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Abstract

With growing concern over global warming and greenhouse gas emissions, research must be
undertaken to reduce the environmental footprint of buildings. Cellular concrete provides good
strength to weight ratios and good thermal insulation because of its cellular structure. This makes
it suitable for reducing the energy demands of buildings constructed with this material. However,
the Portland cement currently used in cellular concrete releases large amounts of CO, during its
production. Alternative materials to Portland cement can provide lower carbon footprints. Alkali
activated materials can fully replace Portland cement with an alumino-silicate source which is
reacted with an alkaline solution. Common alumino-silicate sources are often industrial by-
products, so the use of alkali activated materials both reduces the need for Portland cement and
diverts by-products from landfills. Renewably sourced ashes also have potential for replacing
Portland cement. Ash from the burning of hog fuel in the pulp and paper industry can be used to
partially replace the Portland cement in concrete mixes. Applying these more environmentally
friendly materials to cellular concrete will produce a material with low carbon emissions for

production and high environmental performance for buildings constructed using them.

In this thesis, cellular concretes are prepared with cast densities from 100 kg/m’ to 1400 kg/m’
out of alkali activated fly ash, and out of Portland cement blended with up to 20% wood ash. The
mechanical, thermal, and acoustic properties of these cellular materials are characterised, and the
effects of the differing cementitious materials on these properties are analysed. The cellular
structure of the materials is characterised through the use of image analysis, and relationships

between the structure and the thermal and acoustic properties of the materials are analyzed.
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1.0 Introduction

1.1 Background

Growing concern over greenhouse gas emissions necessitate advancement over conventional
building materials. Expectations for energy efficient buildings require materials which provide
good thermal insulation. These materials themselves must also have a low environmental impact
on production. Currently, autoclaved aerated cement is used as a lightweight material with
moderate strength and good insulating properties; however, this material is energy intensive. It is
made from Portland cement, which produces large volumes of carbon dioxide when produced,
and it is autoclaved at high temperatures to release gas bubbles, requiring additional energy to
produce. An alternative material which reduces the dependence on Portland cement and can be
produced without heat treatment while maintaining good insulating properties would be a much

more environmentally friendly choice.

Cellular concrete is produced primarily in two different ways. Chemically foamed concrete relies
on a chemical reaction to produce gas bubbles in the concrete. A common example is the use of
aluminum, which reacts in the alkaline environment of the cement to produce hydrogen gas.
Another method of producing cellular concrete is to use a preformed foam method. This
produces a material similar to autoclaved aerated cement, but does not require additional heat
through autoclaving. Instead, bubbles are introduced to the cement in the form of a foam
produced using a surfactant and special foam generating equipment. While this reduces the
energy required for production, Portland cement is still used as the binder, resulting in the

production of CO,.



Fly ash has long been used as a cementitious material partially replacing Portland cement in
concrete. Binders can also be prepared from fly ash with no Portland cement by a process called
alkali activation. Fly ash is mixed with an alkaline solution which causes a reaction that produces
synthetic stone which is similar to Portland cement based concrete. The benefit of alkali
activated fly ash is that it is utilizing an industrial by-product, so no additional CO; is produced

to make the material.

While fly ash is an attractive binder material for the near future, eventually coal fired power
plants will be shut down, and stockpiles of fly ash will be depleted. Renewable sources of
alumino-silicates provide a more long term solution to reducing dependence on Portland cement.
Agriculturally sourced ashes have been used as supplementary cementing materials. Sugarcane
bagasse ash is a by-product of sugar production and has been widely studied for its use in
concrete. The pulp and paper industry produces a wood ash when unusable parts of trees such as
the bark are burned to recover energy. This wood ash can be used to partially replace Portland

cement in concrete.

By utilizing binders such as alkali activated fly ash or wood ash substituted Portland cement to
make cellular concrete with a preformed foam method, a lightweight insulating building material
could be produced with reduced CO, emissions and reduced energy requirements. For such a
material to be used, its performance characteristics must be determined. The mechanical
properties must be understood so that it can be used safely in structures. The thermal properties
must be determined to show that material can provide good insulation for buildings. Acoustic

properties are important for the comfort of occupants within the building.



1.2 Scope

An improved understanding of alkali activated materials shall allow for it to be used to make a
variety of precast concrete products. At the same time, understanding how wood ash affects the
performance of cellular cement-based composites will inform its usage as a supplementary
cementing material. Further, an understanding of how the cellular network affects the thermal
and acoustic properties of cellular cementitious materials could be applied to other rigid foams as
well. With this outcome, the cellular network could be tailored to achieve performance

characteristics specific to the application.

1.3 Outline of Thesis

Cellular concretes of varying densities were produced using an alkali activated fly ash binder and
the mechanical, thermal, and sound absorption properties of the material were characterized.
These same properties were then studied for cellular concretes made from a binder obtained
through blending Portland cement with wood ash. In order to better understand the cellular
structure of these materials, laser confocal microscopy and digital image analysis were used to
characterize the porous structure of the cellular concretes. The results from the image analysis

are then correlated to the thermal and acoustic performance.



2.0 Literature Review

2.1 Cellular Concrete

Cellular concrete is a cementitious system where the solid binder phase is filled with a number of
small voids [Zhang et al. 2014]. ACI Committee 523 develops and reports on cellular concrete.
Typically, the cellular system can range from 300 kg/m’ to 1900 kg/m’, with the optimal density
range for thermal and sound insulation for adequate mechanical strength lying near that of water

[Fouad 2006].

The air voids in cellular concrete can be formed through chemically induced formation of gas or
through blending a preformed foam into the cement paste. In case of chemical foaming,
introducing H,O, or aluminum to the cement paste leads to chemical reactions that release gas
bubbles within the hydrating system. In case of a preformed foam method, first a preformed
foam i1s made by passing compressed air through a diluted surfactant in a foam generating

machine and is then mixed with a slurry of cement and water [Zhang et al. 2014].

Cellular concretes have been extensively characterized for their thermal properties [Batool and
Bindiganavile 2017a, Batool and Bindiganavile 2017b, Samson et al. 2017a, Samson et al.
2017b]. The cellular structure of the material results in low thermal conductivity, making it a
good insulator. Foams prepared with gypsum or Portland cement have also been characterized as
insulation for acoustic comfort [ Laukaitis and Fiks 2006, Seddeq 2010, Wang and Zhao 2015,
Skujans et al 2010]. The exposed cells leave a roughened surface which is suitable for absorbing

sound.

Some work has been done to characterise the pore network of cellular concrete and relate that to

its strength [Hilal et al. 2015, Kearsley and Wainwright 2001, Nambiar and Ramamurthy 2007,
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Wee et al 2006]. It has been found that the strength of the cellular material is related to the
relative density of the foamed cement raised to the 3/2 power [Gibson and Ashby 1997, Kearsley
and Wainwright 2001]. Recent work relates the pore network to the thermal properties of the
foams [Batool and Bindiganavile 2017, Batool and Bindiganavile 2018a, Batool and

Bindiganavile 2018b].

Of interest for building occupant comfort are the acoustic properties of building materials. When
sound waves strike an object, some sound energy is reflected back, some is transmitted through
the object to the other side, and some is dissipated into other forms of energy. The sound
reflected back is what makes a room echo, so it is important to minimize this component. It is
quantified by the Sound Absorption Coefficient, which has a value from 0 to 1, where 0 indicates
that all of the sound impacting a surface is reflected back and 1 indicates no sound is reflected
back [Everest and Pohlmann 2009]. The sound energy transmitted through the material is
quantified by the sound transmission loss, which measures in decibels, the difference in sound
intensity between the side of the material with the sound source, and the opposite side of the

material [Everest and Pohlmann 2009].

2.2 Alkali Activated Materials

Alkali activated materials are an environmentally friendly alternative to Portland cement. Alkali
activated materials consist of an aluminosilicate precursor which is chemically activated with an
alkaline agent. Common sources of the aluminosilicate precursor include ground granulated blast
furnace slag, fly ash and metakaolin. Sodium or potassium hydroxide and sodium silicate

solutions are commonly used as activators for the precursor [Provis et al. 2014]. Alkali activated



materials have been shown to have improved fire resistance [Singh et al. 2015] and frost

resistance [Skvara et al. 2005] over Portland cement.

The use of alkali activation for generating cellular concrete is relatively recent [ Abdollahnejad et
al. 2015, Arellano et al. 2010, Ibrahim et al. 2017, Liu et al. 2016, Novais et al. 2016, Skvara et
al. 2014, Zhang et al. 2014]. Strengths of cellular alkali activated materials range from 2 MPa to
30 MPa with densities from 550 kg/m® to 1350 kg/m’. Heat curing of the alkali activated
material at 80°C was found to double the compressive strength of the specimen, as compared to

that cured under room temperature [Ibrahim et al. 2017].

2.3 Bio-Sourced Ash as a Supplementary Cementing Material

A number of recent studies have investigated the use of wood ash as supplementary cementing
materials [Garcia and Sousa-Coutinho 2013, Hussain et al. 2017, Madrid et al. 2017, Setayeshgar
et al. 2017, Othuman Mydin et al. 2014]. Wood ash is a renewable resource, unlike other
common supplementary cementing materials. Along with other agro-sourced ash, this makes it

particularly attractive to replace fly ash, upon termination of coal-fed power plants.

Wood ash has been used to replace up to 20% of the Portland cement in concrete without a
significant loss of strength [Setayeshgar et al. 2017]. Wood ash has also been seen to reduce the
thermal conductivity of cement, improving its insulation properties [Madrid et al. 2017]. This

makes it an attractive supplementary cementing material.



With the existing body of research on cellular concrete, alkali activated materials, and bio-
sourced supplementary cementing materials, study can be undertaken to apply foam concrete

techniques to these more environmentally conscious concrete materials.



