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Abstract

Foam concrete is alow-density, highly workable cementitious
material, created by blending a fine-aggregate paste with a
foaming agent. Properties of foam concrete suggest potential
for commercial exploitation of the material in a wide variety
of applications and markets. However, reliably designing a
foam concrete mix to a particular specification has proved a
difficult challenge and a barrier to more widespread usage.
This thesis builds a comprehensive framework for foam
concrete mix design. A strategic set of mixes, across a broad
range of densities, cementitious densities, and cementitious
blends, is evaluated for an extensive array of properties:
compressive strength, density, slump flow, segregation,
modulus of elasticity, Poisson’s ratio, crushing behaviour,
creep, drying shrinkage, capillary water uptake, moisture
storage, moisture movement, thermal conductivity, freeze-
thaw resistance, and air-void distribution. Critical and
previously neglected engineering properties are quantified
and characterized. A proposed model assimilatesinterrelated
trends, to explain observed behaviour of foam concrete in
plastic, curing, and hardened phases at a micromechanical
scale. Knowledge is summarized in a series of mix design
guides, to assist in developing appropriate solutions for
given applications, with less reliance on trial-and-error
and speculation. Finally, this study lays a foundation for a
systematic and methodologically consistent approach to
future foam concrete research.
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A note on the citations—

As elaborated in Chapter 3, information on foam concrete is
sometimes confusing or contradictory. Furthermore, properties
of the material are frequently exaggerated, misinterpreted,
communicated imprecisely, or extracted from outdated or
unreliable sources, especially in promotional literature.

Given this context, it was considered important to reference all
information presented in this work as rigorously as possible.
Every attempt has been made to locate original articles, rather
than relying on secondary sources. Footnote citations have
been used throughout the text, which precisely define each
reference, including page or section numbers, and which may be
readily consulted without breaking the flow of the thesis.
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1

Introduction

Foamed concrete is a highly workable, low-density material with a significant volume of
deliberately produced air voids. The material is created by blending a fine-aggregate
cement paste with a foaming agent. Foam air bubbles remain stable during the set-up of
the concrete, resulting in fine, evenly distributed voids within the concrete matrix.

In addition to its low density and workability, properties of foam concrete include
pumpability, and ease of leveling and form-filling without compaction as a fresh concrete
mix; and porosity, sound absorption, and thermal resistance (relative to standard concrete)
when cast. It may be placed in situ in immense quantities without the need for autoclaved
curing or elevated temperatures. Through the use of mineral admixtures and appropriate
aggregates (fillers), current research suggests that mechanical strengths acceptable for
structural applications may be achieved.

These characteristics indicate possible commercial exploitation of the material in a
wide variety of applications and markets. There may be opportunity for foam concrete in
uses as diverse as interior acoustic demising walls or roadside sound barriers; precast

applications from the scale of unit pavers or concrete masonry units, to wall or roof panels;



porous paving; low-density backfill in mining; or structural fill under roadways and

building foundations.

The basis for foam concrete was first discovered in the 1920s. Valore described the state-
of-the-art in 1954, and Neville provided a paragraph on the substance in “Properties of
Concrete” in 1963. Applications of foam concrete, however, have been mainly limited to
low-strength engineered fill for much of its history. In the past decade, a significant amount
of research has propelled other uses for this lightweight material, attempting to push its
performance envelope, incorporating new types of binders, and optimizing mixes for highly
specific purposes. A number of manufacturers have developed equipment and surfactants
for producing foam concrete, and the material has been used successfully in projects
around the world, including Canada.

However, foam concrete remains a relatively unfamiliar engineering material for
many practitioners. To improve this situation, attempts have been made to collect and
categorize available research and provide a conspectus for researchers or industry.!
Nevertheless, many acknowledged gaps in the literature remain; additionally, it is
especially difficult to weave together diverse studies in foam concrete because its
properties change radically according to many variables, especially density. Consequently,
designing a foam concrete mix to a particular specification, or even to knowing where to

begin, remains a difficult challenge and a barrier to more widespread usage.

This thesis develops a coherent and consistent framework for understanding how to
control foam concrete properties.

The initial framework for foam concrete mix design will be based on a literature
review, supplemented by a broad experimental program. Mixes with various cementitious
blends, water-cement ratios, and dry densities between 600 and 2000 kg/m3, will be
evaluated for mechanical behaviour; density; workability; microstructural characteristics;
transport properties; and durability. The consistency of cast samples, and allowable

tolerances to the design criteria in production, will be important factors of interest. Due to

1 Cf. Brady et al. (2001), Ramamurthy et al. (2009), Amran et al. (2015)



the uniformity of material sources, preparation technique, curing regime, and testing
procedures among these samples, it will be possible to assess and compare mix designs and
trends across a variety of properties. The resulting database will help to characterize foam
concrete for important properties and mix parameters that have previously only been
tested anecdotally.

Four major additional deliverables arise from the research. First, a proposed
micromechanical model explains observed behaviour of foam concrete in plastic, curing,
and hardened phases. Second, a mix design guide assists in developing appropriate
solutions for given applications, with less reliance on trial-and-error and speculation, and
provides insight on allowable tolerances and quality control measures. Third, the research
clarifies the market niches in which foam concrete may be most commercially competitive,
and identifies new opportunities for the exploitation of foam concrete. Finally, the research
lays a foundation for a systematic and methodologically consistent approach to future foam

concrete research.






2

Abbreviated Literature Review

The following chapter provides a brief overview of foam concrete literature, as a general
introduction to the reader. The serious and committed researcher is advised to consult
Appendix A, which includes an exhaustive literature review of hundreds of articles, papers and

reports related to foam concrete.

2.1 Definition of Foam Concrete
Foam concrete is a low-density cementitious material, produced by entrapping significant
volumes of air void within a mortar paste by means of a foaming agent. Bubbles remain
stable during the stiffening and curing of the concrete, resulting in a relatively homogenous
distribution of macroscopic pores throughout the hardened mass.

There is no universal agreement as to how dense or porous a mortar must be to
qualify as foam concrete. The volume of air void is cited variously at ‘up to 50 percent’,! ‘up

to 75 percent’,2 ‘40 to 80 percent,’3 ‘more than 20 percent’,* or ‘10 to 70 percent.”> Mixes

Mineral Products Association (2016)
Basiurski and Wells (2001) 66

Mydin et al. (2014)

Barnes (2009) 3, Van Deijk (1991) 49
Panesar (2013) 575
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have also been attempted with greater than 90% porosity. Most commonly, foam concrete
has between 40 and 80% porosity, corresponding to a density of approximately 500 to
1500 kg/m3.

The relationship between various cementitious materials with deliberately
introduced air-voids in the mortar is shown graphically in Figure 2.1a. Strategies for
introducing air void content in cementitious materials and products are shown
schematically in Figure 2.1b. Varying scales of voids in concrete are indicated in Figure

2.1c¢, for reference. For further discussion, consult Appendix A.

2.2 Historical Background

Attempts to produce aerated, low density concrete are at least 125 years old. In 1889, a
patent was registered for a lightweight concrete, with gas bubbles produced through the
reaction of hydrochloric acid and limestone. Patents for other forms of cellular concrete
were registered through the 1910s and 20s, using aluminum powder (1914), yeast (1917),
or excess water (1923) to introduce significant volumes of air void into a mix.”

In 1923, foaming processes were introduced to produce ‘foam concrete’. By 1926,
moist-cured foam concrete had been produced commercially in Europe,® and within a short
time was brought to North America.® Early foam concrete remained of low strength, due
largely to the limitations of unstable and inadequate foam surfactants.l® Research
beginning in 1936 concerning air-foams for suppressing gasoline fires has been credited
with improving foaming agents for foam concrete.!!

In 1954, Valore!? consolidated what was known about various types of cellular
concrete in a comprehensive report based on literature from European sources, as well
testing at the National Bureau of Standards in the United States. He commented on
methods of production, use of pozzolans and accelerators, mixing speeds, and costs of gas

and foamed concretes. He also compiled information on properties such as compressive

Akthar and Evans (2010)

Valore (1954a) 774

Christiani and Nielson (1925). Cited by Valore (1954a) 786.
Christiani and Nielsen v. Rice, Supreme Court of Canada (1930).
10 U.S.Patent 2089813 A

11 Valore (1954a) 774, Akroyd (1962) 302

12 Valore (1954a) and Valore (1954b)
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Figure 2.1c Scale of voids in concrete. Refer to Appendix A, Section 6.2.3. After Mehta (1986).



and flexural strength, elasticity, bond strength, adsorption and capillarity, freeze-thaw
resistance, drying shrinkage, thermal expansion, and thermal conductivity. Valore noted
that many trends were ‘not well defined’, and concluded that further research was needed,
especially for moving from laboratory testing to commercial production.

In a 1960 publication on ‘Foamed Materials,’ Valore!3 noted that non-autoclaved
foam concrete was still mostly used for non-structural applications, such as thermal
insulation or fill. While precast planks had also been attempted, transportation and

handling was difficult without excessive chipping and cracking.

During the late 1970s, an extensive research program was carried out in the Netherlands to
develop foam concrete mixes for ground engineering applications.'* By the 1980s and
early 1990s, significant commercial projects had been undertaken based on this research,
in the Netherlands and elsewhere. Foam concrete was used as soil replacement in areas of
weak soils, as a form of soil stabilization on slopes, and as a void-filling material where low
vertical or lateral load were required. Large volumes of foam concrete were sometimes
demanded for these projects.1>

Additionally, beginning in the early 1990s, foam concrete mixes were developed for
raft foundations, low-slope roofs, precast sandwich panels, and for permeable landscaping
surfaces (for example, under sports fields and athletic tracks).1® Foam concrete was also
used as an insulating fill for fire-resistance, thermal resistance, or sound-proofing.
Numerous specialized applications for foam concrete were also researched, including
projects as varied as decommissioning a nuclear facility,!” retrofitting traditional
dwellings,!8 and building extensions to runways to absorb energy and decelerate large
planes.’® Foam concrete continues to fulfill increasingly diverse roles as a commercially

viable material, as its properties are recognized and refined.

13 Valore (1961) 6

14 Brady etal. (2001) 3

15 Van Diejk (1991), Cox (2005) 107

16 Van Deijk (1991)

17 Ashworth et al. (2013)

18 Shijetal. (2012)

19 Jones and Zheng (2013) Energy absorption



2.3 Contemporary Use of Foam Concrete
Foam concrete has been used in numerous building, geotechnical, industrial,
transportation, mining, and military applications. A comprehensive list of existing and
proposed applications for foam concrete is given in Appendix A, Section 8.1.

A selection of significant foam concrete projects in the past thirty years is given in
Appendix A, Section 8.2; and available information on the annual regional use of foam

concrete is given in Appendix A, Section 8.3.

2.4  Production of Foam Concrete

To produce foam concrete, a base mix is prepared from cementitious materials and water,
as well as any fillers, coarse aggregate, reinforcing fibres, or chemical admixtures. This
base mix is then aerated, and the bubbles stabilized with a surfactant. Aeration may be

provided either through high-speed mixing, or through a pre-foaming method.

In the high speed mixing method, the liquid air entraining agent is added to a cementitious
paste. The paste is then mixed at a high speed, drawing air into the mix through the
shearing action of the mixer. The surfactant reduces the surface tension of the solution,
stabilizing the bubbles. Concrete produced by high speed mixing tends to be used to
produce heavier densities of aerated concrete. Controlled low-density fill may be produced
in this way, for example.20

The composition of the base mix, mixing time, amount of foaming agent, and water
temperature can affect the air void volume generated, making precise control of batch
density difficult.2! Paddles or screws that fold air into the mix are recommended, as these
disperse air efficiently into the paste. If there is too little mixing, the paste will not be

homogenous; but too much mixing will result in collapse of the foam.22

More commonly, however, a ‘pre-foamed’ method is employed. In this process, the

surfactant is combined with water and aerated with compressed air to produce foam of

20 Akroyd (1962) 302
21 Fouad (2006) 561
22 Brady etal. (2001) C7



shaving-gel-like consistency. The foam is then injected into the base mix slurry from a
nozzle or via an inline mixer, and blended thoroughly. The bubbles remain suspended
during the curing of the concrete. Pre-foaming is usually a more expensive method of
production,?3 and is often a slower method for introducing air voids,?4 but it typically offers

better control and consistency than the foam concrete produced by mechanical beating.2>

2.5 Properties of Foam Concrete
Foam concrete mixes may be designed to cover a large range of specifications, with
significant variation in physical properties. A brief introduction to important foam

concrete properties is provided below.

2.5.1 Consistency

Foam concrete is a highly flowable material. Unlike most normal density concrete, its
rheology is not measured according to its slump. Rather, its consistency is often evaluated
according to its ‘spreadability’ (also referred to as ‘spread rate’) using a standard flow
cone,?6 or its ‘floawability’ (also referred to as ‘flow rate’) using a modified Marsh cone
test.?”

The consistency of foam concrete in a plastic state is very important for producing
good quality foam concrete. If the mix is too stiff, a large proportion of bubbles will break,
increasing the density and the water-binder ratio. If the mix is too thin, bubbles will rise

through the paste, causing segregation.

2.52 Drying Shrinkage

Foam concrete may experience significant drying shrinkage during curing, due in part to
the absence of restraining coarse aggregate, and to the relatively high water-cement ratios

used during mixing. Drying shrinkage of foam concrete may be an order of magnitude

23 Panesar (2013) 576

24 Brady etal. (2001) C7

25 Fouad (2006) 561

26 Cf. ASTM C230

27 Cf.Jones et al. (2003), Nambiar and Ramamurthy (2008) 111



greater than that of normal density concrete.?8 Neat cement mixes may experience
shrinkage as high as 3,300 to 4,400 microstrain,?° while sanded foam concrete mixes may
experience 700 or 1,200 microstrain.3® By comparison, normal density concrete with a low

w/c ratio may only experience 200 to 400 microstrain in drying shrinkage.3!

2.53 Density

Density is a key property of foam concrete. Achieving low density is a critical consideration
concern for many foam concrete applications; and density has a dominant effect on
mechanical, thermal, transport, and durability properties, as well.

A remarkable range of densities is possible. With porosities in excess of 90 percent
or as low as 10 percent of volume, dry density measurements of foam concrete may range
from only 140 kg/m3,32 to more than 1900 kg/m3.33 In most foam concrete mixes, dry
density measurements are between 400 and 1600 kg/m3.34

Density is principally controlled by foam volume. Less significantly, the proportions
and particle densities of fillers and binders will also influence the density of the hardened
cement paste. The moisture content of a sample can have a strong influence on its

measured density, as well.

2.3.4 Air-Void System

Characteristics of the air-void system vary strongly with density, as shown through the
magnified images in Figure 3. The size and uniformity, shape, spacing, and
interconnectivity of air voids are related parameters. Fine, uniform air voids are usually
desirable in foam concrete mixes for mechanical properties,?> and a high degree of closed

porosity is advantages for suppressing gas and liquid transport. Foam concrete has a

28 Valore (1954b) 830

29 Neville (1963) 448

30 Nambiar and Ramamurthy (2009) 632

31 Neville (1963) 288

32 Akthar and Evans (2010) 354

33 Fouad (2006) 562, Gunawan and Busra (2014) 436
34 Brady etal. (2001) 2

35 Nambiar and Ramamurthy (2007) 228 Air-void



relatively high closed porosity in comparison with gas-aerated autoclaved concrete.3¢
Open porosity increases markedly above 50% air content.3”

Mixes of equivalent foam volume and density may vary in their properties due to
other characteristics of their air-void systems, such as the water-binder ratio, the

proportion of fillers, and the use of supplementary cementitious materials.

2.3.5 Mechanical Properties

The strength of foam concrete varies dramatically with porosity. Low density mixes of
160 kg/m3 offer compressive strengths of only 0.04 MPa, while mixes of 1600 kg/m?3 may
offer 25 MPa, as shown in Figure 4. Mixes of similar composition, with varying porosity,
will generally conform to fundamental relationships between strength and porosity.
However, for a given density, widely diverse values of compression strength are
reported for mixes of different compositions.38 A 1600 kg/m3 mix may have a compressive
strength as low as 2 MPa, or as high as 60 MPa.3° This variation may be attributed to
differences in the intrinsic strength of the cement paste, as well as the presence of flaws in

the matrix on account of the air-void system.

The ratio between splitting tensile strength and compressive strength of foam concrete mix
may typically be between 0.06 and 0.10.4% Tensile strength may be increased in the order
of 5041 to 100%*? with the use of reinforcing fibres.

According to research by the British Cement Association,*3 the modulus of elasticity
of foam concrete ranges from 1 to 12 GPa for conventional foam concrete with dry
densities between 500 and 1600 kg/m3, respectively. The addition of fibres can greatly

increase foam concrete stiffness, in the order of 70% for a 1400 kg/m3 sample.*

36 Nambiar and Ramamurthy (2007b) 1341

37 Jonesetal. (2012) 521

38 Panetal. (2007)

39 Wee (2005). Cited in Wee etal. (2011) 584

40 Amran et al. (2015) 997

41 Jones and McCarthy (2005b) 27, Gunawan and Busra (2014)

42 Byunetal. (1998)

43 British Cement Association (1994). Cited in Brady et al. (2001) C11, Table C5
44 Brady etal. (2001) Table C7



The Poisson’s ratio of foam concrete is seldom reported in the literature. A value of
0.2 has been reported for mixes of less than 700 kg/m3 density,*> and a value of 0.327 has
been reported for a sanded mix of 1300 kg/m?3 density.*6

The shear strength of foam concrete is typically poor, due to the lack of coarse

aggregate.*’

2.3.6 Transport Properties

Capillary water uptake indices of foam concrete are relatively high, compared to normal
density concrete. For sand-cement foam concrete mixes with between 10 and 50% air
void, indices were reported to vary from 0.626 to 0.360 mm/min%>.48 Capillary water
uptake indices may be as low as 0.109 and 0.142 mm/min®5 for higher density mixes with
less permeable matrices. The interconnectivity of voids has a strong influence on capillary
water uptake.#?

Likewise, absorption values for foam concrete are very high relative to normal
density concrete. For example, in a test on conventional foam concrete mixes with between
10 and 50% foam volume, immersed in water for 7 days, the samples absorbed between 21
and 25% liquid by volume, respectively.>? Other studies also indicate high absorption
values, with variations in binders and fillers having a limited influence.>!

The liquid permeability of foam concrete is typically low, relative to conventional fill
materials.52 However, foam concrete with a density of 600 to 650 kg/m3 and a hydraulic
conductivity of 300 mm/h has been used for outdoor tennis courts and soccer fields,>3 and
foam concrete has been proposed for use in stormwater detention applications,>* and for

filtering wastewater.>>

45 Cf.Byunetal. (1998), Wee et al. (2011) 591
46 Limetal. (2013) 46

47 Brady etal. (2001) C12

48  Nambiar and Ramamurthy (2007b) 1345

49 Cf. Yang and Lee (2015)

50 Nambiar and Ramamurthy (2007b) 1344

51 Kearsley and Wainwright (2001) 810, Cong and Bing (2014) 65
52 Alobaidi et al. (2000) 151-159.

53 Van Deijk (1991) 51

54 U.S.Patent 8172937 B2

55 Doniec (2008) 264



Foam concrete also tends to be fairly permeable to gaseous diffusion. Values ranging from
2.53t0 3.20 g/mm/s x 10-13 have been reported for the water vapour diffusivity of
conventional foam concrete with 1400 kg/m? plastic density.>¢ These values are
approximately twice as high as for normal density concrete with compressive strengths of
40 to 50 MPa.>” However, the use of coarse fly ash as a replacement for sand filler appears
to reduce the rate of vapour diffusivity in foam concrete, by as much as 50%.58

Oxygen permeability is typically very high in foam concrete, and increases with
porosity. For foam concrete with a plastic density of 1800 kg/m3 and 500 kg/m3
cementitious density, oxygen permeability may be an order of magnitude higher than for
normal density concrete.>® However, the use of coarse fly ash filler as a complete
replacement for sand filler is reported to reduce oxygen permeability dramatically,
indicating that specially-designed foam concrete may be capable of providing adequate

protection for carbon steel reinforcing bar.60

2.3.7 Thermal Properties

In general, the thermal conductivity of lightweight concrete increases logarithmically with
oven dry density.®l Foam concrete may have slightly better thermal resistance than other
types of lightweight concrete, due to characteristics of the air-void system: a homogenous
matrix of relatively thin cells walls produces a tortuous path for heat transfer by
conduction, and low interconnectivity of air voids suppresses convection and radiative heat
transfer.6?

According to the American Concrete Institute,®3 neat cement foam concrete of 240,
480, 960, and 1920 kg/m3 dry density will have thermal conductivity values of
approximately 0.078, 0.125, 0.244, 0.629 W/m-K, respectively. By comparison, the

thermal conductivity of normal density concrete is approximately 1.1 to 1.4 W/m-K.64

56 Brady etal. (2001) Table C1

57 Brady etal. (2001) C14

58  Dhir etal. (1989). Cited in Brady (2001) C14. Kearsley and Booyens (1998)
59 Dhir etal. (1989). Cited in Brady et al. (2001) C14.

60 Kearsley and Booyens (1998)

61 Valore (1980)

62 Petitetal. (2014) 37, Huang et al. (2015) 396

63 ACI 122R-02 Table 2.1

64 Brady etal. (2001) C16



Volumetric heat capacity of foam concrete increases with density, as well. For foam
concrete of 350, 400, 800, and 1200 kg/m?3 dry density, values 0f 916, 967, 1479, and 1998
k] /m3-K have been calculated, respectively (that is, 2.62, 2.42, 1.85 and 1.67 kJ/kg-K).6> By
comparison, normal density concrete may have a specific heat of between 0.79 and 0.92
k] /kg-K, corresponding approximately to between 1900 and 2200 k] /m3-K.6¢

Because foam concrete has a relatively low thermal conductivity and a relatively
high heat capacity, the material changes temperature slowly, i.e. it has a low thermal
diffusivity. This property is especially important for the resistance of extreme heat and
fire.6” For foam concrete of between 583 to 1370 kg/m?3, thermal diffusivity was reported
to increase with density from 0.27 to 0.34 mm?/s.%8 By comparison, the thermal diffusivity
of fully hydrated, normal density, ordinary Portland cement concrete is approximately

1.1 mm?/s.%°

2.3.8 Durability Properties

The phenomenon of carbonation has important implications for the corrosion of
reinforcing steel. Compared to normal density concrete, foam concrete is relatively
permeable to water vapour and carbon dioxide, which promote carbonation.”®
Consequently, steel reinforcing is not typically recommended in foam concrete.”! For
conventional foam concrete with Portland cement contents of between 270 and 355 kg/m3,
and densities between 1330 and 1750 kg/m3, the average rate of carbonation has been
reported as approximately 5.7 mm/year?>, which is 50% higher than normal density
concrete with similar cementitious density.”?

Typically, the rate of carbonation in foam concrete may be expected to decrease
with increasing density, and with increasing cementitious density. The relatively high

permeability of foam concrete to water vapour and carbon dioxide gas increases

65 Tarasovetal. (2010) 903

66 ACI 122R-02 Section 5.1.4

67 Mydin and Wang (2012b) 215, Zhang et al. (2014) 122

68 Zhangetal. (2015) 100-101

69 Schutter and Taerwe (1995). Cited in Zhang et al. (2015) 101
70 Kosmatka et al. (2002) 266

71 Brady etal. (2001) 10

72 Brady (2000). Cited in Brady etal. (2001) C15



susceptibility to carbonation. The high cement content in many foam concrete mixes will
help to reduce the rate of carbonation somewhat.”3

Foam concrete performs well in many typical freeze-thaw tests.’# The total large
volume of air void typically provides ample space for the accumulation of water. However,
non-standard tests may be necessary to accurately predict the freeze-thaw performance of
foam concrete in real-world conditions.”>

Resistance of foam concrete to fire and elevated temperatures is typically
excellent.”® Air voids provide insulation to protect inner zones from extreme heat. At high
temperatures, heat transfer through a porous medium is strongly influenced by radiation.
The closed cell structure of foam concrete provides many interruptions to the movement of
heat by radiation, at each air-solid interface.”” Furthermore, foam concrete has a relatively
high heat capacity. Heat energy is absorbed into the material, suppressing temperature
change.”®

Comparisons of foam concrete and vermiculite lightweight aggregate concrete
suggested that at lower densities of 500 kg/m3, foam concrete had 30% better endurance,
and 38% higher strength for the given testing parameters. Conversely, at higher densities
of approximately 1250 kg/m3, vermiculite lightweight aggregate concrete had somewhat
better resistance to degradation under extreme heat.”®

Fire endurance may be enhanced with a reduction in density.8® There appears to be
proportionally less strength loss in foam concrete compared to normal density concrete

when exposed to extreme heat, especially at lower densities.8!

73 Fabian etal. (2006) 189
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2.3.9 Acoustic Properties

Sound insulation is the capacity of a membrane or assembly to suppress the transmission
of air-borne sound energy, typically measured as transmission loss, in decibels.?
Transmission loss is approximately proportional to the mass of a wall.83 Consequently,
low-density foam concrete will perform poorly relative to normal density concrete, for the
same thickness. Additionally, air tightness is necessary to ensure that sound will not ‘leak’
through an assembly.84

Sound absorption is a distinct property from sound insulation. While sound
insulating materials reduce the sound energy transmitted through a membrane or
assembly, sound absorbing material reduce the amount of sound energy reflected from the
barrier.8>

While the ability of foam concrete to isolate sound may be poor in comparison to
normal density concrete, its ability to absorb sound may be relatively good. Instead of
being reflected off of a stiff surface, sound energy is captured within small air voids at the
surface of a wall and lost as heat.8¢ Interconnectivity of bubbles allows for sound energy to
travel deeper into the surface of a wall, improving absorption coefficients.8” A greater pore
size distribution may help attenuate sound at different frequencies.

Mean normal incidence absorption coefficients have been evaluated for foam
concrete of different densities.88 Mixes with dry densities of 250, 300, 400, and 500 kg/m?
had mean absorption coefficients of 0.24,0.22, 0.15, and 0.12, respectively. Absorption

coefficients will decrease if exposed surfaces are sealed, for example, with paint.8°

82 London (1949)

83 Short and Kinniburgh (1978) 73

84 Short and Kinniburgh (1978) 73, Leitch (1980). Cited in Narayanan and Ramamurthy (2000b) 328
85 Short and Kinniburgh (1978) 73

86 Neville (1963) 446

87 Laukaitis and Fiks (2015) 291

88 Laukaitis and Fiks (2015) 291

89 Cf. RILEM Technical Committees 78-MCA and 51-ALC (1993) 40



2.3.10 Energy Absorption

The ability of foam concrete to absorb energy has been exploited in soft ground arrestor
systems for aircraft,?? as well as in military structures.’! Capacity for energy absorption is
related to several mechanical and physical properties. Compressive strength, flexural
strength, elasticity modulus, and Poisson’s ratio are significant parameters, as is the
geometry of the air void system, which collapses during crushing.?? For good energy
absorption capacity, mixes require relatively strong bubble walls and sufficient void space
into which crushed debris can be pushed, to avoid global fracturing of the specimen.

1000 kg/m3 mixes performed better than other mixes of 500, 600, or 1400 kg/m?3 plastic

density, in one study.”3

90 Zhang etal. (2013)
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3

Research Needs

An exhaustive review of foam concrete literature has been compiled from English-language
articles, papers, patents, data sheets, and reports published in the open literature since the
1920s. This review is presented Appendix A, and forms a basis for identifying critical
research needs.

Among the hundreds of reports and articles on foam concrete written in the past
twenty years, several attempts have already been made to collect and categorize available
research and provide a conspectus for academic researchers or industry.! Nevertheless,
many acknowledged gaps in the literature remain; and designing a foam concrete mix to a
particular specification, or even knowing where to begin, remains a difficult challenge and
a barrier to more widespread usage.

At present, foam concrete recipes are still usually produced on a ‘trial-and-error’
basis.2 While there is a now a large amount of experimental data available for foam

concrete, it may be difficult to translate this data into appropriate mix designs. Indeed,

1 Brady etal. (2001), Ramamurthy et al. (2009), Amran et al. (2015)
2 Ramamurthy et al. (2009) 389



Nambiar and Ramamurthy’ acknowledge that limited work has been undertaken for
predicting foam concrete properties based on known mix proportions.

The complications of deriving general mix design guidelines are two-fold. In the
first place, many studies compare a relatively small number of mix designs. The range may
not be extensive enough to adequately capture trends. For example, some previous studies
on the influence of varying the water-cement ratio in foam concrete have offered
inconclusive results.* More recently, Wee et al.5 tested twenty-four foam concrete
combinations with varying water-cement ratios and proportions of air volume. The
resulting database is sufficiently detailed and wide-ranging to draw meaningful
observations about optimizing the water-cement ratio of foam concrete for a given density.
Even so, however, these conclusions are only valid for a limited set of operating conditions,
i.e. for a particular binder blend with no fine or coarse aggregates.

In the second place, it is difficult to compile a more extensive database by relating
the results of one study to another, especially due to the role of density. Density has a
dominant effect on many foam concrete properties, thus two different mix designs with
differing air-void volumes cannot be reasonably compared. Moreover, not only do
researchers use differing density targets, but they may also choose to express density in
ways that may not be readily or precisely correlated,® e.g. according to foam volume,”
plastic density,8 or dry density.’

To develop guidelines for the mix design of foam concrete, Nambiar and
Ramamurthy!0 designed systematic experiments, and represented the results in the form of
response surface plots, mapping the influence of three variables simultaneously. For
example, a plot could show the relationship between foam volume, filler-to-cement ratio,
and 28-day compressive strength. Such visualization of data is helpful for studying and

optimizing trends, but is limited in the number of variable inputs.

Nambiar and Ramamurthy (2006b) 752

Brady et al. (2001) C9, Table C6

Wee etal. (2011)

Kearsley (1999b) 55

Panesar (2013), Nambiar and Ramamurthy (2007a)
Van Deijk (1991), Jones and McCarthy (2005b)
Akthar and Evans (2010) 354, Barnes (2009) 7

10 Nambiar and Ramamurthy (2006b)
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Other researchers have proposed using artificial neural networks to predict foam
concrete properties. Bayuaji and Nuruddin!! used this approach to anticipate compressive
strength based on inputs such as the sand-cement ratio, sand particle size distribution, and
density; while Nehdi et al.1? predicted production yield, foamed density, unfoamed density,
and compressive strength. Artificial neural networks help reconcile differing parameters
used in separate studies, accommodate many variables, and are relatively insensitive to
incomplete information, as compared to traditional empirical models.13

Such techniques may assist mix designers in producing foam concrete to particular
specifications in the future. A foundational task to this objective, however, is to develop a
broad and consistent framework, confirming trends and filling in gaps to understand the
effects of incremental variation in mix design on performance.

There are a number of significant mix design parameters and material properties
that have not yet been thoroughly explored to date, and require further investigation.

For example, although the use of fly ash as a binder for foam concrete has been
relatively well-researched, the study of other supplementary cementitious materials is less
complete. In a review of articles on foam concrete published in the open literature since
1988, over fifty articles consider the influence of fly ash, either in the form of fine particles
as a binder, or in a coarse form as a filler with some cementitious properties. Conversely,
only nine articles include the influence of ground granulated blast furnace slag, and twelve
address the use of silica fume. (Refer to Appendix B.)

Similarly, there appears to be strong potential for the use of fibre reinforcing and
surface reinforcing with foam concrete, but the behaviour of reinforced cementitious foam
has not been thoroughly characterized.'* Research in the use of metal,!> synthetic,1¢ and
naturall’ reinforcing fibres has been mostly anecdotal, typically conducted over a narrow

range of mix designs.

11 Bayuaji and Nuruddin (2008)

12 Nehdietal. (2001)

13 Bayuaji and Nuruddin (2008) 2
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16  Awang and Ahmad (2014)

17 Jones and McCarthy (2005b)



The micromechanics of foam concrete during plastic and curing phases is an
important area of research. Better understanding and control over the aging of foam
through coarsening, drainage, and rupture is necessary to improve the stability and quality
of mixes.'® New models are necessary to predict core temperatures and resultant strains
during curing, since heat of hydration in foam concrete occurs differently than in normal
density concrete, due to the insulating effect of the air-voids.1®

Among material properties of hardened foam concrete, long-term performance
metrics are seldom reported in the open literature.?? Creep is not well-characterized for
foam concrete. Strain behaviour is not well understood for either static or dynamic
loading. Limited testing has been conducted concerning chloride ingress of foam concrete.
More research into long-term durability would be appropriate; especially as foam concrete
is often used in ground engineering work, where later remediation may prove very
difficult. Use of new binders requires additional durability testing.2!

Other basic engineering properties, such as modulus of elasticity?? and Poisson’s
ratio?® must be confidently established to facilitate structural design, especially as higher

strength mixes are developed for structural applications.

Advancement in the field of foam concrete research is hindered by the lack of a broad and
consistent experimental framework. Most studies have insufficient scope for capturing
large-scale, multivariate trends possible in foam concrete: in failing to vary a critical
parameter, some studies may offer misleading conclusions. Moreover, compiling and
correlating results from previous studies into larger datasets is problematic, due to
differing experimental methodologies, incongruent density targets, and inconsistent

approaches to expressing density.

18 Petitetal. (2014)
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4

Experimental Program:
Objective and Scope

A systematic approach is necessary to confidently characterize foam concrete across a wide
range of design parameters. The experimental program described in this chapter was
designed to capture numerous material property trends for design parameters including
density, cementitious density, binder composition, water-binder ratio, filler-binder ratio,
and curing regime, in a tightly controlled study conducted by a single operator.

The resulting database has a number of uses. First, important properties and mix
parameters that have only been tested anecdotally previously, can now be more thoroughly
characterized and understood. A database incorporating many interrelated properties is a
valuable resource for comprehending the behaviour of foam concrete at a micromechanical
scale. Second, observed trends and relationships aid in developing appropriate mix
designs for given applications, with less reliance on trial-and-error and speculation; the
database can also serve as a fundamental resource in the development of prediction
models. Finally, an extensive database may clarify in which market niches foam concrete
can be most commercially competitive, and may help identify new opportunities for the

exploitation of foam concrete.



Thus, the experimental program serves both academic and industry interests.
Further research is facilitated, as data is added to the literature, and as test standards are
established for conducting future studies. Concrete producers benefit from
comprehensive, accessible, and impartial information for developing mix designs: in this
experimental program, particular attention was given to the needs and resources of the
concrete industry in Ontario.

The chapter below outlines the scope of the proposed research, and explains the
strategy behind the selection of mix design parameters and tests. Detailed methodologies

describing procedures and equipment used for the various tests are provided in Chapter 5.

4.1 Mix Design Parameters

Mix design parameters were varied in order to capture a relatively large range of the
possible performance envelope of foam concrete. However, it was also intended that the
mixes could be produced in a commercial setting at a reasonable level of effort and cost.
For example, mixes with extremely low density (i.e. greater than 90% porosity) were
excluded due to increased manufacturing challenges; and the cementitious densities of

mixes were constrained by cost.

4.1.4 Water-Binder Ratio

Many foam concrete studies fail to optimize water-binder ratios, commonly applying a
constant water-binder ratio across a range of mix designs. Such an approach may produce
misleading conclusions. Mix water requirements for foam concrete can vary dramatically,
in response to density (foam volume), cementitious density, surface area of solid
ingredients, etc. Water-binder ratios should be optimized for each mix design, in order to
fully capture the benefits of changes to mix ingredients.

To identify the optimum quantity of mix water for each mix, water-binder ratios

were increased from 0.35 to as high as 0.85, in increments of 0.05. Foam volume was



adjusted to account for variations in the water-binder ratio, to maintain the appropriate

proportion of solid ingredients in each mix.!

4.1.2 Cementitious Density

For the majority of mixes, the total cementitious density was held constant at 410 kg/m3.
This cementing factor is relatively generous, allowing for the production of a strong mix,
but it is well below the cement ‘strength ceiling’ for foam concrete suggested by Jones.?
Additionally, certain mixes were tested with varying cementitious densities, in order to

chart the effect of increased cement content.

4.1.3 Binder Composition

Five cementitious blends were used throughout the proposed research. Initial mixes
included only Portland cement as a binder. Binder replacements can improve performance
and reduce ecological burden, thus subsequent mixes included 6% and 12% silica fume,
and 30% and 50% slag, representing modest and high replacement proportions for these
supplementary cementitious materials, based on the results of previous studies.?

Numerous studies have been conducted on the use of fly ash in foam concrete.*
Canada, however, has relatively few domestic sources of fly ash,> and investigations based
on the use of fly ash in foam concrete are not of interest to the industry sponsor of this

research at this time.

41.4 Filler-Binder Ratio

The filler-binder ratio was varied to control density, from 0:1 to 3.5:1, corresponding to
nominal mix densities ranging from 600 kg/m3 to 2000 kg/m3. Assuming that the mass of

the cementitious materials multiplied by a factor of 1.2 gives the mass of the hydration

For more information on the chosen method of mix proportioning, refer to Appendix B.
Jones (2000). Cited in Brady et al. (2001) C1

Cf. Brady et al. (2001)

Refer to Appendix C.

Refer to Appendix D.
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reaction products,® all samples with equal filler-cement ratios will theoretically have the

same oven-dry density, allowing for consistent strength-to-density comparisons.

Mix combinations tested in the experimental program are indicated in grey in the Table
below. Certain series of mix designs received particular emphasis: for example, mixes with
Portland cement-only binders provide an experimental baseline; mixes with nominal
densities of 600 kg/m3 and 1400 kg/m3 may fulfill important use cases (i.e. for geotechnical
fill and insulating applications; and for structural applications, respectively); and silica
fume mixes offer the possibility of relatively high strength.

For the stated Nominal Density, an asterisk (*) indicates that mixes were produced
with cementitious densities of both 410 and 510 kg/m3. A double-asterisk (**) indicates
production of mixes with total cementitious densities from 410 to 710 kg/m3. For all other

mixes, total cementitious density was 410 kg/m3.

Filler-Binder Ratio
(Nominal Density, kg/m?3)

Cementitious Blend 0:1 05:1 1:1 15:1 2:1 25:1 3:1 35:1
(600) (800) | (1000) | (1200) | (1400) | (1600) [ (1800) [ (2000)

12% Silica * * * *

6% Silica

100% Portland ok * * *

30% Slag

50% Slag

Table 4.1.4 Summary table of mix designs for testing.

6 Cf.ASTM C567/C567M, Section 9.1



4.2

Scope of Testing: Conventional Foam Concrete Mixes

Among the properties of foam concrete described in Chapter 2, a selection of properties

were identified as being significant for commercial applications in Canada:

The relationship between compressive strength and density is fundamental to
foam concrete mix design for almost all applications.

Slump flow provides a convenient indication of the consistency and quality of fresh
foam concrete during mixing and placing. Minimal segregation must be ensured.
Modulus of elasticity and Poisson’s ratio are essential engineering parameters for
understanding the response of foam concrete to load.

Data for crushing behaviour is important for impact absorbing applications, and
for anticipating failure modes.

Creep is not well-characterized for foam concrete, but merits closer study for any
applications where foam concrete is to be used structurally long-term.

Drying shrinkage is typically high in foam concrete, and affects the dimensional
tolerances of a product. Furthermore, drying shrinkage can induce bulk cracking in
a sample, affecting its mechanical and transport properties.

Capillary water uptake indices and sorption isotherms help anticipate the
moisture content of foam concrete for a given environment. The presence of
moisture can have dramatic influences on durability, thermal properties, and
hygroscopic movement.

Low thermal conductivity of foam concrete is a desirable characteristic in fill
applications and in building assemblies.

Freeze-thaw resistance is important in any situation where foam concrete may be
subject to moisture and freezing temperatures, which includes many outdoor

applications in Canada.

Furthermore, the microstructural properties of foam concrete were evaluated through

processes such as imaging and porosity testing, offering insights into each of the properties

above.

Strategic sets of mixes combinations were tested to study each of these properties,

as indicated in blue in the tables below.



421 Compressive Strength

A great number of samples were tested for compressive strength. The water-binder ratio
for these mixes was varied from 0.35 to up to 0.80, in order to establish optimum values for
each mix design, for use in subsequent tests.

Because compressive strength is almost always a critical parameter for mix design,
compression testing was conducted for all mix combinations at 7- and 28-days.

56-day compression tests were also conducted on most mixes, including those with
high concentrations of silica fume and slag, as well as all denser mixes of 1400 or 1800
kg/m3 nominal density, to observe whether longer curing times could permit foam

concrete to be used in higher-strength applications.

Filler-Binder Ratio
(Nominal Density, kg/m3)
0:1 05:1 1:1 1.5:1 2:1 25:1 3:1 35:1
(600) (800) (1000) [ (1200) | (1400) | (1600) | (1800) | (2000)
*

* * *

Cementitious Blend

12% Silica
6% Silica

100% Portland o o < <
30% Slag
50% Slag

Table 4.2.1a  Mix designs tested for 7- and 28-day compressive strength.

Filler-Binder Ratio
(Nominal Density, kg/m?3)
0:1 05:1 1:1 15:1 2:1 25:1 3:1 35:1
(600) (800) (1000) | (1200) | (1400) | (1600) | (1800) | (2000)
* * * *

Cementitious Blend

12% Silica
6% Silica

100% Portland o o < <
30% Slag
50% Slag

Table 4.2.1b Mix designs tested for 56-day compressive strength.




422 Slump Flow

Having established appropriate water-binder ratios for the mixes, slump flow tests were
conducted on fresh mixes used for manufacturing specimens in subsequent tests. The
slump flow tests captured the effects of varying density and cementitious density, and of

introducing high proportions of silica fume and slag.

Filler-Binder Ratio
(Nominal Density, kg/m?3)

0:1 05:1 1:1 15:1 2:1 25:1 3:1 3.5:1
(600) (800) (1000) | (1200) | (1400) | (1600) | (1800) | (2000)
*

*

Cementitious Blend

12% Silica

6% Silica

100% Portland = * * *
30% Slag
50% Slag

Table 4.2.2 Mix designs tested for slump flow.

423 Segregation

Evaluations of segregation were conducted on mixes across a broad range of densities,

cementitious densities, and cementitious blends, to confirm the viability of proposed mixes.

Filler-Binder Ratio
(Nominal Density, kg/m?3)
0:1 05:1 1:1 15:1 2:1 25:1 3:1 3.5:1
(600) (800) (1000) | (1200) | (1400) | (1600) | (1800) | (2000)
*

*

Cementitious Blend

12% Silica
6% Silica

100% Portland x * * *
30% Slag
50% Slag

Table 4.2.3 Mix designs tested for segregation.

4.2.4 Modulus of Elasticity, Poisson’s Ratio

The modulus of elasticity and Poisson’s ratio were evaluated on specimens at 28- and 56
days, over a range of densities. Mixes with only modest additions of SCM’s were excluded,

since measured differences between mixes were anticipated to be subtle.




Filler-Binder Ratio
(Nominal Density, kg/m?3)

i 0:1 05:1 1:1 15:1 2:1 25:1 3:1 35:1
Cementitious Blend

(600) | (800) | (1000) | (1200) | (1400) | (1600) | (1800) | (2000)

* * *

12% Silica

6% Silica

100% Portland o * * *

30% Slag

50% Slag

Table 4.2.4 Mix designs tested for 28- and 56-day modulus of elasticity and Poisson’s ratio.

4.2.5 Crushing Behaviour

Stress-strain curves were generated for specimens at 28- and 56 days, over a range of
densities and with high proportions of silica fume and slag, to capture overall trends. Peak
strengths from this large dataset were also compared to the compression testing results

described above, to demonstrate repeatability.

Filler-Binder Ratio
(Nominal Density, kg/m?3)

i 0:1 05:1 1:1 15:1 2:1 25:1 3:1 3.5:1
Cementitious Blend

(600) | (800) | (1000) | (1200) | (1400) | (1600) | (1800) | (2000)

* * *

12% Silica

6% Silica

100% Portland o * * *

30% Slag

50% Slag

Table 4.2.5 Mix designs tested for 28- and 56-day crushing behaviour.

