irthe energyefficiency of buildings in servicaithout excessive

increases in the thickness of the building envelope.

The reaction of metallic aluminium with the alkaline pore solution of theengmneleasing
hydrogen gas and aerating the binder, has long been favoured as a method of reducing the
density of a cementitious bind@ylsworth and Dyer, 1904 and this method has beerogim

to be applicable to a wide range of binder compositions, ranging from the originabfvork
Aylsworth and Dyer with Portland cement and gypdémwyisworth and Dyer, 1914 to the
more recently developefbamedgeopolymer system&hang et al., 2004 However,the
production of foamed concretes wistufficient strength to enable their use in structural
concrete applicationss less straightforward. This material has thus been used largely in
applications whergalue is gained fronts insulating properties (thermal and acoustcid/or

the reduction of mass which can lead to lower dead load within a structure aed gasatof
handling during construction (AClI Committee 233, 2000).

Recentwork on the development of lightweight Portland cencemicretes for use as structural
materials has shown success in producing@gcompressive strengths greater than 28 MPa,
either by the use of a surfactant as foaming agent in combinationositbefly ash(replacing

fine aggregateanda small quantity of polypropylene fibré¥ones and McCarthy, 200%®r

by using a surfactant and silica fiiinkended cement in concretes with standard dense fine and
coarse aggregaté€kee et al, 2014. In each of these cas, the high strength was provided
through the use of a goapality modern Portland cement combined with appropriately

selected supplementary cementitious matealsng at ambient or ne@ambient temperature.
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In partiaular, the types of binder formulation which would otherwise be used to produce high-
performance dense concretes, including the use of microsilica as a pozzolan, arelglto lik
give the best strength development when used in lightweight materials, and so {rewabest

likely targets for optimisation of the strengdlnsity relationship of foamed concretes.

Elevatedtemperature curing is used to form autoclaved aerated concrete, which is often
foamed using aluminium metal powdegleasing hydrogen gaas it oxidises under an alkaline
environment) Aroni, 193), but this material is generally specifiedly up to strength grades

less than 10 MP&Ilingner, 2008. Higherstrength materials have been demonstrated through
the combination of aluminia metal powder with a microsiliegch Portland cement blend
(Just and Middendorf, 20D9lt has generally been considered more difficult to achieve the
desired stable, highly uniform, small bubble size required for high strength through the use of
metallic foaming agents than by the application of afprmeed organic foam based on
surfactants but the additional processing steps involved in thefgaming route pose
disadvantages related to that method. It is tbezeconsidered desirable to develop alternative
routes to the production of foamed concrete which are more similar, in termsrefjthesd
processing steps, to the methods by which standard dense concretes are produceeldand plac
while yielding materials with strengths that are sufficiently high for structuradeont
structural applicationThis necessitates careful control of the fretdte properties of the paste,
particularly flow characteristics, as a foamed paste which requires aneicimanical energy

input in pumping and placemestlikely to suffer deaeration as a result.

This study approaches the question of production of modstrategth, moderate-density
foamedmortas through an innovative method of bubble stabilisation in a material system
foamed by the addition of aluminium metal. A binder is designed based on Portland cement
with microsilica and fly ash, witthe bubbles generated through hydrolysis of aluminium metal
stabilised by the addition of polyethylene glycol as a suéatige agent. This stabilisation
mechanism enables the retention of small bubbles within the fresh pasteandéning,
resulting ina flowable material which yields a desirable microstructurel @jood strength

performance, suitable for future scaip to use in concretes.

2. Materialsand Methods



102 2.1Materials

103

104  Portland cemenbf gradeCEM | 52.5N, with a bulk density of 1506 kgAnwas used
105  throughout this studyA commercial low calcium fly ash, classified as ‘siliceous’ according to
106 EN 1971 (European Committee for Standardization (CEN), 2@rid complying with the
107  requirements of EN 450 (European Committee for Standardization (CEN), 2048d silica

108  fume complying withEN 13263-1 European Committee for Standardization (CEN), 2005
109 were used as supplementary cementitious mateddilsninium powder, general purpose
110 grade was used as the foaming agekd bubble stabilisepolyethylene glycol (PEG) with an
111 average molecular weight of 20 kdDasused Quartz ilding sandwith a particledensityof

112 2650 kg/n? and with 100% passing 2.40 mwasthe fine aggregata all mortas.