3.0 Mechanical, Thermal and Acoustic Properties of Cellular Alkali

Activated Fly Ash Concrete'

3.1 Abstract

Efforts to reduce carbon emissions have led to interest in developing alternatives to Portland
cement. Alkali activated fly ash is one such material that has potential to replace Portland
cement. While the properties of alkali activated fly ash itself have been widely studied, its
application for making cellular materials has not. Cellular concrete is a rigid, lightweight
building material made by foaming cement paste. The resulting cellular solid has a good strength
to weight ratio and good thermal insulating properties. The rough surface left by the air voids
provides moderate sound absorption, which is beneficial for human comfort. In this study, a
locally sourced fly ash is activated with sodium based alkaline agents and the resulting paste is
foamed to produce a cellular alkali activated fly ash concrete. The mechanical, thermal, and
acoustic properties are characterised for cellular alkali activated fly ash concrete with cast

densities from 1000 kg/m’ to 1400 kg/m”.

! Jonathan Stolz, Yaman Boluk and Vivek Bindiganavile

Cement and Concrete Composites, doi: https://doi.org/10.1016/j.cemconcomp.2018.08.004



3.2 Introduction

The preceding decades have seen much needed standardization in the use of industrial by-
products as supplementary cementing materials. With an increase in concerns over climate
change and attendant goals to reduce carbon emissions, the construction industry continues to
look for alternatives to Portland cement. This quest for materials with lower carbon footprint has
of late, led to a renewed interest in alkali activated materials sourced from industrial and
agricultural waste. Alkali activated systems are basically composed of two compounds: a binder
and an activator. The binder is mainly amorphous, finely divided and rich in aluminosilicates
and/or calcium silicates. A subset of such alkali-activated systems are known as geopolymers,
wherein the binding phase is essentially an aluminosilicate gel [Provis et al. 2014]. Common
sources of the aluminosilicate precursor include ground granulated blast furnace slag, fly ash and
metakaolin. Sodium or potassium hydroxide and sodium silicate solutions are commonly used as
activators for the precursor. Geopolymers have been shown to have improved fire resistance

[Singh et al. 2015] and frost resistance [Skvara et al. 2005] over Portland cement.

Cellular composites made with Portland cement have been extensively studied and found useful,
especially in non-structural applications, wherein thermal and acoustic insulation is desired. Due
to their inherent cellular microstructure, these solid foams are much lighter than conventional
concrete, possess lower thermal conductivity, higher acoustic absorption and, at the same time,
offer adequate strength-to-weight ratio. Although the density of this cellular system can range
from 300 kg/m3 to 1900 kg/m3, the optimal density range for thermal and sound insulation with
adequate mechanical strength is near that of water [Fouad 2006]. Conventional cellular concrete
is made by introducing air bubbles either through chemically induced formation of gas or

through a foaming agent into cement paste [Zhang et al. 2014]. In case of the former, introducing



H,0O; or aluminum leads to chemical reactions that release gas bubbles within the hydrating
system. In case of the latter, first a preformed foam is made by passing compressed air through a
diluted surfactant in a foam generating machine [Zhang et al. 2014]. This preformed foam is then
introduced into a freshly prepared slurry. In both cases, the air bubbles are entrapped within the

hydrating cement paste and thus render the cellular air-void network.

The use of alkali activation for generating cellular concrete is relatively recent [ Abdollahnejad et
al. 2015, Arellano et al. 2010, Ibrahim et al. 2017, Liu et al. 2016, Novais et al. 2016, Skvara et
al. 2014, Zhang et al. 2015]. The principal focus has been to optimize the mixture in order to
achieve a satisfactory strength-to-density ratio, with thermal constants that are comparable to
those seen for Portland cement based systems. Geopolymerization works best at high molarity of
the alkali activator together with higher temperatures for curing. For a foamed geopolymer
prepared with alkali activated fly ash, Ibrahim et al. [2017] found that the compressive strength
doubles when the specimen was cured at 80°C, as compared to that under room temperature.
Most prior studies report 12M concentration of NaOH or higher, in order to achieve sufficient
strength [Abdollahnejad et al. 2015, Novais et al. 2016, Zhang et al. 2015]. As is well known
about cellular solids, the strength of cellular concrete varies with the density to the 3/2 power
[Gibson and Ashby 1997]. Skvara et. al. [2014] saw strengths from 2-8 MPa for densities
ranging from 550 kg/m’ to 900 kg/m?, while Abdollahnejad et. al. [2015] obtained strengths
from 2-7 MPa for densities from 730 kg/m’ to 1350 kg/m’. Besides fly ash, the use of slag [Liu
et al. 2016], silica fume [Skvara et al. 2014] and metakaolin [Arellano et al. 2010, Novais et al.
2016] as the precursor has been examined, as per local availability. While the preceding reports
indicate the use of aluminum or H,O; create the bubbles, Zhang et. al. [2015] used a preformed

foam to introduce the cellular microstructure to an alkali activated blend of slag and fly ash. The
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latter obtained compressive strength as high as 30 MPa at 1200 kg/m’. These lightweight
systems offer excellent thermal resistance, which improves with a drop in the density. It is seen
both with cellular polymers and cellular concrete that for a given composite density, the thermal
conductivity is lower for larger mean pore size [Coquard and Baillis 2006, Batool and
Bindiganavile 2017]. The typical range of density for lightweight cellular concrete is below 1000
kg/m’, for which the thermal conductivity of cellular geopolymers lies between 0.15 W/mK to
0.6 W/mK [Abdollahnejad et al. 2015, Arellano et al. 2010, Novais et al. 2016, Skvara et al.

2014, Zhang et al. 2015].

Cellular solids are effective sound absorbing media and gypsum or Portland cement based foams
have been extensively characterized as insulation for acoustic comfort [ Laukaitis and Fiks 2006,
Seddeq 2010, Wang and Zhao 2015, Skujans et al. 2010]. Often, the same physical
characteristics benefit both thermal and acoustic insulation and so, morphologically fibrous and
porous solids are seen to act as effective heat and sound barriers. The principal mode of
dissipating sound is through friction for which, there should be sufficient porosity on the exposed
surface of the proposed insulation. In addition, an increase in the tortuosity within the system is
seen to impart more sound absorption for higher frequencies [Seddeq 2010]. For the same
reason, the sound absorption coefficient is superior in open cell foams when compared to closed
cell ones [Tiuc et al. 2014]. While the addition of fibres to cellular concrete augurs well from the
mechanical standpoint, there is an optimal fibre dosage for maximum sound absorption. This
appears to be related also to the compactibility of the mixture [Wang and Zhao 2015]. Whereas
the mean cell size does not appear to affect the sound absorption for low frequencies, there
appears to be a drop in the sound absorption coefficient with an increase in the cell size, for

higher frequencies [Lu et al. 2000, Park et al. 2017].
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In this study, a series of cellular concrete mixtures was prepared with an Alkali Activated Fly
Ash (AAFA) and a preformed foam prepared with a foaming agent, and reinforced with glass
microfibers. In what follows, the mechanical response — including the compressive strength and
the modulus of elasticity, the thermal constants and, the sound absorption coefficient are

described for a range of densities.

3.3 Experimental Procedure

3.3.1 Materials

The alkali activated material was prepared from a Class C1 fly ash sourced from the Genesee
Power Generating Station in Warburg, Alberta, Canada. The chemical composition for this fly
ash was determined in a previous study [Bindiganavile et al. 2016] by X-ray fluorescence and is
shown in Table 3.1. The mineralogical composition of the ash was determined by X-ray
diffraction, as shown in Figure 3.1. The composition was primarily quartz, mullite, and lime. The
ash had a loss on ignition of 0.64% as determined by heating to 750°C as per ASTM D7348

[ASTM 2013].

Table 3.1: Composition of fly ash determined by X-ray fluorescence

MgO A1203 SlOz SO3 Kzo CaO TIOZ MnO FeZO3 CuO ZnO A5203 Brzo SrO ZTOZ

0.9 15.57 50.16 1.63 1.82 17.6 193 0.13 9.61 0.04 0.04 0.02 0.07 035 0.11
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Figure 3.2: XRD Analysis of Class C1 Fly Ash

Of the two activators, sodium hydroxide solution was prepared to 8M concentration by
dissolving solid sodium hydroxide pellets in distilled water. It should be mentioned here that the
Civil Engineering Materials Laboratory at the University of Alberta has equipment that can only
measure mass with the desired accuracy, but not the volume for this exercise. That is why, care
had to be taken to accurately prepare this concentration without the use of a volumetric flask.
Because the molarity is based on the volume of the final solution, the density of an 8M NaOH
solution was used to calculate the mass for 1L of this solution. From that, the mass of 8 mol of
NaOH was subtracted to find the amount of water required. This calculation led the author to

prepare the target NaOH solution by dissolving 336 g of solid NaOH into 1000 g of water. The
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other activator was a sodium silicate solution obtained commercially with its composition shown
in Table 3.2. The silicon and sodium contents were determined by atomic absorption
spectroscopy in a previous study performed by the author’s laboratory [Bindiganavile et al.
2016]. Besides these, glass microfibers shown in Figure 3.2 were introduced into all the mixtures
to improve the strength of the cellular material as shown by previous studies [Chen and Wang
2017, Jhatial et al. 2017, Mamun and Bindiganavile 2010]. These fibers were 45 Tex and 12mm
long. This corresponds to a diameter of 37 um with an aspect ratio of 328. A preformed foam
was produced using a commercially sourced protein-based foaming agent conforming to ASTM
C869 [ASTM 2016], diluted to a ratio of 1:33 with water. The resultant dilute was passed

through a portable foam generator (see Figure 3.3) to produce a lightweight foam.