4.2.6 Creep

Creep testing was conducted for a low-density Portland cement mix at 20 and 40% of its
compressive strength, to observe how foam concrete may perform over the long term in fill
applications. Higher density mixes were tested at 40% of their respective compressive
strengths, for structural use: 12% silica fume and 50% slag mixes were included to detect

whether SCM chemistry or particle-packing offered improvements.



Filler-Binder Ratio
(Nominal Density, kg/m?3)

0:1 05:1 1:1 15:1 2:1 25:1 3:1 35:1

Cementitious Blend (600) | (800) | (1000) | (1200) | (1400) | (1600) | (1800) | (2000)

12% Silica

6% Silica

100% Portland

30% Slag

50% Slag

Table 4.2.6a  Mix designs tested for creep at 20% of compressive strength.

Filler-Binder Ratio
(Nominal Density, kg/m?3)

0:1 05:1 1:1 15:1 2:1 25:1 3:1 35:1

Cementitious Blend (660) (800) | (1000) | (1200) | (1400) | (1600) | (1800) | (2000)

12% Silica

6% Silica

100% Portland

30% Slag

50% Slag

Table 4.2.6b  Mix designs tested for creep at 40% of compressive strength.

4.2.7 Drying Shrinkage

Drying shrinkage was monitored for Portland cement, 12% silica fume, and 50% slag

mixes, to determine the effects of density, cementitious density, and binder composition.

Filler-Binder Ratio
(Nominal Density, kg/m?3)

i 0:1 05:1 1:1 15:1 2:1 25:1 3:1 3.5:1
Cementitious Blend

(600) | (800) | (1000) | (1200) | (1400) | (1600) | (1800) | (2000)

* * *

12% Silica

6% Silica

100% Portland o * * *

30% Slag

50% Slag

Table 4.2.7 Mix designs tested for drying shrinkage.

4.2.8 Capillary Water Uptake

A wide range of samples was tested for capillary water uptake indices, to observe how

capillary water uptake varies with density and cementitious blend.



Filler-Binder Ratio
(Nominal Density, kg/m?3)
0:1 05:1 1:1 15:1 2:1 25:1 3:1 35:1
(600) (800) (1000) | (1200) | (1400) | (1600) | (1800) | (2000)

Cementitious Blend

12% Silica

6% Silica
100% Portland
30% Slag
50% Slag

Table 4.2.8 Mix designs tested for capillary water uptake.

4.2.9 Moisture Storage and Moisture Movement

Moisture storage and moisture movement were plotted for a range of mixes to capture

trends for varying density, cementitious density and cementitious blend.

Filler-Binder Ratio
(Nominal Density, kg/m?3)
0:1 05:1 1:1 15:1 2:1 25:1 3:1 3.5:1
(600) (800) (1000) | (1200) | (1400) | (1600) | (1800) | (2000)

Cementitious Blend

12% Silica
6% Silica

100% Portland o
30% Slag
50% Slag
Table 4.2.9 Mix designs tested for equilibrium moisture content and moisture movement.

4.2.10 Thermal Resistance

The thermal resistance of foam concrete was tested for a range of lower density Portland
cement binder samples.

Thermal resistance is strongly dependent on density, and it was not anticipated that
varying the binder composition would have a significant influence on thermal performance,
for a given density. However, initial investigations revealed that 12% silica fume samples
exhibited particularly fine air-voids. In response to this observation, samples with 12%
silica fume binder were tested, to consider whether observable differences in
microstructure have any discernable influence on the thermal resistance of mixes of similar

density.




Filler-Binder Ratio
(Nominal Density, kg/m?3)

Cementitious Blend

0:1
(600)

05:1
(800)

1:1

(1000)

15:1 2:1
(1200) | (1400)

25:1
(1600)

3:1
(1800)

35:1
(2000)

12% Silica

6% Silica

100% Portland

30% Slag

50% Slag

Table 4.2.10

4.2.11 Freeze-Thaw Resistance

Mix designs tested for thermal resistance.

Freeze-thaw resistance testing was conducted for Portland cement, 12% silica fume, and

50% slag mixes, to detect the effects of density and binder composition at varying degrees

of saturation of distilled water.

Filler-Binder Ratio
(Nominal Density, kg/m?3)

Cementitious Blend

0:1
(600)

05:1
(800)

1:1

(1000)

15:1 2:1
(1200) | (1400)

25:1
(1600)

3:1
(1800)

3.5:1
(2000)

12% Silica

6% Silica

100% Portland

30% Slag

50% Slag

Table 4.2.11a

Saline freeze-thaw testing was used to indicate how foam concrete would perform in

Mix designs tested for freeze-thaw resistance.

applications subject to de-icing salts and cold temperatures, such as roadways.

Accumulations of debris from relatively dense foam concrete mixes of 1400 and

1800 kg/m3, intended for structural applications, were compared to typical limits for

normal density air-entrained concrete, to observe the influence of air-void volume on

saline freeze-thaw resistance.




Filler-Binder Ratio
(Nominal Density, kg/m?3)
0:1 05:1 1:1 15:1 2:1 25:1 3:1 35:1
(600) (800) (1000) | (1200) | (1400) | (1600) | (1800) | (2000)

Cementitious Blend

12% Silica

6% Silica
100% Portland
30% Slag

50% Slag

Table 4.2.11b  Mix designs tested for saline freeze-thaw resistance.

4.2.12 Microstructural Analysis

Images were taken of the microstructure of each mix combination, and reproduced at
various levels of magnification to assist in making general observations about the size and

interconnectivity of air-voids for mixes of varying density and cementitious blends.

Filler-Binder Ratio
(Nominal Density, kg/m?3)
0:1 05:1 1:1 15:1 2:1 25:1 3:1 3.5:1
(600) (800) (1000) | (1200) | (1400) | (1600) | (1800) | (2000)

Cementitious Blend

12% Silica

6% Silica
100% Portland
30% Slag

50% Slag

Table 4.2.12a Mix designs selected for qualitative air-void analysis.

Air-void analysis was used to quantify how air-void size distribution is influenced by
the introduction of silica fume and slag as partial binder replacements, at two different

densities.

Filler-Binder Ratio
(Nominal Density, kg/m?3)
0:1 05:1 1:1 15:1 2:1 25:1 3:1 3.5:1
(600) (800) (1000) | (1200) | (1400) | (1600) | (1800) | (2000)

Cementitious Blend

12% Silica

6% Silica
100% Portland
30% Slag

50% Slag

Table 4.2.12b Mix designs selected for quantitative air-void analysis.



4.3 Scope of Testing: Foam Concrete Aggregate Mixes

The use of crushed and graded foam concrete as an inert, lightweight aggregate was an
additional area of exploration within the Experimental Program. Implications and
possibilities for the production of Foam Concrete Aggregate (FCA) material are discussed
further in Appendix E.

Over fifty concrete mix designs incorporating foam concrete were evaluated during
the course of this research. Two mix designs are included within the experimental results,
for reference:

- Portland cement FCA with 600 kg/m3 nominal density, in a Portland cement foam
concrete matrix with 600 kg/m3 nominal density
- Portland cement FCA with 1400 kg/m3 nominal density, in a Portland cement foam
concrete matrix with 1400 kg/m3 nominal density
The FCA and matrix of both mix designs were produced with cementitious densities of 410
kg/m3. FCA particle size was approximately 10mm. Limited testing results have been
provided as part of this thesis. The remainder of the data related to FCA will be published

at a later time, as part of ongoing research activities.






5

Experimental Program:
Methodologies

5.1 General Parameters for Specimen Manufacture

5.1.1 Materials

Cementitious materials used for experimental testing were Type [ Portland cement
conforming to ASTM C150, ground granulated blast furnace slag conforming to ASTM C989,
and silica fume conforming to ASTM C1240. The filler used was natural sand conforming to
ASTM C33, Table 1. Grading data from a typical sample is shown in Appendix F. ‘Dry,’
prefoamed, protein-based foam was prepared using a commercial aerator machine, with a
chemical admixture dilution ratio of 1:120, and an aerated density of between 68 and

70 g/L. Details of the surfactant and aerating equipment are supplied in Appendices G and

H, respectively. Dilution and dosing water was potable, from a municipal source.

5.1.2 Mix Proportioning

The chosen methodology for mix proportioning is explained in Appendix D. Foam volume
was regulated in response to desired mass of binder, mass of filler, and water-binder ratios.

The quantity of sand and mixing water were corrected daily according to the moisture



content of the sand.

Note that water-binder ratios cited throughout the Experimental Program do not
include the contribution of the surfactant dilution water. Rather, the dilution water is
assumed to be necessary for the stability of the foam, and should not contribute
immediately to the hydration water available to the cement particles. Furthermore, in an
industrial setting, it is more expedient to state a water-binder ratio in relation to the
cementitious content only, rather than having to subtract the contribution of dilution water
in the foam volume, which is dependent upon density. However, some studies may choose
to include the dilution water when reporting water-binder ratios. A method for
determining Equivalent Water-Binder Ratios, including contribution of dilution water, is

given in Appendix [. Further discussion is presented in Section 6.1.1.6.

5.1.3 Laboratory Mixing Process

Batches were produced in the laboratory unless otherwise noted, using a 700 L commercial
barrel mixer. Before commencing each batch, the mixer was firstly wetted and drained.
The required volume of water was then loaded, in accordance with ASTM C796, Section 8.5.
The mixer was activated, and cementitious materials were added incrementally over a
period of 30 seconds. Clumps of cement were broken up with a trowel until an even
consistency was achieved. Any required sand was also added and mixed for 5 minutes to
produce a homogenous paste.

Next, preformed dry foam was produced with a commercial aerator. A slightly
conservative quantity of foam was added to the mix, based on calculated values. When the
foam had been thoroughly blended into the cement paste (after approximately 3 minutes),
a tared weighing container of known volume was filled with a representative sample of the
foam concrete mix in conformance with ASTM C796, Section 8.7. The plastic density of the
mix was calculated. Mixes within +50 kg/m3 of target density were accepted, as
recommended by ASTM C796, Section 7.3.1. For mixes with a plastic density higher than
the acceptable range, foam was added incrementally to the mixer, and blended thoroughly,
until the target density was achieved. If the plastic density was found to be lower than the

acceptable range, the mix was discarded.



Figure 5.1.3b Many foam concrete mixes tested in the experimental program were
also produced in the field for real-world applications during the course
of this research. Cf. Section 6.1.3.
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5.1.4 Typical Casting Processes

Nominal 100 x 200 mm cylindrical specimens were produced with reference to ASTM
C495. Fresh concrete was placed in non-reusable plastic moulds 100+2 mm in diameter
and 200+3 mm in length, in two layers. After placing each layer, the outside of the mould
was tapped lightly 10 to 15 times with an open hand to close voids. Each mould was
overfilled, and the mortar surface struck-off. The samples were weighed, and the plastic
density calculated and recorded to the nearest 10 kg/m3. The specimens were covered to
prevent evaporation.

Nominal 50 x 150 mm cylindrical specimens were cast in plastic moulds 50+2 mm
in diameter and 1502 mm in length. Fresh concrete was placed in three layers. After
placing each layer, the fresh concrete was gently rodded 10 to 15 times with a 10 mm
diameter steel rod, to close voids. Each mould was overfilled, and the mortar surface
struck-off. The specimens were covered to prevent evaporation.

Other specimen formats were cast and placed as described in the methodologies
below.

Demoulding was completed in accordance with ASTM C495, Section 6.5, with
specimens removed after risk of damage was past, but always within 7 days after the date

of creation.

5.1.5 Typical Moist-Curing Regimes

Unless noted otherwise, 28-day and 56-day moist-curing regimes were completed as
outlined in the following tables. Moist-curing occurred in a commercial humidity room

designed for curing concrete samples.

Period Temperature Humidity
Day 1 23+2°C Seal-cured
(contained in moulds)

Day 2* to Day 28 23+2°C Moist-cured
Day 28 Removal from moist-curing environment

for testing or for further conditioning
* N.B. Where fragile specimens were at risk of damage during demoulding, removal from moulds
was delayed in accordance with ASTM C495, Section 6.5.

Table 5.1.5a  Typical 28-day curing regime.



Figure 5.1.4a Typical finished surface of fresh (left) and hardened (right) foam concrete in 100 x 200mm
plastic moulds. The mix on the left is sanded, while the mix on the right contains no aggregate.

Figure 5.1.4b 50 x 150mm moulds, made from PVC (central vac) tubing and PP disc base. The PVC tubing was
cut longitudintally and taped together again, for ease of demoulding. Castings were consistently
circular, +1mm.

Figure 5.1.4c Demoulding process for 50 x 300mm diameter specimens, used for drying shrinkage testing.
Refer to Section 5.5.1.
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Period Temperature Humidity
Day 1 23+2°C Seal-cured
(contained in moulds)
Day 2* to Day 56 23+2°C Moist-cured
Day 56 Removal from moist-curing environment
for testing or for further conditioning

* N.B. Where fragile specimens were at risk of damage during demoulding, removal from moulds
was delayed in accordance with ASTM C495, Section 6.5.

Table 5.1.5b  Typical 56-day curing regime.

5.1.6 Typical Precision of Mass, Length Change Measurements

Masses were measured on a laboratory balance sensitive to within 0.1% of the weight of
the specimen. Unless otherwise noted, specimens were deemed to have reached
equilibrium (i.e., ‘constant mass’) in a given environment when change in mass was less
than 0.1% per day.

Unless noted otherwise, changes in length were measured using a length
comparator with a positive means of contact with the specimen via polished, heat-treated

terminals, and a dial micrometer graduated to read in units of 0.002 mm or better.

5.2 Determining Porosities and Densities

5.2.1 Apparent Porosity and Density Values

Apparent porosity was determined through vacuum saturation.! For each mix
tested, 50 x 150 mm cylindrical specimens were moist-cured for 28 days, and then exposed
to 50+2% relative humidity and 25+2°C until constant mass (minimum one year).

The mature specimens were oven-dried for two days at 50+0.9°C, and then
evacuated in dryness at 21+2°C for 24 hours at a pressure of 100 to 205 N/m?. The
vacuum pump was turned on for no less than four 30-minute intervals during the 24-hour
period, in order to exhaust gases from the chamber. Thereafter, distilled water at 21+2°C
was let into the chamber as swiftly as possible, entirely covering the specimens. Vacuum
pressure was maintained for 24 hours in the flooded chamber, allowing any remaining

gases to migrate above the water surface. After the vacuum pressure was released,

Cf. Fagerlund (1977), ASTM C830-00. In Chapter 6, ‘porosity’ refers to apparent porosity by vacuum saturation.
2 This approach varies somewhat from ASTM C830. Refer to Appendix ].



Figure 5.2.1a Vaccum saturation chamber, resevoir, pump, and drying oven.

Figure 5.2.1b 50 x 150mm specimens tested for porosity, after a long period of
evacuation. Stainless steel plates were used as weights to act against the
bouyancy of low-density specimens with dry interiors, during the initial
entry of water into the chamber.
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specimens were removed from the vacuum chamber and quickly placed underwater for
storage until volume and mass measurements could be determined.

Total sample volume, V, was determined by rapidly removing each specimen from
underwater, briefly permitting excess water to drip from the specimen surface, totally
immersing it in a water-filled container, and measuring the displacement of water
gravimetrically.? Saturated weight in air, Qs.a, was measured as the mass of the saturated
sample, wiped with a moist cloth. Oven dry density, Qq:105, was determined by drying the
samples at 105+0.9°C in an oven with forced ventilation, until constant mass. Apparent
porosity was calculated as (Qs:a - Qd:105)/(V ® pwater), Where pwater is the density of water.

Actual dry density values were determined by dividing the equilibrium mass of a
specimen at 50% RH, by the volume of the saturated specimen. Actual oven-dry density
values were taken as oven-dried mass, divided by the volume of the saturated specimen.

Actual plastic densities were determined by dividing the mass of fresh concrete in a
tared container, by the volume of the container. The volume of the container was
determined gravimetrically, using a balance sensitive to within 0.1% of the weight of the

filled container.

5.2.2 Theoretical Porosity and Density Values

Where testing results refer to theoretical porosity, values have been calculated from known
mix ingredients, as described in Appendix K.

Similarly, theoretical dry or oven-dry densities are calculated from known mix
ingredients. Theoretical dry values assume that 40% of free mix water remain in the

specimen in dry conditions, as capillary and adsorbed water. Refer to Appendix L.

5.3 Plastic Properties Testing

53.1 Slump Flow

The slump flow of various mixes was tested with reference ASTM C1611, Filling Procedure

B (Inverted Mold, Section 8.3.3). This ASTM method is intended for measuring the slump

2 This approach varies somewhat from ASTM C830. Refer to Appendix ].



Figure 5.3.1 Typical spread of fresh foam concrete.

upper
specimen

waste

lower
specimen

Figure 5.3.2 50mm high specimens were cut from the bottom and top of 100 x 200mm
cylinders for segregation testing (left), and oven-dried (right). A 6mm
thick layer was removed from the top and bottom surface of the cylinder,
to eliminate local effects of particle packing and finishing on density.
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flow of self-consolidated concrete, but is also commonly used to quantify the flow
characteristics of foam concrete.3

A sample of freshly mixed concrete was placed in a metal mold conforming to ASTM
C143, with a dampened interior and with the large opening of the mold facing downwards
(i.e., ‘inverted’). The concrete was placed in one lift without tamping or vibration. The
surface of the concrete was struck off, excess concrete was removed from the base of the
mold, and the mold was raised a distance of 225 * 75 mm in 3+1 seconds with a steady
upward lift. The entire test, from filling to removal of the mold, was completed within 2
minutes, 30 seconds.

After the concrete ceased spreading, the largest diameter of the concrete mass was
measured to the nearest 5 mm. A second diameter was measured at an angle
approximately perpendicular to the first measured diameter. Slump flow was taken as the
average of the two diameters. If the two diameters differed by more than 50 mm, the test
was deemed invalid, and was repeated.

The degree of circularity of the circumference of the concrete mass was observed
qualitatively, and recorded. The presence of any ‘halo’ of bleedwater around the outside

circumference of the concrete was also noted.

53.2 Segregation

Cylindrical test specimens, 100 x 200 mm, were cast and cured, as described in Sections
5.1.4 and 5.1.5. After 56 days of moist-curing, 6 mm thick slices were cut from both ends of
the cylinder using a lapidary saw, to remove cast and finished surfaces. Subsequently,

50 mm high cylindrical sections were cut from both ends of the cylinder. The 50 mm high
cylindrical sections were oven-dried at 50°C until constant mass, which was recorded as
dry mass. Specimens were then immersed in limewater until constant mass. Total sample
volume, V, was determined by rapidly removing each specimen from underwater, wiping it
with a moist cloth, totally immersing it in a water-filled container, and measuring the

displacement of water gravimetrically (refer to Appendix ]J). Dry density was taken to be

3 Note that ASTM C143/C143M, “Standard Test Method for Slump of Hydraulic-Cement Concrete,” is not suitable for
foam concrete, since concretes having slumps greater than about 230 mm may not be adequately cohesive for the test
to have significance. Refer to Note 2 in the Standard.



dry mass divided by volume of the saturated specimen, and the density of the two 50 mm
high cylinders was compared.
Where segregation of mix ingredients was visibly apparent, the condition of the

specimens was also documented with photographs.

5.4 Mechanical Testing

54.1 Compressive Strength

Proportioning, Mixing, and Casting
Proportioning and mixing was completed in accordance with Section 5.1.2 and 5.1.3.
Water-binder ratio was varied from 0.35 to as high as 0.85, in increments of 0.05. Foam
volume was adjusted to compensate for variations in the water-binder ratio. Cylindrical

test specimens, 100 x 200 mm, were cast as described in Sections 5.1.4.

Curing
Specimens were moist-cured in a commercial humidity room designed for curing concrete
samples. The curing regime was designed with reference to ASTM C495, Section 6.6, as

outlined in the following tables.

Period Temperature Humidity
Day 1 23+2°C Seal-cured
(contained in moulds)
Day 2* to Day 6 23+2°C Moist-cured
Day 7 23+2°C Air-cured
@45+10%RH
Day 7 7-Day Compression Testing
* N.B. Where fragile specimens were at risk of damage during demoulding, removal from moulds
was delayed in accordance with ASTM C495, Section 6.5.

Table 5.4.1a  Curing regime for 7-day compression testing.



Period Temperature Humidity
Day 1 23+2°C Seal-cured
(contained in moulds)
Day 2* to Day 25 23+2°C Moist-cured
Day 26 to Day 28 23+2°C Air-cured
@45+10%RH
Day 28 28-Day Compression Testing
* N.B. Where fragile specimens were at risk of damage during demoulding, removal from moulds
was delayed in accordance with ASTM C495, Section 6.5.

Table 5.4.1b  Curing regime for 28-day compression testing.

Period Temperature Humidity
Day 1 23+2°C Seal-cured
(contained in moulds)
Day 2* to Day 53 23+2°C Moist-cured
Day 54 to Day 56 23+2°C Air-cured
@45+10%RH
Day 56 56-Day Compression Testing
* N.B. Where fragile specimens were at risk of damage during demoulding, removal from moulds
was delayed in accordance with ASTM C495, Section 6.5.

Table 5.4.1c¢ Curing regime for 56-day compression testing

Measurements
Upon removal from moulds, the height of the specimen was measured to the nearest
0.5 mm. The diameter of the specimen was measured to the nearest 0.5 mm, calculated as
the average of two diameters measured at right angles to each other at about midheight of
the specimen. The cylinder was weighed. Its density was calculated from the measured

dimensions, and recorded to the nearest 10 kg/m3.

Testing
Compression testing was conducted with reference to ASTM C495, Section 7. Four
cylinders of 100 x 200 mm were used for 28-day compressive strength. Two cylinders of
100 x 200 mm were used for 7-day compressive strength, to provide an indication of
strength development. Three additional cylinders were cast for 56-day compressive
strength testing, to provide an indication of longer-term strength gain. These 56-day

cylinders were tested, if 28-day compressive strength results were favourable.



Figure 5.4.1b Additional compression tests were performed on unbonded specimens, in
a different testing frame. (Refer to Section 5.4.4.) Results are compared in
Figures 6.6.1.1a to 6.6.1.3b.
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Bearing faces of the test specimen were capped in accordance with ASTM C617,
using molten sulfur. Capped surfaces were made plane within 0.05 mm. (Additional tests
were conducted with specimen ends ground plane to within 0.05 mm, for comparison.
Refer to Section 5.4.4.)

After the sulfur caps had hardened sufficiently, bearing faces of the test specimen
and compression machine were wiped clean. The specimen was seated centrally between
the upper and lower bearing blocks. The applied load was increased continuously at a
constant rate, such that the maximum load was reached in 65 * 15 seconds, in conformance
with ASTM (€495, Section 7.2. The maximum load, type of failure, and appearance of the
concrete were recorded. Unit compressive strength was found by dividing the maximum

load by the average cross-sectional area.

5.4.2 Static Modulus of Elasticity

Specimen Preparation
Proportioning and mixing was completed in accordance with Section 5.1.2 and 5.1.3. For
each mix design and hydration time, three 100 x 200 mm cylindrical test specimens were
cast as described in Section 5.1.4. The water-binder ratio for each mix design was based on
optimal values previously determined during the course of the compression testing

described in Sections 5.4.1, above.

Curing
Specimens were moist-cured in in a commercial humidity room designed for curing
concrete samples. Specimens were briefly removed from the humidity room one day prior
to testing, for end-grinding of bearing faces in conformance with ASTM C617. Specimens
were removed from the humidity room again just prior to testing, as described in the

following tables.



Period Temperature Humidity

Day 1 23+2°C Seal-cured
(contained in moulds)

Day 2* to Day 27 23+2°C Moist-cured

Day 27 23+2°C Exposed to lab air and running water
during end-grinding of cylinders

Day 27 to Day 28 23+2°C Moist-cured

Day 28 23+2°C Air-cured

(less than 1 hour @ 45 +10% RH

prior to testing)

Day 28 28-Day Modulus of Elasticity Testing

* N.B. Where fragile specimens were at risk of damage during demoulding, removal from moulds

was delayed in accordance with ASTM C495, Section 6.5.

Table 5.4.2a  Curing regime for 28-day modulus of elasticity testing.

Period Temperature Humidity

Day 1 23+2°C Seal-cured
(contained in moulds)

Day 2* to Day 55 23+2°C Moist-cured

Day 55 23+2°C Exposed to lab air and running water
during end-grinding of cylinders

Day 55 to Day 56 23+2°C Moist-cured

Day 56 23+2°C Air-cured

(less than 1 hour @ 45 +10% RH

prior to testing)

Day 56 56-Day Modulus of Elasticity Testing

* N.B. Where fragile specimens were at risk of damage during demoulding, removal from moulds

was delayed in accordance with ASTM C495, Section 6.5.

Table 5.4.2b  Curing regime for 56-day modulus of elasticity testing.

Companion specimens
Prior to modulus of elasticity testing, three 100 x 200 mm companion cylinders with the
same mix design and curing regime were compression tested in conformance with Section
5.4.1. The maximum applied load used for modulus of elasticity testing was equal to 40%

of the average ultimate load of the companion specimens.

Measurements
Just prior to testing, the height of each specimen was measured to the nearest 0.1 mm. The
diameter of the specimen was measured to the nearest 0.1 mm, calculated as the average of

two diameters measured at right angles to each other at about midheight of the specimen.



Testing
Testing was conducted with reference to ASTM C469. An unbonded compressometer
sensing device was used, consisting of two yokes. One yoke was rigidly attached to the
specimen, and the other was attached at two diametrically opposite points so that it was
free to rotate. At one point on the circumference of the rotating yoke, midway between two
diametrically opposite support points, was a pivot rod, used to maintain a constant
distance of 100 mm between the two yokes at that location. At the opposite point on the
circumference of the rotating yoke, the change in distance between the yokes was
continuously measured using a string potentiometer, capable of measuring to the nearest
1.27 pm.

Bearing faces of the test specimen and compression machine were wiped clean. The
specimen was seated centrally between the upper and lower bearing blocks. The lower
bearing block was elevated at a constant rate of 1 mm per minute in conformance with
ASTM (C499, Section 6.4. When the applied load reached 40% of the average ultimate load
of the companion specimens, the actuator direction reversed, travelling at a rate of 1 mm
per minute. When the actuator returned to its origin, another compression cycle began.
The specimen was loaded six times. Data from the first cycle was excluded due to seating
effects, and calculations were based only on subsequent loadings.

Longitudinal deformation of the cylinder under load was calculated according to the

following formula:
er

4= (e g+ )
where
d is the total deformation of the specimen throughout the effective gauge length [um],
g is the gauge reading [um],
e, is the perpendicular distance, measured to the nearest 0.2 mm from the pivot rod to the
vertical plane passing through the two support points of the rotating yoke, and

eg is the perpendicular distance, measured to the nearest 0.2 mm from the gauge to the

vertical plane passing through the two support points of the rotating yoke.



Figure 5.4.2a Set-up for testing of modulus of elasticity and Poisson’s ratio. An unbonded compressometer
is attached to the specimen; the specimen is seated centrally in the testing frame. Asload is
applied, changes in specimen height and diameter are recorded continuously.

A location of gauge

upper yoke
(fixed) \

B support point of the rotating yoke

T C  location of pivot rod
gauge length d  displacement due to specimen deformation
(measured at B) r displacement due to rotation of the yoke about the pivot rod

gauge reading
=" T . perpendicular distance from the pivot rod to the vertical plane

7;(:. m— /B — _1d J passing through the two support points of the rotating yoke
lower yoke /' \L \L \L e, perpendicular distance fI‘OH'l the gauge to tl'le vertical plane passing
(rotates about C) e €, through the two support points of the rotating yoke

Figure 5.4.2b Diagram of displacements for modulus of elasticity testing. Elevation view.

middle yoke,
consisting of two
equal segments

hinged at C’ \

7

A location of transverse gauge

B’ support point of the yoke segments

C’  location of hinge between yoke segments

gauge length

(measured j , d’  transverse deformation of the specimen diameter
g .

between yoke c Q ' transverse gauge reading

support points) K

e’ perpendicular distance from the hinge to the vertical plane
passing through the two support points of the middle yoke

e’ perpendicular distance from the gauge to the vertical plane
‘ passing through the two support points of the middle yoke

Figure 5.4.3 Diagram of displacements for Poisson’s ratio testing. Plan view. Refer to Section 5.4.3.
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A stress-strain curve was plotted for each cycle. Strain was determined as the total
deformation of the specimen throughout the effective gauge length, d, divided by the
effective gauge length, 100 mm. Stress was calculated as applied force divided by the

average cross-sectional area of each specimen.

The modulus of elasticity, E, was calculated as
Sy =5

=, ~000050)

where
S, is the stress corresponding to 40% of ultimate load,
S; is the stress corresponding a longitudinal strain of 50 x 10-6, and

&, is the longitudinal strain produced by stress S,.

An average modulus of elasticity, E,, 4, was found from the data for cycles 2 to 6.

5.4.3 Poisson’s Ratio

Specimen Preparation, Curing, and Measurements
The same specimens used for modulus of elasticity testing were simultaneously evaluated
for Poisson’s ratio. The maximum applied load used for Poisson’s ratio testing was equal to

40% of the average ultimate load of three companion specimens.

Testing
Testing was conducted with reference to ASTM C469-14, using an unbonded extensometer
sensing device. Halfway between the two compressometer yokes used for modulus of
elasticity testing, a third yoke, consisting of two equal segments, was attached to the
specimen at two diametrically opposite points. The yoke was hinged at one point on its
circumference, midway between two diametrically opposite points, allowing the two
segments of the yoke to rotate in the horizontal plane. Atthe opposite point on the

circumference of the yoke, the change in distance between the yokes segments was



continuously measured using a string potentiometer, capable of measuring to the nearest
1.27 pm.

Bearing faces of the test specimen and compression machine were wiped clean. The
specimen was seated centrally between the upper and lower bearing blocks. The lower
bearing block was elevated at a constant rate of 1 mm per minute in conformance with
ASTM (C499, Section 6.4. When the applied load reached 40% of the average ultimate load
of the companion specimens, the actuator direction reversed, travelling at a rate of 1 mm
per minute. When the actuator returned to its origin, another compression cycle began.
The specimen was loaded six times. Data from the first cycle was excluded due to seating
effects, and calculations were based only on subsequent loadings.

Transverse deformation of the cylinder under load was calculated according to the
following formula:

d = geh
(e'h +¢€y)
where
d' is the total transverse deformation of the specimen diameter [um],
g’ is the transverse gauge reading [um],
e’y is the perpendicular distance, measured to the nearest 0.2 mm, from the hinge to the
vertical plane passing through the two support points of the middle yoke, and

e'g is the perpendicular distance, measured to the nearest 0.2 mm from the gauge to the

vertical plane passing through the two support points of the middle yoke.

Longitudinal strain, determined for the evaluation of modulus elasticity, was plotted
against transverse strain, for each cycle. Transverse strain was taken as the measured

change in specimen diameter, d’, divided by the original diameter.

Poisson’s ratio, y, was calculated from the modulus of elasticity data, as well as the

transverse strain, according to the formula

€2 — &1

K= e, — 0.00050)




where
&t 1s the transverse strain at midheight of the specimen produced by stress S,, and

& 1s the transverse strain at midheight of the specimen produced by stress S;.

The calculated Poisson’s ratio was drawn on the plot of longitudinal strain against
transverse strain, in order to confirm linearity of the relationship. An average Poisson’s

ratio, {4y 4, Was found from the data for cycles 2 to 6.

54.4 Crushing Behaviour

Specimen Preparation, Curing, and Measurements
The same specimens used for modulus of elasticity testing and Poisson’s ratio were

subsequently evaluated for crushing behaviour.

Testing
Immediately after the testing cycles were completed for determining modulus of elasticity
and Poisson’s ratio, the yoke apparatus used to measure displacements was removed.

The specimen was re-seated centrally between the upper and lower bearing blocks
of the compression machine. The lower bearing block was elevated at a constant rate of
1 mm per minute, applying load to the specimen, such that the maximum load was reached
in 65 + 15 seconds, in conformance with ASTM C495, Section 7.2.

During crushing, the compression machine continuously recorded the displacement
of the actuator and the force applied to the specimen. Strain was determined as actuator
displacement after contact with the specimen, divided by the height of the specimen. Stress
was found by dividing the applied force by the average cross-sectional area of the
specimen. Stress-strain curves were plotted from the data.*

The test was stopped after a total actuator displacement of 4 mm. The maximum

load, type of failure, and appearance of the concrete were recorded. Unit compressive

4 The initial portion of each plot (i.e.,, where the applied load were less than 20% of the maximum load) was permitted
to be adjusted to eliminate seating effects, based on the linearity of data collected during Modulus of Elasticity testing
in Section 5.4.2.



strength was found by dividing the maximum applied force by the average cross-sectional

area of the specimen.

5.4.5 Creep

Specimen Preparation
Eight 100 x 200 mm cylindrical specimens were proportioned, mixed, and cast in

accordance with Sections 5.1.2 to 5.1.4.

Companion specimens
Just prior to modulus of elasticity testing, three of the 100 x 200 mm cylinders were
compression tested in conformance with Section 5.4.1, except that ends were ground plane,
rather than being capped with molten sulphur. The maximum applied load used for the
first creep test was equal to 20% of the average ultimate load of the companion specimens.
The maximum applied load used for the remainder of the creep tests was equal to 40% of

the average ultimate load of the companion specimens.

Testing
Evaluation of creep was based on a modified form of ASTM C512.>

Specimens were moist-cured for a total of 56 days. After 55 days of curing,
specimens were temporarily removed from the humidity room. Bearing faces were end-
ground in conformance with ASTM C617, and exposed surfaces were then permitted to
desorb to laboratory air for up to 2 hours. Two pairs of stainless steel locating discs,
suitable for receiving a demountable mechanical (DEMEC) strain gauge, were epoxied on
diametrically opposite sides along the length of each specimen, at gauge lengths of 100 mm.
After the epoxy had hardened for 1 hour, specimens were returned to the fog room for the
final day of curing.

At 56 days, the gauge distance between pairs of locating discs were recorded to the
nearest 0.002 mm, as initial gauge length measurements. The height of each specimen was

measured to the nearest 0.1 mm. The diameter of the specimen was measured to the

5 ASTM C512/C512M-15



nearest 0.1 mm, calculated as the average of two diameters measured at right angles to
each other at about midheight of the specimen.

All five cylinders were then removed from the humidity room, and brought to an
environment maintained at a temperature of 25+2°C, and relative humidity of 50+2%.
Specimens were maintained in a moist environment until just prior to being stacked in the
loading frame.

Three cylinders were stacked in a steel loading frame, as shown in Figure 5.4.5a.
The cylinders were separated by 3.2 mm thick steel plates, acting as transfer plates to avoid
transmitting differential strain between specimens. The top and bottom of the loading
frame were connected with two threaded rod assemblies. 12 mm thick upper and lower
steel platens were located midway between the two threaded rods, separated from the
steel frame by 19 mm diameter spherical steel spheres centred in conical depressions, to
reduce eccentric loading on the cylinder stack. A load cell was placed above the uppermost
cylinder, between the upper platen and a 3.2 mm thick steel plate. Compression was
applied to the specimens by tightening nuts at the top of the threaded rods against stacks of
disc springs, designed for the intended loads. The stiff disc springs reduced variation in
applied loading due to displacement resulting from deformation of the cylinders. The
desired compression was achieved within 5 minutes of applying load.

The two remaining cylinders for each mix were used as control specimens, placed in
the same environment as the loaded samples, to observe the length change due to drying
shrinkage. The ends of the two control specimens were capped with microcrystalline wax,
so that moisture loss would match the drying patterns of the loaded specimens, where
moisture loss through the ends was prevented by the steel plates.

Following the initial loading, measurements of loaded and control specimens were
taken according to the following schedule:

- immediately

- daily until the end of the first week

- weekly until the end of the first month

- monthly thereafter until the end of six months

- bi-monthly thereafter until the end of one year



Figure 5.4.5a Unsealed creep specimens in controlled climate chamber: (a) insulated, low emissivity walls;
(b) temerature and RH sensor; (c) dehumidifier; (d) humidifier; (e) electric resistance heater;
(f) cooling coil; (g) fans; (h) creep frames with specimens; (i) data logger; (j) power supply.

Figure 5.4.5b Detail of creep frames. Specimens bear against thick steel platens. Load cells bear against
spherical steel spheres, centred in conical depressions in the steel frame, to reduce eccentric
loading on the cylinder stack. Varying combinations of disc springs, tuned for each intended
load, reduce variation in applied loading as the specimens deform. Nuts on the threaded rods
are tightened regularly to accomodate displacement.
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Loaded specimens were evaluated for changes in length, and control specimens were
evaluated for changes in length as well as changes in mass, to register the loss of moisture
from the specimens. The nuts at the top of the assembly were routinely tightened, to keep
applied loads close to target loads, accounting for creep of the specimens. Actual applied

loads are available in Appendix R.

The total load-induced strain per unit stress at any time was calculated as the difference
between the average strain values of the loaded and control specimens, divided by the
average stress. To determine creep strain per unit stress at a given age, the strain per unit
stress immediately after loading was subtracted from the total load-induced strain per unit
stress at that age.

The total strain per unit stress was plotted against a logarithmic axis of time, to

determine the constants 1/E and F(K) for the following equation:
1
£ = <E> + F(K)In(t + 1)

where ¢ is the total strain per unit stress, MPa;
E is the instantaneous elastic modulus, MPa;
F(K) is the creep rate, calculated as the slope of a straight line representing the
creep curve on a semilog plot; and
t is the time after loading, days.
1/E is the initial elastic strain per unit stress, and was determined from the strain readings

taken immediately before and after loading of the specimen.

An alternative methodology for evaluating creep was also developed, as described in
Appendix M. This methodology proposed applying force using a gravity load and a lever
arm, to minimize the possibility of variation in the applied force, due to the changing length
of the specimens during the course of the experiment. However, the smaller scale of the
creep apparatus proved to be more convenient during this experimental program. The
smaller testing apparatus allowed testing to be conducted in a climate control chamber
with more tightly controlled conditions. The variation in loading experienced during

testing was managed through routine tightening of the nuts against the disc spring stacks.



5.5 Hygroscopic Testing
5.5.1 Drying Shrinkage

Evaluation of drying shrinkage was conducted with reference to ASTM C157,> and MTO
Test Method LS-435.7 Alterations to the standard, especially in the manner of specimen

preparation, helped facilitate the rapid manufacture of a large number of specimens.

Specimen Preparation
Mixes were proportioned in conformance with Section 5.1.2. Ingredients were brought to a
temperature of between 18 and 24°C prior to mixing.

Three cylindrical specimens were cast for each mix design, in vertical plastic moulds
of 502 mm diameter and 300 mm height. Moulds were lightly coated with concrete form
release oil. Fresh foam concrete was placed in approximately 6 layers. After placing each
layer, the outside of the mould was tapped lightly 5 to 10 times with an open hand to close
voids. When the concrete was within 153 mm of the top of the mould, a 7.9 mm diameter
x 57 mm long (5/16” dia. x 2 ¥4”) stainless steel bolt was suspended into the mix, with the
head of the bolt directed downwards. The head and plain shank were embedded to a depth
of approximately 35 mm, such that the distance from the bottom of the concrete to the
lower surface of the bolt head was 250+2 mm. The plain shank was coated with concrete
form release oil prior to placement, so that drying shrinkage in the concrete above the bolt
head would have minimal influence on length change occurring below the bolt head.
During set-up of the concrete, the bolt was threaded into a tee-nut, which was supported on
a 6 mm thick piece of open cell foam, adhered to a plastic cap. The foam permitted initial
shrinkage of the concrete, without inducing additional stresses at the bolt head. (Refer to
Figure 5.1.4c.)

All specimens were demoulded at 23 hours, 30 minutes + 15 minutes after initial
hydration of the cement. A stainless steel domed cap nut, with a 0.5 mm diameter central
conical drilled depression, was turned onto the threaded end of the bolt and jammed

against a stainless steel nut. A DEMEC stainless steel locating disc was epoxied to the

6 ASTM C157/C157M-08
7 MTO Test Method LS-435 (2001)
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centre of the bottom face of the cylindrical specimen. Specimens were placed in their
respective curing environments at 24 hours * 15 minutes after initial hydration of the

cement.

Curing
The influence of curing regime on drying shrinkage was matter of interest in this study.
Three distinct curing regimes were used, for comparison.

The first curing regime included moist-curing in a commercial humidity room

designed for curing concrete samples, and lasted for 28 days.

Period Temperature Humidity
Day 1 23+2°C Seal-cured
(contained in moulds)
Day 2* to Day 28 23+2°C Moist-cured
End of Day 28 Removal from moist-curing environment
*N.B. Day 2 began at 24 hours # 15 minutes after initial hydration of the cement, for all specimens.

Table 5.5.1a  28-day moist-curing regime for drying shrinkage specimens.

The second curing regime included water-curing in limewater, saturated with high-

calcium hydrated lime in conformance with ASTM C511, Section 7.2, and lasted for 28 days.

Period Temperature Humidity
Day 1 25+2°C Seal-cured
(contained in moulds)
Day 2* to Day 28 25%2°C Water-cured
End of Day 28 Removal from moist-curing environment
*N.B. Day 2 began at 24 hours # 15 minutes after initial hydration of the cement, for all specimens.

Table 5.5.1b  28-day water-curing regime for drying shrinkage specimens.

The third curing regime included water-curing in limewater, saturated with high-
calcium hydrated lime in conformance with ASTM C511, Section 7.2. Specimens were seal-

cured for 24 hours, followed by 24 hours of water-curing.
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Figure 5.5.1b Detail of stainless steel domed cap nut, mounted on stainless steel bolt.
A central conical drilled depression in the cap nut provided a reliable,
positive means of contact with the the terminals of the dial gauge. The
plain shank of the embedded bolt was coated with form release oil prior to
placement, to reduce influence on length change below the bolt head.
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Period Temperature Humidity
Day 1 25+2°C Seal-cured
(contained in moulds)
Day 2* 25%2°C Water-cured
End of Day 2** Removal from water-curing environment

*N.B. Day 2 began at 24 hours + 15 minutes after initial hydration of the cement, for all specimens.
**N.B. Day 2 ended at 48 hours * 15 minutes after initial hydration of the cement.

Table 5.5.1c ~ 1-day water-curing regime for drying shrinkage specimens.

Testing
Upon completion of the curing regime, the length and mass of each specimen was recorded
in conformance with Section 5.1.6. Thereafter, specimens were stored in a curing
environment of 25+2°C and 50%2% relative humidity. A minimum 25 mm gap was
maintained between specimens for the first four months; thereafter, specimens were
permitted to be stored within 10 mm of each other, to reduce space requirements. Regular
measurements were taken according the following schedule:
- daily until the end of the first week
- weekly until the end of the first month
- at28days, and at 56 day
- bimonthly thereafter until the end of one year
The actual time at which measurements were taken was recorded within a five-minute
accuracy. The change in length due to drying shrinkage of each specimen was plotted
against time, on a semi-log graph.
The mass of specimens was adjusted to account for the stainless steel studs and

locating discs, and change was plotted against time, on a semi-log graph.

Measurements from 7 days, 28 days, 56 days, 112 days, and 12 months after the end of the
curing regime, were taken at the prescribed time interval + 1%. This level of precision was
deemed sufficient to facilitate numeric comparison of specimen results at these time
intervals.

Shrinkage testing results were also compared to the movement of unloaded

companion cylinders used in the creep testing described in Section 5.4.5.



Companion specimens
For several of the mix designs and curing regimes tested, 50 x 150 mm cylindrical
specimens were cast from the same fresh batch, in conformance with the process described
in Section 5.1.4. These companion specimens were subject to the same curing regimes and
drying environments as the drying shrinkage specimens. By measuring their masses
during drying, and evaluating the specimens in conformance with Section 5.2.1, the loss of
moisture content over time could be expressed as a percentage of dry mass or volume, for

the 50 mm diameter cylindrical specimens.8

5.5.2 Moisture Storage

Drying shrinkage specimens described in Section 5.5.1 were also used to produce moisture
storage functions for the mixes. Specimens were water-cured for 28 days, and then
conditioned for one year at 50+2% RH, as noted above.