113

114 2.2. Sample preparation

115

116  In order to select and optimise thmount offoaming agenand water contenpreliminary

117  experiments were carried ousingpaste mixes. Pastes were produced with water to cement
118 ratios of 0.35, 0.40 and 0.46 span the range from very stiff to very fluid pastes, and
119  aluminium powder contesbf 0, 0.3, 0.6 and 0.9 wt.¥&lative to thecemenitious materials
120 in the paste, according to the process depicted in Figure 1.

121

122 <Figure 1>

123

124  The workability of the paste mixes was tested according to ashimip radiusneasurement

125 as described i(Bouvet et al., 2010 Following the mixing protocol as described in Figure 1,

126  the paste was poured into a PTFE cone of 40 mm height, 80 mm lower diameter and 70 mm
127  upper diameter, resting on a Lucite sheet marked with a grid, and compacted by rodding with
128  a spatulaAfter 1 minute, the cone was lifted clear from the paste, and the diameter of the pat

129  was measured using calipgtisan converted to radius values for presentation.

130

131  The pastespecimens for analysis were castentrifuge tubes, sealed and cured ai22C.

132 After 24h, bulk density was determined through a measurement of the volume and mass of
133 cylindrical samplesin an as-cured condition immediately upon demoulding of the specimens.
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Photographs of the longitudinal sections of paste specimens28&fidays of curig were

collecting using a Veho USB optical microscopéwva maximum magnification of 20x.

Based on theesults of the study of thpaste specimenshe optimal foaming agent and
stabiliser doses werselected and mortar specimens were produc¢étjure 2) using a
Kenwood mixer Mortar formulationsare given in Table 1, where the addition of fly ash was
intended to reduce density and enhance workability, and the addition of silicanfiemeed

to improve earlyage strength developmerDensity was determed through the precise
weighing and dimensional measurement of 50 mm cubic speci®empressive strength was

alsodetermined using 50 mm cubic specimens, in triplicate.

<Figure 2>

Table 1. Mix designs for mortars; all quantities in grams.

Sand Cement Fly ash Silica Water Aluminium PEG
fume
250 100 0 0 40 0.90 10
250 90 10 0 40 0.90 10
250 97 0 3 40 0.90 10
250 87 10 3 40 0.90 10
250 93 0 7 40 0.90 10
250 83 10 7 40 0.90 10

3. Results and Discussion

3.1. Pastesproduced with aluminium powder asfoaming agent

The minislump and densitgsults for the paste mixes with different contents of aluminium

powder, and different water/cement ratios, are presented in Figures 3 and 4.



159  <Figure 3>
160

161  <Figure 4>
162

163  Itis notabldrom Figures 3 and 4 that no direct correlation between the workability of the fresh
164  paste and the density of thardened solids is identifiablevhereas it is well known that air

165 entrainment in concretes can often give an improvement ikalvdity (Lamond and Pielert,

166  2006) as the lower density of the aerated pastes can also lead to a reduction in the slump
167 measurementt is not likely that rodding for 1 minute with a spatula was sufficient to vemo
168 theall of the generated gas bubbles from the pastes, and in fact the bubbles remalreng in t
169  mix were visible after the minislump tesfdl pastes tested were able toxmnstratesufficient

170  workability for use in the preparation of mortars.

171

172 However, it is also clear from the photographs of eceestions of the pastes, Figureligt the

173 networks of bubbles within these materials arehwhogeneoug distributed, and tht the

174  bubbles are neither spherical namiform in size. In optimisinghe strength of doamed

175 cememtbased material, it is considered important to develop a uniform bubble size datribut
176  (Nambiar and Ramamurthy, 2007).

177

178  For this reason, the addition of a surfaotive component to stabilise the bubbles was
179  considered desirable; polyethylene glycol was selected for this purpose, as it isohdiky

180 but a rather weak surfactaisraelachvili, 199y (which is desirable to avoid excessive
181  foaming and loss of strength in the hardened materials), retains some stabéityhentigh

182  pH conditions of a fresh cement paste, and showed good performanediriminary trialsof

183  foaming of silicate slurries.

184

185  <Figure 5>

186

187 By comparison with Figure 5, it is seen from the photographs in Figure 6 that the PEG was
188  effective in stabilising the bubbles; the bubbles are much more sphericaigaifidamtly

189  smaller, than those which are present in the hardenedipalseeabsence of PEG.