Table 3.2: Composition of Sodium Silicate

Water (%) Sodium Molar Ratio Density Si (g/L) Na (g/L)
Silicate (%) (g/em’)

60" 400 3.20 1.40 58.65 2.38

DFrom supplier SDS

Figure 3.2: Glass Microfibres used in Foamed Composite
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Figure 3.3: Portable Foam Generator

3.3.2 Specimen Preparation
Table 3.3 shows the mix proportions used to make the cellular alkali activated material. The fly
ash and activators (in solution) were mixed in the ratio of 3:1 by mass. The activator itself

consisted of one part 8M NaOH solution to two parts sodium silicate solution by mass.

The sodium silicate and sodium hydroxide solutions were mixed together and allowed to cool to
room temperature. This solution was then introduced into a concrete mixer. Fly ash was added
gradually to this mixer until a homogeneous paste was obtained. The glass microfibres were then

introduced to the mixture at 1% by volume fraction. The pre-formed foam was now added to the
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mixer. A small sample was extracted periodically from the mixer and weighed to determine the

density, and more foam was added to the mixer until the sample reached the target cast density.

For each mixture, a batch of 6 litres was prepared. The mixtures were poured into plastic
cylindrical moulds lined with waxed paper to facilitate their easy removal. Six @75mm x 150mm
cylinders were cast to test mechanical properties and two @50mm x 100mm cylinders were cast
to test the thermal properties. One cylinder, @100mm x 100mm in dimension and another,
?50mm x 100mm in dimension, were cast to test the acoustic properties. All specimens were
placed in a curing room at 22°C and 100% humidity. After 24 hours, the specimens were
demoulded and returned to the curing room for a further 24 days. At 25 days after casting, the
specimens were removed from the curing room and the ends were ground flat and parallel. All
specimens were then left in the ambient indoor conditions of 22°C and 35% humidity for a

further 3 days prior to testing.

Table 3.3: Mix proportions for 1 m’ of cellular AAFA

Target Cast Sodium Silicate
8M NaOH (kg) Fly Ash (kg) Glass Fibre (kg)
Density (kg/mS) Solution (kg)
1000 162 81 730 26.8
1200 195 98 880 26.8
1400 230 115 1030 26.8

3.3.3 Mechanical Testing Procedure
The compressive strength was determined as per ASTM C495/C495M-12 [ASTM 2012] in a

universal testing machine. A displacement rate of 0.8 mm/min was used for all tests. Four
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specimen replicates were tested for strength. Two of the specimens were fitted with a digital
compressometer as shown in Figure 3.4 prior to test, which allowed for evaluating the modulus

of elasticity and the Poisson’s ratio.

= Universal Testing
Machine Head

Cellular AAFA
Specimen

PROGRAM

® Digital
Compressometer

Figure 3.4: Cellular AAFA Specimen in a Digital Compressometer during a Compression
Test

3.3.4 Thermal Testing Procedure

The thermal constants were determined using the transient plane source (TPS) method (ISO
22007-2 [ISO 2015]) using a Hot Disk TPS 1500 system. The sensor was a 3.189 mm diameter
double spiral encased in Kapton. Two 50 mm x 100 mm cylinders were sawn into eight 25 mm
thick disks. The Kapton sensor was inserted between a pair of disks as shown in Figure 3.5. An
electric current is passed through the spiral, heating the specimen. As the temperature changes,

the resistance of the spiral also changes, and the resulting voltage drop is measured. By
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measuring the current and voltage drop through the sensor over a period of time, the thermal
properties of the specimen can be calculated [Log and Gustafsson 1995]. Four pairs of disks

were tested at each density and mixture.

Figure 3.5: Transient Plane Source Sensor between Cellular AAFA Specimens

3.3.5 Acoustic Testing Procedure

The sound absorption of a material is described by the unitless sound absorption coefficient, a. It
is a value that lies between 0 and 1, where 0 implies that all sound is reflected off the surface and
1 means that all sound is absorbed by the material [Everest and Pohlmann 2009]. When applied

to sound insulation indoors, higher values of « are desirable to reduce the echo and related noise.
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Acoustic testing was performed according to ASTM C384-04 [ASTM 2011]. The specimen is
placed at the end of a tube and sound waves are sent down the tube to reflect off the specimen.
The reflected sound forms a standing wave pattern in the tube. With a microphone probe, the
locations and amplitudes of the maxima and minima of the standing wave are recorded. The
Standing Wave Ratio, SWR(x), at a location, x, from the face of the specimen, is the ratio of the
maximum sound pressure to the minimum sound pressure at that location. The pressure
reflection coefficient, /', and subsequently, the normal incident sound absorption coefficient, a,,

can be calculated as:

|I'| = [SWR(0) — 1]/[SWR(0) — 1] 1]
and
a,=1—|T?. ...[2]

This is repeated for each frequency of interest and the absorption coefficient may then be plotted.

As stated earlier, the specimens for acoustic testing were based on the diameter of the impedance
tubes. The acoustic testing equipment is shown in Figure 3.6. The impedance tube was a Bruel &
Kjaer Model 4002 equipment with a 100 mm diameter tube for low frequencies and a 30 mm
diameter tube for high frequencies. Each cylinder at the respective diameter was cut to 50 mm
thick disks and the faces were ground to expose the pore structure. The circumference was
sanded down to allow it to fit snuggly inside the specimen holder for the respective impedance
tube. The sound was sourced by a Bruel & Kjaer Type 1013 Beat Frequency Oscillator, while the
acoustic response was measured with a Bruel & Kjaer Type 2113 Audio Frequency

Spectrometer.
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The standing wave pattern was measured at octave bands from 125 Hz to 6300 Hz and the
normal incidence sound absorption coefficient was calculated on the basis of Equations [1] and
[2]. One @100mm and one P30mm specimen were examined for each mixture. In each instance,

five measurements of the absorption spectrum were taken per sample to report the average.

The Noise Reduction Coefficient (NRC) is a single value, defined in ASTM C423, as the
average of sound absorption coefficients for 250 Hz, 500 Hz, 1000 Hz, and 2000 Hz [ASTM
2017]. This would typically be calculated based on random incident sound absorption
coefficients; however, the authors applied the same calculation to normal incident sound
absorption coefficients, a,, determined with the standing wave method, to determine a single

value that characterizes the sound absorption of the material.

Signal Generator

ignal Analyzer

LSpecimen Holder Hmpedance Tube Microphone TroIIey—fﬁ

Figure 3.6: Impedance Tube Apparatus
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3.4.0 Results and Discussion

3.4.1 Density of Cellular AAFA

In this study, the specimen density was measured at three stages namely, (i) at casting; (ii) at test
and (ii1) after oven drying. These densities are reported for each mixture in Table 3.4. The
moisture content at test can be calculated from the oven dry density and density at test. The
moisture content of the tested foams were 9.3%, 10.8% and 10.1% for foams with target

densities of 1000 kg/m?, 1200 kg/m” and 1400 kg/m’ respectively.

Table 3.4: Densities of Cellular AAFA

Target Density Cast Density Density at Test Oven Dry Density
1000 kg/m’ 1010 kg/m’ 940 + 40 kg/m’ 860 + 20 kg/m’
1200 kg/m’ 1210 kg/m’ 1130 + 40 kg/m’ 1020 + 10 kg/m’
1400 kg/m’ 1420 kg/m’ 1310 £ 25 kg/m’ 1190 + 10 kg/m’

3.4.2 Micrograph and XRD Analysis

Optical images of the cellular AAFA can be seen in Figure 3.7. At a density of 940 kg/m’, a
large number of small pores less than 1 mm in diameter can be seen. With an increase in the
density, there appears to be an increase in the mean pore size. This may be attributed to the lower
dosage of foam in the higher density mixtures, which makes them stiffer than the lighter
mixtures. Consequently, a longer mixing time was necessitated to allow for the pre-formed foam
to mix well with the paste. This in turn causes more bubbles to rupture and coalesce to form

larger air voids.
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Figure 3.7: Surface of Cellular AAFA

In order to illustrate the microstructure of the solid phase in the cell walls, a Backscatter
Scanning Electron Microscope (BSEM) image of the cellular AAFA at its heaviest namely, 1310
kg/m’, is shown in Figure 3.8. The foams of other densities were prepared with the same paste,
so at this magnification there is no difference in the appearance of the material. At 500X
magnification, partially reacted and unreacted spherical fly ash particles are clearly visible
embedded in the surrounding gel. Their presence suggests poor dissolution in the alkali medium.
This could be due to the lower concentration of sodium hydroxide (at 8M) than seen in other
studies. For instance, Rattanasak and Chindaprasirt [2009] found a significant increase in the
dissolution of fly ash and consequently, in the strength of the resulting geopolymers, when the

molarity of NaOH was raised from 5M to 10M.
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Figure 3.8: Backscatter Scanning Electron Microscope Image of Cellular AAFA of Density

1310 kg/m’

X-ray diffraction of the AAFA is shown in Figure 3.9. This is representative of all densities of
cellular AAFA produced in this study because the mix design for the paste was kept consistent.
Notice that the crystalline phases are made up of quartz, calcite, mullite, and vaterite. The
spectrum lacks the broad hump in the range of 20 from 20° to 40° which is attributed to
amorphous aluminosilicate gels [Criado et al. 2007]. Goncalves et al. [2017] activated the same
fly ash used in this study with a solution of sodium silicate and 16M sodium hydroxide and
found a significant rise on the XRD spectrum between 20° and 40°. This difference is likely due
to the lower concentration of alkali activators used in this study resulting in a lower degree of

reaction between the fly ash and the activator.
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Figure 3.9: XRD Analysis of Cellular AAFA

3.4.3 Mechanical Properties

The compressive strength of the cellular AAFA is plotted against the density at test in Figure
3.10a. The strength ranged from 3.2 MPa at a density of 940 kg/m’ to 9.3 MPa at 1310 kg/m’.
Increasing the density of the foam significantly improved the compressive strength. Based on
prior results, the effect of density on strength was as expected for alkali activated foams [Zhang
et al. 2015] and Portland cement based foamed concrete [ Tiong-Huan and Saradhi 2006]. A
power curve was fit to the compressive strength results from other studies on cellular alkali
activated materials [ Abdollahnejad et al. 2015, Arellano et al. 2010, Ibrahim et al. 2017, Liu et
al. 2016, Novais et al. 2016, Skvara et al. 2014, Zhang et al. 2015] and is shown in grey on
Figure 3.10a. The compressive strength of the AAFA in this study is similar to that seen for other
foamed fly ash-based geopolymers of similar density [Abdollahnejad et al. 2015, Arellano et al.