Equilibrium moisture contents (EMCs) at 25+2°C and 50+2% were established for
each mix. 50 x 150 mm companion specimens were oven-dried at 105+2°C until constant
mass, to drive free water out of the specimens. The specimens were then vacuum-
saturated, and volumes determined as described in Appendix J. EMC was taken to be the
change in mass from 50% RH to oven dry conditions, divided by volume.

A second set of 50 x 150 mm companion specimens, conditioned at 50% RH, was
immersed in water until constant mass, facilitating liquid water absorption (saturation).
Volumes were determined gravimetrically; specimens were then oven-dried at 105+2°C.
Water absorption at saturation was taken to be the change in mass from saturated to oven-
dry conditions, divided by volume.

Concurrently, specimens were stored at 50+2, 80+2, and 90+2% RH, respectively.
Temperature was maintained at 25+2°C in these three environments. The mass of the steel
studs and locating discs was subtracted from the measured masses. Accumulated moisture

content relative to oven dry mass was calculated based on EMCs determined at 50% RH,

8  The rate of drying of both the 50 x 150 mm and 50 x 250 mm specimens is assumed to be similar, since the surface
area of the curved cylinder wall will have a dominant influence on the drying potential for both specimen formats.



and the proportional increase in the mass of the foam concrete. EMCs for humid
environments were determined after specimens had reached constant mass.
Moisture storage functions at 25°C were produced by plotting equilibrium moisture

content against relative humidity.

5.5.3 Moisture Movement

Cylindrical specimens, 50 x 150 mm, were conditioned in 50+2 % RH for one year.
Stainless steel locating discs were epoxied to the centre of cylinder ends. Length and mass,
with and without locating discs, were recorded. One set of specimens were immersed in
water at 25°C, facilitating liquid water absorption (saturation). A second set of specimens
were oven-dried at 50+0.9°C until constant mass.

The change in length of the specimens subjected to immersion and drying,
respectively, were plotted as a percentage of the initial length of the specimen at 50% RH.

Drying shrinkage specimens described in Section 5.5.1 were re-used for an
additional investigation. Specimens stored in 50% RH were immersed in distilled water for
14 days. Length and mass measurements were recorded periodically. The saturated
specimens were subsequently returned to storage in 50+2% RH. Length and mass
measurements were recorded periodically, until specimens reached constant mass. Initial

specimen length in 50% RH was compared to the length after one wetting and drying cycle.

5.54 Capillary Water Uptake

Capillary water uptake was determined through the method of assessing the capillary
degree of saturation proposed by Fagerlund,’ and with reference to the recommendations
of ISO 1514819 and ASTM C1585.11 Cylindrical specimens, 200 x 100 mm, were cast and
moist-cured for 56 days. Two 50+2 mm high samples were cut from the center of cured
cylinders for each mix design. The cylindrical sections were stored in 50£10% RH for more
than three months, until constant mass. Specimens were then placed on a plastic lattice in

a tray of water such that one flat surface was immersed in 1 to 3 mm of water. Water and

9  Fagerlund (1977).
10 ]SO 15148 (2002)
11 ASTM C1585-13



Figure 5.5.4a 50 x 150mm specimens immersed fully in water, for water absorption and
moisture movement testing.

Figure 5.5.4b 100 x 50mm specimens, with lower surface immersed in 1 to 3mm of
water, for capillary water uptake testing.
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air temperature were maintained at 23+2°C. Water was added to the tray to maintain
immersion of the surface, as required. Samples were taken from the lattice and weighed at
intervals of 2, 5, 10, 30 minutes; 1 2, 4, 6, 24 hours; and 2, 4, 7, 14 days, from the start of the
test. The accumulation of water mass in the sample per unit area of immersed surface was
plotted against the square root of time, and interpreted in accordance with ISO 15148 and
ASTM C1585. (A discussion of differing methodologies is presented in Appendix M.)

The degree of capillary saturation for each specimen, Scap, was defined as the degree
of saturation for water uptake times longer than the ‘nick-point time’; that is, the time at
which water uptake sharply decelerates, as indicated on a plot against the square root of
time. The calculated degrees of saturation for shorter times cannot be used since an upper
part of the specimen is still dry and, consequently, the values are not representative of the
lower, wet part. The degree of capillary saturation is used for establishing the freeze-thaw
resistance of various mixes, as explained in Section 5.8.1 below.

In order to consider the influence of specimen conditioning on capillary water
uptake, a variation of the test was conducted. All aspects of the testing remained the same,
including the specimens used, except that prior to wetting, specimens were placed in a
ventilated drying oven at 50£0.9°C until constant mass to drive free water out of the
specimens. Results of the two testing protocols were compared. Specimens were oven-
dried at 105+0.9°C, in conformance with the methodology described in Section 5.2.1, in

order to determine the initial degrees of saturation of the specimens for both tests.

5.6 Thermal Testing

5.6.1 Thermal Conductivity

Steady state thermal conductivity was performed with reference to ASTM C518 using a
LaserComp heat flow meter instrument, manufacturered by LaserComp Inc. Selected mixes
were proportioned, mixed and placed stiff, non-absorbent moulds to produce foam
concrete panels with approximate dimensions of 200 x 200 x 75 mm. After 28 days of
moist-curing, the panels were conditioned in an environment of 23+2°C and 50+10% RH

for six months prior to the start of the test. The mass of each specimen was recorded to the



Figure 5.6.1a Foam concrete panel for thermal thermal conductivity testing, taped
tightly to pine guard (left). Flexible, dimpled plastic facers mats (right)
were used to ensure consistent conductivity between the specimens and
the hot and cold plates of the guarded hot plate apparatus.

Figure 5.6.1b Set-up for thermal conductivity testing. Specimen is loaded in the guarded
hot plate apparatus on right. Heat transfer between the hot plate, panel,
and cold plate is automatically recorded every minute until steady state
conditions are achieved.
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nearest 0.1g, and the dimensions of each panel were recorded to the nearest 0.5 mm.
Density was calculated as the quotient of mass and volume and reported to the nearest
10 kg/m3.

Each panel was then prepared for testing in a guarded hot plate apparatus. A
thermal guard of clear white pine was affixed to the perimeter of each foam concrete panel,
producing a panel with overall dimensions of 300 x 300 x 75 mm, suitable for the
dimensions of the apparatus. The guard was assumed to have a sufficiently similar thermal
conductivity as the foam concrete panels, to facilitate steady-state conditions.
Furthermore, a flexible, dimpled plastic mat approximately 1 mm thick was placed as a
facer on the top and bottom of the sample, to ensure consistent conductivity between the
specimen and the hot and cold plates of the guarded hot plate apparatus, despite any
roughness or unevenness in the casting surface.

A hot plate with a temperature was placed on top of the panel, while a cold plate
was placed at the base of the panel, for mean temperatures of -4, 4, 10, and 24°C. (Hot
plate setpoint temperatures were 10, 18, 24, and 38°C, while cold plate setpoint
temperatures were -18, =10, -8 and 10°C, respectively.) Heat transfer between the hot
plate, panel, and cold plate was automatically recorded every minute until steady state
conditions were achieved. Data was analyzed using software to determine an average
thermal conductivity value for the assembly. The thermal resistance for the foam concrete
panel was determined by subtracting the contribution of the flexible, dimpled plastic mat,
as described in Appendix N.

The thermal resistance value for each specimen was plotted against its density, and

compared to other values published in the open literature.

5.7 Freeze-Thaw Testing

5.71 Freeze-Thaw Susceptibility: Degree of Saturation

Freeze-thaw susceptibility was determined with reference to the method proposed by

Fagerlund.? For each mix design, 7 cylindrical specimens of 50 mm diameter and 150 mm

12 Fagerlund (1977)



length were cast, moist-cured for 28 days, and then stored at 50+2% RH and 25+2°C until
constant mass. Stainless steel locating discs were epoxied on either end of each specimen.
The mass of the specimens plus locating discs was recorded, and length was determined to

the nearest 0.002 mm.

Preliminary benchmarks for 0% and 100% saturation were established based on dry
densities at 50% RH and long-term immersion, respectively, of companion specimens.

Freeze-thaw specimens were then wetted. Specimens were not vacuum-saturated,
since this process might distribute moisture throughout the pore structure of the foam
concrete in a way that was not representative of actual moisture ingress in foam concrete.
Large quantities of water would be drawn by vacuum into air voids, producing high
apparent moisture content values. However, water in partially filled air voids can freeze
and thaw without inducing damage, causing the foam concrete specimens to appear
unrealistically freeze-thaw resistant for a given moisture content.!? Instead, foam concrete
specimens were permitted to soak in distilled water,# fully saturating the capillary pore
structure, since accumulation of ice in filled capillary voids is typically responsible for
mechanical damage.!>

The length of each saturated sample was recorded to the nearest 0.002 mm. The
volume of each saturated specimen was determined via displacement in water. (Refer to
Appendix ].) The first three specimens were then permitted to dry in air, such that they
were conditioned to degrees of saturation of 60, 80 and 100%, based on their densities.
Upon reaching a desired degree of saturation, the length and mass of each specimen was
recorded. Each specimen was wrapped in a continuous vapour barrier in such a way that
locating disc were exposed (Figure 5.7.1a). Length could thus be measured without
removing the vapour barrier and exposing the specimen to dry air, reducing the risk of

moisture movement (refer to Section 6.13).

13 Conversely, small, insolated voids of the freeze-thaw specimens that would not normally fill with liquid water might
be saturated by vacuum pressure, and might not readily release moisture during drying, affecting results.

14 Immersing the specimens in distilled water will have some effect on the chemistry of the hardened cement paste, as
calcium hydroxide is leached from the specimens. Nevertheless, use of distilled water was deemed preferable to
limewater, to reduce osmotic effects during freezing.

15 Refer to Appendix A, Section 6.3.5c¢ for further discussion. Refer also to Appendix M for a discussion of methodologies.



The wrapped specimens were sealed in polyethylene bags and suspended in a freeze-thaw
bath of 30% propylene glycol in aqueous solution. The following freeze-thaw regime was
repeated for 12 cycles:

- bath temperature of 10°C maintained for a 1-hour period

- bath temperature decreased from 10°C to -15°C over a 2-hour period

- bath temperature of -15°C maintained for a 2-hour period

- bath temperature increased from -15°C to 10°C over a 2-hour period

- bath temperature of 10°C maintained for a 1-hour period
After 12 cycles, the specimens were allowed to acclimatize to an ambient temperature of
23%2°C. They were removed from their seals, and the length and mass of each sample was
immediately measured. Any evident length change (dilation) in the sample was deemed to
have been caused by freeze-thaw damage.

Length change was plotted against degree of saturation. The critical degree of
saturation, Scg, was defined as the nick-point value indicated by the figure. The critical
degree of saturation represents the highest degree of saturation that may be permitted for
the mix design, without significant risk of freeze-thaw damage.

Based on the critical degree of saturation indicated by the figure, additional degrees
of saturation were established to provide greater resolution around the apparent critical
degree of saturation. Untested and undamaged specimens were conditioned to these new
benchmarks, and subjected to the freeze-thaw regime described above. New data was
added to the plot, and the value for Scr was refined. Damaged specimens were oven-dried
to precisely determine their moisture content at the time of freeze-thaw testing; plots of
dilation against moisture content were updated accordingly.

The critical degree of saturation was compared to actual degrees of saturation for

mixes in various states of wetting, such as for various times of capillary water uptake.

5.7.2 Freeze-Thaw Susceptibility: Saline Scaling

This test method was developed with reference to Test Method LS-412 from the Ministry of

Transportation, Ontario,’® and ASTM C1262. The methodology described below is an

16 MTO LS-412 (1997). Cf. OPSS 1352 (1989).



Figure 5.7.1a 50 x 150mm specimen sealed to prevent moisture loss. A 4mm diameter
apeture in the taped ends, centred on the stainless steel locating discs,
facilicated a positive connection to the terminals of the length comparator.

Figure 5.7.1b Specimens were suspended in a freeze-thaw bath of 30% propylene glycol,
and subjected to 12 freeze-thaw cycles. Evident length change (dilation)
in the sample was deemed to have been caused by freeze-thaw damage.
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adaptation of these standard for foam concrete testing. Note that an initial trial was
attempted which adhered more strictly to the MTO standard, but this methodology was
abandoned as unsuitable for use with foam concrete, as explained in Appendix M.

For each mix design, three foam concrete panels were cast in rigid, non-absorptive,
prismatic moulds, with dimensions of 300 x 200 x 75 mm. Specimens were moist-cured for
56 days.

At 56 days, each specimen was placed in a pan, elevated above the bottom of the pan
using two 2 mm thick by 10 mm wide by 250 mm long strips of polymethylmacrlite. The
strips were located along the short edges of the specimens, such that the contact area of the
foam concrete and PMMA was 10 mm by 200 mm. The finished face of the specimen was
oriented downwards. Pans were tapered, to accommodate expansion of water during
freezing.

A solution of 3% sodium chloride was poured into two of the pans to a depth of
4+1 mm, such that one surface of the specimen was submerged to a depth of 2+1 mm. The
remaining pan was filled to the same depth with distilled water. The specimens were
stored at room temperature for 24 hours, to permit capillary water uptake. Liquid in the
pans was replenished as required.

The panels were then stored in a freezing environment of -18+2°C, supported on
wooden strips to permit free circulation of cold air, for between 16 and 18 hours. After this
time, the samples were permitted to thaw for 6 to 8 hours in a condition of 23+2°C and a
relative humidity of 50+5%. Aqueous solution was added as required to maintain an
immersed depth of 2+1 mm, before returning the samples to the freezing environment for
the next cycle.l” The order of the panels in the freezing chamber was rotated with each
freezing cycle.

After five freeze-thaw cycles, any loose flakes and particles of concrete were washed
from the surface of each panel and collected in a funnel of filter paper. The particles were
oven-dried at 50+0.9°C until constant mass, and the loss of mass from each panel was

recorded.

17 In general, the immersed face of the specimens remained saturated, while the top surface of the panels were dry, due
to sublimation of capillary water exposed to freezing air. Approximately 6 hours after the start of each thawing cycle,
any condensation that had collected on the cold concrete was wiped once with a dry clean cloth.



Figure 5.7.2a Storage of saline scaling specimens in freezing chamber. The order of the
containers was rotated with each freezing cycle.

Figure 5.7.2b Typical accumulation of loose flakes and particles of concrete (scale) from
foam concrete panel surface after 5 freeze-thaw cycles in 3% sodium
chloride solution. Images of scaled surfaces are shown in Section 6.16.2.
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The damaged surface of the specimens was photographed. Specimens were
returned to their pans, and either 3% sodium chloride solution or distilled water was
replenished to provide an immersed depth of 2+1 mm, before recommencing the next
series of freeze-thaw cycles. Note that specimens were kept frozen in the event of any
interruption to the daily cycling.

Testing was terminated after 50 cycles. Cumulative loss of mass from each panel

was plotted against the number of freeze-thaw cycles.

5.8 Microstructural Analysis

58.1 Qualitative Air-Void Analysis

Physical microstructural differences were revealed by cutting specimens with a lapidary
saw to expose their internal pore structures. Photographs were taken of the specimens’
sections with a high-resolution camera, arranged in a matrix according to cementitious
blend and density, and reproduced at four levels of magnification, to facilitate general

observation of pore size, uniformity, and interconnectivity.

58.2 Quantitative Air-void Analysis

Evaluation of air-voids was conducted with reference to ASTM C45718 and EN 480-111°
standards. Testing was conducted using a flatbed scanner.2?

Cylinders, 100 x 200 mm, were cast and cured in accordance per Section 5.1.4. After
28 days, each cylinder was cut using a lapidiary saw, and a 90 x 90 x 25 mm thick sample
was removed for processing.

One face of the sample was ground and lapped with successively finer grits of 80,
100, and 120. A thin layer of lacquer and acetone was applied to the sample surface before
each step, to strength the paste. Swarf was flushed away from the specimen surface during

grinding with a continuous stream of water. Flatness was confirmed using a straight-edge,

18 ASTM C457/C457M-12
19 EN 480-11 (2001)
20 Jakobsen et al. (2006)



Figure 5.8.1a Set-up for photographing air-void structure of foam concrete specimens.

Figure 5.8.2a Surface of specimen coloured in black for air-void analysis.
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and by periodically applying crayon marks in the low spots of the specimen and ensuring
that the marks were fully ground away.

After achieving suitable flatness, grits of 320, 600, 800, and 1200 were used
successively to further improve the resolution of the sample surface. The quality of the
concrete was evaluated visually, until the concrete paste was observed to be smooth,
without ripping or tearing of the air void edges.

After the final grinding, accumulated lacquer in the sample surface was removed
with acetone. The specimen surfaces were scanned with a flatbed scanner having an
optical resolution of 6400 dpi (5.1 um per pixel).

The surface of the sample was coloured black using a broad tipped marker pen.
Slightly overlapping lines were drawn over the entire surface of the sample; the samples
was turned 90°, and the process repeated. The ink was allowed to dry completely.

White BaSO4 powder with an average grain size of 2 um was tamped into the voids
using a hard rubber stopper. The surface was cleaned by gently dragging the edge of a
rubber plate across the sample surface, and then by rubbing the surface smooth with the
palm of the hand, taking care not to disturb the white powder in the air voids.

After preparation, the samples were scanned one more time on the flatbed scanner.
All automatic software adjustments were turned off. Images were then opened in Image]
software, and converted to binary using a threshold of 108. The “Watershed” command
was applied to segment touching objects. The progression of applied filters is shown in
Section 6.17.2. Note that calibration against a known reference?! was not completed, so
results should be taken as preliminary. The average area of each air void was determined
using the “Analyze particles” command: voids at edges were excluded. Data was imported
into Excel, and air void diameter was plotted against the cumulative area of the air-void

system.

21 For example, the RapidAir 457 automated air void analysis system manufactured by Concrete Experts International.
Cf. Jakobsen et al. (2006)
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6

Experimental Program:
Results and Discussion

A graphic roadmap to the experimental program is provided on the opposite page.

In Section 6.1, appropriate water-binder ratios are established for each mix by
examining the influence of water-binder ratio on compressive strength and visible
segregation. In Sections 6.2 to 6.5, mixes with suitable water-binder ratios are tested
further, to confirm foam concrete quality and consistency of results. Viable mixes are then
evaluated for additional mechanical, hygric, and thermal properties, as reported in Sections

6.6 to 6.16. Microstructural analyses, in Section 6.17, help to explain observed trends.

6.1 Influence of Mix Design on Water Demand

In Section 6.1.1, water-binder ratios are varied for a series of mixes with varying
cementitious blends. Cementitious densities were maintained at 410 kg/m3 for these
mixes. In Section 6.1.2, water-binder ratios are varied for Portland cement mixes with
varying cementitious densities. Note that reported water-binder ratios cited throughout
the experimental program do not account for the contribution of the dilution water from

the foam. Refer to Section 6.1.6 for further discussion.



Figure 6.1.1a Figure 6.1.1b

Bleedwater evident on surface of a freshly-cast From left to right, water-binder ratios of 0.6, 0.65, 0.7, 0.75,

cylinder. and 0.8. Segregation is evident in mixes with high w/b ratios.
Note the whitish veins running through specimens on the
right, where cement has dropped from the mix.

6.1.1 Varying Cementitious Blend, Constant Cementitious Density

Compression strength is plotted against water-binder ratio, in Figures 6.1.1.1a to 4f. The
plots indicate optimal values, and record mix tolerance to over- or under-watering.

Where the water supplied was insufficient, collapse of the foam was observed.
Water was drawn from the aqueous foam to hydrate the cement, and bubbles ruptured
during mixing due to the stiffness of the paste. Furthermore, reduced workability in mixes
with a low water-binder ratio made it somewhat more difficult to blend the foam
thoroughly within the mix in order to produce a homogenous paste. Compression results
for water-binder ratios below certain thresholds were discounted, as indicated on the
figures, due to observed foam collapse.

Where the supplied water-binder ratio was too high, the paste was not thick enough
to avoid segregation, and bleed water was evident on the surface of freshly cast cylinders
(Figure 6.1.1a). Foam bubbles rose and concentrated near the top surface of the cylinder,
producing a weak zone that collapsed readily during compression testing, resulting in
failure types similar to “Type 6’. In mixes with extremely high water-binder ratios, cement
particles sank to the bottom of the mix, forming a dense, bubble-free layer, while a low-
density mass of foam and cement particles floated on top of a layer of water (Figure
6.1.1b). Compression results for water-binder ratios above certain thresholds were

omitted, as indicated on the figures, due to due to evident bleeding and segregation.
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6111 Filler-Binder Ratio of 0:1

Data for mixes with no filler are shown in Figures 6.1.1.1a to 1f.

Water demand varied widely according to cementitious blend. The optimal water-
binder ratio of a Portland binder mix was found to be approximately 0.55. The mix showed
reasonable tolerance to over- or under-hydration: where the water-binder ratio was 0.50
or 0.60, the reduction in strength was only 6%.

Mixes with 30% and 50% slag replacement required less water than for 100%
Portland binder mixes. Bleedwater was also evident at much lower w/b ratios. Lower
optimal w/b ratios may be expected, for two reasons: first, the glassy surface of slag
accommodates less adhered water than the rough surface of Portland cement particles; and
second, the reaction of slag is mostly pozzolanic, rather than hydraulic, therefore less water
is initially chemically required and incorporated into the mix. Mixes also appeared to
become less tolerant to non-optimal w/c ratios as the proportion of slag was increased, due
to the inability of slag to store additional water on the flat, glassy surfaces its particles.

The addition of silica fume, conversely, increased water demand. Silica fume is
extremely fine, and a large amount of water is required to completely cover its surface area
and provide suitable workability.

Silica fume mixes exhibited somewhat unusual results. The performance of the mix
with 6% SF appeared very tolerant to variations of w/b ratio, while the mix with 12% SF
exhibited a relatively high peak at a w/b ratio of 0.70. In order to confirm that these results
were repeatable, two additional cylinders were created according to the same mix recipe
and prepared in the same manner as the original set. Compression results from these
additional tests are depicted as hollow, square data points in Figure 6.1.1.1f. Break results

from the second set of cylinders showed good conformity with the original data.

6112 Filler-Binder Ratio of 1:1

A filler-binder ratio of 1:1 was used for the mixes shown in Figures 6.1.1.2a to 2f. In
general, the optimal water demand appeared to be higher with the addition of the fine
aggregate. This phenomenon may be attributed to the increased surface area of solids

within the mix, which had to be wetted for adequate workability.
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A water-binder ratio of 0.65 was appropriate for the Portland cement mix. The
optimal water-binder ratio for both of the slag mixes appeared to be approximately 0.55.
As observed in the previous section, slag mixes showed limited tolerance for non-optimal
water-binder ratios.

The optimal water-binder ratio for the 6% silica fume replacement appeared to be
0.65. However, mixes with water-binder ratios of 0.70 and 0.75 did not show evidence of
bleeding or segregation, and also offered reasonably good performance.

The 12% silica fume replacement mix showed a noticeable peak in compressive
strength, with a w/b ratio of 0.75. As in the previous Section, precision in the water-
cement ratio was necessary in order to achieve optimal strength. Break results were highly
consistent at this water-binder ratio, with a variation among four samples of less than 0.3
MPa. This uniformity indicates a highly homogenous air-void system, and a good
distribution of sand, Portland cement, and silica fume particles throughout the mix, with no
segregation. By comparison, the variation among specimens with water-binder ratios of
0.7 and 0.8 was relatively high, indicating inconsistency among specimens due to foam
collapse and segregation, respectively.

The 12% silica fume replacement mix offered the highest average 28-day
compressive strength, at 5.6 MPa. The Portland cement mix provided the lowest average

28-day compressive strength, at 2.7 MPa.

6.1.1.3 Filler-Binder Ratio of 2:1

A filler-binder ratio of 2:1 was used for the mixes shown in Figures 6.1.1.3a to 3f. For all
cementitious blends, the optimal water-binder ratio increased or stayed constant with the
addition of the fine aggregate, as the wetted surface area of solids within the mix increased.
Smooth optimization curves were evident in the data at this filler-binder ratio, for
all cementitious blends. Notably, slag mixes were more tolerant to variations in water-
binder ratio at this density than in previous Sections, and no sharp peak was evident in the
data for 12% silica fume mixes. These developments are likely due to the influence of
increased density. As porosity decreases, strength development is less dependent on
precise conditions required for the creation of thin-walled skeletal structures surrounding

the foam bubbles. The severity and frequency of flaws is reduced as the addition of solid
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material increases the average wall thickness surrounding each cell, reducing the
probability of collapse or coalescence.

The Portland cement mix provided a maximum average compressive strength of 5.2
MPa at a water-binder ratio of 0.6. Where the ratio was varied to 0.55 or 0.65, strength
decreased by 13 and 19%, respectively. The maximum average compressive strength
achieved by both slag mixes was just over 6 MPa.

A 6% silica fume mix with a water-binder ratio of 0.7 achieved an average
compressive strength of 8.4 MPa. Strength decreased by 6 and 8%, respectively, where the
water-binder ratio was 0.65 or 0.75. It was observed that a minor amount of bleeding
occurred where the w/b ratio was greater than 0.75.

A 12% silica fume mix with a water-binder ratio of 0.75 achieved an average
compressive strength of 10.2 MPa. A modest loss of strength of 8 or 10% was observed
where the water-binder ratio was 0.7 or 0.8, respectively.

The variation in break results at an appropriate water-binder was lowest for the
Portland binder mix, on the order of 0.3 MPa. A variation of up to 1.0 MPa was observed in
the break results for the slag mixes. The variation in results for 6 and 12% silica fume

mixes was 1.2 and and 1.4 MPa, respectively.

6114 Filler-Binder Ratio of 3:1

A filler-binder ratio of 3:1 was used for the mixes shown in Figures 6.1.1.4a to 4f. In
general, the water demand of mixes did not change significantly as the filler cement ratio
was increased from 2:1 to 3:1. During mixing, it was observed that the momentum of the
saturated sand in the mixer helped to produce a homogenous base mix relatively swiftly.
Additionally, with the use of an appropriate water-binder ratio, there was little difficulty
incorporating the low-density foam into the dense base mix to produce a homogenous
paste.

Portland cement binder mixes were fairly tolerant to variations in water-binder
ratio from 0.45 to 0.65. However, a peak in compressive strength was evident at a ratio of
0.60. The average compressive strength was 14.1 MPa. Where the water-binder ratio was

0.55 or 0.65, a loss in strength of 7 and 13%, respectively, was observed.
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Water requirements for the slag mixes were very similar to the Portland binder mix,
peaking at a water-binder ratio of 0.6. The slag mixes provided a marginally higher
strength, in the order of 16 MPa.

For the 6% silica fume mix, the maximum average compressive strength observed
was 18.2 MPa. Notably, satisfactory strengths were achieved with a considerable range of
water-binder ratios: for example, a water-binder ratio of 0.55 provided an average strength
of 17.2 MPa, and a water binder ratio of 0.75 resulted in an average strength of 17.9 MPa.
Bleeding was not observed in the 0.75 water-binder ratio mix. A water-binder ratio of 0.7
may be appropriate for this cementitious blend, consistent with the value observed for a
filler-binder ratio of 2:1.

The maximum average compressive strength of the 12% silica fume mix was 21.9
MPa. The optimal water-binder ratio was 0.75, consistent with the value observed for a
filler-binder ratio of 2:1.

Variation in break results was lowest for Portland binder mixes, at 0.7 MPa for a
water-binder ratio of 0.6. Variation was highest for the 50% slag mix, at 5.5 MPa with a
water-binder ratio of 0.75. This latter result was influenced by one especially poor break

result.

6115 Optimal w/b Ratio vs. Filler-Binder Ratio

Based on the data above, optimal water-binder ratios were estimated for each mix, which
achieved high compressive strengths for a given density and cementitious blend. Water-
binder ratios are plotted against filler-binder ratios for each cementitious blend in Figures
6.1.1.5a to 5f. The coloured lines represent optimal ratios, while the grey lines represent
upper and lower bounds within which satisfactory strengths may still be achieved.

The composite plot in Figure 6.1.1.6a provides a helpful reference. Water-binder
ratios are highest for 12% silica fume mixes, and 6% silica fume mixes also have significant
water demand. Silica fume particles are very fine; consequently, these mixes have a large
surface area that must be wetted for adequate workability.

The optimal water-binder ratio of Portland binder mixes varied from 0.55 to 0.6.

Water demand was consistent for filler-binder ratios of 1:1, 2:1, and 3:1. Additional testing,
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conducted for filler-binder ratios of 1.5:1 and 2.5:1, offered further corroboration for this
consistent water demand. (Data from these tests may be reviewed in Appendix R.)

The water demand of slag mixes was generally lower than for Portland binder
mixes, varying from 0.45 to 0.6. At filler-binder ratios of 0:1 and 3:1, the 30% slag mix
required marginally less water than the 50% slag mix, but otherwise the mixes followed
the same trend, with water-binder ratio increasing in relation to the filler-binder ratio.

For all cementitious blends, water-binder ratios were lowest for mixes with no filler.
In general, when filler was added to a mix, the water demand increased relatively sharply.
Subsequent additions of filler were not as consequential for the water-binder ratio.

Mixes with 6% silica fume were especially tolerant to variations in water-binder
ratio, as indicated by the grey lines in the plots. Mixes with high proportions of pozzolans
required relatively precise water-binder ratios at all filler-binder ratios, in order to achieve
good strength results.

Optimal water-binder ratios are plotted against cementitious blend in Appendix R.

6.1.1.6 Water-Binder Ratios and Dilution Water

As noted in Section 6.1, water-binder ratios cited throughout this experimental program do
not include the contribution of the dilution water from the foam. Dilution water is assumed
to be necessary for the stability of the foam, and thus does not contribute directly to the
wetting and workability of the mix, and does not contribute immediately to the hydration
water available to the cement particles. Water-binder ratios that depend only upon total
cementitious content are also expedient in a commercial setting.

However, some studies may choose to include the dilution water when reporting
water-binder ratios. For example, ASTM Standard C7961 proposes that a water-cement
ratio of 0.58 may be used as a starting point for mixes with Type I cement, and includes the
weight of the foam in this value.

For convenient comparisons with other studies, optimized water-binder ratios,
modified to include dilution water, are in Figure 6.1.1.6b. Further discussion is presented

in Appendix I.

1 ASTM C796/C796M-12, Section 8.4.3.1
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6.1.2 Varying Cementitious Density

6.1.2.1 Mixes with No Filler

A series of 100% Portland binder mixes were produced at cementitious densities varying
from 410 kg/m3 to 760 kg/m3. The mixes contained no filler. Compressive strength is
plotted against the water-binder ratio of each mix, in Figure 6.1.2.1a.

The overall trend of the graph may indicate that water demand increases very
slightly with increasing cementitious density. For example, the optimal water-cement ratio
appears to be between 0.5 and 0.55 for all mixes with between 410 and 560 kg/m3 of
cementitious content; mixes with 610 to 660 kg/m3 of cement appear to require a water-
binder ratio of 0.55 kg/m3; and mixes with 710 to 760 kg/m3 of cement may require
slightly more than 0.55 kg/m3 for optimal performance. However, more testing would be
needed to substantiate this pattern.

Tolerance to variations in water-binder ratio appeared to diminish with increasing
cementitious content. For example, the average compressive strength of a mix with 760
kg/m3 of cement and a water-binder ratio of 0.55 was 7.5 MPa; however, strength was
reduced by 15 and 11%, or 1.1 and 0.8 MPa, when the water-binder ratio was varied to 0.5
or 0.6, respectively. By comparison, the average compressive strength of a mix with 610
kg/m3 of cement and a water-binder ratio of 0.55 was 3.9 MPa; strength was reduced by 10
and 5%, or 0.4 and 0.2 MPa, when the water-binder ratio was varied to 0.5 or 0.6,
respectively.

The variability of break results also became more significant with increasing
density. For mixes with between 410 and 560 kg/m3 of cementitious content and
appropriate water-binder ratios, variation among break results was in the order of 0.3
MPa. For mixes with 710 and 760 kg/m?3 of cement, variations of 1.5 and 0.8 MPa,
respectively, were observed. However, break results for the mix with 710 kg/m3 of
cement and a water-binder ratio of 0.6 were extremely close, within approximately 0.1
MPa. This outcome may indicate that with excellent consistency of the plastic mix, and
thorough blending of the foam within the base mix, highly uniform results are achievable.
Nevertheless, greater care may be necessary in producing these mixes with higher

cementitious densities, for optimal performance.
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6.1.2.2 Mixes with Filler

The influence of varying cementitious density contents was tested for Portland binder
mixes that contained filler. Base mixes contained 410 kg/m3 of cement, with filler-binder
ratios of 2:1 and 3:1. Subsequent mixes increased cementitious density by 100 kg/m3 or
200 kg/m3, while reducing the amount of filler to maintain nominal densities of 1400
kg/m?3 or 1800 kg/m3.

Appropriate water-binder ratios for mixes with 410 kg/m3 of cement were
determined in Sections 6.1.1.3 and 6.1.1.4. Similar tests were conducted for mixes with
cementitious densities of 510 and 610 kg/m3. The influence of varying water-binder ratio
on compressive strength is shown in Figures 6.1.2.2a and 6.1.2.2c. It was assumed that
the water-binder ratio would remain constant or decrease with cementitious density.
Mixes with 610 kg/m?3 density and water-binder ratios of 0.6 exhibited minor bleeding, and
were not compression tested.

For the 1400 kg/m3 nominal density mixes in 6.1.2.2a, strength increased from 5.2
to 8.1 to 10.0 MPa, with cementitious densities of 410, 510, and 610 kg/m3, respectively.
For the 1800 kg/m3 nominal density mixes in Figure 6.1.2.2c, strength increased from 14.1
to 19.4 to 21.7 MPa. Strength improvement was more significant in the 1400 kg/m3
nominal density mix, with strength improvements of 56 and 92% for 510 kg/m3 and 610
kg/m3 of cementitious density, respectively, compared to 38 and 54% for the higher
density mix.

Figures 6.1.2.2b and 6.1.2.2d indicate that total water demand increases

significantly with increasing cementitious content.
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6.1.3 Further Refinements

The laboratory findings reported in Sections 6.1.1 and 6.1.2 provided initial guidance in

selecting appropriate water-binder ratios for various mixes.

Water-binder ratios were further refined as mixes were batched and cast at

production scales during the course of the research program. For example, slight

reductions in water-binder ratio reduced the risk of segregation, especially for mixes in the

range of 1000 to 1400kg/m3: increased paste stiffness helped reduce the mobility of dense

sand particles, as they were accelerated in large mixing drums.? Moreover, a slight

increase in the water-binder ratio of a 50% slag mix with no filler improved consistency,

reducing the tendency for stiff paste to adhere to the interior of the mixing drum.

Figure 6.1.3a shows initial and refined water-binder ratios used during testing.

Refined water-binder ratio values were used for specimen manufacture in the majority of

the experimental program, as indicated in the table below.

Section Test Original | Refined Notes
Section 6.1 Water-Binder X X Comparable compressive strengths
Section 6.2 Slump Flow X
Section 6.3 Segregation X
Section 6.4 Porosity X
Section 6.5 Repeatability X X Comparable compressive strengths
Section 6.6 Compression X X Comparable compressive strengths
Section 6.7 MOE X
Section 6.8 Poisson’s Ratio X
Section 6.9 Crushing X
Section 6.10 Creep X
Section 6.11 Drying Shrinkage X
Section 6.12 Moisture Storage X
Section 6.13 Moisture Movement X
Section 6.14 Water Uptake X
Section 6.15 Thermal Conduct. X
Section 6.16 Freeze-Thaw X
Section 6.17 Microstructure X Photographs of microstructure
X Air-void analysis

Table 6.1

Table clarifying whether test specimens were prepared with original water-binder ratios
(Sections 6.1.1 and 6.1.2), or refined water-binder ratios (Section 6.1.3).

2 For further discussion on the influence of scale of batching on segregation, refer to Appendix O.
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6.2 Slump Flow

Slump flow values are shown in Figure 6.2b. Equivalent water-binder ratios, which include
dilution water from the foam, are shown in Figure 6.2a, for reference.

The slump flow, or spread, of foam concrete is relatively high. Foam concrete mixes
with 410 kg/m3 cementitious density had slump flow between approximately 500 and
700 mm, which is comparable to self-consolidating concrete.

For mixes with a constant 410 kg/m3 cementitious density, 1000 kg/m3 sanded
mixes had a higher spread than 600 kg/m3 mixes with no filler. It appeared that increased
self-weight propelled the concrete to flow a greater distance. However, additional
increases in aggregate content tended to reduce slump flow, due to the increased wetted
surface area of solids in the mix, and due to increased density of interlocking sand
aggregate particles.

Slump flow tended to increase with cementitious density, which may be attributed
to the presence of higher total water content in the mix.

Reductions in foam volume tended to increase slump flow. This effect may be
attributed largely to increased self-weight. Additionally, the hydrophilic properties of the
foam may have a role in absorbing some portion of the mix water, causing mixes with high

foam volume to be more cohesive.

Notably, despite the high water-binder ratio used for the 12% silica fume mix, slump flow
was comparable to that of the 100% Portland cement and 50% slag mixes, across densities.
This effect is likely due to the high surface area of silica fume particles, which adsorb
significant quantities of mix water.

For the densest mixes, the slump flow of the silica fume mix was greatest. The
fineness and roundness of silica fume particles may improve the smoothness and
workability of the mix somewhat. By contrast, the angular particles of ground granulated
blast furnace slag may tend to produce relatively harsh mixes, corresponding to slightly

reduced slump flow measurements.
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6.3 Segregation

Segregation was evaluated by comparing the densities of the top and bottom portions of
specimens. Percent differences in density are plotted against dry density in Figure 6.3a.
Despite the high workability of the mixes, segregation was generally low, with segregation
values of less than 2.5% for most mixes. These results indicate a high degree of foam
stability, and minimal migration of buoyant air bubbles or dense sand particles.

Two types of mixes exhibited relatively high segregation. For foam concrete
aggregate (FCA) mixes, density measurements varied by as much as 7.1%. On inspection, it
appeared that smaller aggregate particles, with high surface area to volume ratios, become
impregnated with cement paste and mix water, and tended to sink. Conversely, larger
aggregates, with isolated air voids and relatively dry interiors, tended to rise during set up.
It may be possible to manage this phenomenon by wetting the FCA to be equal in density to
the mix matrix, or by increasing the stiffness of the mix.

Segregation was also high for a dense, 1800 kg/m3 specimen with a filler-binder
ratio of 2:1 and cementitious density of 510 kg/m3. This effect may be due to the high
water content of the mix. Suppressing the water-binder ratio slightly for cement-rich

mixes may be necessary to achieve suitable paste stiffness.

6.4 Porosity

Porosity measurements provide a means of quality assurance. For a given plastic density,
measured porosity may exceed the porosity predicted from a mix design if the foam has
collapsed and dispersed as additional liquid in the mix, rather than remaining stable as
bubbles. Measured porosity may otherwise vary from predicted values due to segregation,
or inaccurate proportions of foam volume or other ingredients.

Measured porosity slightly exceeded predicted values for most mixes, which may be
due to increased capillarity from collapsed foam dilution water. Conversely, FCA
specimens were somewhat denser than intended, due to the tendency for the porous outer
‘crust’ of FCA to become impregnated with hydrated cement paste. FCA mixes increased in
density after placement, as mix water and fluid paste were drawn into the porous

aggregate by capillarity. Pre-wetting of aggregates may reduce this effect.
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6.5 Uniformity and Repeatability

The viability of a given mix design is substantiated by uniformity and repeatability of test
results. The ability to reliably produce foam concrete to a specification is an important
aspect of foam concrete mix design.

Variability in compressive strength data is assessed here briefly. Three datasets
were compared for various cementitious blends across a range of densities, after 56 days of
curing. Minor differences in the manufacture and preparation of the specimens are

delineated in the table below.

Parameter ‘ Dataset 1 ‘ Dataset 2 ‘ Dataset 3
Initially proposed values Refined values Refined values
Water-Binder Ratio (Sections 6.1.1 and 6.1.2) (Section 6.1.3) (Section 6.1.3)
Capping Sulphur caps End-ground End-ground
Number of Specimens 4 3 3
Table 6.5 Differences in manufacture and preparation of specimens from Datasets 1, 2 and 3.

Relative to normal density concrete, foam concrete exhibits high variability in compressive
strength. This effect can be attributed to variability in the air-void system, as coalesced air-
voids or other large Griffith flaws govern failure. For a given batch, the coefficient of
variation among three or four specimens was typically less than 15%. The CoV was lower
for very dense batches, and for silica fume mixes, which typically have relatively small
voids with minimal coalescence.

The coefficient of variation among ten specimens from three different batches was
also typically less than 15%. However, for 1400 kg/m?3 mixes, compressive strengths from
Dataset 3 were unusually low. These Dataset 3 specimens were each cast on the same day,
sequentially. There may have been a shared error in the manufacture of the specimens
(e.g. unaccounted moisture in the sand). These outlier values have been included on the
CoV plot as indicated, but have otherwise been excluded from average values. Foam
concrete in the 1400 kg/m3 density range contains large proportions of dense sand and
foam bubbles, which can make it difficult to avoid segregation as described in Section 6.1.3.

Further statistical analyses are presented in Appendix R. Note that variability for

certain other properties, such as drying shrinkage, was very low. (Refer to Section 6.11.)
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6.6 Influences on Compressive Strength

Compressive strength data is plotted against plastic, dry, and oven dry density in various
figures throughout this Section, to examine the influences of density, cementitious density,
cementitious blend, and curing age on compressive strength.

Results from Datasets 1 and 2 are included in the discussion, as noted. Refer to

Table 6.5 for differences in specimen manufacture and preparation.

6.6.1 Influence of Density and Porosity on Compressive Strength

The influence of density was studied first by altering the filler-binder ratio while
maintaining constant cementitious density (i.e. foam volume is replaced by fine aggregate);

and second by maintaining a constant filler-binder ratio, while varying foam volume.

6611 Plastic Density vs. Compressive Strength

The compressive strength of mixes were plotted against actual plastic density, in Figures
6.6.1.1a and 1b. Strength increased with density, at a powerfully increasing rate.

Silica fume mixes tended to have a greater plastic density than Portland binder
mixes, due to their increased water demand. Conversely, slag mixes tended to be slightly
less dense than Portland binder mixes, as they have a greater proportion of air bubbles,
and less water volume.

Notably, among the least dense mixes, with a filler-cement ratio of 0:1, the plastic
densities of the slag mixes are approximately 100 kg/m3 less than the plastic density of the
Portland cement mixes, or approximately 14% lighter. It may be possible to exploit mixes
with a reduced plastic density in applications where restrictions on construction loads or

hydrostatic pressures are critical.

6612 Dry Density vs. Compressive Strength

Strength is plotted against theoretical dry density in Figure 6.6.1.2a, determined as per
Appendix K. Figure 6.6.1.2b plots results against measured dry density values from
companion specimens, stored in 50% RH. These graphs may be used to estimate the

density of foam concrete in-service.



Dry densities were approximately 90, 112, 135, and 160 kg/m?3 less than plastic
densities, for water-binder ratios of 0.45, 0.55, 0.65, and 0.75, respectively. Significant
reductions in density were calculated and measured for the silica fume mixes upon curing

and drying, in particular, due to their high water-binder ratios.

6613 Oven-Dry Density vs. Compressive Strength

Strength is plotted against theoretical and actual oven-dry density values in Figures
6.6.1.3a and 6.6.1.3b, respectively. In general, plastic mixes may be expected to lose
approximately 149, 187, 225, or 264 kg/m3 of density during oven drying, for water-binder
ratios of 0.45, 0.55, 0.65, and 0.75, respectively.

6614 Porosity vs. Compressive Strength

Compressive strength was plotted against actual porosity values from companion
specimens, in Figure 6.6.1.4a. Strength increases powerfully with decreasing porosity,
with mixes exhibiting similar trends to those described above.

Strength-porosity relationships for mixes with constant filler-binder ratios are
shown in Figure 6.6.1.4b. The intrinsic strength of the cement paste for each batch was
assumed to be constant. The data was fitted according to a power model, following
Balshin,! and to an exponential model, following Ryshkewitch.?2 Formulae and coefficients
of determination are given in Table 6.6.1.4. Given the scarcity of the data, these formulae
should be taken as preliminary. A logarithmic model, following Schiller,? did not fit the
data well. (See Appendix R.)