190

191  <Figure 6>



192

193  The resultspresented in Table &ow that including 10 w% PEG des not modify the

194  workability of the paste bus able to significantly reducthe density of the bindewyith

195 approximately a 33% reduction in the bulk density of the hardened paste compaespkisteh

196  with Al powder alone; the moulding procedure has clearly removed many of the bubbles
197 generated by the Ah the absence of a stabiliser, whereas the PEfteidtige in retaining the

198  bubbles in the paste as it is poured into the mould and progressively hardens during the early
199  stages of curing. ferefore testsof mortarmixes were carried out usingishcombination of

200 foaming agent andubble stabiliser.

201

202  Table 2. Mini-slump and bulk density of foamed pastes with 0.9 wt.% Al powder in the presence of
203 PEG as a bubble-stabilising agent

water/cement Content of PEG M 'rr;;ld;np Bulk density
ratio (wt.% of cement) (mm) (g/cm?3)
0 66.7 1.26
0.40 10 67.8 0.85
204
205

206 3.2 Mortarsproduced with Al asfoaming agent and PEG as bubble stabiliser

207

208 Based on the paste density reduction achievable through the coupled use of Al atudl PEG
209 generate and stabilise the bubbles, the next parameter tested was the binder miXlgesign
210  water/cementitious materials ratio was fixed at 0.40, and fly ash andfgitieawere added to

211 the mix in different proportions to determine the influence of each of these componédrds on t
212 bulk density and compressive strength of the hardened mdrtersnortar densitieis Fig. 7

213 are significantly higher than the paste densities in Table 2 due to the use of a regskx (de
214  quartz fine aggregate in the mamrmixes at a mass ratio of 2.5 to the cementitious component
215 (Table 1).The addition ofly ash consistently reduces the density of the mortaespiwhereas

216  silica fumedensifies the mixe@-ig. 7A,B). However fly ash addition reduces the compressive
217  strength at both 7 and 28 days (Ff§:,D), and sdhe additional strength generated through
218  silica fumeincorporation was beneficial ianablingthe materialdo approach the range of
219  strength values which would be required for setniictural applicationsip to 25 MPa for the

220 strongest samples tested herbe positive effect of silica fumenocompressive strength is

221 more visible in samples without FA, consistent with the fact that the mortarbbanelosed
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replacing OPC by FA, and therefore, it is estee reduced compressive strength at early times
of curing as the replacement of OPC by FA increases.

<Figure 7>

To clarify the influence of the mix design on key physical propedfdie mortarsFigure 8

shows the relationship between bulk density and compressive strength, for éisdisted in

Table 1 as well as some additional mixes developed with higher and lower contentsbf fly a
during the preliminary mix design procesd at the same water/cemtitious materials ratio

of 0.4Q The relationship between density and compressive stretigfflaysan increasing

trend, as expected based on the extensive literature for foamed concretes pogdiarexiis
mechanical and chemical foaming methods, and as described by a number of mathematical
models, where powdaw, logarithmic and linear relationships haxagiously been proposed

for different types of foamed concrdteearsley and Wainwright, 20D2Considering the error

bars shown in Figure 7, the data presented here could be described by any of these types of
mathematical relationship with approximately the same degree of precision, dnd soti
possible to conclusivelgtate which is the most accurate relationsbiptliis set of mortars
foamed according to the new methodology presented Memeetheless, there is a clear
relationship which can be observed by comparison of Figures 7 and 8, whereby the addition of
silica fume yields a lower compressive strength ahdyber bulk density; this curve may be

used to design materials with the desired combination of density and mechanicahqecr
through adjustment of the blend of cementitious materials at this particular dimsenafig

agent and stabiliser.

<Figure 8>

Conclusions

This study has presented athradologyby which bubbles can be formed in cementitious pastes
through the inclusion of metallic aluminium, and then stabilised by addition oéthglgne
glycol. This polymer, although considered a weakatignt, does display sufficient surface
activity to prevent the breakdown of the bubbles and the escape of the entrained géses, whi
the material is cast and begins to harden and develop strength. This methodologyetheref

provides a pathway by which afuminiumfoamed cementitious material can be stabilised at
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a lower density than would otherwise be possible, while retaining desirablegtstr
characteristics sufficient for sessiructural applicationg\ mortar compressive strength of 25

MPa at 28 daysan be achieved by this method for a material with a density of 1.98. g/cm
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