2010, Novais et al. 2016] while using a lower concentration of NaOH and applying no heat
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during curing. The compressive strength of the geopolymer foam was less than that produced by
Zhang et. al. [2015], who blended slag with fly ash, used 12M NaOH in the activator and applied
24 hours of heat curing at 40°C, which ranged from 8§ MPa to 30 MPa. The lower concentration
of NaOH used and the lack of elevated curing temperature likely contributed to the lower
strength found in this study. The cellular material produced in this study is unique in that it
utilizes a Class C1 fly ash produced locally in Western Canada. The activator uses a lower
concentration of NaOH than other studies, making the material safer to produce. The lack of heat
curing applied to the cellular AAFA in this study reduces the cost and energy requirement of

producing the material in comparison with other cellular materials which have been heat cured.
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Figure 3.10: a) Compressive Strength, b) Modulus of Elasticity and c) Poisson’s Ratio, as a
function of Density for Cellular AAFA
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Figure 3.10b shows the modulus of elasticity of the cellular AAFA. The modulus doubled from
860 MPa to 1740 MPa in the range of density examined here. The value is significantly lower
when compared with the modulus of elasticity for Portland cement foam concrete of similar
density [Mamun and Bindiganavile 2010]. This is in keeping with the relatively lower strength
for the cellular AAFA in this study. The Poisson’s ratio of the cellular AAFA fell between 0.16
and 0.18 with little change with density, as shown in Figure 3.10c. This is similar to the trend
seen in the Poisson’s ratio for Portland cement foam as found by Mamun and Bindiganavile

[2010], wherein little or no effect of density was observed.

3.4.4 Thermal Properties

The thermal conductivity of the cellular AAFA is plotted against its density in Figure 3.11a. Ata
dry density of 940 kg/m’ the thermal conductivity was 0.23 W/mK which rose to 0.31 W/mK at
a density of 1310 kg/m’. This cellular AAFA has thermal conductivity in the range of other
foamed geopolymers with similar densities [Novais et al. 2016, Skvara et al. 2014, Zhang et al.
2015]. While a 20% increase in the thermal conductivity resulted between the density from 940
kg/m’ to 1130 kg/m’, it was only marginally higher for a further increase in density to 1310
kg/m’. The thermal diffusivity across the range of density examined here is plotted in Figure
3.11a. It was fairly constant, only ranging from 0.18 mm?/s to 0.20 mm?/s, which is somewhat
lower than the diffusivity of 0.28 mm?/s to 0.31 mm?/s found by Zhang et. al. [2015] over the
same range of density. Figure 3.11b shows the thermal conductivity and density of the cellular
AAFA compared to other lightweight cementitious materials as reported in the NIST SRD81
database [Zarr et al. 2016]. Note that the cellular AAFA has thermal conductivities below the

majority of other materials at a similar density.
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The specific heat is plotted in Figure 3.11c. It increases from 1.18 MJ/m’K at 940 kg/m” to 1.69
MJ/m’K at 1310 kg/m’. As would be expected, the specific heat increases near linearly with an

increase in the density because there is a higher percentage of the paste material in the same bulk

volume.
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Figure 3.11: a) Thermal Conductivity and Diffusivity of Cellular AAFA as a function of
Density, b) Thermal Conductivity of Cellular AAFA Compared with Other Lightweight
Materials From NIST SRD81, and c¢) Specific heat of Cellular AAFA as a function of
Density.

One notes that the thermal conductivity of the present alkali activated fly ash paste was about
50% of that of Portland cement paste as determined in a previous study by the author’s lab using
the same methodology [Batool and Bindiganavile 2018]. For the same fly ash, when alkali
activated with twice the concentration of NaOH (ie. 16 M), the thermal conductivity was about

15% higher than what was seen in this study [Goncalves et al. 2017].

3.4.5 Rule of Mixtures
A simple model was applied to the cellular AAFA to predict the thermal conductivity and

specific heat capacity as the density was varied. The density, thermal conductivity, and specific
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heat capacity of un-foamed AAFA were tested, and used to predict the properties of the cellular
AAFA. A simple rule of mixtures similar to the work of Choktaweekarn et al. [2009] was used to

relate the properties of the foam to the properties of the un-foamed paste as follows:

kfoam = kpaste * pfoam/ppaste + kair * (1 - pfoam/ppaste) . [3]
and
Cfoam = Cpaste * pfoam/ ppaste [4]

The un-foamed paste has a density at test of 1590 kg/m’, a thermal conductivity of 0.396 W/mK,
and a specific heat capacity of 1.952 MJ/m’K. These values were used to calculate predicted
thermal properties for cellular AAFA at 940, 1130, and 1310 kg/m3. The experimental values are
plotted against the predicted values for thermal conductivity and specific heat capacity in Figure
3.12a and Figure 3.12b respectively. Note the proximity of the experimental values to the
predicted values, for both thermal conductivity and specific heat capacity. This indicates a
simple rule of mixtures can predict the thermal properties of a foamed AAFA to reasonable

accuracy, provided that the properties of the un-foamed paste are known.
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Figure 3.12: Comparison between Experimental Data and Predicted Values for: a)
Thermal Conductivity and b) Specific Heat Capacity, for Cellular AAFA

3.4.6 Acoustic Properties
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The normal incidence sound absorption coefficient, a,, for frequencies from 125 Hz to 6300 Hz
are plotted in Figure 3.13a. A high absorption is seen at lower frequencies of 125 Hz and 250 Hz,
which decreases rapidly and is very low in the range of 500 Hz to 2000 Hz. As the frequency
increases further to 4000 Hz and 6300 Hz, the absorption coefficient was seen to increase again.
These findings are similar to that reported by Zhang et. al. [2015]. The high absorption at low
frequencies is beneficial to human comfort. Low frequency sounds from 10 Hz to 200 Hz can be

very disruptive to people with a sensitivity to this kind of noise [Leventhall 2004].

The Noise Reduction Coefficients (NRC) were calculated from the absorption spectrum and are
shown in Figure 3.13b. The NRC was highest for the 1130 kg/m” series, at 0.24. As expected, the
higher density specimens had a significantly lower NRC at 0.11. The lowest density series had a
slightly lower NRC than the intermediate density specimen, at 0.19. Laukaitis and Fiks [2006]
studied the NRC of low density autoclaved aerated cements from 250 kg/m’ to 500 kg/m® and
found the NRC to decrease with an increase in the density. However, the NRC in that study at
500 kg/m’ was significantly lower than that seen here for the 940 kg/m’ cellular AAFA. Tiwari
[Tiwari et al. 2004] tested the acoustic absorption of Portland cement paste reinforced with
cenospheres. The NRC of the resulting paste increased with an increase in the cenosphere
content up to 40% by volume. But thereafter, the NRC began to fall with higher cenosphere
contents. This agrees with the results from the cellular AAFA which shows an optimum NRC at
around 1130 kg/m3, with higher or lower densities reducing the NRC. The NRC of this cellular
AAFA is significantly higher than that of rough concrete, 0.03 [Vorlidnder 2008], and
comparable (and sometimes superior to) gypsum acoustic tile, 0.20 [Anonymous 2017]. This
higher NRC rating will reduce echoing in rooms built with cellular AAFA to an amount

comparable to those built with traditional building materials.
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Coefficient (NRC), for various densities of cellular AAFA
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3.5 Concluding Remarks

Cellular concrete was prepared by activating a class C fly ash with a sodium silicate and sodium
hydroxide solution and blending the paste with preformed foam. The concentration of activators
was deliberately lower than what is typically utilized and no heat was applied during the curing.
The resulting system was cast to three densities, ranging from 1000 kg/m® to 1400 kg/m’, and
examined for its mechanical, thermal and acoustic properties. The results show that alkali
activated fly ash may be designed as a cellular system to offer performance comparable to
conventional Portland cement systems, and are therefore, a viable alternative in applications that

require thermal and acoustic insulation. The specific findings are as follows:

e Compression tests yielded strength from 3.2 MPa to 9.3 MPa over the range of densities from
940 kg/m’ to 1310 kg/m’. The corresponding modulus of elasticity varied linearly from 860
MPa to 1740 MPa, while the associated Poisson’s ratio remained nearly constant around
0.17.

e The thermal conductivity of this system rose from 0.23 W/mK at a density of 940 kg/m’ to
0.31 W/mK at 1310 kg/m’. The corresponding specific heat saw a linear increase from 1.18
MJ/m’K to 1.69 MJ/m’K. The thermal diffusivity remained around 0.19 mm?/s across this
range of density.

e The cellular AAFA shows high sound absorption at extreme frequencies, i.e. the low
frequency range between 125 Hz - 250 Hz, and at high frequency range between 4000 Hz -
6300 Hz. However, from 500 Hz to 2000 Hz, the absorption coefficient was significantly
lower at 0.1. The noise reduction coefficient was highest at 0.24 (i.e. 24% echo reduction)

achieved for the density of 1130 kg/m”>.
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4.0 Wood Ash as a Supplementary Cementing Material in Thermal and

Acoustic Insulating Foams?