Observations during the experimental program, as well as data from high porosity
mixes developed by other researchers (included on Figure 6.6.1.4b), indicate that foam
concrete strength decreases rapidly at very high porosities. The power model, following
Balshin, captures this phenomenon well. For an extensive discussion on strength-porosity

relationships for foam concrete, refer to Appendix A, Section 6.3.2a.

1 Balshin (1949)
2 Ryshkevitch (1953)
3 Schiller (1971)
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Figure 6.6.1.2b Compressive strength vs. actual dry density, 28 days moist-cured, Dataset 2 (unbonded).
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Cem. Filler : | Power Model (Balshin) CoD Exponential Model (Ryshkewitch) CoD
Blend Binder S =5,(1—-p)ks S = SyekrP
100% PC 0:1 S =167(1 — p)*9? 0.990 S =11311e71122p 0.963
2:1 S =225(1 —p)5>° 0.993* § =597.9¢7888 0.995*
12% SF 0:1 §=872(1—p)37° 0.884* S =924353¢71612P 0.884*
2:1 S =168(1 —p)3*” 0.995* S = 358.5¢7700p 0.993*

Table 6.6.1.4  Strength-porosity relationships for foam concrete, based on the data in Figure 6.6.1.4
*Note that the coefficient of determination is of little significance for most formulae, as
indicated, due to scarcity of data. Refer to Appendix A, Section 6.3.2a for more
information on strength-porosity relationships.

6.6.2 Influence of Cementitious Blend on Compressive Strength

Use of slag and silica fume binder replacements improved the 28-day compressive strength
of every mix tested, compared to 100% Portland binder mixes (refer to Figures 6.6.1.4a to
6.6.1.4b). This strength improvement may be attributed in part to the pozzolanic process,
by which structural discontinuities in the porous matrix, such as large calcium hydroxide
crystals, are eliminated and replaced with strong C-S-H gel. Additionally, the fineness of
mineral admixtures may improve the particle packing of the cementitious ingredients, and
enhance the microstructure of the foam matrix. However, in Dataset 1, it was observed
that that while Portland binder mixes produced very consistent break results at 28 days,
the addition of supplementary cementitious materials increased variability, especially in
denser mixes. This effect may be due to greater heterogeneity in paste strength.

In general, strength improved substantially and along a reasonably linear trend with
the addition of silica fume, as observed in Figure 6.6.2a. Conversely, strength improvement
with the addition of slag was less significant. There appeared to be very little effect on
compressive strength, as the slag binder replacement was increased from 30 to 50%.

The additional strength achieved by slag and silica fume mixes relative to Portland
binder mixes is shown in Figure 6.6.2b, expressed as a percentage. Average values from
Datasets 1 and 2 were used for the comparison. Binder replacements had the strongest
influence on compressive strength for mixes with a filler-binder ratio of 1:1 (nominal
density of 1000 kg/m3), with relative strength improvements of approximately 40 and
100% for the slag and silica fume mixes, respectively. Relative strength improvements

were reduced at lower densities.
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Importantly, for mixes with a filler-binder ratio of 0:1, 12% silica fume binder
replacement offered 91% strength improvement over neat Portland cement foam concrete.
Previous research has suggested that silica fume is not an effective SCM for low density
foam concrete;* however, these results indicate that silica fume can be very effective in

low-density mixes, if supplied in sufficient quantities and with sufficient mix water.

6.6.3 Influence of Cementitious Density on Compressive Strength

The influence of varying cementitious density may be reviewed in Figures 6.6.1.4a to
6.6.1.4b.

In general, mixes with cementitious densities of 510 kg/m3 offered compressive
strengths comparable with or better than the slag mixes, for a given density or porosity.
Mixes with cementitious densities of 610 kg/m3 offered compressive strengths comparable
to 12% silica fume mixes (Figure 6.6.1.2a).

Based on this data, in many cases it may be more efficient to provide supplementary
cementitious materials as a partial replacement for Portland cement as a strategy for
strength gain, rather than increasing cementitious density. Where especially high
compressive strengths are required, high cementitious densities may be used in
combination with supplementary cementitious materials. 12% silica fume mixes with
510 kg/m3 cementitious density offered strength improvement in excess of 250%,
compared to Portland binder mixes with 410 kg/m3 cementitious density, for the same dry
densities (refer to Figure 6.6.1.2b, based on interpolated density values).

For sanded mixes in Dataset 1, strength improvement was more significant when
the cementitious density was increased from 410 kg/m3 to 510 kg/m3, than when the
cementitious density was increased from 510 kg/m3 to 610 kg/m3. Percent improvement
for the lower density sanded mix was 56% and 23%, respectively, while percent
improvement for the higher density sanded mix was 38 and 12%, respectively. Adding
cement to a mix with a high cementitious density increases strength at a slower rate than
adding cement to a mix with a lower cementitious density. Previous foam concrete

literature has suggested that cementitious densities in excess of 500 kg/m3 offer minimal

4 cf. Brady et al. (2001), Zulkarnain and Ramli (2011)
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strength gain.> However, the data from this experimental program indicates that
increasing cementitious density up to 610 kg/m3 has a meaningful influence on
compressive strength.6

Data for neat cement mixes are emphasized in Figure 6.6.3a. Strength gain
increased swiftly with increasing cement content. This accelerating strength gain may be
attributed to reduced porosity, reduced coalescence of air-voids (i.e. smaller air-voids), and
increased continuity of C-S-H within the mix.

Significantly higher strengths may be achieved in neat cement foam concrete mixes,
compared to sanded cement mixes, for a given density. For example, a Portland cement
binder mix with a filler cement ratio of 1:1 and a plastic density of 1110 kg/m3 offered an
average compressive strength of 2.6 MPa, while a Portland cement mix with no filler and a
similar plastic density of 1120 kg/m3 produced an average compressive strength of
6.1 MPa, representing improvement of over 230%. The highest average compressive
strength of the neat cement mixes tested was 7.5 MPa, achieved where cementitious

density was 760 kg/m3.

6.6.4 Influence of Curing Age on Compressive Strength

Figures 6.6.4a to 6.6.4d indicate strength gain development patterns for Portland binder,
slag, and silica fume mixes with cementitious densities of 410 kg/m3

In the first seven days of hydration, silica fume mixes gained the greatest strength.
Slag mixes were as strong or less strong than Portland-only mixes. Between 7 and 28 days,
the rate of strength gain of Portland cement mixes was slow in comparison to slag and
silica fume mixes, and by 28 days, slag mixes surpassed Portland cement mixes in strength.
From 28 days to 56 days, the slag mixes continued to grow in strength, while the Portland
and silica fume mixes grew relatively slowly.

The excellent performance of silica fume mixes may be attributed to the small
average grain size of silica fume. Calcium hydroxide crystals that form in the mixes are

likely to be within close proximity to silica fume particles, facilitating a pozzolanic reaction

5 Cf. Brady etal. (2001) B1, C1.
6 Note that issues of thermal stresses and other issues related to heat of hydration must be considered for
cement-rich foam concrete mixes. Refer to Appendix A, Section 6.2.2.
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for the production of C-S-H gel. Furthermore, the small grain size may improve particle
packing around the foam bubbles.

Notably, however, the 6% silica fume mix with no filler did not perform especially
well at 28 days. In order to help ensure that this was not due to a testing error in the 28-
day break results, the results of strength gain development for slightly underhydrated and
slightly overhydrated mixes (refer to Appendix R). Similar patterns of strength
development at 7 and 28 were observed, suggesting that sufficient amounts of silica fume
are necessary for continued strength gain in mixes with no filler.

Patterns of strength development for sanded mixes with varying cementitious
contents are shown in Figures 6.6.4e to 6.6.4f. Data for mixes with supplementary
cementitious materials and similar densities, taken from Figures 6.6.4c to 6.6.4d,
respectively, are shown on the same plot, for reference.

For both the lighter and denser sanded mixes, additional cementitious density
increased the rate of strength gain, from creation until 7 days. However, the rate of
strength gain was higher for mixes with supplementary cementitious materials, between 7
and 28 days. By 28 days, the 12% silica fume mixes surpassed the mixes with cementitious
densities of 610 kg/m3 in average compressive strength.

56-day compressive results from Dataset 2 have been included in Figure 6.6.1.4b,

for reference.

6.6.5 Comparison to Extant Mixes

The compressive strengths and theoretical equilibrium densities of foam concrete mixes
tested in this Experimental Program are plotted in Figure 6.6.5a, marked with large X’s.
Data from foam concrete mixes by other authors is plotted with small X’s; details of these
other studies are given in Appendix A, Figure 7.1.4a. Data for other lightweight mineral-
bound materials is presented in grey, in the background of the plot. Details for these
materials may be found in Appendix A, Section 7.1.4.

Mixes tested in this Experimental Program lie within the general performance

envelope of foam concrete mixes reported in the open literature. Mixes with 410 kg/m?3 of
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Portland binder are among the lower strength recipes, while mixes with 12% silica fume
binder perform well compared to most mixes.

A number of mixes from other studies have exceptionally high strengths for
densities between approximately 1000 and 1600 kg/m3; however, these mixes utilize very
high cementitious densities or specialized curing regimes for strength development. (Refer
to Appendix A, Section 7.1.4 for details.) Additionally, other researchers have developed
mixes with dry densities of less than 500 kg/m3, which were not attempted in this

experimental program.
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6.7 Static Modulus of Elasticity

Figure 6.7a shows typical stress-strain relationships for foam concrete across a range of

densities and cementitious blends, for stresses of up to 0.4 f'c. Trends were highly linear.
Table 6.7 shows typical data for multiple loading cycles and specimens. In general, there
was no clear trend of stiffening or softening of specimens with multiple loading cycles.

Variation among specimens was greater than variation among cycles.

Modulus of Elasticity
100% PC binder, 410 kg/m3 cem. dens., 28 days
600 kg/m3 nom. dens. 1400 kg/m3 nom. dens.
Specimen 1 Specimen 2 Specimen 3 Specimen 1 Specimen 2 Specimen 3
Cycle 1 1.74 1.22 1.59 5.92 6.32 5.66
Cycle 2 1.74 1.29 1.57 5.81 6.31 5.76
Cycle 3 1.69 1.31 1.59 5.93 6.27 5.81
Cycle 4 1.66 1.32 1.57 5.75 6.28 5.75
Cycle 5 1.64 1.33 1.57 571 6.28 5.76
Cycle 6 1.62 1.32 1.57 5.81 6.27 5.71
Avg. 2-6 1.67 1.31 1.57 5.80 6.28 5.76
Table 6.7 Typical variation in MOE values, across specimens and loading cycles. Note that values from

loading Cycle 1 were not included in the average, to avoid capturing seating effects.
See also Figure 7.3.2e.

Figures 6.7b and 6.7c plot the modulus of elasticity (MOE) of specimens against dry
density of companion specimens, for a variety of mixes. The strong dependence of elastic
modulus on density is clearly evident. With increasing density, there is more paste
available to transmit load, reducing total strain.

For a given density, use of silica fume and slag improved the modulus of elasticity.
Silica-rich SCMs may improve the stiffness of the paste by promoting the creation of long
silica chains, as discussed in Section 7.3.2. The fineness of SCM particles, especially silica
fume, may contribute to stiffness by promoting dense particle-packing.

The presence of load-bearing water may also contribute to stiffness. Moist densities
at the time of testing were similar to specimen plastic densities, since the vapour drive
between curing specimens and humidity room was low (refer to Section 5.4.2). When MOE
is plotted against plastic density, as in in Figures 6.7d and 6.7e, the data is tightly

correlated to density, independent of mix design. The liquid mass of water in capillaries
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adds density and may also increase stiffness, especially for mixes with high water-binder
ratios, such as silica fume mixes.

SCMs offered less significant improvement to elastic modulus than to compressive
strength, for a given density. Improvements over 100% Portland cement mixes were are
given in Figure 6.7f, and range between 9 and 35%. By comparison, improvements in
compressive strength were between 51 and 101% for silica fume mixes, as shown in Figure
6.6.2b.

As observed in Section 6.4.4, compressive strength improved with increasing curing
time, presumably due to the conversion of calcium hydroxide into strong C-S-H via
pozzolanic reactions. However, increased curing time did not significantly improve
modulus of elasticity, as shown in Figure 6.7g. In fact, some 56-day specimens were
slightly less stiff than 28-day specimens produced from the same batch. These results
indicate that pozzolanic reactions do not offer meaningful improvement in stiffness past 28
days of curing. Factors such as cracking due to autogenous or drying shrinkage may

explain minor loss of stiffness with increased curing age.

CSA A-23.3-14, Section 8.6.2.2 gives the following formula to estimate modulus of elasticity,
E., for concrete with density between 1500 and 2500 kg/m3, based on compressive

strength, f;/, and density, y,:

Y 1.5
E. = (3300/f7 +6900) (555)

Calculated values are compared to measured values for specimens at 28 days, in Figure
6.7h. The portion of the plot outside of the prescribed density range is shaded grey.
Within the prescribed density range of the formula, calculated values were between
80 and 120% of measured values, as suggested in CSA A-23.3-14. For lower density
specimens, the formula over-estimated the stiffness of a low-density sanded Portland
cement mix by 33%, and generally underestimated the MOE of mixes with no filler. For
slag, silica fume, and Portland cement mixes with no fillers, measured stiffness was 53, 37,
and 22% higher, respectively, than calculated values based on compressive strength and
density. Relationships between measured and calculated MOE values were similar for

specimens tested at 56 days (refer to Appendix R).
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Further insight into the effects of SCMs may be derived from Figures 6.7i and 6.7j, which
plot stiffness relative to compressive strength.

Notably, slag mixes offered high stiffness-to-strength. This trend may be related in
part to the crystalline properties of C-A-S-H, produced in slag mixes because of the large
proportion of aluminates present in the SCM. Refer to further discussion in Section 7.3.6.

By contrast, silica fume mixes offered relatively low stiffness-to-strength. High
homogeneity brought about by improved particle packing and conversion of calcium
hydroxide into C-S-H reduces initiation sites for microcracking, delaying fracture until high
rates of loading; some sources of restraint, such as calcium hydroxide crystals and
unhydrated cement grains, are also reduced in the high water-binder ratio, high silica mix.
The low Ca/Si ratio in C-S-H produced with partial silica fume consists of highly
polymerized silicate chains,! which may be more efficient in resisting fracture than in
resisting flexure or slip:2 due to the geometry of the air-void system, any flexure of cell
walls can translate into meaningful strains, especially in low-density mixes. The
compression and migration of load-bearing water from capillary pores in high water-
binder ratio silica fume mixes may also contribute to specimen softness.

The strength-to-stiffness ratio of Portland cement and silica fume mixes diminished
with increasing cementitious density. This result is reasonable, given the higher
proportion of viscoelastic C-S-H and the reduction in volume of inert, restraining aggregate.

Strength-stiffness relationships from the experimental program are consistent with
the findings of other researchers for mixes with sand filler.3 In the literature, dense foam
concrete mixes with no sand filler typically have much lower stiffness for a given strength,
which is broadly consistent with the present findings on the effects of varying cementitious

density.

1 Houetal (2013) 10
2 Refer to Section 7.3.6.
3 Refer to Appendix A, Figure 6.3.2.



20

—
&
16
O
—
i3]
] 12
wn
-
m
[
S 8
2]
=
=
.=
S 4
=
0

Figure 6.7i
20
—
&
16
&)
R—
i3
= 12
%)
i
£
Y
o 8
%)
=
=
o
o 4
=
0

Figure 6.7j

* *
*
o
/’/D L~ 0

Legend

410 kg/m?® cem. dens.

—— 129% Silica Fume
——100% Portland cement
—4—50% GGBS

510 kg/m® cem. dens.
-{1-12% Silica Fume
={1-100% Portland cement

4 8 12 16 20 24 28
Compressive Strength (MPa)
Modulus of elasticity vs. compressive strength, 28 days moist-cured.
a
L :—" -
—":” B
Legend

410 kg/m? cem. dens.

—— 129% Silica Fume
——100% Portland cement
—4—50% GGBS

510 kg/m? cem. dens.
-{1-12% Silica Fume
-{1-100% Portland cement

4 8 12 16 20
Compressive Strength (MPa)

Modulus of elasticity vs. compressive strength, 56 days moist-cured.

137

24 28




6.8 Poisson’s Ratio

Figure 6.8a shows relationships between axial and transverse strain for foam concrete
specimens under uniaxial compression across a range of densities and cementitious blends,
for stresses of up to 0.4 f'c. Reasonably linear trends were observed.

Figures 6.8b and 6.8c plot the Poisson’s ratio (PR) of specimens against plastic
density, for a variety of mixes. There is considerable scatter in the data. Variability may be
due in part to the difficulty of accurate measurement, but it may also be due to the nature
of the material itself, both in its pore structure, and as a heterogeneous composite of fine
aggregate and hardened cement paste. Further discussion is presented in Section 7.3.5.

Observed PR values for foam concrete range from 0.33 to 0.15. Average PR values
were lowest in dense, sanded mixes. Sand aggregate is stiffer than the C-S-H, and restrains
lateral expansion of the matrix (refer to Section 7.3.5). The air-void system of dense mixes
includes small, consistently sized pores (refer to Section 6.17), which may contribute to
reduced variability among specimens.

PR was highest for neat cement foam concrete. The compliant C-S-H is not
restrained by aggregate inclusions. Furthermore, flexure of the fine microstructure may
contribute to lateral expansion. The geometry of the air-void system is more variable with
decreasing density, due to coalescence of air voids during plastic state (refer to Section
6.17); variability of the microstructure may help explain some of the variability in PR, as
the shape and orientation of interconnected voids can influence lateral response.!

PR appeared to be highest in low-density mixes with silica fume. This pattern may
be related to the chemistry of the paste, the geometry of the air-void system, or both.
Chemically, pozzolanic activity eliminates stiff calcium hydroxide crystal. With fewer stiff
restraining inclusions, the C-S-H paste can expand laterally more easily. Geometrically, a
fine and consistent air-void system minimizes local microcracking in regions of high stress,
which helps ensure that applied axial stress is translated into lateral deformation.

Poisson’s ratio is typically slightly higher in 28-day specimens than in 56 days,
which could be due to decreasing porosity with age (i.e., a higher gel-space ratio from

continued hydration). However, further study would be necessary to confirm this trend.

! Cf. Dunn and Ledbetter (1995)
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6.9 Crushing Behaviour

The type of failure was recorded for every foam concrete specimen crushed, as described in
Section 5.4.1. Compiled results for specimens with unbonded caps are presented in Figure
6.9b. Note that results for specimens cured for 28 days and 56 days are included together.

A number of trends are evident. Type 6 failure tends to dominate for the weakest of
mixes. The strata near the top of the casting may be slightly weaker than the remainder of
the specimen, due to upward migration of bubbles, and side fractures near the top of the
cylinder result in a pointed form. In some cases, failure can occur as collapse of horizontal
strata near the top of the cast. In such cases, failure of the specimen may not be visibly
obvious upon inspection, even though the specimen has experienced peak load.

For stiffer, neat cement foam concrete, columnar Type 3 cracking tends to dominate.
Vertical splitting cracks nucleate at air-voids as Mode I fracture, and propagate parallel to
the compressive stress field, with no stiff aggregate present to arrest or divert the cracks.
The resulting slender columns fracture laterally by buckling.

By contrast, the final cracking pattern of sanded foam concrete includes random and
steep triangular and conical fragments, resulting from a combination of vertical splitting
cracks and inclined shear cracks. Where cracks have been arrested by the presence of
aggregate or dense paste, there may be spreading patterns. Type 2 fractures are common.
Very dense mixes, and sanded silica fume mixes, include especially small air-voids (refer to
Section 6.17). Type 4 failure, common among these specimens, may be related to the
greater homogeneity of the paste, with fewer weak sites, resulting in more concentrated
localization along the shear plane.

Dominant failure types are related to mix characteristics in Figure 6.9a, below.

Type 6 Type 3 Type 2 Type 1
neat cement, neat cement, neat cement, sanded, sanded, sanded,
low density, low strength higher strength low strength medium strength high density /
lowest strength silica fume mixes

(small air voids)

Figure 6.9a Dominant failure types in relation to mix characteristics.



100

80

60

40

Frequency (%)

20

0
410 kg/m3 c.d.

50% GGBS
0:1 Filler-Binder

100 100

Legend

Type 6
Type 5
Type 4
Type 3
Type 2

Type 1

o
o &

=

cementitious density

nominal density

100

80 80 80
S
>, 60 60 60
o
=}
(]
=
T 40 40 40
=
20 20 20
0 0 0
410kg/m*cd. 510kg/m?*cd.  610kg/m’c.d.
100% PC
0:1 Filler-Binder
100
80
g
> 60
&
[=]
Q
=
g 40
=
20
0 0
410kg/m3cd. 510 kg/m?® c.d.
12% SF
0:1 Filler-Binder
Figure 6.9b

100

80

60

40

20

0

710 kg/m? c.d.

143

100

10

80

60

40

20

0 0
1000 kg/m3n.d. 1400 kg/m? n.d.

50% GGBS
410 kg/m? c.d. (sanded)

1800 kg/m3 n.d.

100 100 10

80 80 8
60 60 6
40 40 4

20 20 2

0
1000 kg/m? n.d.

0
1400 kg/m? n.d.

100% PC
410 kg/m? c.d. (sanded)

1800 kg/m? n.d.

10

4
2
0 0
1000 kg/m3®n.d. 1400 kg/m*n.d. 1800 kg/m? n.d.
12% SF

410 kg/m? c.d. (sanded)

Frequency of compressive failure types. 28 and 56 day moist-cured, unbonded caps.



Stress (MPa)

Stress (MPa)

Figure 6.9c

12

©

-~

Foam Concrete Aggregate

410kg/m? cem. dens.

Filler-Cement

kN 0:1

// - X

|

\\\

0.3 0.4 0.5 0.6 0.7

Strain (%)

2:1

VN
/f \

7 —

0.3 0.4 0.6 0.7

Strain (%)

0.2

Crushing behaviour of FCA mixes.

3 0:1
2 M
/: \/‘/—{;_7-*—-“
1
!
0’ : : : : : : .
0 0.1 0.2 03 0.4 05 0.6 0.7
Strain (%)
6 1:1
5
E 4 ../\/)\/\\\
.
0r : : K : ,
0 0.1 0.2 03 0.4 05 0.6 0.7
Strain (%)
12 2 1
8
VY
' / \\k
l’/"
0+ ; : : : : : .
0 0.1 0.2 03 0.4 05 0.6 0.7
Strain (%)
24
A 3:1
© N\
a, Sk
s 16 :
7 A
AR
& . \\\
0 ‘ ‘ ‘ , ‘ ‘ .
0 0.1 0.2 03 0.4 05 0.6 0.7
Strain (%)
Figure 6.9d Crushing behaviour of 50% slag mixes.

50% Slag
410kg/m? cem. dens.




100% Portland
410kg/m? cem. dens.

Legend Filler-Cement
3+ 28 day trials (light)
— 56 day trials (dark) 0 : 1
~
[
A
s 2
N
2]
w
(]
=
5 1 — ———
VA
4
®
’
7
0 0.1 0.2 03 0.4 05 06 0.7
Strain (%)
" 1:1
—_
O]
A
S 4
p—
w
1%]
(]
—
L od
u
k4
’
0 ; | ‘ , ‘ ‘
0 0.1 0.2 0.3 0.4 05 0.6 0.7
Strain (%)
12 2 1
~
[y
A
S 8
Nt
w
1%]
(]
=
+
&, N
/
0 0.1 0.2 03 0.4 05 06 0.7
Strain (%)
24
—_
]
A
S 16
Nt
w
1%]
(0]
=
Lo
wn 8 -
’
’
0 ; | ‘
0 0.1 0.2 0.3 0.4 05 06 0.7
Strain (%)
Figure 6.9¢ Crushing behaviour of PC mixes.

12

24

16

12% Silica Fume
410kg/m? cem. dens.

01 02 03 04 05 06 07
Strain (%)

.
[ 1:1
Va0
\_ k
I 4
0 0:1 0:2 S(icliain ((())/:) 0‘.5 0‘.6 0.7
20 2:1
/ &k

01 02 03 04 05 06 07
Strain (%)

A 3:1

/

/
AR\
; AN

———

Figure 6.9f

01 02 03 04 05 06 07
Strain (%)

Crushing behaviour of 12% SF mixes.



Stress-strain curves for foam concrete are shown in Figures 6.9c to 6.9e, across a range of
densities, filler-binder ratios, cementitious densities, and cementitious blends. Results for
specimens cured for 28 and 56 days are shown in light and dark tones, respectively. Data
in the early part of each graph has been modified to eliminate seating effects, as indicated
with dashed lines, based on the linearity of stress-strain relationship observed in Section
9.6.

The stress-strain relationship of foam concrete specimens was typically linear to
0.6 f'c or more. For low-density mixes, the plastic regime was especially short, suggesting
that once initiated, damage quickly propagated (localized) through the entire specimen.

For higher density specimens, the plastic regime was more obvious. With a greater
volume of material available to be fractured and rearranged, strain energy could be
relieved through microcracking of the paste during loading, without inducing large-scale
failure of the air-void system. The plastic regime is most evident in mixes with a high
cementitious content (refer to specimens with filler-binder ratios of 1:1 and 2:1 in Figure
6.9d and specimens with cementitious densities of 610 kg/m3 and 710 kg/m3 in Figure
6.9e). The high cementitious content provides a higher volume of compliant C-S-H, which
may accommodate plastic deformation.

The influence of mix design on compressive strength is discussed in Section 6.6.
Curing age did not appear to significantly influence crushing behaviour around peak
loading.

Various phenomena were observed following peak loading. For low-density
Portland binder mixes, stress dropped slightly; thereafter, fracture energy was released
continually and reasonably consistently, as the debris material crushed through soft paste
into adjacent void spaces. This characteristic may make neat Portland cement foam
concrete a good choice for impact absorbing applications. For many low-density slag
mixes, the reduction in stress after failure was more significant. For low-density silica
fume mixes, stress dropped sharply after peak loading and continued to decline.

In some low-density specimens, stress continued to rise post-failure. For example,
higher stresses were observed post-failure in 1:0 slag specimens, in one 0:1 Portland
specimen, and in 1:1 Portland cement specimens (Figure 6.9c). This phenomenon is due to

the densification and elimination of weak strata.
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For most specimens, stress declined beyond peak loading, indicating that the initial
condition of the unfractured specimen was most stable. Irregularity was observed in the
descending branch of the stress-strain curve for many mixes, for example the silica fume
specimens with filler-binder ratio of 1:1 in Figure 6.9d. This pattern may be attributed to a
non-uniform cracking process, as macrocracks are arrested and elongated in different
regions of the specimen.

An irregular pattern of softening tended to occur in specimens with soft paste and
high air-void volumes, as fractured surface geometries contacted and interlocked,
conforming readily to each other by local crushing of exposed cell walls. With many points
of contact, the damage zone was enlarged, and ductility was increased.

Conversely, brittleness is signified by a steep slope in the stress-strain curve, post-
peak. Brittleness was high in denser mixes. These mixes had less air-void space available
for debris, causing fractured surfaces to be pushed apart at points of contact, rather than
conforming to each other.

Brittleness was also high for dense or especially strong neat cement mixes. As
observed in Figure 6.9a, these mixes often fracture cleanly into discrete columnar
fragments. Frictional restraint was minimized, as damage was concentrated along vertical
splitting cracks. (Refer to the figure in Section 7.3.4.)

For a 2:1 Portland cement specimen and a 1:1 silica fume specimen with 510 kg/m3
cementitious density (Figure 6.9d), explosive brittle failure caused a ‘bounce’ in applied
stress. These mixes are strong enough to resist load, and also have compliant fractured
surfaces, which can contact and transfer shear, offering residual strength.

In the final stages of crushing, the crushing stress of low-density mixes undulated as
weak strata were densified and eliminated, or as fractured surfaces transferred shear via
interlocking surfaces. In denser foam concrete mixes, the softening curve became
relatively smooth after global facture. Crack growth was no longer significant; instead,
friction at contacts provided residual mechanical resistance. The load-bearing capacity of
the remaining material continued to decrease as the crack patterns opened with increasing

deformation, reducing the number of contact regions between fragments.
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6.10 Creep

Specific creep strain is plotted in Figures 6.10a, for 600 and 1400 kg/m3 nominal density
specimens, with applied loads of 0.2 and 0.4 f'c, as indicated.

The specific creep of foam concrete is very high, relative to normal density concrete.
Specific creep after one year was approximately 12,000 pstrain/MPa (1.2%/MPa) for
600 kg/m3 foam concrete, and between 1000 and 2000 pstrain/MPa (0.1 to 0.2%/MPa) for
1400 kg/m3 foam concrete. In comparison, specific creep values for normal density
concrete typically lie between 100 and 200 pstrain/MPa.l

Basic creep values for the unsealed specimens were higher than values determined
previously by other researchers using sealed specimens of similar density.? It is probable
that exposure to drying conditions has a strong effect on creep rate. Further studies with
consistent mix designs and methodologies would be needed to quantify this Pickett effect.3

Results for low-density foam concrete indicate that creep is not linearly dependent
on stress. Interestingly, a lower load produced a higher specific strain. This phenomenon
is discussed at length in Section 7.3.6.

The addition of aggregate reduces specific creep rates considerably, as the non-
viscous aggregate phase elastically restrains creep deformations in the surrounding
viscous C-S-H matrix. Among 1400 kg/m3 mixes, partial replacement of Portland binder
with silica fume had a minor influence on specific creep strain, while partial replacement of
Portland binder with slag increased specific creep by more than 30%.

For PC and SF mixes, there appeared to be strong correlations in patterns of specific
creep, drying shrinkage, and mass loss (i.e. change in moisture content), as shown in
Figures 6.10e, 6.10f, and 6.10g, respectively. Initial rates of change were highest for the
Portland cement binder mix, but long-term values were highest for the SF mix. Such
correlation of humidity levels, drying shrinkage and creep is to be expected where drying
shrinkage introduces residual stresses in the C-S-H, creating overstressed sites that
facilitate creep. Patterns of mass loss, drying shrinkage, and creep are less obvious for the

slag specimens. For example, while the initial loss of mass upon drying was relatively rapid,

' Mehta (1986) 93
2 Kearsley (1999b) 153-156, Brady et al. (2001) C12. Refer to Appendix A, 6.3.2g.
3 Cf. Pickett (1942), refer also to Section 7.3.6.
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slag specimens experienced minimal shrinkage prior to Day 7. Possible explanations for
these observations are reviewed in Section 7.3.6.

Actual creep strain values are plotted in Figures 6.10b and 6.10c. After 1 year,
creep strain of up to 6,000 pstrain could be expected for specimens loaded to 0.4 f'c.

By the end of the testing period, the cast surface of low-density foam concrete
specimens had visibly buckled in many locations (Figure 6.10d). The cast surface was less
porous and therefore stiffer than the specimen interior, which likely have caused it to take
slightly more stress, proportionally. Since the cast surface could not relieve stress by
crushing of its microstructure, it buckled as flakes, instead.

This buckling may have had some influence on deformation measurements, since
Demec locating discs were epoxied to the cast surfaces. However, damage did not occur in
the region of the epoxy, and it appeared that that the skin was generally relieving stress by
buckling, while the core was relieving stress by crushing, with the result that the cylinders
deformed fairly uniformly across their cross-sections. The buckling of the outer skin may
have slightly reduced the effective cross-sectional area of the specimens.

Increasing density, evident in Figures 6.10e and 6.10g, indicated that specimens

experienced ongoing hydration or carbonation in the 50% RH environment.

Figure 6.10d  Buckling along cast surface of 600kg/m® foam concrete after 12 months of exposure to 50% RH, for
loadings of 0.2 and 0.4 fc (above and below, respectively).
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6.11 Drying Shrinkage

Drying shrinkage is high for conventional foam concrete relative to normal density
concrete. Various influences on drying shrinkage were tested in the experimental program,
including density, filler-binder ratio, cementitious density, cementitious blend, and curing
regime.

In order to compare results, it was important to understand how much variability in
drying shrinkage could be expected among specimens. Shrinkage patterns are plotted in
Figures 6.11a and 6.11b, for 28-day water-cured specimens with filler-binder ratios of 0:1
and 2:1, respectively, having varying cementitious blends. For each mix design, three
specimens were cast from the same batch, and at least one additional specimen was cast
from a different batch of the same mix design.

Specimens from the same batch had closely similar results. Coefficients of variation
for one year drying shrinkage values were 0.85, 1.95, and 2.95%, for neat 0:1 slag, Portland
cement, and silica fume mixes, respectively. Coefficients of variation were 0.50, 0.71, and
1.48%, for sanded 2:1 slag, Portland cement, and silica fume mixes, respectively.

For slag and Portland cement mixes, drying shrinkage patterns of specimens from
two different batches were closely similar. Drying shrinkage patterns diverged slightly for
0:1 silica fume batches, and diverged more significantly for 2:1 silica fume batches,
although ultimate average shrinkage strain values after one year were similar, i.e. within

15.9% for 0:1 silica fume mixes, and within 8.1% for 2:1 silica fume mixes.

A selection of further comparisons is given in Figures 6.11c and 6.11d. For the 28-day
water cured specimens in Figures 6.11c¢, drying shrinkage decreased with increasing
density. Stiff fine aggregate restrained the shrinking C-S-H matrix.

Figure 6.11d provides evidence for expansive cracking in some low-density mixes.
Surprisingly, among neat Portland cement mixes, the lowest density mixes experienced less
shrinkage than higher density mixes. The reduced shrinkage of these very low-density
specimens may perhaps be attributed to increased cracking, introducing expansive strains.
Similarly, for 1-day water cured specimens, 0:1 silica fume specimens experienced

expansion between 14 and 28 days, which may indicate expansive cracking.
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The influence of curing regime is shown in Figures 6.11e to 6.11h. Curing regimes
included water curing for 1 day (dark lines), water curing for 28 days (light lines), and
moist-curing for 28 days (broken light lines). Each line represents the average shrinkage of
up to three specimens. (Refer to Appendix R.) Note that specimens from two separate
batches were water-cured for 28 days, as shown in the Figure.

Longer periods of curing in water tended to reduce short-term drying shrinkage.
This pattern is especially evident for low density mixes, and for slag mixes.

This phenomenon may be partially due to greater saturation of specimens with
increased curing time. Free water drawn into large voids by capillarity during long curing
periods maintains a high internal RH for longer, and must be removed before the effects of
capillary tension, surface tension, and disjoining pressures can induce volumetric change.
Furthermore, water that entered small voids during long curing periods would be held
more rigidly upon exposure to 50% RH, reducing the initial rate of shrinkage.

Ultimately, however, drying shrinkage increased with increased curing time. Long
curing periods may have introduced significant disjoining pressures in the C-S-H. During
hydration in a high RH environment, thick layers of adsorbed water would tend to induce
swelling of the C-S-H at many areas of hindered absorption, where solid surfaces come
close together. Later, when the specimen is dried, disjoining pressures decrease in these
locations, the surfaces draw close, and the volume of the specimen is significantly reduced.
(Refer to Appendix A, Section 6.2.3.) Itis also possible that unhydrated cement grains in 1-
day cured specimens contributed to restraint of drying shrinkage. (Refer to Section 7.2.)

The effect of curing time on long-term drying shrinkage was especially pronounced
for slag and silica fume mixes. Given the low Ca/Si ratio for these cementitious blends,
comparisons between 28-day water-curing and 28-day moist-curing offered insight into
whether free calcium in the limewater had an appreciable influence on drying shrinkage,
e.g. through densification of the microstructure during curing.

Drying shrinkage patterns for 28 day moist-cured specimens are shown for silica
fume mixes and a 2:1 Portland cement mix. In all cases, the drying shrinkage patterns for
28-day moist-cured specimens were very similar to patterns for 28-day water-cured
specimens. While high humidity had a significant influence on drying shrinkage patterns,

the introduction of calcium from the limewater did not have an obvious effect.
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The use of FCA modestly improved drying shrinkage in the short term. At 56 days,
drying shrinkage was reduced by 20 and 27% for nominal 600 and 1400 kg/m3 mixes,
respectively, compared to conventional Portland binder foam concrete mixes. The crushed
material had already undergone volumetric contraction during previous curing, and
restrained movement in the newer surrounding matrix.

At longer ages, however, shrinkage strain of FCA specimens was similar to that of
conventional foam concrete of the same density and cementitious density. Continued
drying resulted in lower internal RH, eventually removing water from small capillaries

present in the FCA and inducing capillary tension. (Refer to Appendix A, Section 6.2.3.)

Figures 6.111i and 6.11j show the changing mass of specimens upon exposure to 50% RH
drying conditions, providing further insight into shrinkage behaviour. Note that each data
series is based on measurements from a single specimen, and therefore results should be
interpreted with caution. Nevertheless, a number of patterns are evident.

Trends are most clear among silica fume mixes. The rate of moisture loss decreased
with longer curing times. After 1 year, the equilibrium densities of the specimens with a
long curing regime were between 39 and 45 kg/m3 higher than the equilibrium density of
specimens with a 1-day curing regime. The data supports the conclusion that a longer
curing time produced a higher degree of hydration, which would be associated with
increased density, higher closed porosity and slower moisture loss. It is also possible that a
longer exposure to high RH during curing increased the proportion of fine capillary pores.
These finer capillary pores would retain water for longer during drying, and would store
more water at 50% RH, resulting in higher equilibrium density.

For specimens cured for 28 days, moist-cured and water-cured exhibited similar
patterns of mass loss. Among the specimens tested, 28-day moist-cured specimens took on
more mass during curing than 28-day water-cured specimens. It is possible that moisture
ingress in water-cured specimens was limited by greater closed porosity, due to enhanced
hydration or the availability of calcium in the limewater for densifying cell walls.
Submersion in liquid water may have reduced cracking due to differential strain, or may
have limited carbonation, preserving closed porosity by reducing damage to cell walls at

plateau boundaries. Alternatively, submersion in liquid water may have ‘sealed’ the outer
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surface of the specimens, limiting the potential for moisture to enter and displace trapped
air. (Refer to Section 6.12 for comparison with a similar phenomenon of reduced moisture
ingress in a high RH environment.)

Equilibrium densities for 28-day moist-cured specimens were similar to, or slightly
higher than, those for 28-day water-cured specimens. These results suggest that calcium in
the limewater did not contribute significantly to the mass of water-cured specimens. The
higher density of moist-cured specimens may be due to a higher degree of hydration,
produced because of a higher initial degree of saturation. Alternatively, the moist-curing
regime may have produced a greater proportion of fine capillary pores which store more
water at 50% RH, resulting in higher apparent density, as discussed above.

Notably, at long times of exposure to 50% RH, specimens continued to gain mass

due to ongoing hydration or carbonation, as discussed later in this section.

Figure 6.11k shows the expansive strain induced during curing for silica fume mixes. Note
that each data point is based on measurements from a single specimen, so results should be
interpreted with caution; however, general patterns and magnitude of strain are indicated.

Expansive strain was negligible for specimens cured in water for 1 day. Given the
high water-binder ratios, specimens were already saturated, with a high internal RH. The
availability of liquid water did not significantly affect volume. With longer curing times,
very small expansive strains were induced, which increased with porosity. Elongation was
between 0 and 54 pstrain for the densest specimens, and between 299 and 401 pstrain for
the most porous specimens.

These data confirm that differences in shrinkage strain due to curing regime is not
simply a consequence of global swelling that is reversed upon drying. Rather, variations in
shrinkage behaviour are related to internal microstructural changes that have relatively

negligible effects on volume during curing.

Drying shrinkage data for specimens with higher cementitious densities are given in
Figures 6.111 and 6.11m. Data is consistent with previously observed trends. With longer
curing times, initial rates of drying shrinkage were lower, but drying shrinkage after one

year was higher. Additionally, Figure 6.11m reveals that for a 28-day water-curing regime,
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contribute to capillary tension via
capillary menisci (refer to Appendix A,
6.2.3). Similarly, the significant drying
strain of silica fume mixes may be due to
a large total volume of capillary pores.
56-day moist-cured specimens
showed similar shrinkage patterns to 28-
day water-cured specimens, although
strain rates were slower and strains after
one year were less extreme. Size effects
may contribute to these differences.
Figure 6.11s shows a reduced rate of
moisture loss through the larger
specimens, which would slow shrinkage
and simultaneously promote a higher
degree of hydration, reducing the volume
of capillary pores available to participate

in capillary tension.

In Figures 6.11q to 6.11s, long-term
mass gain is evident, especially in
Portland cement specimens. Ongoing
hydration may account for the increasing
density. As internal water chemically
bonds and forms C-S-H, interior RH
decreases, and additional moisture is
drawn from the controlled 50% RH
environment to maintain equilibrium.
Density would also increase with
ongoing carbonation, as atmospheric

carbon dioxide is chemically bound.
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6.12 Moisture Storage

Figure 6.12c shows the moisture content of foam concrete specimens exposed to 50, 80,
and 90% RH, respectively. Specimens were water-cured for 28 days, and conditioned in
50% RH for one year, prior to the start of the test, as described in Section 5.5.2. Initial MC
values were determined from companion specimens at the start of the test. Subsequent MC
values were based on accumulated mass gain in the specimens.

Specimens maintained in 50% RH provided a reference for ongoing processes of
hydration or carbonation. Accumulated mass gain at 50% RH was relatively low, indicating
that change in mass in 80 and 90% RH environments was mainly due to water adsorption.

Specimens in 80% RH gained mass at a decreasing rate until approximately four
months. Mass gain was typically lowest for slag mixes. This trend may be due in part to the
low water-binder ratios used, resulting in low capillary porosity and thus low internal
surface area for water absorption. Higher mass gain for Portland cement and silica fume
mixes reflects higher internal surface areas, resulting from many fine capillary voids.

Surprisingly, specimens in 90% RH gained mass at a slower rate than specimens in
80% RH. Itis possible that initial wetting of the exterior surface of the specimens ‘sealed’
the specimens via capillary condensation, creating a barrier to diffusion of air and slowing
the ingress of moisture (refer to Figure 6.12b). Due to circumstances beyond the author’s
control, the sorptivity tests were terminated at 5 months, prior to specimens reaching

equilibrium, therefore 90% RH equilibrium moisture content values remain undetermined.

A

80% RH 90% RH
Figure 6.12a Figure 6.12b
Exposure to 80% RH, proposed model. Exposure to 90% RH, proposed model.
Specimen initially conditioned to 50% RH. Specimen initially conditioned to 50% RH.
High RH air progresses through open Vapour condenses in small diameter capillaries near the
capillaries in the highly permeable material. exposed surface of the material. Interior air is ‘trapped.
Water adsorbs on available internal surface Interior air can only evacuate the specimen via diffision

area throughout the specimen. through capillary condensation water (A).
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Equilibrium moisture contents (EMC) in environments of varying relative humidity
are expressed as a percentage of oven dry mass in Figure 6.12e. For specimens of varying
dry densities, trends may be more easily detected by comparing moisture content per unit
volume, as referenced in Figure 6.12f and in the discussion below.

For specimens in 50% RH, there appeared to be a correlation between moisture
storage and water-binder ratios (Figure 6.12d). Capillary porosity (and internal surface
area) increased with water-binder ratio, resulting in especially high ECMs for silica fume
mixes. Decreasing moisture storage with increasing porosity may be partially attributed to
reductions in water-binder ratio, and the addition of solid aggregate surface area in the
mix. Additionally, at higher densities, there may be more fine capillary pores, for example
due to high local water-binder ratios and high capillary pore concentration adjacent to
aggregate (refer to Appendix A, Section 6.3.1b). While large capillaries and air voids adsorb
thin layers of water, smaller capillary pores can store proportionally greater
concentrations of water via capillary tension.

For specimens in 80% RH, moisture storage was relatively constant across
porosities. At this higher humidity, very fine capillary pores may be saturated. A greater
proportion of capillary pores, with a greater range of pore diameters, are likely engaged in
storing water via capillary tension. Among cementitious blends, it appeared that slag mixes
stored the least moisture, likely due to a low accumulated volume of capillary pores
capable of participating in capillary tension at 80% RH, in addition to having a low internal
surface area for water adsorption. An increase in moisture storage for the highest density
mixes reflects an increase in capillary porosity with water-binder ratio, as discussed above.