4.1 Abstract

While fly ash can be alkali activated to fully replace Portland cement in a concrete system, it is
not a long term solution to reducing dependence on Portland cement. With governments
committing to reducing the use of coal energy production, supplies of fly ash will dwindle.
Renewably sourced materials offer a more long term alternative to Portland cement. One
potential material is wood based ash. The pulp and paper industry burns unusable wood material
such as bark to recover energy and in doing so produces a renewably sourced ash. This ash has
been shown to act as a supplementary cementing material and is suitable for partially replacing
Portland cement in concrete. This study investigates the applicability of wood ash as a
supplementary cementing material in cellular concrete. Wood ash was used to replace up to 20%
of the Portland cement in cellular concrete with cast densities ranging from 1000 kg/m’ to 1400

kg/m’. The mechanical, thermal, and acoustic properties of these materials were then studied.

* Jonathan Stolz, Yaman Boluk and Vivek Bindiganavile
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4.2 Introduction

Cement based foams have been widely studied for their use in non-structural applications. They
can be prepared with densities ranging from 300 kg/m® to 1900 kg/m’, but an optimal balance of
thermal and mechanical properties is typically found with densities near that of water [Fouad

2006]. At lower densities, they may be used as fillers, soil stabilizers and for thermal insulation.

Cement based foams have been extensively characterized for their thermal properties [Batool and
Bindiganavile 2017, Batool and Bindiganavile 2018, Samson et al. 2017a, Samson et al. 2017b].
An increase in the porosity significantly reduces its thermal conductivity, making the cement
based foam an attractive material for use in energy efficient buildings. An additional impetus
towards this energy consciousness was the utilization of industrial waste and by-products such as
fly ash, slag, metakaolin and silica fume, all of which are known to further decrease the thermal
conductivity of cement based foams [Batool and Bindiganavile 2017, Batool and Bindiganavile

2018].

Cellular solids are effective in absorbing sound to reduce echo and improve noise absorption [Lu
et al. 2000, Tiuc et al. 2014, Wang and Lu 1999]. When sound strikes a porous surface, the
waves enter the pore network and bounce off the many curved surfaces. Each time the sound
wave is reflected, some sound energy is lost as heat, so when the sound escapes back out of the
pore network it has significantly less energy than it did when it entered [Tiuc et al. 2014].
Gypsum or Portland cement based foams have been studied and found to be effective sound
absorbers [Laukaitis and Fiks 2006, Seddeq 2010, Wang and Zhao 2015, Skujans 2010].
Between them, open cell structure is more favourable as it allows more sound to enter the pore

network and dissipate its energy [Lu et al. 2000].
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With increasing concern regarding greenhouse gas emissions, there is a great interest in finding
alternative cementitious materials to Portland cement. For every 1000 kg of Portland cement
produced, 900 kg to 1100 kg, or nearly an equal amount of CO, is produced from calcination of
the raw materials to the burning of fossil fuels for energy to produce the clinker NRMCA 2012].
Fly ash has been widely utilized in the concrete industry as a supplementary cementing material,
but with pressure to reduce dependence on coal fired power plants, other replenishable sources
for supplementing cement must be characterized. One such material is wood ash from the pulp
and paper industry. Bark and other materials that are unusable for the production of paper
products are burned as hog fuel producing ash as a by-product. At times, this wood waste has
been co-fired with coal in a bid to reduce the dependence of thermal power plants on fossil fuel
[Nicholls and Zerbe 2010]. A number of recent studies have investigated the use of wood ash as
supplementary cementing materials [Garcia and Sousa-Coutinho 2013, Hussain et al. 2017,
Madrid et al. 2017, Setayeshgar et al. 2017, Othuman Mydin et al. 2014]. Wood ash has been
used to replace up to 20% of the Portland cement in concrete without a significant loss of
strength. Wood ash has also been seen to reduce the thermal conductivity of cement, improving

its insulation properties [Madrid et al. 2017].

To the author’s knowledge, the present study marks a first in utilizing wood ash as a
supplementary cementing material for insulating foams. In what follows, the mechanical,
thermal, and acoustic properties of these cementitious foams are characterized for a range of cast
densities. It is hoped that the data generated here will lead eventually to standards and guidelines

for the widespread use of wood ash as a cement substitute.
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4.3 Experimental Procedure

4.3.1 Materials

The Portland cement used throughout this study is classified as Type GU per CSA A3001 [CSA
2013], (corresponds to ASTM Type 1 [ASTM 2007]). The wood ash was supplied by an Alberta
based pulp and paper mill from the combustion of hog fuel. The wood ash contained large
particles of partially combusted fuel, which were removed by passing the ash through a 0.6 mm
sieve. A backscattered electron microscope (BSEM) image of the sieved wood ash is shown in
Figure 4.1. A wide variety of particle shapes and sizes can be observed. In particular, small
crystalline particles are seen intermixed with larger, irregularly shaped particles that appear
fibrous. The sieved wood ash was tested for loss on ignition by heating to 750°C as per ASTM
D7348 [ASTM 2013] and was found to have 8.20% loss on ignition. The sieved wood ash was
also analysed by X-ray fluorescence to determine its chemical composition, the results of which
are shown in Table 4.4. Glass microfibers with a diameter of 37 pm and length of 12 mm were
used to reinforce the cement foams. A protein-based foaming agent diluted in water to a ratio of

1:33 was used to produce the preformed foam used to create the cellular microstructure.
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Figure 4.1: Backscattered Electron Microscope (BSEM) Image of the Wood Ash

Table 4.4: Composition of Wood Ash as found by X-Ray Fluorescence

1.22 221 1.62 5.29 4.69 82.7 0.28 0.38 1.05 0.23 0.34

Si Y P S K Ca Ti Mn Fe 7n Sr

4.3.2 Specimen Preparation
The mix designs for the cement foam specimens are presented in Table 4.5. The slurry was

prepared based on a water to binder ratio of 0.69, with the Portland cement being replaced
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variously by wood ash at 0%, 10%, or 20% by mass. Glass microfibers shown in Figure 4.2 were
included at a volumetric ratio of 1% of the target volume of the foamed composite. This helps
increase the strength by reinforcing the cellular microstructure. The fibres were 45 Tex and
12mm long. This corresponds to a diameter of 37 um with an aspect ratio of 328. The cement-
based foam was prepared with the help of a preformed foam. To begin with, a slurry was
prepared by mixing water with the Portland cement (and wood ash, if any) in a drum mixer.
Once the water was fully combined with the cement and wood ash, the glass microfibers were
added and mixed until they were deemed evenly distributed in the slurry. At this point, using the
foam generator shown in Figure 4.3, a pre-formed foam was produced using the diluted foaming
agent described earlier. It was gradually introduced into the drum while the mixer continued to
run. Periodically, a small sample of the resulting foamed cementitious slurry was taken out and
weighed, thereby evaluating its density. Once the target cast density was achieved, the mixture

was cast into cylindrical moulds. These moulds were lined with waxed paper to facilitate the

easy removal of the samples later.

Figure 4.2: Glass Microfibres used in Foamed Composite
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Figure 4.3: Generator for Preformed Foam

For each mixture, a total of 6 cylinders were cast having a diameter of 75 mm and 150 mm in
height. Two additional cylinders were cast with a diameter of 50 mm and 100 mm in height. One
cylinder, @100 mm x 100mm in dimension and another, with a diameter of 50 mm and 100 mm
in height, were cast to fit the specimen holders for the acoustic test. The specimens were left
covered and allowed to cure for 24 hours before being removed from their moulds. They were
then kept in a chamber under controlled temperature (21 °C) and 100% humidity, for a further 24
days. At 25 days of curing, the specimens were moved to ambient conditions, so that they may
be prepared for further tests. Four @75 mm X 150 mm specimens were end-ground and
designated for compression testing. Two additional @75 mm x 150 mm specimens were dried
overnight in an oven at 105 °C to obtain the oven-dried density of the mixture. The @50 mm x
100 mm cylinders were sawn to yield 3 pairs of disks, each 30 mm in thickness. These were
assigned for thermal testing. Lastly, the @100 mm and @50 mm cylinders were cut to 50 mm
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thickness and sanded to fit tightly within the @100 mm and @30 mm specimen holders within the
impedance tube set-up. Thereafter, all the samples were allowed to dry for a further 3 days in

ambient conditions prior to test.

Table 4.5: Cement Foam Mix Designs

Glass
; Wood Ash ; .
Cement (kg/m”) 3 Water (kg/m”) Microfibers
(kg/m”) ;
(kg/m”)
1000 kg/m’
0% Ash 575.9 0 397.3 26.8
0 S
1000 kg/m’
0% Ash 518.3 57.6 397.3 26.8
0 S
1000 kg/m’
20% Ach 460.7 115.2 397.3 26.8
0 AS
1200 kg/m’
0% Ash 694.2 0 479.0 26.8
0 S
1200 kg/m’
10% Ach 624.8 69.4 479.0 26.8
0 AS
1200 kg/m’
20% Ach 555.4 138.8 479.0 26.8
0 AS
1400 kg/m’
0% Ash 812.5 0 560.7 26.8
0 S
1400 kg/m’
0% Adh 731.3 81.2 560.7 26.8
0 AS
1400 kg/m’
20% Ach 650.0 162.5 560.7 26.8
0 AS
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4.3.3 Compression Test

Compressive strength tests were performed according to ASTM C495/C495M-12 [ASTM 2012].
A displacement rate of 0.8 mm/s was used as per this standard. As stated earlier, four cylinders
were designated for compression out of each batch. Two specimens were tested initially to
determine the peak compressive load. The remaining two were fitted with a digital
compressometer as shown in Figure 4.4, in order to measure the axial and transverse strains in
the sample, with the load increasing up to 50% of the peak compressive load found earlier. The

stress and strain measurements were logged by a data acquisition system at 1 Hz.