For specimens immersed in water, moisture storage did not vary significantly with
porosity, which suggests that both solid aggregate and discrete air-voids were similarly
competent at resisting liquid water ingress during the 14 days of immersion. The slight
increase in moisture storage with porosity may be attributed to increased interconnectivity
and capillarity of air voids, resulting from shrinkage cracks (Section 6.11) or damage to
thin cells walls during curing or aging (Appendix A, Section 6.3.1b). Among low-density
mixes, the resistance of SF mixes to water ingress may be due to fine, closed air-voids.

For specimens with constant cementitious density, at 50 and 80% RH, the inclusion

of aggregate had a relatively small influence on moisture storage, as shown in Figure 6.12g.
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By contrast, moisture storage increased significantly with paste volume (Figure 6.12h), due
to increased capillary void volume and internal surface area. At 100% RH, increasing
density by adding filler reduced moisture storage during immersion, due to reduced
permeability, while increasing density by adding cementitious content tended to increase
moisture storage during immersion, due to increased available capillary void volume.
Moisture storage functions for slag, Portland cement, and silica fume mixes of

varying densities are given in Figures 6.12i, 6.12j, and 6.12K, respectively, for reference.

Varying Filler-Binder Ratio
410kg/m3 cem. dens.
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) Legend
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100 2:1 Filler-Binder Ratio
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Figure 6.12g  Moisture storage functions for Portland cement specimens (log scale).
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Figure 6.12h  Moisture storage functions for neat cement specimens (log scale).
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Figure 6.12i
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Figure 6.12j

Moisture Content (kg/m?)

Figure 6.12k
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Moisture storage functions for 12% silica fume specimens.
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6.13 Moisture Movement

Figure 6.13a shows the change in length of specimens after immersion in water for 1 and
28 days, respectively, and after exposure to strong drying at 50°C. Change in length is
referenced relative to equilibrium conditions after more than 1 year at 50% RH and 25°C.

Approximately 50 to 70% of the total elongation experienced upon immersion
occurred within the first 24 hours of wetting. While filler and air voids were similarly
competent at resisting ingress of water for a long period (refer to Figure 6.12e), capillary
pores readily absorbed liquid water, promoting expansion in accordance with the
mechanisms described in Section 6.11 and Appendix A, Section 6.2.3.

Moisture movement decreased with increasing volume of aggregate filler.
Expansion upon 28-day immersion was between 1000 and 1200 pstrain (0.10 to 0.12%)
for mixes with no filler, compared to approximately 500 pstrain (0.05%) for mixes with
filler-binder ratios of 3:1. Inert filler restrained movement of the C-S-H phase.

The effects of cementitious blend on moisture movement were relatively minor.
Expansion increased slightly with cementitious density, for the neat cement mixes tested.
This trend may be attributed to an increase in the total volume of capillary pores available
to participate in effects of capillary tension, etc. (refer to Appendix A, Section 6.2.3).

Contraction induced by oven drying was less than 150 pstrain for mixes with filler-
binder ratios of 3:1. Inert aggregate restrained movement of the C-S-H, with relatively thin
layers of shrinkable C-S-H separating filler particles at points of contact. Conversely, for
mixes with filler-binder ratios of 0:1, shrinkage upon oven-drying was 1000, 1200 and
1500 pstrain for slag, Portland cement, and silica fume binders, respectively. Change in
cementitious density did not significantly affect shrinkage strain of neat cement mixes.

In general, moisture movement was significantly lower than strain observed during
initial drying (Section 6.11). Drying shrinkage was 6200 pstrain (0.62%) for a neat
Portland cement mix, and 2100 pstrain (0.21%) for a Portland mix with a 3:1 filler-binder
ratio. Drying shrinkage strain was still higher for mixes using SCMs (refer to Figure 6.110).

Figure 6.13b offers a preliminary indication of the potential stress that might be
exerted by dry, rigidly constrained foam concrete, when exposed to liquid water. Stress

has been calculated as strain upon immersion, multiplied by the elastic moduli determined
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in Section 6.7. Note that the elastic modulus has been assumed to be constant: in actuality,
the elastic modulus for a given mix design may vary with moisture content due to the
introduction of load-bearing water, disjoining pressures, etc.

The compressive strength of mixes is shown with open markers. Importantly, the
calculated stress due to wetting exceeds the compressive strength for some mixes,
particularly those with filler-binder ratios of 0:1. This result suggests that dry, rigidly
constrained foam concrete could expand with sufficient force to induce crushing of the
material, when soaked with water. The compressive strength of the concrete may be
diminished after initial crushing, as indicated by the crushing behaviors recorded in
Section 6.9. If moisture movement is cyclical, debris may accumulate at cracks or at
boundaries, causing a 'ratcheting' increase in crushing deformation.

This preliminary study indicates that this damage mechanism may be non-
negligible. Further research should measure actual stresses induced by liquid uptake of

foam concrete, rather than deriving the stress from the strain, and should consider creep.

Figure 6.13c shows images of 710 kg/m3 neat cement foam concrete specimen, after
varying conditioning regimes, as noted. Visible drying shrinkage cracking shown in the
Figure under 100°C oven-drying conditions was typical across experimental program mix
designs. A 50°C oven drying benchmark may be more appropriate for some tests, to
minimize physical change to the air-void system. Even under gentler drying conditions, an
increase in microcracking may need to be accounted for. (Refer to Section 6.14.)

Results of a preliminary test of damage due to wetting and drying are shown in
Figures 6.13d and 6.13e. Specimens were conditioned for over one year at 50% RH and
25°C, immersed in water for 14 days, and then permitted to dry in air at 50% RH and 25°C.
All specimens included 410kg/m3 cementitious density.

After one wetting and drying cycle, residual mass gain and elongation were highest
for SCM mixes. Microstructural changes and damage may be most significant for foam
concrete mixes that incorporate SCMs. Further study is recommended to better
understand how mature foam concrete is affected by moisture-related damage
mechanisms such as microcracking (due to differential strain upon partial wetting);

hydration; carbonation; dissolution and precipitation; and creep from wetting strain.
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Drying at 100°C induced visible shrinkage cracking in 710kg/m? neat cement foam concrete.
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4x magnification. (Refer also to Figures 6.14k and 6.14m.)
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6.14 Capillary Water Uptake

Previous foam concrete researchers conditioned capillary water uptake (CWU) testing
specimens in an oven at approximately 105°C, to drive off free water.! Figures 6.14d to
6.14f are based on this methodology, except that specimens were dried at 50°C until
constant mass, to reduce damage to the air void system caused by shrinkage cracking.

For low-density mixes with no filler, the pattern of initial water uptake against the
root of time was non-linear, indicating that water uptake was not purely one-dimensional.
For example, cracking in the bulk material (e.g. due to drying shrinkage cracking during
conditioning, or differential strain upon partial wetting), or damage to cell walls, would
create significant paths for capillary flow (Figures 6.14a).

For sanded mixes, the pattern of initial water uptake against the root of time
appeared to be more linear, until a nick-point time at which liquid water reached the top
surface of the specimens.? This result is consistent with lower interconnectivity of voids.

For all cementitious blends, mixes with a filler-binder ratio of 2:1 (i.e. nominal
density of 1400 kg/m3) appeared to be optimal for suppressing CWU. At this density,
interconnectivity of the air-void system is low, minimizing capillary suction. Closed air
voids act as obstructions to the ingress of water, producing a tortuous path for capillary
flow (Figures 6.14b).3 Mixes with filler-binder ratios of 3:1 had higher water-binder ratios,

and thus an increased volume of sorbing paste, increasing capillary flow* (Figure 6.14c).

,ng\;)]

- liquidwater [ - - liquidwater [ liguid water

Figure 6.14a  CWU paths, 0:1 f/b. Figure 6.14b  CWU paths, 2:1 f/b. Figure 6.14c  CWU paths, 3:1 f/b.
Capillary suction of Low interconnectivity High water-binder ratios
interconnected air voids between air-voids results result in increased
results in high rate of CWU. in lower rate of CWU. capillarity of paste.

1 Liuetal. (2014) 240, Nambiar and Ramamurthy (2007b) 1343.

2 Cf Fagerlund (1977) 225, 1SO 15148 (2002) Section 8.

3 Cf. Prim and Wittmann (1983) 66, Nambiar and Ramamurthy (2007b) 1345.

4

A similar pattern of high moisture storage was apparent for 3:1 specimens in 80% RH. Refer to Figure 6.12e.
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Rates of CWU, during the first 0.5 hours of partial immersion, are plotted against
porosity for various mixes Figure 6.14g. Figure 6.14h shows the rate of CWU following an
initial period of stabilization (typically 30 minutes), until the nick-point time, i.e. the time at
which water reaches the top surface of the specimen and the rate of CWU sharply
decreases. Correlation coefficients were highest for sanded Portland cement and slag
mixes. Note that for mixes with no filler, plots of moisture accumulation against the root of
time were smoothly curved. Straight-line slopes could not be determined; instead, the rate
of uptake was determined in accordance with ISO 15148> based on the accumulated mass
24 hours after the start of the test.

For sanded mixes, CWU was suppressed with the addition of SCMs, which may be
attributed to increased impermeability resulting from improved particle packing and
pozzolanic reactions (refer to Section 6.6.2). Itis possible that Portland cement mixes had
a higher open porosity, due to damage at the plateau boundaries (refer to Section 6.17).

For mixes with no filler, rates of CWU were higher for SCM mixes than for 100%
Portland cement mixes. This effect may be a consequence of increased drying shrinkage
cracking (refer to Sections 6.11 and 6.13), increasing the number of major capillary paths
in the dry foamed material.

Accumulated moisture content from CWU after 1 day is plotted against porosity, in
Figure 6.14i. Moisture content increased with porosity, except that moisture content was
relatively high in mixes with a filler-binder ratio of 3:1. This trend may be due to the high
water-binder ratios used for these mixes (refer to Figure 6.14j), which, for a given
cementitious density, increase the volume of capillary-rich C-S-H sorbing paste. Moisture
content at 1 day was suppressed by the use of SCMs.

Accumulated moisture content after 28 days is plotted against porosity, in Figure
6.14k. Patterns of moisture content at this testing time appeared to be independent of the
cementitious blend used. Trends in Figures 6.14d to 6.14f indicate that for longer periods,
the moisture content in SCM mixes may eventually be higher than in PC mixes.

The accumulated moisture content due to CWU is relevant for the freeze-thaw

resistance of the material in-service, as elaborated in Section 6.16.

5 IS0 15148 (2002), Section 8. Refer to Appendix M for further discussion.
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Tests of capillary water uptake were repeated for other specimens, subjected to less
harsh conditioning regimes.

The CWU procedure for concrete recommended in ASTM C1585 includes
conditioning at 50°C and 80% RH, in order to generate internal relative humidities of
between 50 and 70%.° Given the high permeability of foam concrete observed in Section
6.11,7 specimens were instead stored in ambient lab conditions (23+3°C and 60+10% RH)
for 3 months prior to the start of the test, achieving internal RH representative of normal
indoor conditions in the field, while reducing the risk of damage from exposure to heat.

CWU of ambient-dried specimens are shown in Figure 6.141, and are lower than for
constant mass oven-dried specimens (Figure 6.14n). Three hypotheses are proposed to
explain the suppression of CWU in ambient-dried specimens. First, capillary pores may
have already been partially filled with moisture, thus there would be less room available
for water uptake. Second, results from Section 6.12 suggest that any capillary condensation
could promote sealing of interior air voids, slowing the ingress of water (refer to Figures
6.12a and 6.12b). Most significantly, damage to cell walls and drying shrinkage cracking
are reduced for the ambient-dried specimens, resulting in greater closed porosity and
minimizing large capillary channels. (Refer to the photographed cross-sections.)

Figure 6.14m depicts the CWU of specimens subjected to 3 days of oven-drying at
50°C, as an intermediate conditioning regime between ambient drying and oven-drying at
50°C to constant mass. Rates of CWU were between the results of the other two tests.

Notably, in both Figure 6.141 and 6.14m, the rate of CWU increased with porosity,
while in Figure 6.14n, the rate of CWU was minimized at 1400 kg/m?3 nominal density. Itis
possible that the densest of mixes retained higher internal moisture during the mild
conditioning regimes, suppressing CWU. A greater sample size would be required to more
clearly discern trends. In general, the plots indicate that the conditioning regime has a
significant effect on CWU of foam concrete. Where saturation values are critical
determinants of performance (e.g. for evaluations of freeze-thaw resistance, cf. Section

6.16), tests should replicate conditions of CWU in the field as closely as possible.

6 ASTM C1585-13, Note 4.

7 Most moist- and water-cured specimens of 50mm diameter specimens desorbed fully to a 50% RH environment
within approximately 56 days. 28-day water-cured specimens of 1400 kg/m3 nominal density took up to 100 days to
fully desorb. Cf. Figures 6.11q to 6.11s.
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6.15 Thermal Conductivity

As for all materials, thermal conductivity of foam concrete is strongly dominated by
density, as shown in Figure 6.15a.! The lowest density mix tested had a dry density of
550 kg/m3, and thermal conductivity of 0.12 W/m-K (resistance of 8.2 m-K/W; R-1.2 per
inch). The densest mix tested, with a dry density of 1775 kg/m3, had a thermal
conductivity of 0.58 W/m-K (resistance of 1.6 m-K/W; R-0.25 per inch).

Variations in mix composition did not significantly influence thermal resistance.
The especially fine air voids present in silica fume mixes had no obvious effect on thermal
resistivity for a given density; nor did variations in cementitious density.

Theoretical values for neat cement and sanded foam concrete, as provided in ACI
Report 122,2 are plotted on Figure 6.15a with a grey and black line, respectively. Thermal
resistivity values from the experimental program were close to theoretical values for neat
cement foam concrete. The relatively low thermal conductivity of sanded mixes in the
experimental program, compared to theoretical values for sanded mixes, may be attributed
to high cementitious density, and fine air-voids, creating many interruptions to radiative
heat transfer.3 Mix design is unlikely to significantly affect thermal conductivity of
conventional foam concrete; factors such as moisture ingress may be more influential.#

Foam concrete specimens were also tested with varying hot and cold plate
setpoints. Thermal resistivity decreased with increasing mean temperature, as shown in
Figure 6.15b. This effect can be attributed principally to radiative heat transfer, g,, which
increases significantly with increasing temperature, per the Stefan-Boltzmann law:

qr = eo(T{ —T3)
where ¢ is the emissivity of the material, ¢ is the Stefan-Boltzmann constant, and 7; and T,
are the respective temperatures of facing surfaces. By contrast, conductive heat flow is
linearly dependent on the temperature gradient, and convection is negligible in foam
concrete.> Temperature-dependent reductions in thermal resistivity may be significant for

applications involving elevated temperatures (refer to Appendix A, Section 6.3.5d).

1 The plot shows measured values from tests with an average temperature value of 24°C (hot plate setpoint of 38°C;
cold plate setpoint of 10°C). Refer to Section 5.6.1.

ACI 122R-02 Section 2.1

ACI 122R-02 does not clarify what assumptions were used in calculating theoretical values.

Cf. ACI 122R-02 Section 2.2

Refer to Appendix A, Section 6.3.4a
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6.16 Freeze-Thaw Resistance

6.16.1 Freeze-Thaw Susceptibility: Degree of Saturation

Dilation due to freeze-thaw action is plotted against volumetric moisture content in Figures
6.16.1a and 6.16.1Db, for specimens of 600 and 1400 kg/m?3 nominal density, respectively.
Maximum ‘safe’ thresholds for moisture content, at which freeze-thaw damage was not
detected, are indicated on the figures with vertical lines.

Portland cement, silica fume, and slag specimens of 1400 kg/m3 nominal density did
not experience obvious dilation for any of the moisture contents considered. Among
600 kg/m3 nominal density mixes, slag specimens showed evidence of dilation at the
lowest moisture content, above approximately 200 kg/m3. Portland cement mixes showed
signs of dilation above approximately 225 kg/m3 M.C., while silica fume mixes dilated only

after the M.C. exceeded 330 kg/m3.

Based on the strategy articulated by Fagerlund,! maximum acceptable thresholds for
moisture content can be compared to the actual moisture content of a material in a given
situation, in order to assess the risk of freeze-thaw damage.

Anticipating the in-service moisture content of foam concrete can be a challenge.
Low-density mixes, in particular, have a large volume of air voids, and a large potential for
moisture storage. The actual accumulation of water will be a function of the duration of
exposure to moisture; the presence of cracks (e.g. due to drying shrinkage of differential
strain upon wetting); damage to cell walls, and the degree of open porosity (which is
related to aging of the foamed material); pressure gradients; and numerous other factors.
Sources of drainage or drying should also be considered.

Moisture accumulations during laboratory-controlled tests are shown in Figures
6.16.1c and 6.16.1d, for full and partial immersion (refer to Sections 6.12 to 6.14). MC
thresholds for freeze-thaw damage are registered with a horizontal line. 18 month old
600 kg/m?3 slag, PC, and SF specimens exceeded saturation limits at 0.5, 4.4, and 8.5 days of
full immersion, respectively. Notably, water ingress was slower in 12 month-old specimens

with reduced head, likely due to reduced pressure and reduced aging (microcracking).

1 Fagerlund (1977)
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Figure 6.16.1d Moisture accumulation in 1400 kg/m? specimens during CWU and liquid immersion.
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1400 kg/m3 specimens did not exceed saturation limits during months of full immersion.

Foam concrete appears to have special hygroscopic properties. Resulting
gradations of moisture through the material should also be considered in assessing risk of
freeze-thaw damage.

The pore size distribution of foam concrete strongly affects moisture transport and
distribution. Foam concrete typically includes a large proportion of both capillaries and air
voids. The porosity is thus bimodal (‘gap graded’), with no significant porosity between 3
and 50 pm diameter (refer to Figure 6.16.1e). Previous work in this experimental program
has indicated that when dry foam concrete is exposed to liquid water, capillary pores fill
readily. Conversely, isolated air voids surrounded by saturated capillaries initially resist
water ingress, but may eventually fill under hydraulic pressure, as air gases diffuse out of
the voids via the capillary water (refer to Sections 6.12, 6.14 and 7.3.7).

Due to this diffusion process, the air voids closest to the surface of the concrete will
tend to fill with water most quickly, while interior voids remain relatively dry. Moisture
content does not appear to equilibrate readily through the specimens during wetting.

When a wetted specimen is exposed to freezing temperatures, ice crystals will thus
form in saturated (or partially saturated) air voids near the surface. Water that is rigidly
held in fine capillaries and gel pores cannot rearrange to form ice at normal freezing
temperatures, however. This high-energy, supercooled liquid water is in thermodynamic
disequilibrium with frozen water in larger pores, and will tend to migrate to low-energy,
ice bearing regions.? The ice crystal in an air void therefore grows not only because of
volumetric expansion as water transforms into ice, but also because of the ingress of
supercooled water, inducing internal pressure and expansion at an unfrozen, supercoooled
water layer between the ice crystal and the cell wall (Figure 6.16.1f).3

Figures 6.16.1g and 6.16.1h show images of the spalled surfaces of foam concrete,
following freeze-thaw testing. Damage is apparent at the surface of the specimen, where
air voids would tend to be most saturated.

It is possible that dry interiors of dilated specimens remained undamaged, since

interior moisture contents may not have been high enough to fill interior air voids with ice.

2 Mehta (1986) 123.
3 Valenza and Scherer (2006) 1164-1165
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Specimen initially conditioned to 50% RH.
All available surfaces exposed to liquid water.
Specimen exposed to freezing temperatures.

Air voids closest to the specimen surface will tend to fill

with water most quickly (A), while interior voids remain
relatively dry (B). Ice crystals form in the saturated air voids.
Supercooled liquid from surrounding capillaries migrates

to the low-energy frozen sites (red arrows), contributing to

tensile hoop stresses in the air-void wall (black arrows).

Figure 6.16.1f Proposed model of freezing event, following long-term immersion in water.

Figure 6.16.1g Scaled surface, 600 kg/m? specimen. Figure 6.16.1h Scaled surface, 1400 kg/m? specimen.

Figure 6.16.1i Specimen immersed 140 days, frozen, Figure 6.16.1j Scaled surface near DEMEC disc,
and fractured. 4x magnification. 600 kg/m?specimen.
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Figure 6.16.1i shows the cross-section of a specimen that was immersed in water for 140
days, blotted with a damp cloth to remove excess moisture, frozen, and then fractured.
Water is obvious in the air-voids near the surface, while interior air-voids are drier.
Rather, measured dilation is likely due to expansion of the foam concrete near the
surface, where the DEMEC locating discs were epoxied to the specimen. Figure 6.16.1j
shows freeze-thaw damage in the region of the epoxied DEMEC locating discs at the

specimen surface, where the local degree of saturation would be high.

Alterations to the experimental setup were considered, to facilitate more consistent
saturation throughout the air-void system of a specimen. For example, a smaller specimen
size could reduce variability in moisture content through the specimen cross-section.
Alternatively, a process of vacuum saturation, followed by drying to a given mass, may
encourage more even distribution of moisture in the air void system: ingress of water into
a dry foam concrete specimen is resisted for the reasons explained above, but migration of
water out of a saturated specimen occurs more readily, since internal water can diffuse out
via relatively dry, open capillary paths. (Refer to Figures 6.16.1k and 6.16.11.)

These changes would incur certain disadvantages, however. Microcracking may
occur with cutting and handling of thin pieces, affecting capillary flow. Furthermore, Figure
6.16.1i indicates that saturation may only progress a few millimeters deep, even after a
long period of immersion, requiring exceptionally thin specimens. A process involving
vacuum saturation would introduce water in voids that might not fill in normal wetting
situations, therefore moisture distribution may not be realistic.

The experimental program, as conducted, serves to exhibit the freeze-thaw damage
mechanism of foam concrete exposed to normal wetting. Data and photographs indicate
that even when foam concrete is exposed to a source of liquid water for a very long time,
only the specimen surface becomes sufficiently saturated to facilitate freeze-thaw damage.

Fortunately, despite uncertainty about the exact moisture distribution through
specimens, Figures 6.16.1c and 6.16.1d are nevertheless useful for estimating maximum
recommended immersion times. Moisture ingress increased with time, and upon reaching
critical local degrees of saturation at the surface, freeze-thaw damage was registered at the

DEMEC gauges. Maximum recommended immersion times are plotted in Figure 6.16.1m.
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6.16.2 Freeze-Thaw Susceptibility: Saline Scaling

Susceptibility to salt scaling does not correlate with susceptibility to internal frost action.
Valenza and Scherer! have shown that while internal frost action is a function of
crystallization pressures within pores, salt scaling is better explained as the result of a glue-
spall mechanism, where a thermal expansion mismatch between the ice and the concrete
induces stresses along the interface of the composite solid.

This mechanism is consistent with the high rates of scaling observed for foam
concrete in Figure 6.16.2a. The interfacial bond between foam concrete and surface ice
will typically be very strong, due to the high degree of saturation in capillaries and air-
voids at the foam concrete surface. Brine pockets in the ice promote cracking of the ice,
which propagates into the surface of the concrete. The foam concrete matrix has very little
capacity to resist the resultant tensile and shearing stresses.

Particle packing effects will tend to increase the proportion of paste in the upper
surface of a slab, and upward migration of water and bubbles during mixing will tend to
make upper regions especially porous. These microstructural characteristics may account
for the fast initial rate of mass loss observed. Within 10 cycles, three of the four slabs
tested had already exceeded the 0.80 kg/m? limit for assessments of normal density
concrete made with coarse aggregate.? Subsequent reduction in the rate of scaling may be
attributed to reduced permeability, enriched salt concentration (i.e. above the ‘pessimistic’
concentration at which freeze-thaw damage is maximized?) due to the sublimation of water
into the environment of the freezing chamber and replacement of solute water, or restraint
provided by exposed aggregate (arresting cracks in the ice).

Average loss of depth was calculated based on the oven-dry mass of the scale, and is
presented in Figure 6.16.2b. The progress of damage is shown in Figures 6.16.2d to
6.16.2f. Notably, specimens in distilled water experienced a slow rate of damage, despite
high degrees of saturation at the surface. The slow rate of cooling would have provided
more time for moisture transport than in Section 6.16.1, facilitating safe accumulation of

super-cooled water in ice-bearing air-voids. (Refer to Figures 6.16.2c and 6.16.1c).

1 Valenza and Scherer (2006) 1164-1165

2 0OPSS 1002, Section 1002.05.03.02.01. Cf. results for air-entrained normal density concrete, Appendix M.

3 The pessimistic concentration for saline scaling is approximately 3% by weight, independent of the solute used
(inorganic salt, urea, or ethyl alcohol). Cf. Verbeck and Klieger (1957), Valenza and Scherer (2006) 1161
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6.17 Microstructural Analysis

6.17.1 Qualitative Analysis

Images of specimens oven-dried to 105°C are given in Figures 6.17.1a to 6.17.1d, at
magnification levels of 1x, 2x, 4%, and 8x, respectively, as indicated. Photographs show the
relative size distribution and circularity of air-voids, and indicate the effects of strong
drying on shrinkage cracking and interconnectedness of air void systems.

At 1x magnification (Figures 6.17.1a), significant cracking of the bulk material is
obvious in mixes with no filler. Cracking due to oven-drying affects properties such as
permeability and capillary water uptake (refer to Section 6.14).

Rough surfaces are evident in Portland binder mixes with filler-binder ratios of 1:1
or 1.5:1, where the circular saw blade for cutting the samples has pushed fine aggregate
across the weak surface of the mix, inscribing grooves. Photos of denser sanded mixes
reveal that large grains of sand are well distributed.

Images at 2x magnification (Figure 6.17.1b) show that air void size diminishes with
increasing filler content. It appears that the largest voids are present in mixes with 100%
Portland binder or 30% slag, and no filler. These large voids are flaws in the matrix, and
may be especially detrimental to mechanical strength, according to the Griffith criterion of
fracture. High proportions of fine SCMs in other mixes may improve particle packing,
promoting the production of a strong skeletal skin during concrete set up and reducing
bubble coalescence.

At 4x magnification (Figure 6.17.1c), holes and cracking are visible in the cell walls
of mixes with no filler, especially the Portland binder and 30% slag mixes. Cracking
increases the interconnectivity of the air-void structure, with implications on permeability
and capillary water uptake. This damage is likely due in large part to the oven-drying
regime (refer to Section 6.13). Irregular voids are visible on the surface of mixes with
filler-binder ratios from 1:1 to 2:1, where large sand particles have been eroded from the
weak paste by the specimen cutting blade. Mixes with filler-binder ratios of 3:1 appear to
be strong enough to resist the erosion of large sand particles. In these densest mixes, the
average pore size appears to be very small; there are also regions of hardened paste with

no apparent air voids, for example, in the mixes with 6 and 12% silica fume.



At 8x magnification, the degree of circularity of air voids may be observed
qualitatively, especially in mixes with filler cement ratios of 0:1 and 3:1, where the visible
surface is least damaged. Small voids appear to be highly spherical, while some larger,
coalesced air voids are slightly oblong or irregular. In general, however, the air voids are

reasonably circular.

6.17.2 Quantitative Analysis

The sequence of converting scanned cross-sections into air-void size distribution data is
demonstrated in Figures 6.17.2a to 6.17.2c. Refer to Section 5.8.2 for a written description
of this process. The resulting plot of air-void distribution for Portland cement, slag, and
silica fume mixes with no filler is presented in Figure 6.17.2d.

When ‘dry foam’! bubbles are first produced, they may be as small as 0.1 mm in
diameter. Significantly larger voids may result while the foam is mixed into the
cementitious slurry, due to coalescence.?

The air-void distribution plot indicates that bubble coalescence was relatively low in
slag and silica fume mixes. Almost 30% of these air-void systems was composed of voids
less than 0.5 mm in diameter, and approximately 75% of these air-void systems was
composed of voids less than 1.0 mm in diameter. As suggested previously in this chapter,
the fine particle sizes of the SCMs likely contribute to good particle packing, allowing for
the creation of an even coating of solids around individual bubbles. High water-binder
ratios used in the silica fume mix may facilitate through-solution hydration, rapidly
reducing the scale of cementitious solids in the mix and further improving particle packing.

By contrast, significant coalescence was apparent in the Portland cement specimen.
Only 40% of the area of the air-void system was composed of voids less than 1.0 mm in
diameter. Approximately 20% of the area of the air-void system was composed of voids
larger than 2.0 mm in diameter. Foam instability may be attributed to the coarseness or
dryness of solids, or particle charges that upset the electrostatic balance of the surfactant.

The largest air voids detected were 4.2, 3.5, and 2.8mm, for Portland cement, slag,

and silica fume specimens, respectively. These sizes correlate with the respective

1 Refer to Appendix A, Section 5.2.1b.
2 Brady etal. (2001) 2
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Figure 6.17.1a Foam concrete specimen sections at 1x magnification.
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Figure 6.17.1b Foam concrete specimen sections at 2x magnification.
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Figure 6.17.1c Foam concrete specimen sections at 4x magnification.
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Figure 6.17.1d Foam concrete specimen sections at 8x magnification.
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Figure 6.17.2a Silica fume photograph (a), scan (b), threshold of 108 (c), watershed (d), and outline (e).
Photograph at 4x magnification; scan and manipulations at 8x magnification.

Figure 6.17.2b Portland cement photograph (a), scan (b), threshold of 108 (c), watershed (d), and outline (e).
Photograph at 4x magnification; scan and manipulations at 8x magnification.

ol

Figure 6.17.2c Slag photograph (a), scan (b), threshold of 108 (c), watershed (d), and outline (e).
Photograph at 4x magnification; scan and manipulations at 8x magnification.
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compressive strengths of these mixes (refer to Figure 6.6.1.2b). Large flaws are critical
Griffith flaws under load, and limit ultimate compressive strength.

Quantitative air void analysis results are consistent with visual analysis of the
photographs of specimens with 0:1 filler-binder ratios given in Section 6.17.1. A large
number of coalesced bubbles may be observed in the Portland cement cross-section, while
the air-void size distribution in 12% silica fume or 50% slag mixes is more consistently

fine-grained.

Several attempts to polish sanded foam concrete specimens were also undertaken.
Despite using a variety of techniques and equipment from two different laboratories,
partially polished particles of sand tended to tear out of the soft foamed matrix during
polishing, marring the specimen surface. Application of lacquer and acetone as a stiffener
did not penetrate sufficiently far into the specimen to mitigate this problem. The surfaces
of the sanded foam concrete specimens were unsatisfactory for analysis, and data from
these specimens are not included in this thesis.

Impregnation of sanded specimens with a resin under vacuum may produce better
results for future work, sufficiently stiffening the matrix of sanded foam concrete

specimens to allow for a high-resolution finish.



7

Proposed Micromechanical Model

Analysis of foam concrete at a fine scale can offer insight into its behaviour at a larger scale.

Three scales of analysis are commonly considered in concrete research, as
established by Wittman?: micro level, which includes physical and chemical processes of
molecules in hardened cement paste; meso level, which includes interactions of aggregate,
pores, and cracks; and macro level, which describes concrete behaviour according to
simplified laws.

In this chapter, the term microstructure is used to refer both micro and meso level
interactions. A proposed qualitative microstructural model explains mechanisms that
occur within foam concrete aerated with dry-foam methods during plastic, curing, and
hardened states. Analysis is based on the literature review (available in Appendix A), as

well as significant trends observed during the experimental program (Chapter 6).

7.1 Plastic Phase

The production of foam concrete begins with the preparation of a base mix from cement

Wittman (1987)

Refer to Appendix A, Section 5.2.1b.

Refer to Section 5.1.1 and Appendix A, Section 5.2.1b.

She et al. (2014b) 63

Appendix A, Section 6.1.2

Appendix A, Section 5.1.7

For this reason, approximately 25% of synthetic surfactants are non-ionic. Having no electrical charge can promote
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and water. Fine aggregate, coarse lightweight aggregate, and fibre reinforcing may also be
included. Itis important that solid ingredients are completely wetted in the base mix, since
dry solid ingredients added later to the foamed mix may draw water out of the diluted
surfactant, causing collapse of bubble films. Ingredients should be well-graded and
thoroughly blended for homogeneity and particle packing, to help achieve a uniform air-
void system.

As dry foam? is added to the mix, the consistency of the mix will change. Typically,
the slump flow (i.e. spread rate) of low- and medium-density mixes will decrease with
increasing foam volume. This effect is due to the reduced self-weight of the mix (Figure
7.1a), as well as the high surface area of the foam, which is typically hydrophilic and
capable of adsorbing layers of water. Conversely, the spread rate of denser foam concrete
mixes (e.g. 1800 kg/m?3 n.d.) may increase: the aqueous surfactant solution of the foam
appreciably increases the total amount of water available in the mix, and the bubbles may
act as small ‘ball-bearings’, improving workability in a manner similar to the effect of air
entrainment in retarded mortar systems (Figure 7.1b).3

[f the mix is too stiff, a large proportion of the bubbles will break. This phenomenon
results in increased density; it also increases the proportion of available water in the mix,
which can help to reduce stiffness and avoid further bubble collapse. In this way, foam
concrete mix designs can be self-correcting, to some extent, as long as additional preformed
foam is available to restore the desired density.

If the mix is too fluid or is strongly vibrated, sand grains or cement particles may
drop to the bottom of the casting during mixing, producing segregation. This problem is
common in lower-density mixes, where thin bubble films cannot support relatively large,
dense particles. In fluid mixes, bubbles or bleedwater may migrate upwards in the paste,
creating a weak zone near the top of the casting and making the foam concrete difficult to
finish. Fortunately, many foam surfactants produce bubbles with hydrophilic outer
surfaces, which can adsorb layers of water of varying thickness, reducing bleeding and
accounting in part for the tolerance of foam concrete to varying water-binder ratios (refer

to Figure 7.1c).

2 Refer to Appendix A, Section 5.2.1b.
3 Refer to Section 5.1.1 and Appendix A, Section 5.2.1b.
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If the foam is not evenly distributed throughout the mix, local segregation may occur
in regions of especially low density. Dense particles of sand may sink in that region, further
reducing density of the remaining foamed paste. It may be difficult to remix foam concrete
into a homogenous paste after such segregation has occurred: dense, isolated particles will
rupture the foam, where there is limited support from surrounding solid particles. Adding
foam incrementally, and blending it thoroughly, helps to avoid this issue.

The thin surfactant films in fresh foam concrete are highly vulnerable during mixing
and setting, with numerous sources of disequilibrium in the mix. Bubbles must maintain
an appropriate and consistent size to impart desired hardened properties. They must
resist coalescence, and must be durable during mixing and pouring, despite the flow of
liquid free water in the mix, and the pressures of solid particles against the bubble film.
The surface tension of the bubbles must be sufficient to support the self-weight of the foam
concrete above.*

Spherical particles, such as silica fume or fly ash, and flexible fibres, such as
polypropylene, will be physically compatible with fresh foam concrete. Sharp, angular
particles, such as ground granulated blast furnace slag, and stiff fibres such as metal fibre
reinforcing, are more likely to physically rupture the foam.>

The foam surfactant must also be resistant to damage from chemical interactions.
Most synthetic surfactants are anionic:® the hydrophile group carries a negative charge,
which stabilizes air bubbles in an alkaline environment of predominantly positively
charged cementitious surfaces, as shown in Figure 7.1d, Bubble “A”. However, the surfaces
of cement particles also have regions of negative charges, which can upset the balance of
electrostatic repulsive forces at the ionic heads of the surfactant molecules (Bubble “B”).”
Furthermore, fine particles with low surface energy, such as activated carbon, can disrupt
the bubble surface by inserting themselves within the hydrophobic portion of the film
(Bubble “C”).8

She et al. (2014b) 63

Appendix A, Section 6.1.2

Appendix A, Section 5.1.7

For this reason, approximately 25% of synthetic surfactants are non-ionic. Having no electrical charge can promote
stability in an environment with both positive and negative charges. Cf. Brady etal. (2001), C4.

8 Jolicoeur et al. (2009) 20
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The surfactant must not only accommodate the concrete chemistry at the time of
mixing, but must also be capable of tolerating an increasingly alkaline environment,
especially as calcium hydroxide is produced during cement hydration.

The presence of other chemical admixtures can be problematic. Superplasticizers,
for example, typically consist of long chains with anionic (polar) groups. Many polar
groups adhere to positively-charged portions of the cement surface, while the remainder of
the polar groups face outward. Consequently, the modified cement particles exert negative
charges on the surrounding environment: they repel each other, reducing colloidal flocs,
and they are attracted to the positive (hydrogen) ends of the surrounding water molecules,
reducing surface tension (Figure 7.1d, Bubble “D”). While these chemical chains are helpful
for creating a dispersed system, they undermine the ability of foam surfactants to arrange
themselves as resilient bubbles, with charged heads attached to layers of cement particles,
which will eventually form a skeletal skin.?

An inability of the bubble films to accommodate any of these effects can cause
collapse of bubbles. This collapse will increase the mix density, and will add additional
water to the mix, increasing the water-binder ratio. Overly high water-binder ratios can
result in segregation, high permeability, high drying shrinkage, and various other effects

discussed elsewhere in this chapter.

The paste must eventually solidify to form the structure of hardened foam concrete.
Accordingly, the bubble film must host a sufficient density of cementitious particles or ions,
and must also include a sufficient quantity of water for hydration.

Water-binder ratios are typically very high in foam concrete mixes. Consequently,
‘through-solution hydration’ mechanisms will tend to dominate over ‘topochemical
hydration’ mechanisms; that is, anhydrous compounds in the cement particles will, to a
large degree, dissolve into the surrounding water as ions, rather than merely hosting
chemical reactions at their surfaces.!® Local water-binder ratios are especially high

adjacent to the hydrophilic bubbles;!! consequently, dissociated calcium, sulfate, aluminate

9 Superplasticizer is seldom used in commercially produced foam concrete. Refer to Appendix A, Section 5.1.6.
10 Mehta (1986) 182, van Breuge (1992) 7
11 Liuetal (2016) 6



ions migrate easily and are distributed evenly along bubble walls, available to be

reconstituted entirely into the desired air-void system form.

7.2 Curing Phase

Surface tension of the bubbles must be maintained until solid cementitious structures
develop that are capable of carrying the foam concrete self-weight. Hydration products
will accumulate mainly in dense struts along Plateau borders.1? The plastic mix initially
stiffens with the production of thin calcium sulfoaluminate crystals (i.e. ettringite). Within
hours, large crystal blocks of calcium hydroxide form, alongside an emerging fibrous
network of calcium silica hydrate (C-S-H). As the primary reaction product of cement
hydration, C-S-H continuously binds the paste, providing strength via van der Waal forces.
This compound of CaO, SiOz, and H;0 varies considerably in its morphology in concrete. In
an environment with a high water-binder ratio and available space for growth, such as in
foam concrete, the C-S-H will tend to be needle-like and low-density.13 Due to the
availability of calcium, sulfate, and aluminate ions at the bubble walls, relatively high
proportions of calcium hydroxide and ettringite may accumulate at the air-void shells.14
Generating a skeletal structure quickly reduces the risk that bubbles will collapse or
coalesce, or be damaged by drainage, drying shrinkage or other mechanisms.
Problematically, the rate of hardening in foam concrete is typically less than for normal
density concrete, and decreases with decreasing density. The porous structure of foam
concrete can limit the availability of reaction ingredients at certain locations, particularly
where the cell wall is thinnest. Although a high water-binder ratio will permit cementitious
materials to dissolve quickly and thoroughly, the average distance between reactants in
solution increases with water-binder ratio, hindering the creation of connections between
solid phases in the hydrating mix. Additionally, some foaming agents, particularly protein-
based foams, appear to retard hydration.!> The agent may physically separate the reaction

ingredients, or interfere with electrostatic attraction; furthermore, in some regions, water

12 That s, the edges where the soap films intersect. Cf. Figure 7.3.1b, Lu and Qin (2014) 5, Liu et al. (2016) 7.
13 Zhangetal. (2018) 86

14 LuandQin (2014) 8

15 Panetal. (2014) 257-258



adhered to the hydrophilic portion of a surfactant may be unavailable for reaction during
early hydration stages.16

The setting speed of foam concrete may be increased in a number of ways.
Physically, materials may be chosen and proportioned to ensure the production of an even,
continuous skeleton structure, with good particle packing and sufficient water for
dissolution and hydration.1” Use of ultra-fine materials such as silica fume provides more
physical sites for the nucleation of hydrates.18

Chemically, accelerators (such as calcium chloride!?) or fast setting cements (such
as aluminate cement?? or calcium oxide?!) may be used to promote dissolution of the
cations and anions from the cement during the early hydration period.?? Increasing the
fineness of the cementitious materials, or increasing cementitious density, will similarly
increase the density of ions available in the short term for the production of hydrates.

Higher curing temperatures promote faster chemical reactions, increasing the speed
and frequency of reactant collisions. The temperature of the curing mix may be increased
by increasing cement content,?3 thereby developing more heat through exothermic
hydration reactions; by using insulated formwork to retain exothermic heat;?4 or by raising

the ambient temperature.2>

Temperature development occurs differently in foam concrete than in normal density
concrete. The presence of air voids has a significant insulating effect, reducing the
dissipation of heat. 26 Simultaneously, a lower mix density corresponds to a lower heat
capacity. Consequently, low-density foam concrete mixes are especially subject to

temperature rise. Moreover, foam concrete mix designs often incorporate relatively large

16 Brady etal. (2001) C10

17 Van Deijk (1991) 49

18 Berodier and Scrivener (2014)
19 Brady etal. (2001) C4

20 Huangetal. (2015) 390

21 Chenetal. (2014) 137

22 Mehta (1986) 259

23 Jones and McCarthy (2006) 1035
24 Van Deijk (1991) 49

25 Sheetal. (2014b) 71

26 Tarasov etal. (2010) 905



proportions of cementitious content in order to achieve sufficient strength, resulting in
greater amounts of reaction energy generated per unit volume.

Foam concrete is often produced for large-volume applications, such as in-situ void-
filling. At such scales, there can be significant variation between core and surface
temperatures. Since foam concrete cures faster at elevated temperatures, the exothermic
reaction will occur even faster nearer the core, intensifying the thermal gradient.?”

During placement and set-up, heat of hydration may be helpful in void-filling
applications: the air in the foam will expand slightly, ensuring good contact between the
foam concrete and the surrounding surfaces.?® During curing, control over temperature
development is important to avoid differential strain and cracking caused by temperature
gradients.?? Cracking induced by thermal strains can have negative effects on important
properties such as mechanical strength, water uptake, impermeability to gases, and
resistance to chemical attack.

In extreme cases, high temperatures are capable of causing the evaporation of
water, reducing the amount of liquid water available for reaction.3? If internal
temperatures exceed 90°C, protein coagulation may cause protein-based foams to collapse;
or the expansion of heated air may rupture bubble structures.3! Delayed formation of
ettringite should be considered: if the mineral is inhibited from crystallizing until after the
mix has stiffened or set due to high early temperatures, its eventual growth may expand
and crack the concrete.3? The risks associated with delayed ettringite formations (DEF)
may be reduced somewhat in foam concrete, as the air voids can accommodate expansion.

Temperature rise may be slowed by reducing the rate of the hydration reaction,
reversing the acceleration strategies described above. Additionally, hydraulic ingredients
may be replaced with pozzolanic materials, such as fly ash or slag. With less hydraulic
material, the speed of the hydraulic reaction will be slowed. Secondary pozzolanic

reactions will only commence after calcium hydroxide is produced by the hydraulic

27 Tarasov etal. (2010) 905.

28 Barnes (2009) 7

29 Jones and McCarthy (2005b) 24

30 Cf. Mehta (1986) 331, Jones and McCarthy (2006) 1036
31 Tarasov etal. (2010) 899

32 Kosmatka et al. (2002) 17-18



reactions. Additionally, the finely divided pozzolans adsorb water, limiting the amount of

water readily available for cement hydration.

Like temperature, humidity also has an important influence on foam concrete
microstructure during curing. An in-depth discussion of concrete drying shrinkage
mechanisms is presented in Appendix A, Section 6.2.3, for reference.

Conventional foam concrete is highly susceptible to drying shrinkage. High water-
binder ratios result in a large volume of capillary pores,33 promoting capillary tension as
the water evaporates (down to approximately 40% RH). Relatively high cementitious
densities, combined with significant water volume, result in a large amount of C-S-H gel,
with a large surface area, which is subject to the effects of surface tension and disjoining
pressures (from 40 to 11% RH).3* In the event of strong drying (below 11% RH), the large
volume of C-S-H compresses significantly as interlayer water is removed from mineral
sheets.

Drying shrinkage varies with the use of supplementary cementitious materials, due
in part to their influence on water demand. Fine particles, such as silica fume, require a
relatively high water-binder ratio for workability, as the large surface area must be
adequately wetted: drying shrinkage is typically significantly increased, due to the greater
resultant volume of paste and capillary pores. The presence of SCMs will also affect the size
distribution of capillary pores in a paste via particle packing, with consequent effects on
rates and amount of shrinkage strain. For example, smaller capillaries will hold water
more rigidly, and will only participate in capillary tension at low RH (Figure 7.2c). For
further discussion, refer to Sections 6.11 and 7.3.6.

Drying shrinkage is reduced with the addition of aggregate. Stiff filler resists
volumetric shrinkage of the surrounding matrix, and larger aggregate allows for a leaner
mix, reducing the volume of C-S-H.35 Unhydrated grains of cementitious materials may
also restrain drying shrinkage: such effects are negligible in normal density concrete,3¢ but

may be more consequential for foam concrete. Foam concrete aggregate (FCA) may be

33 Nambiar (2007b) 1346

34 Cf. Georgiades (1991), in which pore surface area is related to drying shrinkage in AAC
35 Neville (1963) 288

36 Neville (1963) 292
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used to reduce short-term drying shrinkage, since the crushed material has already
undergone volumetric contraction during curing, and is relatively inert. FCA will be
especially effective during initial drying shrinkage. However, FCA will continue to shrink as
internal RH decreases and as water is removed from very fine capillary pores, with similar
shrinkage strain to conventional foam concrete of the same density and cementitious
density, after one year.3”

The curing regime of foam concrete influences drying shrinkage patterns. When
foam concrete is cured in high RH for a long time, air-voids take on some moisture.3® The
additional water preserves a high internal RH and thus reduces initial rates of moisture
movement during drying, compared to foam concrete cured in high RH for shorter times
(Figure 7.2b).

However, long-term drying strain is higher when specimens are cured for a longer
time in high RH. This phenomenon may be explained as follows. First, as noted above,
unhydrated cement grains in specimens with short curing regimes provide restraint to
drying shrinkage. Secondly, capillary pore size diminishes with increasing degree of
hydration, and these small pores may engage in capillary tension most effectively when
internal RH becomes low (Figure 7.2c¢). Third, the curing regime may have an effect on
disjoining pressures. In a curing specimen, adsorbed layer of water on internal surfaces
will tend to be of a consistent thickness, to produce the lowest energy state. The thickness
of this layer will increase with RH. During curing in high RH, proximate solid surfaces are
kept apart to accommodate the appropriate thickness of adsorbed water. Adsorbed layers
will remain thicker for longer with an extended high RH curing regime, affecting the
emerging microstructure, and possibly promoting local disjoining strains. When specimens
dry, disjoining pressures decrease. The surfaces draw close, and the volume of the sample
is decreased.?? Total contraction is greatest when foam concrete has been subjected to a
high RH during early curing: water-curing for a long duration has an appreciable effect

(Figure 7.2d, refer also to Section 6.11).

37 (Cf. Section 6.11.
38 (f. Section 6.12.
39 Powers (1965), Idiart (2009) 46-47



7.3 Hardened Phase

Load is transmitted through foam concrete via the hardened cement paste around air voids.
At a large scale, the primary factor for many mechanical properties is the total cross-
sectional area available to contribute to the support of load on a specimen. Just as average
cross-sectional area increases at an increasing rate with increasing density, so modulus of
elasticity, compressive strength, and other properties increase at an increasing rate with
increasing density (Figures 7.3a to 7.3¢).40 Ata finer scale, and especially at lower
densities, the geometry and material properties of the cell walls, and the presences of flaws,
become important for understanding the mechanical behaviour of foam concrete.

The following six sections consider the microstructural behaviour of hardened foam
concrete subject to simple (uniaxial) compression. Patterns of moisture movement are

reviewed in Section 7.3.7, and freeze-thaw mechanisms are discussed in Section 7.3.8.

7.3.1 Geometric Considerations

In extremely low-density foam concrete, a large proportion of paste volume will be in the
form of struts, created at the Plateau borders where material is drawn via surface tension
during curing. If cell walls are very fragile or discontinuous,*! the open-cell structure will
be essentially reticulated, and the buckling of struts will strongly influence behaviour*2
(Figure 7.3.1a).

Most modern, commercially-produced foam concrete is sufficiently dense and well-
formed to produce a high proportion of closed cells. For closed-cell foam concrete, the
stiffness of Plateau border struts continues to be important: the strut cross-section will
vary as the cell walls become less likely to rupture, affecting radius of gyration (Figure
7.3.1b)*3. The degree of fixity of the struts may increase, affecting strut buckling

behaviour, since the nodes and tapered strut bases at the intersections of Plateau borders

40 Refer to Appendix A, Chapter 6.1 for a detailed discussion about strength-density relationships proposed by Ryshwik,
Balshwin, etc.

41 Reactants along the thin film may be limited, and hindered from forming hydrates due to high concentrations of water
or surfactant. In such cases, ‘windows’ may be produced between air voids.

42 Warren and Kraynik (1988) have demonstrated a linear elastic response for a theoretical open cell microstructure.
The reticulated strut model may be most relevant for foam concrete with greater than 90% porosity, cf. Akthar (2010)
356, Gibson and Ashby (2010) 183.

43 After Warren and Kraynik (1988) 344



can account for a significant portion of the paste volume. Additionally, the cell walls begin
to play a meaningful structural role via membrane stresses. As the material is strained, the
cell wall will be placed in compression in one direction, and in tension at 90-degrees. Even
very thin cell walls will not buckle in the tension direction, and will provide some
resistance to deformation (Figure 7.3.1c).

With greater density, the cell walls thicken, providing increasing shear and axial
resistance in the compression direction. As density is increased further, cell walls will tend
to strain axially in compression, rather than bend. These effects will swiftly dominate
mechanical properties, as the micromechanics behave less like a system of framing
members and membranes, and more like a solid material with many small flaws** (Figure

7.3.1d).

7.3.2 Elastic Regime

Within the elastic regime, porosity is a key parameter, affecting the total amount of paste
available for resisting strain, and shaping to what extent the microstructure strains via
flexural or axial compression.#> The strong dependence of elastic modulus on porosity
across mix designs is evident in Figure 7.3.2a.

A second major parameter is the intrinsic elastic modulus of the paste, i.e. the
modulus of the cell walls.

For neat, low-density foam concrete, the paste is dominated by C-S-H phases. The
paste will tend to strain most easily where phases are less dense due to high local water-
binder ratios during curing (e.g. at transition zones around air-voids).

Where the density of the paste is held constant,*¢ the elastic modulus of the C-S-H

will increase with a decreasing calcium/silicon (Ca/Si) ratio, due to an increasing length of

44 Porosity of approximately 70% may represent the lower limit of bending-dominated behaviour, cf. Gibson and Ashby
(2010) 205, Tonan and Gibson (1992) 6377. Most sanded mixes and very dense neat cement mixes of foam concrete
will have porosity less than 70%.

45 Both elastic modulus and shear modulus may be subject to strut bending, since these deformations involve distortion.
Bulk modulus, however, will tend to be dominated by simple compression of members, even at low densities, since
microstructural transformations are affine. Cf. Warren and Kraynik (1988) 345.

46 Patterns of C-S-H phases in normal density concrete would suggest that the surface of the bubble walls in foam
concrete will tend to be low density with a low Ca/Si ratio (a ‘loose fibril morphology’): while interior portions of the
paste will tend to be denser, with a higher Ca/Si ratio (‘aggregations of calcium ions and short silicate chains”).
Despite a low Ca/Si ratio, the paste at the bubble wall will typically be the least stiff, due to its lower density. Cf. Hou
etal. (2013) 3, Pelisser etal. (2012) 17221.
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Mechanical properties of a porous solid are partially dependent on cross-sectional area available to transmit load.
Just as average cross-sectional area increases at an increasing rate with increasing density (Figure 7.3a), so
modulus of elasticity, compressive strength, and other properties follow similar trends (Figures 7.3b and 7.3c).
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silicate chains and subsequent effects on bonding*” and induced distances between C-S-H
sheets.*® The Ca/Si ratio of C-S-H is reduced with the inclusion of silica-rich SCMs,
including silica fume, fly ash, and even blast-furnace slag, if used in sufficient quantity.#°
The effects of SCMs on Ca/Si ratios may account for some of the apparent improvement in
elastic modulus of and silica fume mixes, compared to foam concrete made with Portland-
only binder.

SCMs also consume CH through pozzolanic activity during the curing process,
replacing it with C-S-H, which is somewhat stiffer.59 The effect of this reaction on modulus
appears to be minor, however, since increasing the curing age of the foam concrete from 28
to 56 days did not significantly affect results.>!

Moisture content will influence the paste’s elastic modulus. Adsorbed water in the
C-S-H will bear load, increasing the modulus. Conversely, microcracking caused by drying
shrinkage can degrade the stiffness of the paste. Specimens with high initial water-binder
ratios (such as silica fume mixes) will be especially subject to these effects, dependent upon

whether they are kept moist or permitted to dry.>2

Adding cementitious material or aggregate to a mix will increase paste volume,
contributing to stiffness. Notably, for a given density, mixes with greater cementitious
material and less aggregate tend to have greater stiffness (Figures 7.3.2b and 7.3.2c). The
increase in heterogeneity in a mix with more sand may correspond to an increase in
microcracking in the paste, degrading stiffness, as discussed more extensively below.
Furthermore, in mixes between 1000 and 1400 kg/m3, discrete particles of dense, stiff sand
will increase mix density, but may not proportionally increase stiffness, since the elastic
modulus of the composite will continue to be dominated by the thick surrounding C-S-H

matrix. However, when very high proportions of sand are used, the inherent stiffness of

47 Manzano et al. (2009) 1671, Hou et al. (2013)

48 Pelisser etal. (2012) 17219, 17223.

49 Lothenbach etal. (2001) 1245

50 Manzano et al. (2009) 1670

51 In contrast, increasing curing age did have an effect on strength, likely due to pozzolanic reaction, as discussed below.

52 Specimens with a high initial water-binder ratio and low vapour permeability may benefit from these effects during
testing or service. Refer to Section 6.7. Note that fully saturating air voids with water will also increase the elastic
modulus of foam concrete, through fluid support of cell walls in closed cells, or through dynamic viscousity through
open pore systems. Cf. Gibson and Ashby (1999) 252-257. The presence of air gases at atmospheric pressure will not
contribute significantly to the mechanical properties of foam concrete, cf. Gibson and Ashby (1999) 250.
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the sand is better utilized as aggregate bears more directly against other aggregate. For
example, for the two Portland mixes of 1800 kg/m3 nominal density in Figure 7.3.2a, the
elastic modulus of the cement-poor mix is almost as high as that of the cement-rich mix.
The elastic regime is highly linear in well-formed foam concretes of varying density,
cementitious density, and cementitious blends (Figure 7.3.2d). There are no obvious
curves at the beginning of the stress-strain plots, indicating that the air-void system is
consistent and regular: closing pressures are not needed to compress any secondary soft
system of flaws.>3 Cyclical loading up to 40% of f'. demonstrates no obvious change in

elasticity for neat cement or sanded specimens (Figure 7.3.2e).

7.3.3 Plastic Regime and Peak Load

As stresses approach ultimate compressive limits, stress-strain relationships become non-
linear. This plastic deformation can be explained in light of fracture mechanics.>*

Fracture in concrete initiates at microcracks present at the interfaces of
heterogeneous materials. In foam concrete, differences in elastic modulii>> and in
volumetric shrinkage during curing will induce microcracking between the C-S-H matrix
and any fine aggregate, comparable to the interfacial cracks in the transition zone between
dense aggregate and concrete paste in normal density concrete.>®¢ More significantly,
microcracking may originate around air-voids, where the C-S-H phases are of relatively low
density and stiffness with relatively high disjoining pressures, inducing differential
shrinkage during curing.

These microcracks will not propagate significantly at low applications of load. As
deformation progresses, however, the microcracks grow, according to three distinct
internal conditions.

For very low-density foam concrete, tensile forces are induced along the tension
side of buckled struts. Microcracks will grow rapidly where the tension is high and the

paste is weak, until the strut fractures (Figure 7.3.3g).

53 Van Mier (2009) 285

54 Vonk (1992) 2

55 Note that air-voids can be conceived of as an aggregate having zero density.
56 Slate and Hover (1984) 137-159
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For denser foam concrete, with thicker cell walls, compression induces tensile
stresses at the north and south poles of air voids.5” Microcracks at these locations will
widen and extend, curving to becoming approximately parallel with the direction of
compression®® (Figure 7.3.3h).

For sanded foam concrete in simple compression, microcracks grow not only at the
poles of air voids, but also at the interfacial zones around fine aggregate particles.
Differences in elastic moduli of paste and aggregate will induce splitting and shear stresses
at bond interfaces, approximately parallel to the direction of compression>? (Figure 7.3.3i).

With further deformation, the distributed cracks will extend into the C-S-H paste.

These three mechanisms shape patterns of global failure.

In very low-density mixes, vulnerable struts and walls will fail at a critical load,
triggering progressive collapse through a weak stratum in the specimen. There is minimal
capacity for the fine microstructure to dissipate stresses through microcracking in the
paste, and the plastic regime is very short.

At low density, for a given porosity, the vulnerability of cell walls and struts will
generally be controlled by two major parameters: the geometry of the air-void system, and
the modulus of rupture of the paste. A matrix of fine, evenly-spaced voids produces foam
with short cell walls and consistent cross-sectional dimensions of microstructural
elements. Loading is distributed relatively uniformly. By contrast, large, coalesced and
irregularly spaced air-voids produce variability in the microstructure, including thinner,
longer struts and walls, supporting greater tributary areas. Greater tensile stresses will
develop as these irregular microstructural elements are loaded and flexed, and when
tensile stresses reach the modulus of rupture of the paste, the elements will fail (Figure
7.3.3m).

The modulus of rupture of C-S-H is a function of its morphology and density.
Roughness and heterogeneity of the pore surface increases stress concentrations. Low

density C-S-H resulting from high local water-binder ratios, hindered hydration due to

57 Sammis and Ashby (1986) 518
58 Sammis and Ashby (1986) 519, Brace and Bombolakis (1963) 3712
59 Vonk (1992) 104
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interference from foam surfactants,®® and thermal, mechanical, or hygral-induced
microcracks will each degrade the modulus of rupture.®! The density and smoothness of
the C-S-H may be improved through the use of curing regimes that supply water to any
unreacted cement grains®? or limit decomposition due to carbonation,®3 or through the use
of pozzolanic materials, which convert calcium hydroxide crystals into C-S-H phases,
replacing structural discontinuities in the paste with strong reaction products.

The frequency of failure types among a dozen specimens is shown in Figure 7.3.3m.
A common fracture pattern for low-density neat Portland cement foam concrete is shown
in Figure 7.3.30. Because failure tends to occur in horizontal strata, a failed specimen may
not appear to be obviously damaged upon inspection. For fluid foam concrete mixes, the
weakest strata are often near the top of the casting, where bubbles have migrated upwards,
reducing density. In such cases specimens may fail with a ‘quasi-Type 6’ break failure, as

shown.

Fracture in denser foam concrete is more protracted. With a greater volume of material
available to be fractured and rearranged, strain energy can be relieved through
microcracking of the paste during loading, without inducing global failure of the air-void
system.

As compressive stresses are increased above 40% of f'c, microcracks will grow in
length and number. Cracks will be stable: in a compressive stress field, tension cracks
parallel to the applied force will only propagate when loading is increased.®* Cracks will
initially be distributed, and may be temporarily arrested where they intersect with stiff
aggregate, strong paste, round voids (where the low curvature reduces the stress
concentration), or cracks oriented in other directions.

For neat cement mixes, plastic non-linear behaviour becomes apparent in the stress-
strain plot at about 80% or more of the ultimate compressive. Neighbouring branch

fractures will not readily intersect, but will instead avoid direct collision due to

60 Panetal. (2014) 258

61 For further discussion, refer to the discussion on air void size in Appendix A, Section 6.3.1b.
62 E.g moist-curing.

63 E.g. seal-curing, cf. Jiang et al. (2016) 957

64 Van Mier 2009
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interference of stress fields.®> After the tips of the cracks pass each other, the ligament
between the cracks will be subject to bending and buckling.®® The crack tips will curve
towards and eventually intersect with adjacent cracks (Figure 7.3.3q). The distance
between crack tips is typically small in foam concrete due to the high air-void volume and
small space between air voids. However, as density and the spacing between bubbles
increases, some apparent ductility may arise from mutual avoidance of crack tips.

With greater heterogeneity, there will be a greater zone of damage, resulting in even
more ductile behaviour. This pattern is evident in sanded mixes. A greater quantity of
discontinuities in the solid provides a greater number of sites from which cracks may
readily nucleate. Furthermore, cracks are forced to go around the fine aggregate, making
the crack pattern more tortuous and discontinuous (Figure 7.3.3t), and increasing the
fracture energy required for global failure.®’ In sanded Portland cement and slag mixes,
plastic behaviour apparently begins at about 50% of the compressive stress. In sanded
silica fume mixes, plastic behaviour begins at 60% or more of the ultimate compressive

strength, likely due to the increased toughness of the paste, resisting initial fracture.

Internal bonds continue to fail as damage zones connect, and stiffness of the material
decreases until it is zero at peak load. At this point, deformation localizes into unstable
macro-cracks, which coalesce into a continuous system of fracture through the material.®8
The final cracking pattern of relatively dense, neat cement foam concrete is
characterized by columnar cracking, as shown in Figure 7.3.3r. Consistently spaced
vertical splitting cracks dominate, with some slight curvature due to mutual avoidance of
advancing crack tips. Some slender columns may be fractured laterally by buckling. By
contrast, the final cracking pattern of sanded foam concrete includes random and steep
triangular and conical fragments, resulting from a combination of vertical splitting cracks
and inclined shear cracks. Where cracks have been arrested by the presence of aggregate
or dense paste, there may be spreading patterns. Type 2 and Type 4 fractures are common,

as shown in Figures 7.3.3s and 7.3.3u.

65 Brace and Bombolakis (1963) 3712, Cotterell and Rice (1980), Melin (1983), Simha et al. (1986) 248
66 Sammis and Ashby (1986) 522

67 Vonk (1992) 14

68 Vonk (1992) 104, 108
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Ultimate compressive strength increases with density, cementitious density, and the
addition of SCMs. Slag binder improves particle packing, and converts calcium hydroxide
into C-S-H through pozzolanic reactions. For a given density, the ultimate compressive
strength is highest in silica fume mixes: in addition to pozzolanic reactions, the fine solid

material promotes the production of an air-void system with fine, evenly-spaced bubbles.

7.34 Crushing Phase

Stress-strain relationships reveal various mechanical phenomena beyond peak load.

In low-density neat cement mixes, cycles of rising and falling stress indicate that
weak strata are collapsing and densifying. As the weakest strata are eliminated, loading
may increase above the levels that triggered the initial collapse (Figure 7.3.4a). In most
cases, however, the jagged fractured surface will readily pierce adjacent intact cell walls,
facilitating continued compaction with less load than was required to initiate collapse of
the stable air-void system (Figure 7.3.4b).

For low-density Portland binder mixes, stress peaks slightly at the ultimate
compressive strength; thereafter, fracture energy is released continually and consistently,
as the debris material crushes through soft paste into adjacent void spaces. In many low-
density slag or sanded specimens subjected to simple compression, stress continues to rise
post-failure, as fractured surfaces catch and transfer shear via interlocking of angular slag
or sand particles.

For strong and dense mixes, the initial condition of the hardened paste is the most
stable, and fracture causes a decrease in mechanical resistance, i.e. softening. The
specimen’s capacity to support load diminishes as macrocracks continue to propagate
through the failed cross-section.

Irregularity in the descending branch of the stress-strain curve may be attributed to
a non-uniform cracking process.®® Macrocracks are arrested and elongated in different
regions of the specimen, as the stress field changes continually. Frictional restraint at

points of contact between fractured surfaces contributes significantly to the pattern of

69 In some cases, softening irregularity may be attributed to the control of the application of load. For example, snap-
back may occur when deformation control is not sufficiently steady. Refer to the discussion in Section 6.9. Vonk
(1992) 16



damage. An irregular pattern of softening tends to occur in specimens with soft paste and
high air-void volumes. Fractured surface geometries tend to ‘catch’ and interlock, while
conforming readily to each other by local crushing of exposed cell walls (Figure 7.3.4c).
With many points of contact, the damage zone is enlarged, and ductility is increased.

Brittleness will be higher where fractured surfaces are pushed apart at points of
contact, rather than conforming to each other (Figure 7.3.4d). This pattern occurs in
denser mixes, where there is less air-void space available for debris, and therefore less
crushing. Greater homogeneity also reduces the tendency for frictional restraint. Where
the stiffness of the paste is closer to the stiffness of the aggregate, vertical splitting cracks at
the air-void will dominate fracture behaviour, rather than shear cracks at the aggregate
bond interface. Similarly, dense or especially strong neat cement mixes will fracture
cleanly into discrete columnar fragments. In all of these cases, damage will be mainly
concentrated along the fracture paths of the original localized macrocracks. The brittleness
of specimens is signified by a steep slope in the stress-strain curve, post-peak.

The softening curve becomes smoother after global facture. Crack growth is no
longer significant; instead, friction at contacts provides the residual mechanical resistance.
The load-bearing capacity of the remaining material diminishes as resistance at the
contacts is degraded by shear cracking (i.e. shear softening);’? simultaneously, the number

of contacts rapidly decreases as the crack pattern opens with increasing deformation.

7.3.5 Lateral Response/Dilation

Values obtained for the Poisson’s ratio of foam concrete have a high degree of variability
(Figure 7.3.5a). This variability may be due in part to the difficulty of accurate
measurement, but it may also be due to the nature of the material itself, both in its pore
structure, and as a heterogeneous composite of fine aggregate and hardened cement paste.
Young's, shear, and bulk moduli (E, G, and K, respectively) decrease monotonically
with increasing porosity in an isotropic solid. The relationship between porosity and
Poisson’s ratio, v, appears to be more complex. Poisson’s ratio can be given as a function of

any two other elastic moduli (e.g.v = E/2G — 1,v = 0.5 — E/6K), and the relative

70 Vonk (1992) 108



dependence of these other moduli on porosity will affect how Poisson’s ratio varies with
porosity.

Based on Mori-Tanaka theory for heterogeneous materials, Dunn and Ledbetter”!
have demonstrated mathematically that Poisson’s ratio may increase, decrease, or remain
unchanged with increasing porosity, depending on the pore shape and on the Poisson’s
ratio of the defect-free bulk solid. Interconnection of pores may also influence Poisson’s
ratio.”?

The dependence of Poisson’s ratio on porosity may be readily appreciated at low
densities. As noted in Section 7.2.1, even at high porosities, bulk modulus may be
dominated by simple compression of members, since microstructural transformations are
affine. Young’s modulus and shear modulus, however, may be subject to significant strut
bending with decreasing density, since these deformations involve distortion. These elastic
moduli will vary to differing degrees with increasing porosity, with consequences for
Poisson’s ratio. In an empirical study, Ashkin et al.”? detected a dependence on
microstructure for Poisson’s ratio of cellular materials with low relative density (i.e. PR
between 0.15 and 0.4), which may be due to localized bending within the porous material.
In their study, the Poisson’s ratio of porous silica ceramic with spherical voids ranged from
0.26 at 80% porosity, diminishing to 0.16 as porosity was reduced to 0%.

The presence of aggregate further complicates Poisson’s ratio. For normal density
concrete, the volume fraction of aggregate in the mix is known to influence on Poisson’s
ratio. Models74 and experimental data’> suggest that Poisson’s ratio will decrease with
increasing heterogeneity, as stiff aggregate inclusions restrain lateral expansion of the

more compliant matrix.

Observed PR values for foam concrete range from 0.33 to 0.15. PR is generally lowest in

dense, sanded mixes. Sand aggregate is stiffer than the C-S-H, and restrains lateral

71 Dunn and Ledbetter (1995)

72 Cf. Wang (1984)

73 Ashkin et al. (1990)

74 Allos and Martin (1981)

75 Anson and Newman (1966) 119, Swarmy (1971) 567
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expansion of the matrix (Figure 7.3.5c). The air-void system includes small, consistently
sized pores, which may contribute to relatively low variability among specimens.

PR is highest in neat cement foam concrete. The compliant C-S-H is not restrained
by aggregate inclusions. Furthermore, flexure of the fine microstructure may contribute to
lateral expansion. The geometry of the air-void system is more variable with decreasing
density, due to increased coalescence of air voids during plastic state (refer to Section 7.1);
variability of the microstructure may help explain some of the variability in PR, as the
shape and orientation of interconnected voids strongly influences lateral response.”®

PR appeared to be highest in low-density mixes with silica fume. This pattern may
be related to the chemistry of the paste, the geometry of the air-void system, or both.
Chemically, pozzolanic activity eliminates stiff calcium hydroxide crystal. With fewer stiff
restraining inclusions, the C-S-H paste can expand laterally more easily. Geometrically, a
fine and consistent air-void system minimizes local microcracking in regions of high stress.
Applied axial stress is thus translated into lateral deformation, rather than inducing stress-
relieving fracture.

Considerable scatter in the data makes it difficult to define additional trends with
certainty. Itis possible that Poisson’s ratio is generally slightly higher in 28-day specimens
than in 56 days, which could be due to decreasing porosity with age (i.e., a higher gel-space
ratio from continued hydration). However, further study would be necessary to confirm

this trend.

For stresses up to 40% of f'c, the ratio of axial to lateral strain is highly linear in well-
formed specimens (Figure 7.3.5d). At somewhat higher stresses, microcracks will form
within the specimens, approximately parallel to the direction of compressive stress,
inducing plastic lateral deformation. Foam concrete dilates at an increasing rate during
localization, and undergoes rapid lateral expansion after global fracture due to longitudinal

cracking.

76 Cf. Dunn and Ledbetter (1995)
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7.3.6 Creep

Creep is the slow increase in strain induced by applied stress, which is separate from
spontaneous elastic deformation. Creep is a property of all viscoelastic materials.
However, unlike metals and polymers, concrete changes significantly as it ages, in
chemistry, internal relative humidity, mechanical properties and microstructure, affecting
creep behaviour. For foam concrete, creep behaviour is even more complex due to the

geometry of the air-void system.

Concrete creep is largely due to the viscoelastic and viscoplastic properties of C-S-H, while
the creep deformation of secondary cementitious reactants or aggregate are less
significant.”’ Various models have been proposed to explain complex restructuring of
C-S-H, based on i) expulsion of water, ii) shear slippage of solid phases, or iii) chemical
dissolution and precipitation. These are summarized briefly below.

i) Powers’ seepage theory’8 proposes that under long-term loading, load-bearing
adsorbed water (notably in hindered absorption regions) is gradually expelled into non-
loadbearing regions. Load is increasingly transferred via solid phases as the specimen
reduces in volume. Bazant’? extended this theory in a thermodynamic model to include the
role of capillary and interlayer water. Research by Acker8? suggests that C-S-H sheets
collapse into compact structures through largely irreversible drainage processes.

ii) Slippage has been proposed both for granular and layered models of C-S-H.
Reutz®! hypothesized that C-S-H particles shear or ‘slip’ past each other, with adsorbed
water acting as a lubricant. Jennings®? proposed that creep occurs through the shearing of
C-S-H ‘globules’, as intergranular bonds rupture and reform; Vandamme and Ulm?83
determined that creep is a function of the packing and jamming of three distinct densities
of nanoscale C-S-H particles. Feldman®* suggested that compressive stress initially induces

expulsion of interlayer hydrate water from C-S-H sheets, but that long-term creep is due to

77 Acker (2001), Acker (2004) 241

78 Powers (1968)

79 Bazant (1972) 505, Bazant (1975) 31

80 Acker (2004) 241

81 Ruetz (1968) Cf. Vichit-Vadakan and Scherer (2001), Alizadeh et al. (2010)
82 Jennings (2004)

83 Vandamme and Ulm (2009)

84 Feldman (1972)



the subsequent shear or tensional stresses on the layers, resulting in shear slippage,
microcracking, and breaking and reformation of bonds. Following this model, various
researchers8> have argued for a theory of sliding C-S-H sheets.

iii) As early as 1972, Bazant®® postulated that moving water molecules might force
Ca* ions or other solutes to move with them, driving solids out of load-bearing regions and
intensifying creep. Pignatelli et al.8” have recently found direct evidence for a dissolution-
precipitation creep mechanism for C-S-H in greater than 50% RH. In their model, pressure
on the C-S-H promotes its solubility. Dissolved species of C-S-H diffuse through liquid or
adsorbed water, following Fickian diffusion, removing solids from load-bearing regions.

The causes of creep in concrete are a subject of continued debate. It is plausible
that collapse-drainage, shear slippage, and dissolution-precipitation mechanisms of

concrete creep can each operate simultaneously or within a unifying theory.88

For foam concrete, the expulsion of load bearing water may be an important early creep
mechanism.8° Mixes typically have high water-binder ratios, which would tend to produce
low-density solid phases with high surface areas, thick layers of adsorbed water, significant
regions of hindered adsorption and high capillarity. Load-bearing water may be
compressed out of small voids or interlayer regions, into the surrounding air voids.

Shear deformation is also a plausible creep mechanism in the saturated, low-density
microstructures of young foam concrete. In Jenning’s colloidal model, low-density phases
shear readily, without significantly altering intergranular (i.e. inter-globular) bonding.0
Large proportions of creep should therefore be recoverable. Based on the Feldman-Sereda
model, the presence of interlayer water in moist foam concrete would contribute to
slippage of C-S-H layers.’? Low-density structures at sites of hindered water absorption

could easily become overstressed, and these bridges in the C-S-H could allow shear slip.??

85 Bazantetal. (1997), Alizadeh et al. (2010)

86 Bazant (1972) 505

87 Pignatelli et al. (2016)

88 Cf. Bazant (1972) 479, Feldman (1972) 522, Kondo and Daimon (1974), Wittman (1982) 131, 147, Vandamme and
Ulm (2009) 10552, Alizadeh et al. (2010) 369, Smilauer and BaZant (2010) 198, Pignatelli et al. (2016) 9.

89 Cf. Wittman (1982) 147

90  Jennings (2004)

91 Alizadeh et al. (2010) 375

92 Bazantetal. (1997) 1190



Dissolution under stress is perhaps less likely to be a significant factor in foam
concrete creep, since applied stresses are limited by fracture and crushing of the foamed
structure, and are typically low. However, it is possible that high stresses may develop

through the bending of fine microstructural elements.

For low-density foam concrete, the air-void structure will likely play a significant role in
creep behaviour. Under loading, thin struts may buckle slightly (refer to Section 7.3.1).
The deflected shape of a strut will initially have large radii of curvature. However, at high
stress, creep of C-S-H is non-linear,”3 therefore curvature will tend to become concentrated
near the mid-point of the strut where stress is greatest (Figure 7.3.6a).°* This
phenomenon will reduce local load-bearing capacity, promote increased stress (and
therefore increased creep) in other regions of the cross-section, and may induce
progressive collapse.

The air-void structure also influences aging effects of the C-S-H. Permeability
increases with air-void volume and interconnectivity, and the transport of gasses through
the foam will influence rates of drying, carbonation and continued hydration. Each of these
processes can affect creep behaviour. For example, rapid drying will remove water needed
for hydration, limiting the continued solidification and stiffening of the foam, which
normally helps resist creep.?> Rapid drying shrinkage® or carbonation®” will introduce

residual stresses in the C-S-H, creating overstressed sites where creep may be facilitated.

Given the material and geometric properties described above, it is unsurprising that creep
rates of foam concrete are very high, relative to normal density concrete. Specific creep
after one year was approximately 12,000 pstrain/MPa (i.e. 1.2%/MPa) for unsealed

600 kg/m3 foam concrete specimens, and between 1000 and 2000 pstrain/MPa in

1400 kg/m3 foam concrete. In comparison, values for normal density concrete typically lie

between 100 and 200 pstrain/MPa.?® Since applied loads for foam concrete are less than

93 Neville (1959), Bazant (1988) 147-149, Ashby et al. (2014) 334.
94 Gibson and Ashby (1999) 127

95 Cf. Bazant and Prasannan 1989a

96  Thomas and Jennings (2001)

97 Jiang et al. (2016b) 958

98 Mehta (1986) 93
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Figure 7.3.6a  The creep behaviour of foam concrete is influenced by the buckling of thin struts. Deflection
of struts will initially be sinusoidal (A), but non-linear creep will tend to concentrate
curvature near the mid-point (B), reducing load-bearing capacity and promoting buckling.
After Gibson and Ashby (1999) 127.
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for normal density concrete, differences in actual deformation in-service would be less
extreme. Importantly, creep values from the experimental program are higher than those
determined by other researchers for sealed specimens.??

Many trends in the data may be understood in light of microstructural interactions.
Most obviously, the addition of aggregate reduces creep rates considerably (cf. 600 and
1400 kg/m3 Portland cement mixes in Figure 7.3.6b). The non-aging, non-viscous
aggregate phase elastically restrains!? creep deformations, resisting the viscous flow of
the C-S-H matrix (Figure 7.3.6¢).191 Creep will decrease with increasing aggregate
stiffness,192 and with a higher volume fraction of aggregate.193 In mixes with very high
volume fractions of aggregate, compliant C-S-H between the aggregate particles will creep
initially to relieve internal stresses, but creep will slow as the aggregates pack and jam,
densifying the C-S-H at contact points and creating load paths through the hardened
cement paste via contiguous stiff sand particles.104

Creep rates for denser mixer appear to adhere closely to a logarithmic function,
while lower density foam concrete mixes appear fluctuate more significantly in creep rate
(Figure 7.3.6d). The relatively low permeability of denser foam concrete reduces the rate
and abruptness of change within specimens.105 For example, Figure 7.3.6e indicates that
moisture is released at a slower rate with higher density, which would result in more
constant internal relative humidity and reduced drying effects. Similarly, the progress of
carbonation will be reduced with decreasing permeability. Stable internal conditions
reduce changes in creep rate associated with humidity and chemical change.

Notably, the plot of creep for 600 kg/m3 foam concrete shows a slight point of
inflection after 56 days (Figure 7.3.6d), with an apparent acceleration in the rate of creep

on a semi-log plot. Itis possible that early rates of creep are suppressed slightly by

99 Kearsley (1999b) 153-156, Brady et al. (2001) C12

100 Smilauer and Bazant (2010) 198

101 The rigid inclusion and the C-S-H matrix will tend to undergo the same deformation at their interface, resulting in a
resistance to creep. Rigid aggregate inclusions similarly restrain axial and lateral deformations under load. Refer to
Sections 7.3.2 and 7.3.5, respectively.

102 Troxell et al. (1958)

103 Scheiner and Hellmich (2009) 308

104 Acker (2004) proposes a similar compacted contact zone between hydrating cement grains, p. 238.

105 Cf. Troxell et al. (1958). Long-term creep specimens subjected to load in 100% RH exhibited close adherence to a
logarithmic function, while specimens subjected to drying appeared to fluctuate more significantly in creep rate. Also
compare Neville (1963) 302, Bazant (1975) 49.
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continued hydration, with the deposition of new calcium silica hydrates increasing stiffness
and viscosity of the C-S-H during this period.1% The foam concrete appears to reach
equilibrium moisture content with the 50% RH environment between 28 and 56 days, at
which point further contribution of hydration to solidification may be more limited.

It is also possible that carbonation contributes to the accelerated creep rate evident
after approximately 56 days. Maximum carbonation occurs in environments of
approximately 50% RH,%7 and test specimens continued to increase in density after 56
days of creep testing, indicating that this process may have been active in the highly
permeable material (Figure 7.3.6e). Carbon dioxide dissolves in water to form carbonic
acid, which reacts with calcium hydroxide to form soluble calcium bi-carbonate. Calcium
carbonate precipitates out with further interaction:

H,0 + CO, —» H,CO;
H,CO; + Ca(OH), — Ca(HCO;), (soluble)
H,CO; + Ca(HCO3), — H,0 + CaCO;5 (precipitate)
This dissolution-precipitation mechanism facilitates creep, as calcium carbonate is
deposited in spaces free from stress, and compressibility of the remaining load-bearing
paste is increased.108

Diminished creep rates, as observed around 200 days, may be related in part to
densification and the thickening of cell walls via carbonation and hydration processes.
More significantly,10° creep rate will tend to decrease as weak regions within the foam
concrete microstructure are eliminated through crushing.110

For low-density foam concrete, the relationship of creep and stress is approximately
linear for short times, but non-linear for longer times (Figure 7.3.6g). Non-linearity is
common in concrete specimens subject to humidity variation (e.g. drying), due to non-

additive strains.!!! Interestingly, specific creep is generally higher for a loading of 0.2 f'c

106 Bazant and Prasannan (1989a). Cited in Bazant et al. (1997)

107 Verbeck (1958) 24

108 Neville (1963) 298

109 Creep data from Kearsley (1999b), for low-density sealed foam concrete specimens shows a reduction in creep rate at
approximately 200 to 300 days, similar to the pattern shown here. It is reasonable to conclude that densification
through physical crushing is more significant to the reduction of creep than densification through chemical change,
since chemical changes in the sealed specimens at this late age would have been low.

110 Cf. Gibson and Ashby (1999) 177, regarding the densification regime in compression of brittle-elastic foam.

111 Bazant (1975) 5 Theory of Creep and Shrinkage in 'Concrete Structures: A Precis of Recent Developments, Bazant
(1988) 236 mathematical modelling of creep and shrinkage
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than for a loading 0.4 f'c. Initially, this phenomenon appears contradictory to the Pickett
effect,112 which is the observation that the sum of pure creep and pure shrinkage is less
than the deformation caused by simultaneous compression and drying. In this case, lower
load produces higher apparent specific strain.

Two possible explanations for this trend are considered below. The first hypothesis
is that moderate compression suppresses tensile cracking caused by differential drying
shrinkage!!3 or carbonation. Thus, the application of compressive stress eliminates an
expansive strain from the total deformation. Assuming that loadings of 0.2 fc and 0.4 f'c are
equally sufficient to suppress tensile cracking, the reduction in expansive strain would
have a more obvious effect on the apparent creep strain of the lightly loaded specimen.

This proposal is illustrated in Figure 7.3.6h. An unloaded specimen is subject to
shrinkage cracking, which is suppressed in specimens loaded to 0.2 f'c and 0.4 f'. If the
effect of shrinkage cracking were eliminated from the creep strain of the unloaded
specimens, a linear relationship between stress and creep strain would be apparent
(dashed line). Instead, non-linearity arises when the expansive deformation of the
unloaded companion specimens is included in the calculation of basic creep (solid line).

This mechanism may play a minor role in explaining non-linearity, but does not
account for all of the trends. For example, tensile cracking would normally be greatest at
early times, during the most extreme drying; however the relationship between creep and
stress is most linear at short times.

A second hypothesis posits that even modest compression (e.g. 0.2 f'¢) is sufficient to
cause instabilities in low-density foam concrete, since the geometry of fine microstructures
will tend to generate highly stressed regions in bending. For example, threshold stresses
may be exceeded in the buckling of struts. In the high-stress range, C-S-H creep is non-
linear; thus, thin-walled cellular geometries can facilitate long-term damage and
deformation that is disproportionate to the stress applied (Figure 7.3.61i).

The process of cell wall creep buckling is represented in Figure 7.3.6j: (A) a cell wall

has an initial defect which induces bending under load; (B) the curvature is increasingly

112 Pickett (1942)
113 Wittman and Roelfstra (1980) 602, cf. Acker and Ulm (2001) 145
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Diagram of first proposed explanation for non-linear creep behaviour in foam concrete. An
expansive strain is present in unloaded companion specimens, due to tensile shrinkage
cracking, but this strain is suppressed in loaded specimens. Calculations of basic creep

for loaded specimens do not account for the expansive strain, resulting in apparent non-
linearity (heavy line). This hypothesis may contribute to non-linearity, but does not fully
explain the trends observed.
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Diagram of second proposed explanation for non-linear creep behaviour. Modest
compression (e.g. 0.2 f* ) is sufficient to cause instabilities in low-density foam concrete,
since the geometry of fine microstructures will tend to generate highly stressed regions

in bending. Since C-S-H creep is non-linear in the high-stress range, thin-walled cellular
geometries can facilitate long-term damage and deformation that is disproportionate to the
stress applied.
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concentrated at the midspan, due to non-linear creep of the solid material at this highly
stressed site; and (C) deflection will increase until catastrophic buckling.

When applied stress is much below the buckling stress of the cell wall, and the creep
exponent of the cell wall material is small, Gibson and Ashby'14 have demonstrated that the
ratio of the creep buckling stress, g, to the elastic buckling stress, o,;, can be related to the
solid material’s creep stress constant, elastic modulus and creep strain rate (gy,, E, and
€os, respectively); the ratio of the finite upper limit of deflection (a,) and the initial

deflection (a,); and the time-to-buckling (t;):
Ocp B

o, 1+B

where

(of a
B = ,OS In <—u>
ESGOStb %)

For a given strut or wall, material and geometric variables will be constant. By implication,
Ocp 1 1

Ueloc : 1 :1+tb
ty (1+tb)

Note that the creep buckling stress, o,;, will diminish indefinitely with increasing time.

Gibson and Ashby’s work implies that any microstructural element capable of buckling
elastically will ultimately fail in creep buckling, even from the smallest of loads, provided
the load is applied for a sufficiently long time.

Building on this work, the time until buckling may be related to applied stress as

follows:

If the applied stress is very small relative to the elastic buckling stress, i.e. Gi -0,

el

1
ty X ——

114 Gibson and Ashby (1999) 245
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Figure 7.3.6j  Process of cell wall creep buckling: (A) a cell wall has an initial defect which induces bending
under load; (B) the curvature is increasingly concentrated at the midspan, due to non-linear
creep of the solid material at this highly stressed site; and (C) deflection will increase until
catastrophic buckling. After Gibson and Ashby (1999) 127.

Figure 7.3.6k  Photographic images of thin cell walls in 600kg/m? neat cement foam concrete, 8x
magnification. Creep buckling mechanics suggest that any microstructural element capable
of buckling elastically will ultimately fail in creep buckling, even from the smallest of loads,
provided the load is applied for a sufficiently long time

Early creep Late creep
Slender walls Thick walls
c/o,~1 o/c,—0
(A) (B)

Figure 7.3.61  Time-to-buckling varies with slenderness. (A) At early creep times, creep buckling is
dominated by failure of slender struts and walls: applied stress is high relative to the elastic
buckling stress. (B) At later times, creep buckling is dominated by remaining, thicker struts
and walls: applied stress is small relative to the elastic buckling stress, i.e.6/ o — 0.
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For any given microstructural element, the elastic buckling stress does not vary with time

or applied stress, thus

. 1
o —
b o

Based on this inverse proportionality, Figure 7.3.6m plots creep strain against specific time,
that is, time multiplied by applied stress. (Note that this approach varies from convention,
which plots specific creep against time.)

Three major patterns may be observed. Firstly, creep strain is consistently higher
with greater applied stress. This result is in agreement with Equation 4, since a higher
applied stress will suppress the numerator somewhat, reducing the time-to-buckling.