~ Universal Testing
. Machine Head
Cement-Based

Foam
— vl AAFA
Specimen

EXPERING %" PROGRAM

# Digital
Compressometer

Figure 4.4: Cement-Based Foam Specimen in a Digital Compressometer during a
Compression Test
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4.3.4 Thermal Test

The thermal constants were measured using the Transient Plane Source (TPS) method, as
described in ISO 22007-2 [ISO 2015], with a Hot Disk TPS 1500 system. These tests were
performed in ambient conditions (room temperature 21° C). Each test ran for 180 s and
employed heat generated by a power of 51.33 mW. After each test, the same pair of specimens
were oven dried at 105° C for 24 hours, and thereafter, allowed to cool to room temperature in a
sealed, desiccated environment. Each such pair was retested to obtain the thermal constants of
the mixture under oven dried conditions. The sensor was a 3.189 mm radius double spiral
encased in Kapton. This Kapton sensor was sandwiched between a pair of disks, as shown in
Figure 4.5. A change in the temperature is accompanied by a change in the resistance of the
spiral, and the resulting voltage drop is measured. By measuring the current and voltage drop
through the sensor over a period of time, the thermal properties of the specimen can be

calculated [Log and Gustafsson 1995].
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Figure 4.5: Cement Foam Specimen Mounted for Thermal Testing

4.3.5 Acoustic Test

The cement-based foams were tested for acoustic performance using an impedance tube, as
described in ASTM C384-04 [ASTM 2011]. The apparatus is shown in Figure 4.6. The
impedance tube was a Bruel & Kjaer Model 4002 equipment with a 100 mm diameter tube for
low frequencies and a 30 mm diameter tube for high frequencies. Each cylinder at the respective
diameter was cut to 50 mm thick disks and the faces were ground to expose the pore structure.
The circumference was sanded down to allow it to fit snuggly inside the specimen holder for the
respective impedance tube. The sound was sourced by a Bruel & Kjaer Type 1013 Beat

Frequency Oscillator, while the acoustic response was measured with a Bruel & Kjaer Type
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2113 Audio Frequency Spectrometer. The standing wave pattern was measured using the
microphone trolley connected to an analogue audio frequency spectrometer. The Standing Wave
Ratio, SWR(x), at a location, x, from the face of the specimen, is the ratio of the maximum sound
pressure to the minimum sound pressure at that location. The pressure reflection coefficient, I,

and subsequently, the normal incident sound absorption coefficient, o, can be calculated as:

|| = [SWR(0) — 1]/[SWR(0) — 1] 1]
and
a,=1—|I'% ...[2]

This is repeated for each frequency of interest and the absorption coefficient may then be plotted.
By measuring the locations and amplitudes of the maxima and minima of the standing wave, the
normal incident sound absorption coefficient, a,, can be calculated for that specific frequency.
This coefficient ranges from 0 to 1, where 0 implies that all sound is reflected off the surface and
1 means that all sound is absorbed by the material [Everest and Pohlmann 2009]. When applied
to sound insulation indoors, higher values of a,, are desirable to reduce the echo and related

noise.

The Noise Reduction Coefficient, NRC, is the average of the sound absorption coefficients
specifically measured at 250 Hz, 500 Hz, 1000 Hz, and 2000 Hz, as defined in ASTM C423.
Typically, this would be calculated using the random incident sound absorption coefficients, but
the same can be done with the normal incident sound absorption coefficients, which yields a

convenient measure of the sound insulating performance of the material.
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Figure 4.6: Impedance Tube Apparatus for Determining Normal Incident Sound
Absorption Coefficient

4.4 Results and Discussion

4.4.1 Densities

The density of the cement-based foams was measured at casting, after 3 days drying in ambient
conditions, and after oven drying. These are reported in Table 4.6. Note that adding increasing
amounts of wood ash to the Portland cement binder causes a larger difference between the oven
dry, and cast densities. This shows that there is a higher percentage of free water left in mixtures

with higher wood ash contents.
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Table 4.6: Densities for Cement Foam with Wood Ash

Target Cast Percentage of Actual Cast Ambient Dried Oven Dried
Density (kg/m’) | Wood Ash Density (kg/m’) | Density (kg/m®) | Density (kg/m’)
0% 1026 930 736
1000 10% 1022 892 710
20% 1004 855 679
0% 1230 1128 865
1200 10% 1155 1028 830
20% 1170 1017 841
0% 1400 1317 1074
1400 10% 1308 1183 971
20% 1357 1219 981

4.4.2 Microstructural Properties

Figure 4.7 displays backscattered electron microscope (BSEM) images of the cement-based foam
samples containing 0%, 10%, or 20% wood ash, respectively. An increase in the wood ash
appears to leave fewer crystalline phases visible in the micrograph. The fibrous particles seen in
the unreacted wood ash were not observed in the hydrated products of blended binder,

suggesting that much of the wood ash went into reaction in the hydrated paste. Figure 4.8
displays laser confocal micrographs of the cement-based foams showing the cellular structure of

the material. The porosity of the foams clearly increases with decreasing density.
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Figure 4.7: Backscattered Electron Microscope Images of Cement with 0%, 10%, and 20%
(Top to Bottom) Wood Ash
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Figure 4.8: Micrographs of Cement Composite Foams

Figure 4.9 displays the X-ray diffractograms taken for the powder samples representing the solid
cell walls in the cementitious foam. Notice the significant presence of Portlandite and Ettringite
in all mixtures, while Calcite and Apophyllite also appear, albeit to a lesser extent. Recall from
Table 4.4 that the wood ash is rich in calcium oxide. From the rising intensity of Portlandite
peaks in the X-ray spectra, it appears that blending wood ash into the binder results in an

increase in the Portlandite phase in the hydrated paste.
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Figure 4.9: XRD Analysis of Cement With 0%, 10%, and 20% Wood Ash

4.4.3 Mechanical Properties

Figure 4.10a-c shows the stress-strain response in compression as found for the various mixtures.
The ultimate compressive strength of the cement foams is plotted against their ambient dried
densities in Figure 4.11. Note the pronounced leftward shift of data points for the blended
binders compared to data points for the reference series with Portland cement alone. This is
caused by the loss of greater amounts of free water, as more wood ash is used. The reference
Portland cement based foam has strengths from 7 MPa to 14.5 MPa across the density range.
Whereas adding wood ash at 10% cement replacement to the binder did not significantly affect
the compressive strength, at 20% cement replacement, there was a 20% drop in strength but also
a reduction in density. Setayeshgar 2017 also found that increasing amounts of wood ash in

cement reduced the compressive strength.
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Figure 4.10a: Stress Strain Curves for Composite Foams with 1000 kg/m3 Cast Density
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Figure 4.10b: Stress Strain Curves for Composite Foams with 1200 kg/m3 Cast Density
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Figure 4.10c: Stress Strain Curves for Composite Foams with 1400 kg/m® Cast Density
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Figure 4.11: Compressive Strength for Cement Foam with Wood Ash

The modulus of elasticity and Poisson’s ratio for the cement-based foams are presented in Figure
4.12a and Figure 4.12b respectively. The modulus of elasticity ranged from 2860 MPa to 6160
MPa for the reference foam mixture containing Portland cement alone. When incorporating
wood ash in the binder, there was no significant change upon 10% cement substitution, but a
35% drop upon 20% cement substitution. This correlates with the trends seen in the compressive
strength of the foams. In general, the Poisson’s ratio rose with the density at test with a 20-25%
increase corresponding to the 40% rise in density. This was true across the three mixture
compositions. In lighter foams, the buckling of the cell wall leads to a collapse mechanism under
compression, which in turn leads to lower transverse strains. A lower Poisson’s ratio is therefore

as expected.
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Figure 4.12a: Modulus of Elasticity for Cement Foam with Wood Ash
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Figure 4.12b: Poisson's Ratio for Cement Foam with Wood Ash
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4.4.4 Thermal Properties

The thermal conductivity and heat capacity of ambient dried cement foams are plotted against
their ambient dried densities in Figure 4.13a and Figure 4.13b, respectively. Note that the
thermal conductivity of the reference mixture containing Portland cement alone was between
0.44 W/mK to 0.56 W/mK, while that for the blended binder was between 0.32 W/mK to 0.53
W/mK. The addition of wood ash noticeably reduces the thermal conductivity of the cement-
based foams, but there is little to differentiate between cement substitution with 10% wood ash
with 20% wood ash. In case of the heat capacity, there was an inconsistency in the variation with
density, that was deemed due to the moisture contained within. As was mentioned earlier, in
order to eliminate the effect of free water on the measured thermal properties, the same

specimens were oven dried, and thereafter, tested again.
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Figure 4.13a: Thermal Conductivity of Ambient Dried Cement Foam with Wood Ash
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Figure 4.13b: Heat Capacity of Ambient Dried Cement Foam with Wood Ash

The thermal conductivity and heat capacity of the oven dried cement-based foams are shown in
Figure 4.14a and Figure 4.14b, respectively. The thermal conductivity is plotted over a
background of thermal conductivities of other materials from the NIST SRD81 database [Zarr et
al. 2016]. As expected upon oven drying, the specimens depict a significantly reduced thermal
conductivity and heat capacity. Adding wood ash to the binder caused a 15% drop in thermal
conductivity, although once again, there was little difference between the binders containing
10% and 20% wood ash. Oven drying led to a 30% drop in the thermal conductivity across all
samples. The heat capacity of the oven-dried cement-based foams increased with density as is
expected. This suggests that the inconsistency seen previously was due to the irregularity in the
moisture contained in the specimen as it dried under ambient conditions. The heat capacity of the

oven dried foams shows very little change with the use of wood ash.
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4.4.5 Acoustic Properties

The normal incident sound absorption coefficients for frequencies from 125 Hz to 6300 Hz are
presented in Figure 4.15a-c, grouped according to their cast density. One notes that in general,
the cement-based foams have high sound absorption at very low frequencies and very high
frequencies, but relatively low absorption in the range of 250 Hz to 2000 Hz. Kim et al. produced
sound absorbing concrete by the addition of cellulose fibres and foaming agents and similarly
found the material to have distinct peaks and valleys [Kim et al. 2018]. The location of these
peaks was largely affected by the void ratio in the concrete. Similar tends can be seen in the

foam geopolymer produced by Zhang et al. [2015] and the foamed geopolymer produced by the

author, and reported in chapter 3.
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Figure 4.15a: Sound Absorption Coefficient for Cement Foams cast near 1000 kg/m’
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The noise reduction coefficients for the cement-based foams are shown in Figure 4.16. As seen
therein, the NRC ranged from 0.08 to 0.14. The NRC for a selection of other common materials
is shown for reference [Vorldnder 2008]. The cement-based foams perform as well, or better than
many common materials. In terms of binder composition, the NRC was highest for the reference
mixture containing Portland cement alone. However, it appears that the intermediate density, cast
at around 1200 kg/m’, produced the highest noise reduction coefficient across the mixtures. A
similar trend was seen in geopolymer foams cast in the same range of densities. Although a
lower density foam is typically a better sound insulator, sound absorption depends not only on
the total porosity but also on the surface roughness. A closer look is warranted in order to
understand why the foams that contained wood ash, although leading to lower densities at test,
still showed up at lower NRC than the reference series containing Portland cement alone, in spite
of the latter being heavier. Studies are ongoing to quantify the internal air-void network and

tortuosity.
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4.6 Concluding Remarks

Wood ash from the combustion of hog fuel was used as a supplementary cementing material in

the production of cement-based foams. The cellular composites were cast at densities from 1000

kg/m® to 1400 kg/m’ by blending in up to 20% wood ash as cement replacement. They were

tested to evaluate their mechanical, thermal, and acoustic properties. The addition of wood ash

resulted in a measurable drop in density, accompanied by a reduction in thermal conductivity and

acceptable mechanical performance at 10% cement replacement. Substituting up to 10% Portland

cement with wood ash in cementitious foams is thus a viable alternative towards sustainable
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thermal insulation. The experimental results presented here lead to the following specific

findings:

The wood ash obtained from Alberta’s pulp and paper mills was seen to be rich in calcium
oxides, marking it as a source of basic oxides for cement substitution. This was borne out from
the X-ray diffractograms conducted on the solid phase constituting the foam cell wall, where a

greater intensity was noted for Portlandite.

Cement based foams were consistently lighter when wood ash was introduced as cement
substitute. Wood ash also appeared to increase the water demand during the production of the

foamed composite.

There was no significant change in strength at 10% cement substitution but, a 25% drop in

strength and elastic modulus was registered in case of binder containing 20% wood ash.

The thermal conductivity of cementitious foams was 15% lower when blending in wood ash. In

oven dried systems, there was no perceptible difference in the heat capacity.

Cement-based foams containing wood ash displayed lower NRC than the reference mixture. The

optimal density was near that of water, resulting in the highest NRC across all compositions.
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5.0 Correlating the Air-Void Network of Cellular Cementitious Materials

Utilizing Combustion Byproducts with Physical Properties

5.1 Abstract

Cellular cementitious materials are attractive for construction because of the high strength to
weight ratio they offer while providing good thermal insulation and acoustic absorption. These
properties are dictated by the cellular structure of the material, and the properties of the solid
phase of the material. The solid phase of cementitious materials has been deeply investigated in
the past, but relatively little has been done to understand the cellular structure of cellular
cementitious materials and how it affects the thermal and acoustic properties of the material.
This study investigates the cellular structure of cellular materials made from alkali activated fly
ash and from Portland cement blended with wood ash and quantifies the porosity, fractal
dimension, and tortuosity of the cellular network. These parameters are then compared with the

thermal and acoustic properties of the materials to identify any relationship.
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5.2 Introduction

Foam concretes have been well characterized for their physical properties. These lightweight
materials can be prepared with densities ranging from 300 kg/m’ to 1900 kg/m’, but an optimal
balance between the mechanical strength and requirements of thermal insulation is typically
found with densities around 1000 kg/m’[Fouad 2006]. Foam concretes are typically prepared by
introducing gas bubbles to a cement paste, either by mixing in a preformed foam or by adding

chemicals which react to produce gas in the paste [Zhang et al. 2014].

It is well recognized that the production of Portland cement results in the emission of large
amounts of CO,. For every 1000 kg of Portland cement produced, 900 kg to 1100 kg of CO is
produced from the calcination of the raw materials and the burning of fossil fuels for energy to
produce the clinker [NRMCA 2012]. For this reason, it has become necessary to investigate
materials that can function as alternatives to Portland cement. Ashes resulting as industrial waste
have been identified as one such class of materials that can partially replace the Portland cement
in a concrete mix. For long, fly ash from coal combustion in thermal power plants has been
widely used, but nowadays bio-sourced ash from the combustion of wood or agricultural by-
products have been identified as another possible supplementary cementitious material [ Garcia
and Sousa-Coutinho 2013, Hussain et al. 2017, Madrid et al. 2017, Othuman Mydin et al. 2014,
Setayeshgar et al. 2017]. Wood sourced ash has been used to replace up to 20% of the Portland
cement in concrete without a significant loss of strength, and has been seen to reduce the thermal

conductivity of the concrete as well [Madrid et al. 2017].

Another way to reduce the use of Portland cement is to substitute totally with a class of alkali-
activated materials. These materials completely eliminate the Portland cement and instead are

made with a precursor rich in alumino-silicate, which is chemically activated with a strong
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alkaline agent. Fly ash, metakaolin, and blast furnace slag are commonly used as the source of
alumino-silicates, while the alkali activator is typically a blend of sodium or potassium silicate

with sodium or potassium hydroxide [Provis et al. 2014].

There has been much research characterizing the mechanical and thermal properties of foam
cementitious systems, but the actual structure of the air-void network has not received as much
attention. Some work has been done to characterise the cellular network and relate it to the
strength of the foams [Hilal et al. 2015, Kearsley and Wainwright 2001, Nambiar and
Ramamurthy 2007, Wee et al. 2006] and some to relate the cellular network to the thermal
properties of the foams [Batool and Bindiganavile 2017, Batool and Bindiganavile 2018], but
these studies have focussed on Portland cement based foams. No work has been done to quantify
the cellular structure of foamed alkali-activated fly ash systems nor on foamed cement systems

utilizing wood sourced ash.

Therefore, the present study was undertaken to investigate the structure of the cellular network in
foam concrete prepared with alkali-activated fly ash (AAFA) and with Portland cement blended
with a wood sourced ash. Laser confocal microscopy is used to generate height maps of the cut
surface of the foams and digital image analysis techniques are used to quantify the cellular

network.
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5.3 Experimental Procedure

5.3.1 Materials and Sample Preparation

Three different densities of foam concrete were prepared with different binder materials. One
binder was an alkali activated fly ash prepared by blending class C1 fly ash from a local coal
power plant with an activator of 8M sodium hydroxide solution and sodium silicate solution. The
mix design for the cellular alkali activated fly ash is presented in Table 5.1. Portland cement
blended with wood ash from a local pulp and paper mill was also used as a binder for preparing
cellular materials. The Portland cement used was type GU per CSA A3001[CSA 2013]
(corresponds to ASTM Type 1JASTM 2007]). The wood ash content was varied from 0% to
20% by mass. The mix design for the cellular cement is presented in Table 5.2. All of the foam
concretes were reinforced with glass microfibers at a dosage of 1% by volume. The microfibers

had a diameter of 37 um and length of 12mm.

Table 5.1: Mix Design of Cellular Alkali Activated Fly Ash

Target Cast Sodium Silicate Glass
] 3 ' 8M NaOH (kg) Fly Ash (kg)
Density (kg/m”)  Solution (kg) Microfibers (kg)
1000 162 81 730 26.8
1200 195 98 880 26.8
1400 230 115 1030 26.8
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Table 5.2: Mix Design of Cellular Cement

Target Density Glass

Cement (kg) Wood Ash (kg)  Water (kg) _
and Ash Content Microfibers (kg)
1000 kg/m’

575.9 0 397.3 26.8
0% Ash
1000 kg/m’

518.3 57.6 397.3 26.8
10% Ash
1000 kg/m’

460.7 115.2 397.3 26.8
20% Ash
1200 kg/m’

694.2 0 479.0 26.8
0% Ash
1200 kg/m’

624.8 69.4 479.0 26.8
10% Ash
1200 kg/m’

555.4 138.8 479.0 26.8
20% Ash
1400 kg/m’

812.5 0 560.7 26.8
0% Ash
1400 kg/m’

731.3 81.2 560.7 26.8
10% Ash
1400 kg/m’

650.0 162.5 560.7 26.8
20% Ash

In order to prepare the foam concrete, the liquid components of the binder were put into the drum
of a concrete mixer and the ash or cement was gradually introduced while the mixer was

running. Once the mixture had fully combined to form a slurry, the glass fibers were sprinkled
into the rotating drum of the mixture, and mixing continued until the fibers were well dispersed.
At this point, a preformed foam was produced by running a diluted protein based foaming agent

through a portable foam generator. The preformed foam was gradually added to the drum of the
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mixer while it was still running, and was allowed to blend into the slurry. Periodically, a small
sample was taken from the mixer and weighed to determine the approximate cast density. When
enough foam was added that the target cast density was reached, the foamed material was cast in
to cylindrical plastic moulds. The specimens were removed from their moulds after 24 hours
were and placed in a curing room at 21°C and 100% humidity for a further 24 days. At 25 days
after casting, the specimens were removed from the curing room and the ends were cut and
polished to expose the cellular structure of the material. The specimens were then left in ambient

conditions to dry prior to further testing.

Further details on the materials and sample preparation can be found in chapters 3 and 4.

5.3.2 Confocal Microscopy

3D images of the top surface of each specimen were taken using an Olympus 3000 laser confocal
microscope. The images were taken with a 1x objective lens, resulting in a resolution of 0.4
pixels/um. Each image covered an area 2560 pm x 1920 pum. This level of magnification allowed
sufficient resolution to clearly identify the macropores created in the foaming process while also
capturing large connected regions in a single image. The 3D images were saved as colour coded
2D height maps for further processing. Nine images were taken for each mix design and each

density.