Secondly, the creep rate is especially high with greater applied stress at early times.
The microstructure of foam concrete may be envisaged as a series of struts and walls,
which vary in their resistances to buckling, and in applied stress. Equation 4 implies that
creep deformation in a foamed specimen at early ages is controlled by those
microstructural elements which have relatively high ratios of applied stress to elastic
buckling stress, i.e. slender elements subject to high local stresses. Note also that high local

stresses are likely to be present during early ages, e.g. due to drying shrinkage, prior to

stress redistribution via creep. Where — is already high for the relevant microstructural

Oel

elements, increases in the applied stress will disproportionately accelerate the time until
buckling, again via suppression of the numerator in Equation 4.

Finally, it is at later times, the plots converge. At these late times, creep deformation

is controlled by remaining, less slender microstructural elements, with small values of —.

Oel

An increase in applied stress will produce an almost proportional decrease in the time until
buckling, per Equation 5.

Divergence in the final data points may be related to the influence of other chemical
effects, such as carbonation processes. Accelerated rates of creep and mass gain are shown
in Figures 7.3.6n and 7.3.60, respectively, indicating that these processes may be active in
the specimens, as previously discussed.

Based on these results, it appears likely that the non-linear relation of stress and

creep strain in low-density foam concrete is at least partly a consequence of creep buckling
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mechanics. Other effects such as hydration-solidification, drying, carbonation, shrinkage
cracking, damage caused by creep,!1> and densification may play secondary roles in
affecting creep rates, and could introduce additional non-linearities.

In addition to the creep buckling mechanism described above, it should be
remembered that during early creep times, much of the strain observed may be due to
creeping of thick members under simple compression. Thus, strain will tend to be
proportional to applied stress, as is evident from zero to seven days in Figures 7.3.6f and
7.3.6g. Buckling mechanics of major structural members becomes increasingly relevant at

long times.

For denser specimens, the experimental program indicates how binder composition may
affect creep of foam concrete. For 1400 kg/m3 nominal density mixes, partial replacement
of Portland binder with silica fume SCM had a minor influence on specific creep strain.

For PC and SF mixes, there appear to be strong correlations in patterns of specific
creep, mass loss (i.e. moisture content), and drying shrinkage as shown in Figures 7.3.6Kk,
7.3.6], and 7.3.6m, respectively. Initial rates of change were highest for the Portland
cement binder mix, but long-term values were highest for the SF mix. The point of
intersection in trend lines was around approximately 56 days. Such correlation of
humidity levels, drying shrinkage and creep is to be expected where drying shrinkage
introduces residual stresses in the C-S-H, creating overstressed sites that facilitate creep.

As specimens are dried from high humidity conditions to 50% RH, loss of mass is
dominated by the removal of adsorbed water from the surfaces of internal voids. The
presence of capillary voids in concrete is especially significant to moisture storage at this
humidity range, in part due to the high surface area-to-volume ratio of capillary voids;
while larger air voids are comparatively less important, since their surface area-to-volume
ratio may be several orders of magnitude lower.

Differences among specimens in rates of moisture loss, shrinkage, and thus creep
can likely be attributed to differences in capillary pore size distribution. Given the higher

initial water-binder ratio used to produce SF specimens, as well as the enhanced particle

115 Bazant (1988) 237 mathematical modelling of creep and shrinkage
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packing due to the small particle size of silica fume, it is probable that these specimens
have a relatively high volume of small capillary pores. These smaller pores retain adsorbed
water for longer in a drying environment, slowing the loss of mass and drying shrinkage.
As water is eventually desorbed, there are a large number of capillary voids available to
participate in capillary tension, resulting in high shrinkage and inducing high rates of creep.
Refer to Section 7.2 for further discussion regarding the influence of capillary pore size
distribution on shrinkage.

The high proportions of silica introduced by silica fume SCM will also tend to
increase creep rate, due to influences on the stoichiometry of the C-S-H. For a given
density, low Ca/Si ratios are associated with increased compressive strength and
stiffness,!1¢ due to the presence of long silicate chains,!17 a high degree of
polymerization,!18 and the production of skeletal (fibril) structures;'1° however,
microindentation data indicates that creep increases with decreasing Ca/Si ratios.1?0 This
effect is perhaps due to the tendency for long, highly polymerized silicate chains to induce
distance between C-S-H sheets,1?1 facilitating slip. Local structural disorder induced by
polymerization?2 would create additional pressure on molecular bonds, conducive to

creep.

Patterns of mass loss, drying shrinkage, and creep are less obvious for the slag specimens
(Figures 7.3.6n, 7.3.60, and 7.3.6p). For example, while the initial loss of mass upon drying
was consistent with other specimens, slag specimens experienced minimal shrinkage prior
to Day 7. Specific creep was approximately 30% higher for slag specimens than for other
mixes, after one year.

Three explanations for these trends are considered below. First, building on the
discussion of drying shrinkage offered in Sections 6.11 and 7.2, it is possible that minimal

early movement in 28-day water cured slag mixes may be attributed to a low proportion of

116 Confusion can arise here, since low density ‘outer products’ often have low Ca/Si ratios, while denser ‘inner products’
have high Ca/Siratios. Statements are based on constant density. Cf. Pelisser etal. (2012) 17220.

117 Chen et al. (2004) 1508, 1510

118 Yu et al. (1999) 743

119 Houetal. (2013) 10

120 Nuygen et al. (2014) 126

121 Pelisser etal. (2012) 17223

122 Yu et al. (1999) 746
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large capillary voids, due to relatively low water-binder ratios used in mix design, and a
high degree of hydration.123 At high RH (i.e. early drying times), smaller voids remain fully
filled, and there would be few partially filled voids present to contribute to capillary
tension via capillary menisci. Consequently, unloaded specimens will experience minimal
contraction. However, with applied stress, capillary water may be driven into proximate
air-voids, facilitating high apparent rates of basic creep.

Second, it is possible that relatively large volumes of water are absorbed into the
slag specimens during the moist-curing regime. This hypothesis is supported by the
observation that the total loss of mass (water) of slag specimens on drying in 50% RH is
consistent with the total loss of mass of silica fume specimens, despite the higher initial
water-binder ratio of the silica fume specimens (Figure 7.3.60). In this proposed model, a
large amount of free water would remain present in air voids of unloaded slag specimens,
preserving a high internal RH and reducing capillary tension (and therefore shrinkage)
during the early period of exposure to 50% RH. Under load, however, capillary water may
be driven into proximate air-voids, facilitating compression of the specimens.

Third, the stoichiometry of the slag mix may help explain the high creep rates
observed. Slag cement has relatively high proportions of alumina.?4 The incorporation of
alumina into C-S-H leads to the formation of C-A-S-H, and is associated with a higher degree
of crystallinity.125 In normal density concrete, the high crystallization grade can help resist
creep;126 in foam concrete, however, struts and wall composed with C-A-S-H may be more
brittle than those with greater proportions of C-S-H, increasing the rate of creep buckling.
Additionally, slag cement has less calcium oxide and more silica than Portland cement, 127
which will produce C-S-H with a low Ca/Si ratio, contributing to creep as previously

discussed.

123 ‘“Through-solution’ hydration mechanisms may tend to be high for mixes that include fine slag particles, promoting
high interstitial mass between cement grains. By contrast, topochemical growth of C-S-H may be somewhat more
significant for mixes that only include larger Portland cement particles, resulting in a slower degree of hydration with
more space between cement grains. Cf. Section 7.1, Gruskovnjak et al. (2006) 126.

124 Thomas et al. (2016)

125 Gruskovnjak et al. (2006) 126.

126 Ma and Dehn (2016) 808.

127 Thomas et al. (2016)
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7.3.7 Patterns of Moisture Transport

Results from the experimental program described in Sections 6.11 to 6.14 offer insight into
patterns of moisture transport through hardened foam concrete. Moisture transport can
have an influence on various micromechanical phenomena, such as creep, as discussed
briefly in Section 7.3.6; likewise, an understanding of moisture ingress is critical to the
analysis of freeze-thaw deterioration, as discussed in the following section. Proposed
explanations for major trends are summarized here for reference, for a variety of wetting
or drying scenarios.

Mass accumulates slowly in hardened foam concrete specimens maintained in 50%
RH. Itis probable that gaseous moisture in the air within specimens becomes chemically
bonded to anhydrous cement grains via topochemical reactions, at a slow rate (Figure
7.3.7a). As specimens self-desiccate, internal RH decreases. Moisture from the
surrounding environment will continually diffuse into the specimen to maintain moisture
equilibrium, via the relatively open porosity of dry foam concrete. The mass gain evident in
Figure 6.11i may be due in part to this mechanism of ongoing hydration.128

When specimens conditioned to 50% RH are placed in 80% RH, moisture
accumulation is relatively rapid. Moisture diffuses via the capillaries of the foam concrete
and adsorbs to the internal surface area, displacing internal air (Figure 7.3.7b).

By contrast, when specimens conditioned to 50% RH are placed in 90% RH,
moisture accumulation appears to be suppressed. It is possible that capillary condensation
in the C-S-H matrix ‘seals’ the outside surface of the specimens, creating impediments to
the exfiltration of internal air. Air must diffuse out via liquid water, which is a slow process
(Figure 7.3.7c).

When specimens conditioned to 50% RH are immersed in water, capillaries in the
C-S-H matrix fill rapidly. Large discrete air-voids, however, will not readily fill, since the
surrounding saturated C-S-H matrix ‘seals’ the air bubbles, creating impediments to the
exfiltration of trapped air (Figure 7.3.7d). Results for mixes with the same cementitious
density but varying ratios of foam volume to filler suggest that both solid aggregate and

discrete air-voids may be similarly competent at resisting water ingress in the short-term

128 Carbonation may also contribute to mass gain, as discussed in Section 7.3.6.
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Storage in 50% RH Environment
Specimen initially conditioned to 50% RH.
All available surface exposed to 50% RH.

Internal RH decreases as water vapour is
chemically bonded to anhydrous cement in the
specimen. New moisture from the environment
diffuses into the specimen to maintain
equilibrium. Mass increases at a slow rate.

See also Figure 6.11i.

Exposure to 80% RH
Specimen initially conditioned to 50% RH.
All available surface exposed to 80% RH.

High RH air progresses through the highly
permeable material. Water adsorbs on
available internal surface area.

See also Figure 6.12c.

Exposure to 90% RH
Specimen initially conditioned to 50% RH.
All available surface exposed to 90% RH.

Moisture adsorbs on available internal surfaces.
Vapour condenses in small diameter capillaries
near the exposed surface of the material.
Interior air is ‘trapped’. Interior air can only
evacuate the specimen via diffision through
capillary condensation water (A).

See also Figure 6.12c.

Immersion in Liquid Water
Specimen initially conditioned to 50% RH.
All available surface exposed to liquid water.

Water is drawn into the specimen under
strong capillary suction. Before the air voids
can fill (A), they are surrounded by saturated
capillaries. Interior air is ‘trapped’. Pneumatic
pressure limits further ingress of water.
Interior air can only evacuate the specimen via
diffision through saturated capillary paths (B).

Like air voids, ‘dead-end’ capillaries may also
remain filled with trapped air (C).

See also Figure 6.12e.



(cf. Figure 6.12e). Eventually, the air voids closest to the source of liquid water may
become saturated, as air is displaced from the large void under hydraulic pressure,
diffusing through the water in the surrounding C-S-H matrix along saturated capillary
paths. (Refer to Figure 7.3.8a in the following section.)

Similarly, water will rise rapidly in the C-S-H matrix of specimens subjected to
partial immersion. If air voids are discrete, they will remain air-filled in the short term,
acting as obstructions to capillary flow. If air voids are interconnected (e.g. due to
shrinkage cracking or aging of the foam), they may participate in capillary suction (Figure
7.3.7e).

When dry specimens are subjected to vacuum saturation, both air voids and
capillary voids will tend to be completely filled (Figure 7.3.7f). Liquid water will be drawn
by vacuum pressure into all available porosity, including dead end capillaries. It is possible
that air will remain within the specimens only if air has not been completely evacuated

from some pores: for example, very fine and discrete capillary pores.

‘Wet cup’ testing!?? was not conducted as part of the experimental program. The
mechanisms of moisture movement discussed above suggest that a specimen with opposite
sides exposed to high and low relative humidities would experience more rapid transport,
as compared to a specimen immersed in a humid environment. When immersed in high
RH, pneumatic pressure of ‘trapped’ air may suppress moisture ingress, whereas in a wet
cup scenario, air may diffuse readily out of the dry side of the specimen. Capillary
condensation could also contribute to the advancement of moisture in the specimen via

wicking, readily displacing internal air (Figure 7.3.7g).

129 Cf. ASTM E96/E96M-16, Section 12
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Partial Immersion in Liquid Water

Specimen initially conditioned to 50% RH.

One surface exposed to liquid water; one surface
exposed to air.

Most air voids are surrounded by saturated
capillaries, and act as obstructions to capillary
flow (A). Paths of interconnected air voids
(e.g. along shrinkage cracks) will participate in
capillary suction (B).

See also Figure 6.14i.

Vacuum Saturation
Specimen dried, then vacuum saturated.

All spaces accessible to vaccuum are filled,
including air voids and ‘dead-end’ capillaries.
It is possible that discrete capillaries would
remain inaccessible (A).

See also Figure 6.12e.

‘Wet Cup’
Specimen with exposed to high RH on one side,
and low RH on opposite side

Water transport would tend to be rapid in a wet
cup scenario, since drier air may diffuse readily
out of the dry side of the specimen (cf. Figures
7.3.7b and 7.3.7c). Capillary condensation
could also contribute to the advancement of
moisture in the specimen via wicking, readily
displacing internal air (A).

See also Figure 6.12c.



7.3.8 Freeze-Thaw Damage

As depicted in Figure 7.3.7d, when dry foam concrete is exposed to liquid water, capillary
pores fill readily. Conversely, isolated air voids surrounded by saturated capillaries
initially resist water ingress, but may eventually begin to fill under hydraulic pressure, as
air gases diffuse out of the voids via the capillary water.

Due to this diffusion process, the air voids closest to the surface of the concrete will
tend to fill with water most quickly, while interior voids remain relatively dry. Moisture
content does not appear to equilibrate readily through the specimens during wetting
(Figure 7.3.7a).

When a wetted specimen is exposed to freezing temperatures, ice crystals will form
in saturated (or partially saturated) air voids near the surface. Water that is rigidly held in
fine capillaries and gel pores cannot rearrange to form ice at normal freezing temperatures,
however. This high-energy, supercooled liquid water is in thermodynamic disequilibrium
with frozen water in larger pores, and will tend to migrate to low-energy, ice bearing
regions.!30 The ice crystal in an air void therefore grows not only because of volumetric
expansion as water transforms into ice, but also because of the ingress of supercooled
water, inducing internal pressure and expansion at an unfrozen, supercoooled water layer
between the ice crystal and the cell wall (Figure 7.3.7b).131 While spalling occurs at the
specimen surface, interiors of specimens may remain undamaged, since interior moisture
contents are lower: dry interior air voids have sufficient room for accumulation of moisture

from the surrounding capillaries during freezing.

130 Mehta (1986) 123.
131 Valenza and Scherer (2006) 1164-1165
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Figure 7.3.8b

Long-term Exposure to Liquid Water
Specimens initially conditioned to 50% RH, then
exposed to liquid water, for a long period.

Over a long period, air within air voids
evacuates the specimen via diffusion through
saturated capillary paths, driven by hydraulic
and capillary pressures. Water will eventually
fill the air-voids closest to the specimen surface
(A), while more interior air voids may remain
drier for a longer time (B).

See also Figures 6.16.1g to 6.16.1g, 6.16.11.

Freezing of Specimen after

Long-term Exposure to Liquid Water
Specimen initially conditioned to 50% RH.
All available surfaces exposed to liquid water.
Specimen exposed to freezing temperatures.

Ice crystals form in the saturated air voids

near the specimen surface (A). Supercooled
liquid from surrounding capillaries migrates

to the low-energy frozen sites (red arrows),
contributing to tensile hoop stresses in the
air-void wall (black arrows). Interior regions
may remain undamaged, since drier interior air
voids have sufficient room for accumulation of
moisture upon freezing (B).

See also Figures 6.16.1c, 6.16.1d.






8

Proposed Approaches to Mix Design

This chapter is intended to assist a mix designer in efficiently developing appropriate foam
concrete mixes for various applications. Objectives include minimizing trial-and-error
testing, avoiding omission of relevant considerations, establishing recommended
tolerances for batching, and diagnosing and correcting issues.

In Section 8.1, key mix properties are plotted against density, and presented as a
preliminary reference. A designer may quickly determine the approximate density and mix
proportions necessary to achieve desired strength, stiffness, drying shrinkage and creep
criterion for plain foam concrete.

Section 8.2 offers a more detailed protocol for developing foam concrete mix
designs, for five distinct applications. Major performance considerations are prioritized
according to their anticipated influence on mix design, to facilitate an efficient iterative
process. Relevant test results and portions of the literature review are cited for further
information and clarification.

Section 8.3 describes a computer application developed based on research from this
thesis, and available for industry use. A user may define desired parameters, and the

program will return possible mix designs, based on interpolated data from the



experimental program. Although the program is not included as part of this thesis, the
essential logic and functionality of the software is explained.

Section 8.4 provides a troubleshooting guide. Common issues encountered during
the production and placing of foam concrete are identified, and a diagnostic process is
presented to isolate and correct the causes of deficiencies.

Finally, Sections 8.5 and 8.6 establish recommended tolerances for mix proportions

and acceptance criteria for quality control, respectively.

8.1 Preliminary Graphic Reference for Mix Design

Properties of plastic and dry density, slump flow, drying shrinkage strain, thermal
resistivity, compressive strength, static modulus of elasticity, and specific creep are plotted
as a preliminary reference. The feasibility of a proposed use can be rapidly assessed, and
appropriate mix designs can be approximated for a broad range of parameters. The

preliminary graphic reference begins on Page 258.

8.2 Detailed Protocol for Foam Concrete Mix Design

The properties of foam concrete vary significantly. Relatively small modifications to mix
design can meaningfully affect the density, mechanical response, transport properties,
durability, and thermal performance of the material. When designing foam concrete for a
particular application, it is often necessary to consider numerous parameters, to confirm
the suitability of a proposed recipe.

In this approach, five distinct applications for foam concrete are identified. A
customized design protocol is proposed for each application. Critical material properties
are introduced in order of priority of their anticipated influence on mix design. Various
methods of controlling the relevant properties are listed, to provide multiple paths for
achieving design targets.

The five applications are characterized below, starting on Page 260. These
applications cover a large proportion of major uses for foam concrete. The proposed

design protocols may be adapted for other uses of foam concrete as required.
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8.1

Preliminary Graphic Reference for Mix Design
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8.2

Detailed Protocol for Foam Concrete Mix Design

Geotechnical fill, generic

Figure 8.2a

The protocol below presents design consideration and controls for foam concrete
geotechnical fill. Note that not all parameters listed will be relevant for all applications.

Possible applications for foam concrete geotechnical fill include the following:

Non-settling fill, cohesive fill, buoyant fill, emergency void-filling, soil stabilization,
soil replacement, road sub-base, concrete blinding, annular grouting, bridge
abutments, fill for spandrels of masonry arch bridges, bulk fill for mines or subways,
backfill of redundant sewers or tanks, air-tight grouting of coal mines, containment of
hazardous waste. (Refer to Appendix A, Section 8.1)

Control of mix ingredient and proportions (additions) o

Control of mix ingredient and proportions (subtractions) e

Control of curing or placing environment o

Controls which are not recommended X

Relevant Figures 6.1a

Relevant notes from the Appendices A-6.1

Long-term strength Increase for — ©increase volume of filler..............cooooiiiiiii. . 6.6.1.1a
anticipated loading O increase cementitious density.........cccceveeiiininnnnn 6.6.1.1a
O increase proportion of slag or silica fume.............. 6.6.1.1a

O increase curing age (SCM mixes)................ 6.6.4a to 6.6.4f

Decrease for ease of — e reduce density, cementitious density................... 6.6.1.1a
future excavation @ reduce SCMS....ouviiiiiiiiiiiiiiiiiiiiiiiiiiieiiiieenens 6.6.1.1a

Density

Decrease

o decrease filler, increase cementitious as required....6.6.1.1a

Void Filling

Spread flow — Increase for constricted [ © increase cementitious density.........ccceevvuiiiiiiniinnen. 6.2b
void-filling applications O increase water CONteNt......oviuiiniiniiiiiiiiiiieneennns 6.2b
x avoid use of superplasticizers..........ccccoeneen.. Appendix P
Void Filling

Early-age stiffness Decrease for large and [~ e decrease cementitious density.................. 6.6.4a to 6.6.4f
constricted void-filling © increase proportion of slag............c..ceeee 6.6.4a to 6.6.4f
Increase for walkability, [ Ouse FCA ...ccccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiaeas Appendix E
safety of public O increase volume of filler......................... 6.6.4a to 6.6.4f
O increase cementitious density................... 6.6.4a to 6.6.4f
O increase proportion of silica fume.............. 6.6.4a to 6.6.4f
e reduce proportion of slag..........c....c.o..o... 6.6.4a to 6.6.4f
Modulus of elasticity Increase — © increase cementitious density.........ccccceeiiiinn. 6.7b, 6.7¢
O increase uSe Of SCMS .ouuuriiiiiuieeiinneeeenneeeeannns 6.7b, 6.7c

Note: Use of slag SCM provides
a high stiffness-to-strength ratio..........ccoceoeeiiiiiiina.. 6.7i
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Poisson’s Ratio Decrease to suit — © increase volume of filler 6.8¢

application
Increase to suit — e reduce volume of filler 6.8¢

application

Mass Pour

Heat of hydration Decrease, avoid thermal [— © increase proportion of slag cf A-6.2.2,6.6.4
strain in mass pours o increase density (thermal conductivity) 6.15a
o reduce temperature of mix ingredients cf A-6.2.2
Thermal resistivity Increase if required for |[— e reduce density. 6.15a
application O protect from moisture ingress cf A-6.3.4a
Bouyancy of Decrease to — © increase density, with use of filler if necessary. 6.6.1.2a

hardened material

reduce risk of uplift

© use wet foam to increase permeability

cf. 6.14a, A-6.3.1b

o provide drainage for surrounding groundwater.. .cf. A-6.3.3¢

o anchor or add load to resist uplift 6.6.1.2a

Drying shrinkage Decrease to minimize [~ © increase cementitious density. 6.11c

subsidence, mechanical O increase volume of filler. 6.11d

damage due to cracking O incorporate fibre reinforcing A-6.3.2b

e reduce proportion of SCMs 6.11nto 6.11p

e reduce water-binder ratio untested

o reduce length of curing time in high RH 6.11eto 6.11h

0 maintain high RH environment 6.11k

Creep Decrease to avoid — © increase density, volume of filler 6.10a
subsidence

Moisture movement Decrease strain induced [— © increase volume of filler. 6.13a

by changing MC o reduce length of curing in high RH untested, cf 6.11e

0 maintain constant RH environment 6.13d

Decrease damage due to [— e reduce volume of filler (density) 6.6.1.1a

cyclical wetting/drying e eliminate SCMs 6.6.1.1a

Freeze-thaw Decrease risk of damage |—— © increase density 6.16.1m
© increase proportion of silica fume 6.16.1m

e reduce proportion of slag 6.16.1m

o provide drainage for surrounding water cf- A-6.3.3c

Sulphate attack Decrease risk of damage [— e reduce density. A-6.3.5b
o control movement of sulphates in environment A-6.3.5b

Cost Decrease — e reduce cementitious density (increase filler) A-5.1.1

e eliminate silica fume A-5.1.1

© increase proportion of slag (market-dependent) A-5.1.1

~
92}




Backfill for linear utilities

Figure 8.2b

Backfill for linear utilities is a special case of geotechnical fill. A distinct set of
considerations is necessitated by fragile or buoyant utilities, length of the pour, proximity

to the public, etc.

This protocol may be appropriate for the following foam concrete applications:

Trench reinstatement, bedding material to absorb stresses for differential movement
or settlement, insulation and support for pipelines installed over permafrost, support
for existing pipes. (Refer to Appendix A, Section 8.1)

Control of mix ingredient and proportions (additions) o

Control of mix ingredient and proportions (subtractions) e

Control of curing or placing environment O

Controls which are not recommended X

Relevant Figures 6.1a

Relevant notes from the Appendices A-6.1

Early-age stiffness [ Increase for walkability, OUSE FCA ciuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicienenaes Appendix E
safety of public O increase volume of filler.................ocooo. 6.6.4a to 6.6.4f

O increase cementitious density................... 6.6.4a to 6.6.4f

O increase proportion of silica fume.............. 6.6.4a to 6.6.4f

e reduce proportion of slag..........ccceeeeninnnnn 6.6.4a to 6.6.4f

Long-term strength Increase for © increase volume of filler...........ccooceviiiiiiiiiiiia.. 6.6.1.1a
anticipated loading © increase cementitious density.........ccccoeeiiiininn.n 6.6.1.1a

© increase proportion of slag or silica fume.............. 6.6.1.1a

O increase curing age (SCM mixes)................ 6.6.4a to 6.6.4f

Decrease for ease of e reduce density, cementitious density................... 6.6.1.1a

future excavation @ reduce SCMS...couiuiiiiiiiiiiiiiiiiiiiie e 6.6.1.1a

Bouyancy of — Decrease, avoid damage © increase density, with use of filler if necessary........6.6.1.2a

hardened material

by hydrostatic pressure

© use wet foam to increase permeability......cf. 6.14a, A-6.3.1b
o provide drainage for surrounding groundwater.. .cf. A-6.3.3¢

Hydrostatic pressure — Decrease to reduce OUSE FCA ciuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieienenaes Appendix E
of plastic mix bouyant force on pipes e reduce (plastic) density......c.ccoeiiieiiiiiiiiiiiian. 6.6.1.1a
during placement O increase slag and reduce w/b ratio.......... 6.1.1.6a, 6.6.1.1a
Modulus of elasticity [—] Decrease to minimize e reduce cementitious density.........ccccoceeeiniina. 6.7b, 6.7¢
local stress on utilities @ 1edUCe SCMS ..oiiiiiiiiiiiiiiiieieeaiieeeeeeeaaans 6.7b, 6.7¢c
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Thermal resistivity

Increase if required for

e reduce density. 6.15a

application O protect from moisture ingress cf. A-6.3.4a
Crushing behaviour Increase compliance — e reduce proportion of SCMs 6.9
to acomodate local e reduce density 6.9
movement, preserve
strength after fracture
Creep Increase to accomodate [— e reduce density, volume of filler 6.10a
local movement
Decrease to minimize =~ |— e eliminate slag, if present 6.10a
subsidence under load O increase volume of filler: 6.10a
0 maintain high RH environment cf. 6.10a, 6.10g
Drying shrinkage Decrease to minimize = [— © increase cementitious density. 6.11c
subsidence o increase volume of fine inert filler* untested, ¢f. 6.11d
e reduce proportion of SCMs 6.11nto 6.11p
e reduce water-binder ratio untested
o reduce length of curing time in high RH 6.11eto 6.11h
0 maintain high RH environment 6.11k
Moisture movement Decrease strain induced [— © increase volume of filler. 6.13a
by changing MC o reduce length of curing in high RH untested, cf. 6.11e
0 maintain constant RH environment 6.13d
Decrease damage due to [— e reduce volume of filler (density) 6.6.1.1a
cyclical wetting/drying e eliminate SCMs 6.6.1.1a
Freeze-thaw Decrease risk of damage |—— © increase density 6.16.1m
© increase proportion of silica fume 6.16.1m
e reduce proportion of slag 6.16.1m
o provide drainage for surrounding water cf- A-6.3.3c
Sulphate attack Decrease risk of damage |—— e reduce density. A-6.3.5b
o control movement of sulphates in environment A-6.3.5b
Cost Decrease — e reduce cementitious density A-5.1.1
e eliminate silica fume A-5.1.1
© increase proportion of slag (market-dependent) A-5.1.1




Profiling for floors or roofs

Figure 8.2¢c

With high worakability and low density, foam concrete may be suitable for use in
overpour applications. Finished surfaces may be horizontal or slightly sloped, as
required. Foam concrete provides thermal resistance to control heat flow through
enclosure assemblies, or under heated slabs.

This protocol may be appropriate for the following foam concrete applications:

Floor leveling, insulating layer below heated slabs, slopes for flat roofs.
(Refer to Appendix A, Section 8.1.)

Control of mix ingredient and proportions (additions) o

Control of mix ingredient and proportions (subtractions) e

Control of curing or placing environment O

Controls which are not recommended X

Relevant Figures 6.1a

Relevant notes from the Appendices A-6.1

Long-term strength | —| Increase for —{ o increase volume of filler............cccceiiiiiiiiiiiiia.. 6.6.1.1a
anticipated loading O increase cementitious density.........cccceveeiiininnnnn 6.6.1.1a
O increase proportion of slag or silica fume.............. 6.6.1.1a

O increase curing age (SCM mixes)................ 6.6.4a to 6.6.4f

o install dense finishing screed or coverboard.......... 6.6.1.1a

Density — Decrease — © decrease filler, increase cementitious as required....6.6.1.1a

I
Spread flow — Decrease for ability to [~ © increase volume of filler............ccccceiiiiiiiiiiiiiia... 6.2b
form slope o reduce water CONteNt. .....ocvuviiiiniiiiniiiiieiiiiieniannss 6.2b
O incorporate fibre reinforcing..........ccccoeviiiiiiiiiai. A-5.1.5
Stability —  Resistsegregation of [~ e maintain low water-binder ratio........................ cf. 6.2b
water, paste, aggregate O avoid overworking........ocoveviiiiiiiiiiiiiiiiiiin., A-7.2.1
o seal substrate, avoid leakage of water................... 6.6.1.1a
Drying shrinkage Decrease for — © increase cementitious density.........ccccoveiiiiiiiiiiiiin 6.11c
compatibility with O increase volume of filler...........ccoocviiiiiiiiiiiiiia... 6.11d
substrate, avoid cracking © incorporate fibre reinforcing..............ccocooeiiii.. A-6.3.2b
e reduce proportion of SCMs........c.cceviennnn 6.11nto 6.11p
e reduce water-binder ratio..........ccoociiiiiiiiiiia. .untested

o reduce length of curing time in high RH........ 6.11eto 6.11h

Thermal resistivity

Increase if required for [ e reduce density........cccovmiiiiiiiiiiiiiiiiiiiiiiiiiiia.. 6.15a
application O protect from moisture ingress.........coceeeeveniinnu cf. A-6.3.4a
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Finishability — Improve e eliminate FCA, LWA A-7.2.1, Appendix E

e maintain low water-binder ratio cf. 6.2b

o avoid overworking A-7.2.1

o install dense finishing screed or coverboard 6.6.1.1a

Abrasion and impact [— Increase for durability O increase density 6.6.1.1a
resistance o install dense finishing screed or coverboard 6.6.1.1a

Rate of hardening

Increase for
construction scheduling

O increase volume of filler.

O increase cementitious density.

O increase proportion of silica fume
e reduce proportion of slag

6.6.4a to 6.6.4f
6.6.4a to 6.6.4f
6.6.4a to 6.6.4f
6.6.4a to 6.6.4f

Cost

Decrease

e reduce cementitious density. A-5.1.1
e eliminate silica fume A-5.1.1
© increase proportion of slag (market-dependent) A-5.1.1




Impact absorbing material

Figure 8.2d Foam concrete can dissapate energy through crushing. The protocol given below may be
appropriate for the following impact-absorbing foam concrete applications:
Crash barriers, stopping pads, defensive structures, bullet traps, explosion prevention,
protection of pipelines from rockfall, cribbing for seismically active mines, blast walls.
(Refer to Appendix A, Section 8.1.)
Note that additonal design considerations are given for slab formats, materials exposed to
the outdoors, and materials in contact with the ground.
Control of mix ingredient and proportions (additions)
Control of mix ingredient and proportions (subtractions) e
Control of curing or placing environment O
Controls which are not recommended X
Relevant Figures 6.1a
Relevant notes from the Appendices A-6.1
Crushing behaviour [T Stress remains consistent — e reduce proportion of SCMSs..........ccccviiiiiiiiiiiiiiinina... 6.9
during crushing ® reduce density.....ccovuieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiies 6.9
Note: Study plots in Section 6.9
to select mix design with desired
crushing characteristics........ocovviviiiiiiiiiiiiiiiiiiiin.. 6.9
L1 Crushing properties do |— Note: Portland cement mixes appear
not vary with age to densify with increased age.
Further investigation is necessary..........cccccceveeiiiininn 6.11r
Compressive —1{ Increase for supportof |— ©increase volume of filler.............cccoeiieiiiiiiiaan. 6.6.1.1a
strength normal, non-impact loads O increase cementitious density.........ccccceeiiiiinnnnn 6.6.1.1a
O increase proportion of slag or silica fume.............. 6.6.1.1a
O increase curing age (SCM mixes)................ 6.6.4a to 6.6.4f
Tensile strength —]{ Increase for preserving O add fibre reinforcing.............c.ccoceiiin cf A-5.1.5,A-6.3.2b
integrity of material
during crushing
Poisson’s Ratio Decrease to suit —1 © increase volume of filler..........cccoeeiiiiiiiiiiiniiiiia.. 6.8¢
application
Increase to suit — @ reduce volume of filler..........ccocoviiiiiiiiiiiiiiiiii.. 6.8¢

application
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Drying shrinkage Decrease to avoid change [ © increase cementitious density. 6.11c
in mechanical behaviour © increase volume of filler 6.11d
due to cracking © incorporate fibre reinforcing A-6.3.2b
e reduce proportion of SCMs 6.11nto 6.11p
e reduce water-binder ratio untested
o reduce length of curing time in high RH 6.11eto 6.11h
0 maintain high RH environment 6.11k
Cost Decrease — e reduce cementitious density A-5.1.1
e eliminate silica fume A-5.1.1
O increase proportion of slag (market-dependent) A-5.1.1
Additional
considerations for
material in outdoor
environment
I
Moisture movement Decrease strain induced [— © increase volume of filler. 6.13a
by changing MC o reduce length of curing in high RH untested, cf. 6.11e
0 maintain constant RH environment 6.13d
Decrease damage due to [—] e reduce volume of filler (density) 6.6.1.1a
cyclical wetting/drying e eliminate SCMs 6.6.1.1a
Freeze-thaw Decrease risk of damage [ © increase density 6.16.1m
O increase proportion of silica fume 6.16.1m
e reduce proportion of slag 6.16.1m
o provide drainage for surrounding water cf. A-6.3.3c
0 avoid use of de-icing salts 6.16.2b
Additional o provide drainage for surrounding water cf. A-6.3.3c
considerations for
material in contact
with the ground
I
Sulphate attack Decrease risk of damage [— e reduce density. cf. A-6.3.5b
: o control movement of sulphates in environment. . .cf. 4-6.3.5b
Additional

considerations for
slab formats

Bouyancy of
hardened material

Decrease, avoid damage
by hydrostatic pressure

Creep

Increase to accomodate
subsidence of sub-base

© increase density 6.6.1.2a
© use wet foam to increase permeability......cf. 6.14a, A-6.3.1b
o provide drainage for surrounding groundwater.. .cf. A-6.3.3¢
e reduce density, volume of filler 6.10a

2¢
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Structural lightweight concrete

Figure 8.2e

Foam concrete may be produced with sufficient strength for some structural applications.
The mix design protocol given below provides guidance for the following uses:

Structural beams, structural slabs, walls, blocks, sandwich panels, precast elements.
(Refer to Appendix A, Section 8.1.)

Note that additonal design considerations are given for structural lightweight elements
exposed to the outdoors or placed in contact with the ground.

Control of mix ingredient and proportions (additions) o
Control of mix ingredient and proportions (subtractions) e
Control of curing or placing environment O
Controls which are not recommended X
Relevant Figures 6.1a
Relevant notes from the Appendices A-6.1
Long-term strength | —| Increase for —{ o increase volume of filler............cccceiiiiiiiiiiiiia.. 6.6.1.1a
anticipated loading O increase cementitious density.........cccceveeiiininnnnn 6.6.1.1a
O increase proportion of slag or silica fume.............. 6.6.1.1a
O increase curing age (SCM mixes)................ 6.6.4a to 6.6.4f
Density ] Decrease — © decrease filler, increase cementitious as required....6.6.1.1a
I
Modulus of elasticity —] Increase — © increase cementitious density........c.cccoeiiiiinnnn 6.7b, 6.7c
o reduce proportion of slag.......cccoceveviiiiiniiana.. 6.7b, 6.7c
Drying shrinkage [~ Decrease to minimize [~ © increase cementitious density...........cccoceviiiiiiinnn. 6.11c
mechanical damage, o increase volume of filler........ccoovviiiiiiiiiiiiinnnnnnnnn 6.11d
strain 0O incorporate fibre reinforcing................ccooooiiii.. A-6.3.2b
e reduce proportion of SCMs.........cccceeuvinnen 6.11nto 6.11p
e reduce water-binder ratio..........cccoceiiiiiiiiiia. .untested
o reduce length of curing time in high RH........ 6.11eto 6.11h
0 maintain high RH environment..............ccocooiiiiiin 6.11k
Creep ] Decrease — e eliminate slag, if present.........ccccceviiiiiiiiiiiiiiiian.. 6.10a
O increase volume of filler.........ccoeevviiiiiiiiiiiiiinia... 6.10a
0 maintain high RH environment.................. cf. 6.10a, 6.10g
Carbonation — Decrease — © increase cementitious density.................... 6.12f A-6.3.5a
O increase density.......ccceeeveeiiiiiiiiniiiennnn. . 6.12b, A-6.3.5a
O increase SCM (reduce permeability)............ 6.12b, A-6.3.5a
0 avoid use of steel reinforcing.........cccceeviiinina.. A-6.3.5a
o increase RH to above 70%.......ccccvvvvvvveennnn 6.12b, A-6.3.5a
o decrease RH to below 50%......ccccvvvveennnnnn 6.12g, A-6.3.5a
O seal to resist ingress of moisture.............c.ooeeeee. A-6.3.5a
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Bond strength Increase for composite [~ © increase density A-6.3.2e
action with steel bar or © incorporate coarse LWA A-6.3.2e
deck reinforcing © incorporate angular particles A-6.3.2e
0 modify locking patterns of reinforcement A-6.3.2e
Shear strength Increase — © increase volume of filler A-6.3.2f
© increase angularity, coarseness of filler A-6.3.2f
O incorporate coarse LWA A-6.3.2f
o incorporate fibre reinforcing A-6.3.2f
Tensile strength Decrease — © increase cementitious density A-6.3.2b
© increase angularity, coarseness of filler A-6.3.2b
© increase proportion of SCMs (particle packing) A-6.3.2b
© incorporate fibre reinforcing A-6.3.2b
Rate of hardening Decrease — © increase volume of filler: 6.6.4a to 6.6.4f
© increase cementitious density. 6.6.4a to 6.6.4f
O increase proportion of silica fume 6.6.4a to 6.6.4f
e reduce proportion of slag 6.6.4a to 6.6.4f
O incorporate chemical accelerators A-6.2.1
O raise ambient temperature A-6.2.1
O use insulated formwork A-6.2.1
Poisson’s Ratio Decrease to suit — © increase volume of filler 6.8¢
application
Increase to suit —1 e reduce volume of filler 6.8¢
application
Cost Decrease — e reduce cementitious density A-5.1.1
e eliminate silica fume A-5.1.1
© increase proportion of slag (market-dependent) A-5.1.1
Additional See notes listed under

considerations for
material in outdoor
environment

“Impact Absorbing
Material,” above.

Additional
considerations for
material in contact

with the ground

See notes listed under
“Impact Absorbing
Material,” above.




8.3 Foam Concrete Mix Design Computer Application

Matrices or graphs typically display only two or three dimensions of information. In this
thesis, a large number of parameters have been considered. As noted in the section above,
multiple parameters may need to be considered and constrained for certain foam concrete
applications. In order to simplify this procedure, a computer program has been developed.
While the computer program is not a part of this publicly available thesis, the user

interface and underlying framework are described below.

8.3.1 User Interface

1) The mix designer identifies which cementitious ingredients are available at the
batching facility.

2) The mix designer identifies whether foam concrete aggregate is available at the
batching facility.

3) The designer may update cost information for materials as required.

4) The designer identifies limiting values (minimum or maximum) for various
properties:

- compressive strength at 7, 28, or 56 days

- plastic, dry, or oven-dry density

specific creep at one year, for 0.4 f'

drying shrinkage at one year
- cost

5) The program presents possible mix designs in the database that meet the design
parameters.

6) Mixes can be further refined by porosity, within available limits defined by the
constraints in Step 4.

7) The program will provide mix ingredient proportions per cubic meter of foam
concrete for the selected recipe. Material costs will be provided based on user

inputs in Step 3.



Options  Help

Select Available Ingredients Select Recipe Option Recipe Description
Portland Cement 100% PC - no sand - 410 Properties:

. 100% PC - sand - 410 Porosity: 0.67
sia Fume
Slag B 12% SF - sand - 410 7-day Compressive Strength (MPa): 3.2

28-day Compressive Strength (MPa): 5.1

FCA O 56-day Compressive Strength (MPa): 5.4
SIJGCifY Properties Specific Creep after one year (pe/MPa): unknown, =2000

Min  Max Drying Shrinkage after one year (us): 4200
Slump Flow (mm): 710

7 day strength (MPa)

28 day strength (MPa) 5 Select Porosity Plastic Density (kg/m?): 1194

MIN: 0.59 MAX: 0.68 Dry Density (kg/m*): 1059

56 day strength (MP2) Oven-Dry Density (kg/m?): 968

0.67
Creep (pg)
o N Cost (§/m?: 0
Drying shrinkage (pg)
Slump (mm) Ingredients: {per cubic meter of concrete)
; . N Portland Cement (kg): 385
Plastic Density (kg/m~) 1400 Slag (kg): 0
Dry Density (kg/m?) Silica Fume (ka): 25

Oven-Dry Density (kg/m?) Sand (kg): 484

Find Recipe Options FCA (kg): 0

Water (L): 270

Figure 8.3.2a  Screenshot of user interface for application, showing available parameters and controls.

OEions Help )
Update Cost of Materials ts Select Recipe Option Recipe Description
Copy Displayed Recipe [} 100% PC - no sand - 410 Prope_rties:
100% PC - sand - 410 Porosity: 0.67
Exit 6% SF - sand - 410
—Ts1ag — ! 12% SF - sand - 410 7-day Compressive Strength (MPa): 3.2
28-day Compressive Strength (MPa): 5.1
FCA B 56-day Compressive Strength (MPa): 5.4
-
Specify Properties 1C Material Costs - L= 0= ): unknown, >2000
i . 200
Min - Max Select cost for each material
7 day strength (MPa) —
Select P . Portlant Cement $/metric ton
28 day strength (MPa) 5 elect Porosity — sas)
. . ag $/metric ton
56 day strength (MPa) MIN: 0.59 MAX: 0.68 B
0.67 Silica Fume $/metric ton

Creep (pe)
PiH 3 Sand $/metric ton
Prying shrinkage (i) FCA §/metric ton
Slump {mm) ete)

Plastic Density (kg/m?) 1400 Update Costs
Dry Density (kg/m?)
Oven-Dry Density (kg/m?)

!
Sand (kg): 484

Find Recipe Options FCA (kg): 0

Water (L): 270

Figure 8.3.2b  User interface for inputting costing information.
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8.3.2 Underlying Framework

All data from the experimental program was organized in numerous overlapping mix
subsets, in which two of the following three mix design parameters were constant:!
- Cementitious density
- Binder composition
- Filler-binder ratio
For each mix subset, the properties and quantities in Tables 8.3.2a and 8.3.2b were plotted
against porosity, P. These properties and quantities were then expressed as functions of P,
interpolating between known points.
The program evaluates the functions associated with each mix subset, and returns
all mix subsets for which there is a domain of P that satisfies user-defined constraints.
When a mix subset is selected, the available domain of P is limited by the user-
defined constraints. As P is varied, the program returns quantities of mix ingredients,
calculated as a function of P. Cost is calculated as the sum of each mix ingredient,

multiplied by its respective cost.

Mix Properties Units
Physical Properties Plastic density kg/m3
Dry density kg/m3
Oven-dry density kg/m3
Mechanical Properties 7-day compressive strength MPa
28-day compressive strength MPa
56-day compressive strength MPa
Specific creep after one year, at 0.4 f'c,in 50% RH pe/MPa
Drying Shrinkage Properties | Drying shrinkage after one year, in 50% RH ue
Workability Properties Slump Flow mm

Table 8.3.2a  Mix properties plotted as a function of porosity, P, for computer program.