5.3.3 Image Processing
Image analysis was performed using the image analysis software, FIJI [Schindelin et al. 2012].

First, colour thresholding was used to convert the coloured 2D height maps into binary images of
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the pores. An example of one such height map and the corresponding binary image can be seen
in Figure 5.1. Each image was thresholded individually to ensure that the resulting binary image

accurately captured the pores. These binary images could then be used for various software

based image analyses.

Figure 5.1: 2D Height Map and Corresponding Binary Image of Cellular Concrete

The fractal dimension, Dy, of the pores was determined using the box-counting method on the
binary image of the pores. The fractal dimension of the solid phase was also determined by

inverting the binary image of the pores, and again performing the box-counting procedure.

The tortuosity of the pore space was determined by measuring the geodesic diameter of each
pore space and dividing this by the Euclidean distance between the endpoints of this diameter.
This value was calculated for each region of interconnected pore space in an image, and the
average tortuosity of all the pores was taken to be the tortuosity of that image. The MorphoLibJ
[Legland et al. 2016] plugin for FIJI was used to determine the geodesic diameters and the

coordinates of the endpoints of this diameter.
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5.3.4 Determination of Sound Absorption Parameters

The sound absorption of the foam concrete was determined using an impedance tube, as
described in ASTM C384-04 [ASTM 2011]. More details on the determination of the sound
absorption can be found in chapters 3 and 4. The normal incident sound absorption coefficient,
on, was measured for frequencies from 125 Hz to 6300 Hz. This absorption coefficient is a value
from 0 to 1 where 0 implies that all sound is reflected off of the material and 1 implies that all
sound is absorbed by the material [Everest and Pohlmann 2009]. The other acoustical parameter
is the Noise Reduction Coefficient (NRC). ASTM C423 defines the noise reduction coefficient,
as the average of random incident sound absorption coefficients taken at 250 Hz, 500 Hz, 1000
Hz, and 2000 Hz [ASTM 2017]. In this study, the same calculation was applied to the normal
incident sound absorption coefficients to serve as a single value to characterise the sound
absorption of the materials. This value is referred to as NRC, despite using normal incident

absorption coefficients instead of random incident sound absorption coefficients.

5.3.5 Determination of Thermal Conductivity

The thermal conductivity of the cellular cementitious materials was determined by the transient
plane source method (ISO 22007-2). Specimens were cut into pairs of disks which sandwiched a
sensor. The sensor was a 3.189mm radius double spiral encased in Kapton. Electricity is applied
through the spiral, and the change in resistance is measured over time. From this, the thermal
properties of the specimen can be calculated. Tests were performed at an ambient temperature of

21°C. Each test was run for 180s and was heated with 51.33 mW of power.

80



5.4 Results and Discussion

The porosity of the foam concretes as determined by image analysis is presented in Figure 5.2.
As expected, the porosity decreases with increasing density of the material. This is because the
change in density with a given binder is caused by increasing the number of pores also. It can be
seen that the foam concrete prepared with AAFA has a slightly lower porosity than that for
foams of the same density prepared with Portland cement. This is because the AAFA binder has
a slightly lower density that Portland cement binder, so fewer air voids are sufficient to reach the

same lower density.
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Figure 5.2: Porosity of the Cellular Materials

It is worthwhile to see how the fractal nature of the cellular structure varies in the microstructure
of the present cellular systems. The fractal dimensions of the pore space and the solid phase are

presented in Figure 5.3 a) and b) respectively. The values shown are the average of 9
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measurements, and the error bars show the standard deviation of those 9 measurements. Across
all binders and densities, Dy of the pores is rather high, ranging from 1.67 to 1.87. A trend of
decreasing fractality of the pores with increasing density is apparent. This same trend was seen
when Tian et. al. looked at the fractal nature of pores in cement foams [Tian et al. 2011]. When
looking at the solid phase of the material, the opposite trend can be seen, with Dy increasing with
density. This trend has been seen before for the solid phase of foam cements by Karam and
Tonyan [1993]. The type of binder used to produce the cellular material had little effect on the

fractal dimension of the pores or the solid phase.

Figure 5.4 displays Dy of the pores as a function of the porosity of the cellular material. It can be

seen that Dy increases approximately linearly with the porosity.
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Another parameter that defines the air-void network is the tortuosity of the network. The
tortuosity of the pore network is presented in Figure 5.5. It is quite low, and there is little
variation in tortuosity across densities and mix designs. The low tortuosity is likely due to the
large number of pores which are not interconnected. These pores individually have tortuosities
very close to 1 because a straight path can be drawn across the near circular pores. As a result,
the average tortuosity of all the pores is very low. Again, there is not much variation in tortuosity

for mixtures with varying addition of wood ash and for the alkali activated fly ash mixtures.
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Figure 5.5: Tortuosity of the Pores of Cellular Materials

In Figure 5.6, the thermal conductivity is plotted against Dy of the cells in the cellular
cementitious materials. A trend of decreasing thermal conductivity with increasing D¢ is seen
across each mix design. This same trend has been found before for Portland cement based foams

[Tian et al. 2011]. This relationship could be more a result of the changing porosity. Increasing

84



Dr of the cells coincides with increasing porosity, so the changes in thermal conductivity could

instead be attributed to the porosity.
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Figure 5.6: Thermal Conductivity as a Function of Fractal Dimension of Cells in Cellular
Cementitious Materials

Attempts were made to find a correlation between the noise reduction coefficient of the cellular
materials and the structural parameters discussed above. In Figure 5.7a, the NRC is plotted
against the porosity of the cellular materials. No clear trend is apparent from the data. The NRC
values have very little variation with the porosity. Figure 5.7b plots the NRC against the fractal
dimension of the pores. Again, most data points show little variation of the NRC with Dy, and no
clear trend is visible. For the 0% wood ash material, there is an increase in tortuosity at 1000
kg/m?, but it is still a low value of tortuosity and this change is not seen for the other mix
designs. Figure 5.7c shows the NRC plotted against the tortuosity of the pores. The AAFA
appears to have increasing NRC with increasing tortuosity, but this pattern is not seen with any

of the other binder materials. Therefore, across the range of materials and densities studied here,
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no definite conclusions could be made about the effect of structural parameters of the pore

network on the noise reduction coefficient of the cellular material.
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Figure 5.7: NRC as a Function of (a) Porosity, (b) Fractal Dimension and (c) Tortuosity

5.5 Conclusions

Foam concretes of cast densities from 1000 kg/m’ to 1400 kg/m’® were prepared by mixing
preformed foam with alkali activated fly ash binder or a binder of Portland cement blended with
wood ash. These foams were subsequently images using laser confocal microscopy and the
images were analysed to characterize the pore structure of the foams. Analysis was performed to
relate the thermal and acoustic properties of the foams to their pore structures. The findings were

as follows:

e With increasing density of the foam concrete, the porosity decreased and the fractal
dimension of the pores decreased. Dy of the solid phase increased with increasing density.
The tortuosity of the pore network was low due to the larger number of unconnected
pores in the foam concrete.

e When thermal conductivity was plotted against D¢ of the cells, the thermal conductivity

was found to decrease with increasing Dy.
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e No definite pattern could be found relating NRC to porosity, fractal dimension, or

tortuosity.
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6.0 Conclusions and Recommendations

6.1 Conclusions
Cellular concrete was produced from alkali activated fly ash and from Portland cement blended
with wood ash by utilizing a preformed foam method. These materials offer a more

environmentally friendly alternative to lightweight concretes such as autoclaved aerated cement.

The compressive strength of cellular AAFA ranged from 3 MPa to 9 MPa at cast densities from
1000 kg/m’ to 1400 kg/m’ and the strength of cellular cement with wood ash ranged from 4 MPa
to 12 MPa across the same range of densities. With this strength, the materials would be suitable

for non-load bearing applications.

The thermal conductivity of cellular AAFA ranged from 0.23 W/mK to 0.31 W/mK and the
thermal conductivity of cellular cement with wood ash ranged from 0.32 W/mK to 0.52 W/mK.
The cellular AAFA provides slightly better insulation than the wood ash cement, though the
wood ash cement still has comparable thermal conductivity to other building materials of similar

density.

The noise reduction coefficients of the cellular materials ranged from 0.1 to 0.25. While this
level of sound absorption is not as high as dedicated acoustic materials, it does outperform solid

concrete and other relatively non-porous building materials.

Parameters characterizing the cell structure followed expected trends. As the density of the
cellular concretes was increased, porosity decreased and the fractal dimension of the pores

decreased. The large number of unconnected pores meant that the tortuosity of the pores was low
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and fairly constant. When looking at the effect of these pore parameters on the noise reduction

coefficient, no clear relationships could be determined.

6.2 Recommendations
These studies only investigated the thermal properties of the cellular cementitious materials at
ambient temperatures. These properties vary with temperature, so future work to study these

materials at extreme temperatures would be prudent.

The effect of acid attack on the AAFA should be investigated because the cellular AAFA could

be exposed to acids in soil if it were used as a void filling material in geotechnical applications.

Further study should be carried out to improve the mix design of the alkali activated material.
The local fly ash is relatively low in alumina, so work could be done to correct this by blending
with an alternative alumina source. Optimizing this mix design could greatly improve the

mechanical strength of the material.

Investigation into alternative foaming agents to use in alkali activated materials should be
undertaken. The protein based agent used in this study performed well in cement based systems,
but in the alkali activated system, large quantities of the bubbles ruptured, necessitating a large
volume of foam to be added to achieve target densities. A foaming agent with better stability in a

highly alkaline environment would be much more efficient.

Research should be done to look at utilizing wood ash in an alkali activated material. The
mineral composition of wood ash is not well suited to alkali activation on its own, but it may be

suitable for blending with other precursor materials.
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