1 For example, one mix subset included all mixes with 100% Portland binder and 410kg/m3 cementitious density; the
filler-binder ratio varied with density. Another subset included all mixes with 12% silica fume binder and a filler-
binder ratio of 2:1; the cementitious density varied with density. Mixes incorporating FCA were also organized in
separate mix subsets.



Mix Quantities, per cubic meter of fresh foamed mix Unit
Solids Portland Cement kg/m3
Silica Fume kg/m3
Slag kg/m3
Sand kg/m3
FCA kg/m3
Water Drying shrinkage after one year L/m3
Foam Foam Volume L/m3
Surfactant kg/m3
Cost Cost of mix ingredients? $/m3

Table 8.3.2b  Mix quantities plotted as a function of porosity, P, for computer program.

8.3.3 On-going Developments

A number of updates to the program are currently in development. Most significantly, the
updated program includes curated plots of key properties, such as compressive strength vs.
dry density. Plots are updated in real-time, showing the data points and segments of
trendlines that satisfy user-defined constraints. These plots enable the designer to
compare mix options graphically, and indicate a level of reliability for the stated mix design,
by showing actual scatter of data from the experimental program. These improvements
reduce the tendency for the computer program to be used as a black box.

These intuitive tools for assessing reliability will be supplemented by statistical
analysis.? Additionally, the updated program will include commentary on allowable

tolerances to water-binder ratio and mixing time.

8.4 Mix Design Troubleshooting Guide
Various problems may arise during the batching, placing or curing of foam concrete.
Possible causes and solutions for common issues are provided in the diagnostic diagrams

shown in Figures 8.4a to 8.4c, below.

Cost was expressed as a function of mix ingredients, which are each expressed as a function of porosity.
3 E.g. coefficient of variation. Refer to Section 6.5.




[ssues during placing

Workability

Plastic density

paste is too stiff, honeycombing

paste is too fluid | 1

low plastic density

high plastic density

stiff hardening high particle insufficient insufficient foam volume sample taken from foam volume
inclusions too fast fineness frictional surface is too high inadequately mixed is too low
(wetted restraint of tension region of paste
surface area) solids
See - foam
“Issues during curing”
goto5
increase increase inadequate mobility 3
particle cohesion mixing of solids
interlocking
- fibres - metal fibres -SF +w/b - c.d. neat mix sanded mix mix more + foam
(use PP, PLA +f/b thoroughly
fibres instead)
-p increase -w/b reduce
(increased surface particle acceleration
area of surfactant) fineness of mix
ingredients
reduce particle +SF
size of filler
Figure 8.4a Diagnostic diagram for issues encountered during placing.
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Stability Finishability
obvious segregation obvious bubble collescence surface scaling rough surface
(visibly large bubbles)
see
“Issues during curing”
goto 6
collapse of foam, foam rupture bouyancy fibres
releasing additional | 2 of LWA
water content
reduce workability match densities pre-wet - LWA - fibres
of LWA and FC LWA
gotol | |
[
chemical incompatibility physical rupture
with surfactant of foam
if unable to control
finished surface
through mix design,
install dense
sharpness of pressure loss of water overpour
mix ingredients on bubbles
drainage leaks evaporation contact of
due to heat foam with
of hydration dry solids
- SP -FA change - GGBS - metal fibres -p - depth seal see
surfactant (use PP, of lift substrate “Issues during curing”
PLA fibres against leaks
instead) goto7
increase speed - w/b ratio (insufficient change mix base more +w/b
of stiffening adhesion; solids and ions surfactant thoroughly prior
(curing) may be carried away in to addition of foam
overly fluid mix)
see
“Issues during curing”
go to 4 289




[ssues during curing

Rate of hardening

too slow | 4

modify
environment

increase
temperature

Temperature rise

Figure 8.4b

too fast | 5 too high
coagulation evaporation
of surfactant of dosing
water
eventual 8
risk of DEF
replace protein
surfactant
with synthetic
surfactant
modify mix -p reduce depth use cold mix
ingredients (create space of pour ingredient
for expansion)
avoid increase +w/b -w/b +FCA change use accelerators
protein-based fineness of (increase water (decrease binder (refer to Appendix
surfactants materials available for distance A, Section 6.2.1)
(acts as reaction, if between
retardant) limited) reactants)
- GGBS -FA + SF +cd

Diagnostic diagram for issues encountered during curing.
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Stability

Appearance

loss of volume
(foam collapse)

crac

king

surface scaling | 6

expansion see collapse of foam, water-binder segregation,
of heated air “Issues during placing” releasing additional ratio is too mobility of
causing rupture water content high solids
go to 2
thermal strain drying 9
due to high heat shrinkage
of hydration
see see
“Issues during placing” “Issues during placing”
go to 2 goto3
+p change introduce -w/b change change -w/b - GGBS
(increase binder chemical (limit water mix environment (for improved
thermal retarder available for design tolerance to variation
diffusivity) reaction) in w/b ratio)
+GGBS +FA -SF -cd. + fibres -w/b -SCM -cd. maintain eliminate avoid long
+f/b high RH restraint curing at
in situ high RH
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Issues with hardened product

Appearance

surface scaling

Compress

ive strength

low compres

sive strength

see mechanical entrapped air, foam volume sample taken from
“Issues during curing” damage honeycombing is too high inadequately mixed
region of paste
go to 6
- foam
cracking damage to high particle stiff inadequate mobility
specimens fineness inclusions mixing of solids
during (wetted
transport surface area)
mix more
thoroughly
short-term long-term reduce reduce -w/b
particle acceleration
size of of mix
filler ingredients
see DEF +w/b -SF - fibres - metal fibres
“Issues during curing” [ (use PPA, PLA
fibres)
goto9 reduce
curing
temperature
I
see

Figure 8.4c

“Issues during curing”

goto 8
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Diagnostic diagram for issues encountered with hardened product.




Dry density

high compressive strength high dry density low dry density
bubble foam rupture insufficient excess excess
coallescence foam volume porosity from porosity from
mix water foam volume
chemlc.al incompatibility physical rupture + foam -w/b - foam
with surfactant of foam
sharpness of pressure loss of water
mix ingredients on bubbles

drainage leaks evaporation contact of

due to heat foam with

of hydration dry solids

- SP -FA change - GGBS - metal fibres -p - depth seal see
surfactant (use PP, of lift substrate “Issues during curing”
PLA fibres against leaks
instead) goto7
increase speed - w/b ratio (insufficient change mix base more +w/b
of stiffening adhesion; solids and ions surfactant thoroughly prior
(curing) may be carried away in to addition of foam
overly fluid mix)
see

“Issues during curing”

go to 4
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8.5 Recommended Tolerances for Mix Proportioning
Recommended tolerances are given in the table below, for both research and industry
purposes.

These proposed tolerances have been found practicable during the experimental
program, and appear to be reasonable based on accumulated data. Supporting analysis is
provided in Appendix S. Note that the cumulative effects of parameter variance should also

be considered.

Mix parameter Tolerance for | Tolerance for industry Notes
research* Criticals Non-Critical®
Foam density +2g/L +2g/L +2g/L Foam density calibration is

typically straightforward. Adjust
per manufacturer instructions. See

Appendix G.

Quantity of binder | +0.5% +5 kg/m3 +10 kg/m3 If variance is suspected, consult
figures in Appendix S to estimate

impact on mix properties.

Quantity of filler +0.5% +10 kg/m3 +20 kg/m3 If variance is suspected, consult
figures in Appendix S to estimate

impact on mix properties.

Sand, moisture +0.2% +1% +1% It is critical to account for MC in
content dense (sanded) mixes.
Water- PC +0.01 +0.05 +0.05 Tolerance to hydration varies with
Binder Slag 20.01 20.02 20.02 the use of SCMs. Tighter tolerances
Ratio are recommended with increased
SF +0.01 +0.02 +0.02 -, .
cementitious density.

Plastic Density +10 kg/m3 +25 kg/m3 +50 kg/m3 Deviations of +50kg/m3 from
target density are permitted per
ASTM C796, Section 7.3.1. Closer
tolerances req’d for low density

mixes. Refer to Appendix S.

Table 8.5 Recommended tolerances for mix proportioning.

4 Small-scale batching is assumed, in order to achieve the proposed tolerances.
5 Average compressive strength within approximately 10% of target. Refer to Appendix S.
6 Average compressive strength within approximately 15-18% of target. Refer to Appendix S.



8.6 Recommended Acceptance Criteria for Quality Control
The following section provides guidance for quality assurance measures. This guidance is
specifically intended for foam concrete produced from dry foam, and delivered to site as

prefoamed mortar. Refer to Appendix A, Sections 5.2.1 and 5.2.2 for further discussion on

alternative methods of aeration and delivery of foam concrete.

Checks of quality should occur at various stages of foam concrete production, to

identify issues early in production, and to facilitate corrections to the mix where possible.

Recommended tests are as summarized in the table below.

Production Stage

Parameter to Check

Recommended QC Metrics and

Notes

References

Preparation of

materials

Temperature of

materials

Industry applications: 0 to 30°C
Research: 18 to 24°C

CSA A23.2,5.2.5.4.2;
ASTM C157 8.2

Grading of filler

No particles greater than 5mm

diameter

Appendix A, §5.1.3

Foam density

Per manufacturer. Relatively easy to
adjust. Should normally be within

5% of stated value.

Table 8.5

Foam stability

No obvious collapse

Appendix A, §6.1.2

Moisture content of

sand

Calibrate proportions of sand and

mix water accordingly

Appendix D

Production of

Temperature of

10 to 30°C for depths of <1m

CSA A23.2, Table 14

base mix base mix 5 to 20°C for depths of >1m
Plastic density of Typically should be +25 kg/m3 of Appendix S
base mix (optional) | target density
Slump of base mix Note that workability may be very Figure 7.1b
(optional) low, relative to foamed mix. Slumps
of 75 to 100mm are common.
Production of Stability Plastic density Table 8.5
foamed mix dev. from target: +50 kg/m3
No obvious bubble coalescence
No obvious foam coalescence
Segregation Plastic density Appendix A, §6.1.3

dev. from mean: +50 kg/m3




Spread flow test: No halo Appendix A, §6.1.3
(indication of low segregation)
Plastic density Limit deviation per Table 8.5, to Table 8.5
achieve desired tolerance. Each
truck should be tested.
Slump flow Normally between 600 and 700mm. | §6.2;
May vary from 400 to 1200mm. Figure 8.1a.
Analysis of Compressive Per requirements. Variances as high | §6.5
hardened strength as 15% may be expected, especially
product for medium density (highly
heterogonous) mixes. Produce
three cylinders for every 50m3. For
some applications, it may be
desirable to produce specimens
from every truck.
Soundness Indentation of less than 5mm Brady et al. (2001) 8
(optional)
Segregation dev. from mean: +50 kg/m3 Appendix A, §6.1.3
(optional)
Table 8.6 Recommended acceptance criteria for quality control.




9

Conclusions and Recommendations

This thesis presents a systematic, rational framework for understanding foam concrete
behaviour, and how it may be controlled.

By evaluating material properties in a tightly controlled study conducted by a single
operator, it has become possible to confidently characterize foam concrete over a broad
range of mix parameters. The simultaneous study of diverse properties such as
compressive strength, crushing behaviour, creep, drying shrinkage, and air-void size
distribution has allowed the creation of a detailed micromechanical model, which explains
many interrelated trends. New data for critical engineering properties, together with new
design and diagnostic tools, have broken down barriers to advancement in the field of foam
concrete research.

Several major research contributions are described in Section 9.1, below. A
selection of conclusions from the experimental program data is provided in Section 9.2.
Competitive market niches for foam concrete are summarized in Section 9.3.

Proposed standards for a methodologically consistent research framework are
described in Section 9.4, as a resource for future work.

Finally, recommended topics for further study are identified in Section 9.5.



9.1 Major Research Contributions

9.1.1 Comprehensive Literature Review

An exhaustive review of hundreds of articles, papers and reports related to foam concrete
is available in Appendix A. The review helps to clarify what has been previously reported
in the open, English-language literature, including the following:

- history of foam concrete from the late 1800s to the present day;

- contemporary production and curing methods;

- use of ingredients, including binders, fillers, surfactants, and reinforcing;

- influence of mix design parameters on fresh, curing, and hardened properties;

- sustainability considerations;

- comparisons to other lightweight inorganic materials;

- lists of actual and proposed applications for foam concrete, significant foam

concrete projects; and use of foam concrete in regions around the world.

9.1.2 Large Dataset of Strategic Mix Parameters and Properties

The literature is augmented with new data from thousands of specimens, manufactured
and conditioned according to well-defined and tightly controlled variables, produced and
tested by a single operator. Measures of uniformity and repeatability have been
established through multiple iterations of testing.

The dataset is based on a strategic matrix of mix designs, with nominal densities
ranging from 600 to 1800 kg/m3, cementitious densities from 410 to 710 kg/m3, and
cementitious blends which include varying proportions of Portland cement, silica fume,
and ground granulated blast furnace slag.

Specimens have been tested for numerous properties, including the following:

- density (plastic, dry, and oven-dry);

- compressive strength (7-, 28-, and 56-day);
- slump flow;

- segregation;

- porosity;

- static modulus of elasticity;



- Poisson’s ratio;

- crushing behaviour;

- creep;

- drying shrinkage;

- moisture storage (50, 80, 90% RH; liquid immersion);
- moisture movement (i.e. hygral expansion);

- capillary water uptake;

- thermal conductivity;

- freeze-thaw resistance; and

- air-void interconnectivity and size distribution.

9.1.3 Trends for Optimizing Water-Binder Ratios

The water content of foam concrete is not typically constrained by workability
requirements; however, providing an appropriate volume of mix water is critical for foam
stability and consistency. In some foam concrete studies, water-binder ratios are assumed
without exploration, which may affect the reliability of the conclusions. Furthermore,
tolerance to under- or over-hydration is important knowledge for industry. The present

research indicates appropriate water-binder ratios for a wide range of mixes.

9.1.4 Quantified Influence of SCMs and Cementitious Density

Supplementary cementitious materials may be used in foam concrete to improve
mechanical performance, reduce costs, or reduce ecological impact. Through this research,
the effect of incorporating silica fume or slag has been quantified for numerous engineering

properties, and compared to the effects of increasing the total cementitious density.

9.1.5 Creep Data for Unsealed Specimens

Only two studies of creep were discovered in the prior literature. Both studies were for
sealed, sanded mixes, with densities of between 1000 and 1750 kg/m3. The thesis has
contributed data for unsealed specimens of 600 and 1400 kg/m3. The new data includes

variations in loading, and variations in cementitious blend.



9.1.6 Extensive Drying Shrinkage Data

Foam concrete use can be limited by high drying shrinkage, since cracking affects
mechanical, transport and durability properties. Experimental results indicate how drying
shrinkage is influenced by density (i.e. volume of restraining filler); cementitious blend,

cementitious density, curing regime, and size effects.

9.1.7 Micromechanical Model

Interrelated trends from experimental program and information from the literature review
were combined in a proposed micromechanical model, to explain observed behaviour of

foam concrete at a micromechanical scale during, plastic, curing, and hardened phases.

9.1.8 Detailed Mix Protocols

A detailed design protocol prioritizes critical design considerations according to their
influence on mix design, for five major foam concrete applications. Various methods of
controlling the relevant properties are listed, to provide multiple paths for achieving design

targets. Relevant thesis subsections are noted in the protocols, for further guidance.

9.1.9 Computer Application for Mix Design

A computer application described in this thesis provides mix designs and batching
tolerances based on interpolated data from the testing results. The program is constrained
to return only mix designs which fulfill any number of the following user-defined
parameters: available materials; compressive strength at 7, 28, or 56 days; plastic, dry, or
oven-dry densities; specific creep after one year under loading of 0.4 f'¢; drying shrinkage at

one year; and cost.

9.1.10 Diagnostic Diagrams

A series of diagnostic diagrams identify common issues encountered during the
production, placing, and curing of foam concrete, and guide a user in isolating and

correcting deficiencies.



9.2

9.2.1

Selection of Specific Conclusions

Influence of Mix Design on Water Demand

Water-binder ratios may be optimized for a foam concrete mix, to achieve the

highest possible strength for a given dry density.

If water content is insufficient, dilution water may be extracted from the aqueous
foam to wet the surface of solid particles, causing coalescence and collapse of
bubbles; moreover, an especially stiff mix may cause rupture of bubbles.
Conversely, if water content is excessive, bubbles will migrate upwards and dense

particles will fall in the fluid mix, resulting in a weak upper region in the specimen.

Water demand tended to increase slightly with filler content, since solids in the mix
must be sufficiently wetted and sufficiently workable to avoid rupture and

coalescence of bubbles during placement.

Water demand for optimal compressive strength varies widely in relation to the
presence of supplementary cementitious materials. Water demand was highest for
silica fume mixes (with optimal water-binder ratios of up to 0.75); while water
demand was lowest for slag mixes (with water-binder ratios as low as 0.45). The
apparent water demand for good quality mixes with Portland cement binder was
between 0.55 and 0.6. The fineness and surface textures of the solid cementitious

particles appear to have a significant influence on the adsorption of mix water.

At nominal densities of 1400 kg/m?3 or greater, mixes appeared to be relatively
tolerant to variations in water-binder ratio, based on compressive strength results.
This trend may be due to the relatively high solid surface area available to adsorb
additional layers of water, as well as to the relatively thick and resilient cell walls in
these denser mixes. Greater precision in water-binder ratios was required in order
to achieve optimal strength for mixes with nominal densities of 1000 kg/m3 or less.
Use of slag and silica fume binders also generally necessitated greater precision in

water-binder ratios.



9.2.2

The reduced water demand of foam concrete made using slag may be exploited to
reduce the self-weight of foam concrete: a slag mix will contain less water, and a
greater proportion air bubbles, as compared to a Portland cement mix of equivalent
compressive strength. The proportional reduction in self-weight is especially
significant among mixes with no filler (600 kg/m3 nominal density). This lower self-
weight may have some use in applications where restrictions on construction loads

or hydrostatic pressures are critical.

Water-binder ratios for sanded Portland cement binder mixes (1400 and
1800 kg/m3) do not appear to vary greatly with changes in cementitious density.

However, total water demand increases with increasing cementitious density.

Optimal water-binder ratios determined through laboratory testing may need to be
reduced slightly when batching at a larger scales, to avoid segregation. Increased
paste stiffness helps reduce the mobility of dense sand particles as they are
accelerated in large mixers. This effect is most obvious for mixes in the range of

1000 to 1400 kg/m3.

Slump Flow

The slump flow of well-proportioned fresh foam concrete is typically between 500
and 700 mm for mixes with 410 kg/m?3 cementitious density. Slump flow may be
slightly higher with increased cementitious density, due to higher absolute water

contents, and increased smoothness of the paste.

For low-density mixes, slump flow tends decreases with added foam volume, since
self-weight is reduced. The hydrophilic foam may also contribute to the

cohesiveness of the fresh mix by adsorbing layers of water.

For dense foam concrete mixes, workability increases with foam volume: the
aqueous surfactant increases the amount of water in the mix, and foam bubbles may
act as spherical ‘ball-bearings’, similar to the entrained bubbles in retarded mortar

systems.



9.2.3

9.2.4

9.2.5

The fineness and roundness of silica fume particles may improve the smoothness
and workability of a mix somewhat. By contrast, the angular particles of ground
granulated blast furnace slag tend to produce relatively harsher mixes,

corresponding to slightly reduced slump flow measurements.

Segregation
Segregation results indicated a high degree of foam stability for well-proportioned

mixes, with minimal migration of buoyant air bubbles or dense sand particles.

Porosity

Measured porosity slightly exceeded predicted values for most mixes, which may be
due to increased capillarity from collapsed foam dilution water. Variance was

within 3% for well-proportioned plain foam concrete mixes.

Uniformity and Repeatability

Relative to normal density concrete, foam concrete exhibits high variability in
compressive strength. This effect can be attributed to variability in the air-void

system, as coalesced air-voids or other large Griffith flaws govern failure.

For a given batch, the coefficient of variation among three or four specimens was
typically less than 15%. The CoV was lower for very dense batches, and for silica

fume mixes, which typically have relatively small voids with minimal coalescence.

Variability in drying shrinkage strain was typically very low among specimens from
the same batch. Coefficients of variation for one year drying shrinkage values were
0.85, 1.95, and 2.95%, for 600 kg/m3 nominal density slag, Portland cement, and
silica fume mixes, respectively. Coefficients of variation were 0.50, 0.71, and 1.48%,
for 1400 kg/m3 nominal density slag, Portland cement, and silica fume mixes,

respectively.



9.2.6

Influences on Compressive Strength

The relationship between strength and density of foam concrete is non-linear.
Rather, small increases in density can strongly increase compressive strength.
Density may be added by increasing cementitious content, or by increasing the

volume of filler in a mix.

Strength-porosity relationships conformed well to the power model proposed by

Balshin.!

Partial replacement of Portland cement binder with slag and silica fume
supplementary cementitious materials improved 28-day compressive strength, for

all densities and combinations tested.

Mixes with 12% silica fume binder replacement exhibited the greatest strength. The
excellent performance of silica fume mixes may be partially attributed to the small
average grain size of silica fume, improving particle packing around foam bubbles
and distributing reactants for pozzolanic activity through the paste. The
compressive strength of slag mixes was typically lower than for Portland binder
only mixes at 7 days, and higher at 56 days, which may be explained with respect to

pozzolanic reactions in the paste.

The inclusion of silica fume contributes meaningfully to strength gain, even at low
densities, if supplied in sufficient quantities and with sufficient mix water. Previous

studies have suggested that silica fume is not appropriate for low-density mixes.?

Increasing cementitious density up to 610 kg/m3 has a meaningful influence on
compressive strength, which is higher than the strength ceiling of 500 kg/m3
suggested previously.3 However, in many cases, partial replacement of Portland
cement binder with supplementary cementitious materials may be a more effective

strategy for strength gain than increasing cementitious content. For example, in

1 Balshin (1949)
2 (Cf. Brady et al. (2001), Zulkarnain and Ramli (2011)
3 Cf Brady etal. (2001) B1, C1.
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mixes of approximately 1400 and 1800 kg/m3 plastic density, 12% silica fume
binder replacement offered greater strength improvement than the addition of

200 kg/m3 cementitious density.

Static Modulus of Elasticity

Stress-strain relationships were highly linear for mixes across a range of densities
and cementitious blends, for stresses of up to 0.4 f'c. Furthermore, specimens did
not obviously stiffen or soften when subjected to multiple loading cycles up to 0.4

f'c, suggesting that deformation was mainly elastic.

For a given density, use of silica fume and slag improved the modulus of elasticity.
Improvements over 100% Portland cement mixes range between 9 and 35%.
Silica-rich SCMs may improve the stiffness of the paste by promoting the creation of
long of silica chains. The fineness of SCM particles, especially silica fume, may

contribute to stiffness by promoting dense particle-packing

The presence of load-bearing water may also contribute to stiffness. The liquid
mass of water in capillaries adds density and may also increase stiffness, especially

for mixes with high water-binder ratios, such as silica fume mixes.

Increasing curing time from 28 to 56 days did not significantly improve modulus of
elasticity. Factors such as cracking due to autogenous or drying shrinkage may

explain minor loss of stiffness with increased curing age for some mixes.

Slag mixes offered the highest stiffness-to-strength ratio. This trend may be related
to the crystalline properties of the C-A-S-H, produced in slag mixes because of the

large proportion of aluminates present in the supplementary cementitious binder.



9.2.8

9.2.9

Poisson’s Ratio

Reasonably linear trends were observed in the relationships between axial and
transverse strain for foam concrete specimens under uniaxial compression across a

range of densities and cementitious blends, for stresses of up to 0.4 f'c.

Observed PR values for foam concrete range from 0.33 to 0.15. Considerable scatter
in the data may be due in part to the difficulty of accurate measurement, but it may
also be due to the nature of the material itself, both in its pore structure, and as a

heterogeneous composite of fine aggregate and hardened cement paste.

Average PR values were lowest in dense, sanded mixes. Sand aggregate is stiffer
than the C-S-H, and restrains lateral expansion of the matrix. PR was highest for
neat cement foam concrete. The compliant C-S-H is not restrained by aggregate
inclusions. Furthermore, flexure of the fine microstructure may contribute to lateral
expansion. The geometry of the air-void system is more variable with decreasing

density, due to coalescence of air voids during plastic state.

Crushing Behaviour

Type 6 failure tends to dominate for the weakest of mixes. The strata near the top of
the casting may be slightly weaker than the remainder of the specimen, due to
upward migration of bubbles; side fractures near the top of the cylinder resultin a
pointed form. In some cases, failure can occur as collapse of horizontal strata near
the top of the cast. In such cases, failure of the specimen may not be visibly obvious

upon inspection, even though the specimen has experienced peak load.

Columnar Type 3 cracking tends to dominate in denser, neat cement foam concrete.
Vertical splitting cracks nucleate at air-voids as Mode I fracture, and propagate
parallel to the compressive stress field, with no stiff aggregate present to arrest or

divert the cracks. The resulting slender columns fracture laterally by buckling.



The cracking pattern of sanded foam concrete includes random and steep triangular
and conical fragments, resulting from a combination of vertical splitting cracks and
inclined shear cracks. Where cracks have been arrested by the presence of
aggregate or dense paste, there may be spreading patterns. Type 2 fractures are
common. Very dense mixes, and sanded silica fume mixes, include especially small
air-voids (refer to Section 6.17). Type 4 failure is common among these specimens,
and may be related to the greater homogeneity of the paste, with fewer weak sites,

resulting in more concentrated localization along the shear plane.

For low-density mixes, the plastic regime was especially short, suggesting that once

initiated, damage quickly propagated (localized) through the entire specimen.

For higher density specimens, the plastic regime was more obvious. With a greater
volume of material available to be fractured and rearranged, strain energy could be
relieved through microcracking of the paste during loading, without inducing large-

scale failure of the air-void system.

High cementitious contents provided an increased volume of compliant C-S-H,

which accommodated greater plastic deformation than lean mixes.

Crushing characteristics of neat Portland cement foam concrete are especially
favourable for impact absorbing applications, compared to mixes with slag, silica

fume, or sand filler.

9.2.10 Creep

The specific creep of foam concrete is very high, relative to normal density concrete.
Specific creep after one year was approximately 12,000 pstrain/MPa (1.2%/MPa)
for 600 kg/m3 foam concrete, and between 1000 and 2000 pstrain/MPa (0.1 to
0.2%/MPa) for 1400 kg/m3 foam concrete.
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Basic creep values for the drying specimens were higher than values for sealed
specimens of similar density, determined previously by other researchers.*

Exposure to drying conditions apparently had a strong effect on creep rate.

Results for low-density foam concrete indicate that creep is not linearly dependent
on stress. A lower load produced a higher specific strain. This phenomenon can be

attributed to the time dependence of microstructural buckling mechanics.

The addition of aggregate reduces specific creep rates considerably, as the non-
viscous aggregate phase elastically restrains creep deformations in the surrounding

viscous C-S-H matrix.

For PC and SF mixes, there appeared to be strong correlations in patterns of specific
creep, drying shrinkage, and mass loss (i.e. change in moisture content). Such
correlation of humidity levels, drying shrinkage and creep is to be expected where
drying shrinkage introduces residual stresses in the C-S-H, creating overstressed
sites that facilitate creep. Patterns of mass loss, drying shrinkage, and creep were
less obvious for the slag specimens. Trends for the slag specimens may be related

to properties of C-A-S-H.

Drying Shrinkage
The drying shrinkage of foam concrete is very high, relative to normal density

concrete.

Drying shrinkage decreased with increasing density. The inclusion of stiff fine

aggregate restrained the shrinking C-S-H matrix.

In the short term, longer periods of high humidity curing tended to reduce drying
shrinkage. This pattern is especially evident for low-density mixes, and for slag

mixes, and may be due to greater internal saturation of specimens, which preserves

4 Kearsley (1999b) 153-156, Brady et al. (2001) C12. Refer to Appendix A, 6.3.2g.



a high internal RH for longer, delaying the volumetric contraction due to capillary

tension in partially filled capillary voids.

In the long term (i.e. after one year), longer periods of high humidity curing tended
to increase total drying shrinkage. Long curing periods may have introduced
significant disjoining pressures in the C-S-H. Alternatively, long curing periods may
have facilitated the production of large portions of small capillary voids, which
contribute to contraction via capillary tension at the 50% relative humidity of the

storage environment.

Shrinkage patterns were very similar for specimens that were water-cured for 28
days, and specimens that were moist-cured for 28-days. The availability of calcium
for water-cured specimens did not appear to have an appreciable effect on

shrinkage patterns.

Rates of moisture loss decreased with longer curing times. This phenomenon may
be due to increased impermeability, related to an increased degree of hydration.
Alternatively, longer exposure to high RH during curing may have increased the
proportion of fine capillary pores: finer capillary pores would retain water for

longer during drying.

Notably, at long times of exposure to 50% RH, specimens continued to gain mass
due to ongoing hydration, especially in Portland cement specimens. As internal
water chemically bonds and forms C-S-H, interior RH decreases, and additional
moisture is drawn from the controlled 50% RH environment to maintain

equilibrium. Density would also increase with ongoing carbonation.

Negligible expansive strains observed during various curing regimens indicate that
differences in shrinkage strain due to curing regime is not simply a consequence of
global swelling that is reversed upon drying. Rather, variations in shrinkage
behaviour are related to internal microstructural changes that have relatively

negligible effects on volume during curing.



Use of SCMs increased drying shrinkage. Higher volumes of fine capillary porosity

in these specimens may contribute to increased shrinkage via capillary tension.

Shrinkage strain rates were reduced with increased specimen size.

9.2.12 Moisture Storage

At 50 and 80% RH, moisture storage was primarily a function of paste volume: that
is, a function of cementitious density and water-binder ratio. Moisture storage
increased with cementitious density, due to increased available capillary void
volume. The inclusion of aggregate had a relatively small influence on moisture

storage, due to its low surface area in comparison with capillary-rich C-S-H.

Specimens in 80% RH gained mass at a decreasing rate until approximately four
months. Total mass gain was typically lowest for slag mixes. This trend may be due
in part to the low water-binder ratios used, resulting in relatively low capillary
porosity and thus low internal surface area for water absorption. Mass gain was
higher for Portland cement and silica fume mixes, reflecting a higher internal

surface area resulting from many fine capillary voids.

Specimens in 90% RH gained mass at a slower rate than specimens in 80% RH. Itis
possible that significant capillary condensation in the paste at the exterior surface of
the specimens ‘sealed’ the specimens, creating a barrier to diffusion of air and

slowing the ingress of moisture.

In the first set of water absorption tests, moisture storage did not vary significantly
with porosity, which suggests that both solid aggregate and discrete air-voids were
similarly competent at resisting water ingress during the 14 days of immersion. Itis
possible that rapid capillary flow through the paste matrix seals discrete air-voids,

creating a barrier to the exfiltration of air, and slowing the ingress of moisture.

In the second set of water absorption tests, conducted over a longer period with

older foam concrete, the increase in moisture storage with increasing porosity was



more pronounced. The older foam concrete may have had a higher open porosity
due to damage from shrinkage cracking and chemical aging of the cell walls. At 14
and 28 days, moisture storage was highest in both slag and silica fume mixes, which
may relate to cracking due to moisture movement in these SCM mixes.
Nevertheless, air voids continued to obstruct water ingress relatively successfully,
with water occupying less than 20% of the total available porosity after 28 days, for

the lowest density mixes.

In both the first and second set of water absorption tests, patterns of moisture
storage at 24 hours for varying cementitious blends were similar, and broadly
corresponded to mix water-binder ratios, indicating that capillary porosity was
dominant in early stages of water absorption. The degree of interconnectivity of
pores due to cracking or aging of cell walls appears to be more important for longer
periods of immersion. Some cracking may occur during immersion, due to

disjoining pressures and relief of capillary tension as the internal RH is increased.

9.2.13 Moisture Movement

Approximately 50 to 70% of the total elongation experienced upon immersion
occurred within the first 24 hours of wetting. Capillary pores readily absorbed

water, promoting expansion via disjoining pressures and relief of capillary tension.

Moisture movement decreased with the addition of filler, due to the restraining
effect of the inert aggregate on the C-S-H phase. Elongation upon 28-day immersion
was between 1000 and 1200 pstrain (0.10 to 0.12%) for mixes with no filler

(600 kg/m?3 nominal density), compared to approximately 500 pstrain (0.05%) for

mixes with filler-binder ratios of 3:1 (1800 kg/m3 nominal density).

Elongation due to wetting increased slightly with increased cementitious density,
for neat cement foam concrete, due to the higher volume of C-S-H and resultant

increase in disjoining pressures.



e Elongation due to 28-day immersion typically represented less than 25% of the

original drying shrinkage strain, for each given mix.

e The addition of silica fume or slag as partial binder replacement did not have a

significant influence on the wetting strain of foam concrete.

e Measured expansive strains upon wetting indicate that dry, rigidly constrained foam
concrete could expand with sufficient force to induce crushing of the material, when
soaked with water. Further study is recommended to assess this damage

mechanism.

e Mature foam concrete specimens subjected to a single wetting and drying cycle
exhibited residual mass gain of between approximately 10 kg/m3 for SCM mixes,
and approximately 30 kg/m?3 for Portland cement mixes. Residual elongation was
highest for SCM mixes, at approximately 0.05%. Mass gain may be due to hydration
and/or carbonation, while elongation may be due to microcracking due to
differential strain upon partial wetting, or creep from wetting strain. Moisture-

related damage mechanisms in foam concrete should be studied further.

e The magnitude of contraction induced by oven drying was less than the magnitude
of expansion due to wetting, due to limitations of physical space between solids.
Change in cementitious density did not significant affect shrinkage strain of neat

cement mixes.

e Oven drying at 100°C can introduce significant shrinkage cracking in specimens.
Where testing protocols requiring driving free water from a specimen, a drying
environment with a lower temperature (e.g. 50°C) is preferred, in order to minimize

significant physical changes to the air-void system.

9.2.14 Capillary Water Uptake

e For specimens subjected to oven drying, plots of water uptake for specimens with

no filler (nominal density of 600 kg/m3) indicated that capillary water uptake was



not one-dimensional. Observed interconnectivity of air-voids (e.g. due to drying

shrinkage cracking or damage to cell walls) contributed to capillary flow.

Plots of water uptake in specimens of 1400 kg/m3 or greater indicated that capillary
water uptake was one-dimensional, and not significantly influenced by

interconnectivity of large air-voids.

Rates of capillary water uptake appeared to be at a minimum for mixes with a
nominal density of 1400 kg/m3. These mixes include a significant volume of
discrete air-voids capable of acting as obstructions to the ingress of water, creating a
tortuous path for water ingress. Denser mixes had higher volumes of sorbing paste

for capillary flow, due to higher water-binder ratios used for workability.

For specimens with no filler, use of SCMs slightly increased the water uptake,
compared to a 100% Portland cement mix. Increased drying shrinkage cracking in

SCM mixes may have contributed to increased capillary flow.

For sanded mixes, the rate of water uptake was suppressed with the incorporation
of silica fume or slag. Use of silica fume binder replacement provided the greatest
reduction in water uptake. This phenomenon may be due to the improved particle
packing of solids in the mix, increasing impermeability: small capillary voids will
tend to fill more slowly than large capillaries. Furthermore, visual inspection of
specimen sections indicated that Portland cement mixes had a higher open porosity

due to damage at the plateau boundaries.

After 14 days of partial immersion, the volume of water in dense specimens filled
approximately 42% of the specimens’ apparent porosity, as determined by vacuum
saturation. The volume of water in low-density specimens filled approximately 32%
of the specimens’ apparent porosity. Results suggest that rapid capillary flow
through the paste matrix sealed discrete air-voids, creating a barrier to the
exfiltration of air, and slowing the ingress of additional liquid into the remaining

void space.



9.2.15 Thermal Conductivity

9.2.16

Thermal conductivity increases at an increasing rate with a rise in density. Test
results were similar to previously published values, including theoretical values for

neat cement foam concrete published in ACI Report 122.5

The lowest density mixes tested had a dry density of 550 kg/m?3 and a thermal
conductivity of 0.12 W/m-K..

Modest variations in cementitious density had a negligible effect on thermal

conductivity for the specimens tested.

Use of silica fume to produce especially fine air-voids had a negligible effect on

thermal conductivity, for the temperature range considered.

Thermal conductivity increased by approximately 5% as the mean temperature was
increased from -4 to 24°C. This phenomenon can be attributed to increased
radiative heat transfer. Temperature-dependent reductions in thermal resistivity

may be significant for foam concrete applications involving elevated temperatures.

Freeze-Thaw Resistance

Specimen surfaces saturated with brine water exhibited significant scaling with
freeze-thaw cycling. The interfacial bond between foam concrete and an ice layer
will typically be very strong due to the permeability of the foam concrete, facilitating

a significant glue-spall mechanism.

Scaling was especially significant during the first 10 cycles of the test, which may be

due to especially high permeability of the upper paste region.

Foam concrete specimens of 1400 kg/m3 and 1800 kg/m3 nominal density had a
loss of mass of more than 1.5 kg/m? after 50 cycles, exceeding the 0.80 kg/m? limit

for assessments of normal density concrete made with coarse aggregate.®

5

ACI 122R-02 Section 2.1
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Loss of mass and average loss of depth were lower for 1800 kg/m3 specimens than
for 1400 kg/m3 specimens, which may be related to improved paste strength and

reduced permeability.

Specimens surfaces immersed in distilled water exhibited excellent resistance to
scaling upon freeze-thaw cycling, despite high degrees of saturation. Stress in the
pure ice layer is relieved through creep, reducing glue-spall cracking; and the slow
rate of cooling of specimens helps facilitate the safe accumulation of super-cooled
water in ice-bearing air voids, reducing the effects of crystallization pressures in

capillary pores.

Microstructural Analysis

Large, coalesced voids were visible in mixes with no filler (600 kg/m3 nominal
density), likely due to the fragility of the thin walls during set-up of the concrete.
Coalescence was reduced with the addition of silica fume, or large proportions of
slag. The maximum observed pore size diminished with increasing density, since
the increased volume of filler provided thicker walls around discrete bubbles,

reducing coalescence.

Cracking the bulk was visually evident in all mixes with no filler, after oven-drying.
Similarly, interconnectivity between air voids was visible on at a macroscopic level
in mixes with no filler. This interconnectivity of voids is likely to dominate

transport properties in particular.

Small voids appear to be highly spherical, while some larger, coalesced air voids

were slightly oblong or irregular.

For a given density, air void sizes were smallest in silica fume mixes. This may be
attributed to the fine particle size of silica fume, resulting in improved particle

packing.

6 OPSS 1002, Section 1002.05.03.02.01. Cf. results for air-entrained normal density concrete, Appendix M.



9.3 Summary of Competitive Niches for Foam Concrete

Key observations about favourable contexts for foam concrete are noted below. Further

information can be found in Appendix A, Chapters 7 and 8.

Foam concrete is versatile material. With appropriate knowledge and control over
mix design, a wide range of properties can be ‘dialed in’. Foam concrete can be
catered to achieve project-specific criteria, while manufactured products such as
aerated autoclaved concrete, foam glass, or porous brick are typically produced to

established performance specifications, which are not readily altered.

Foam concrete may also be cast in situ, without the need for special curing

conditions, making it an attractive option for void-filling applications.

Foam concrete is relatively well suited to the production of extremely low-density
mixes. A fine-grain mixture of water, foam, and cementitious particles allows for the
production of highly porous concrete with a homogenous structure. Foam concrete
may be better suited to extremely light-weight applications than either LWAC,
which uses large aggregate particles, or autoclaved aerated concrete, which relies on
the presence of sand particles for the production of calcium silicate hydrate crystal.
Low-density foam glass offers similar performance to foam concrete, but has
significant limitations of manufacture. Ultra low-density foam concrete mixes have

potential in thermally insulating purposes.”

For mixes from 300 to 800 kg/m3, autoclaved aerated concrete and insulating brick
perform especially well. However, these materials cannot be cast in situ. Cement-
bonded wood fibre products, such as Durisol block, may be considered a form of
lightweight aggregate no-fines concrete, and also appear to perform well within this

density range.

For mixes between 1000 kg/m3 and 1400 kg/m3, foam concrete mixes vary greatly

in compressive strength. By contrast, LWAC is more constrained in mix design, both

7
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by efficient ratios of aggregate-to-mortar volume, and by available densities of
aggregate. Substituting lightweight fine aggregate for normal density aggregates, 8
blending lightweight and normal density aggregates,? altering the aggregate size,10
or increasing air entrainment in the mortar,!! gives LWAC mix designers somewhat
more latitude in varying compression strength and density characteristics;
nevertheless, as a heterogeneous composite, LWAC is subject to certain
limitations.'? Consequently, foam concrete may be especially valuable outside of the
normal strength-density parameters of LWAC design. Medium density, low-strength
mixes with low cement content and low cost may be useful for some fill applications.
Conversely, certain special niches may require the medium-density, high-strength

properties that foam concrete with a high cementitious content can provide.

e For higher density, high strength mixes, LWACs is likely to prove more cost effective
than foam concrete in most situations. Many LWAC mixes between 1600 and
1900 kg/m3 density are capable of achieving strength higher than 40MPa,!3 while
reports of foam concrete with strength greater than 40 MPa are relatively

uncommon, and at present have only been achieved in laboratory conditions.

e Foam concrete mixes are typically stronger than no-fines concrete of the same
density; however foam concrete will also normally have a higher cost due to its

greater cementitious density.

e With compressive strengths in excess of 20 MPa at 1800 kg/m3 dry density, or
10 MPa at 1400 kg/m?3 dry density, foam concrete recipes tested in the experimental
program meet minimum strength requirements for various structural applications,
including structural masonry units, load bearing walls, and composite steel deck.
However, other properties of foam concrete, such as bond strength, stiffness, drying

shrinkage, and resistance to carbonation, may necessitate modifications to

10
11
12
13

ACI 213-03 Section 2.3.6
ACI 213-03 Section 3.2.1.2
ACI 213-03 Section 2.3.4.1
ACI 213-03 Section 3.2.1.5
ACI 213-03 Section 3.4
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conventional systems to allow foam concrete to be used successfully: direct

substitution of foam concrete for normal density structural concrete is unlikely.

Relatively high cementitious densities were used in all mixes tested in the
experimental program, while the compressive strengths of foam concrete specimens
were low compared to the strength of normal density concrete. The cost of foam
concrete should be expected to be high in comparison with the strength of normal

density concrete.



9.4 Proposed Standards for Future Testing

Comparison of foam concrete mixes from varying researchers is difficult due to
inconsistent reporting conventions, and inconsistent preparation and testing

methodologies. Proposed standards for foam concrete research are provided below.

9.4.1 Minimum Notation for Production of Specimens

Details of mixing, casting, and curing are frequently neglected in the literature, but can have
meaningful implications for the material properties of foam concrete. At a minimum, the
key parameters described below should be recorded to enable comparison of research

results. (Parameters that are typically of lesser significance are in grey.)

Mix Ingredients Material Data Quantification for mix design
Water Source Water-binder ratio; or
p* (kg/m?)

Note: If quantified as water-binder ratio, indicate
whether dilution water from foam is included.

Binder Type(s), specification p* (kg/m3)
Filler Type, specification, p* (kg/m3)
maximum particle size
Foam Type, dilution ratio, p* (kg/m3)
foam density
Fibres Type, length p* (kg/m3)

Note: If quantified as a volume fraction,
also provide the material density of the fibres
Chemical admixtures Type p* (kg/m3)

Note: If quantified by volume,
also provide the density of the solution
*indicate density as mass of material
per unit volume of fresh foam concrete

Plastic density, target p (kg/m?3)
Plastic density, actual p (kg/m?)
Table 9.4.1 Minimum recommended notation for mix design.

Notable casting parameters include specimen format (e.g. cube or cylinder), and specimen
dimensions. Curing parameters such as time, temperature, relative humidity, and pressure
should be documented from the time of initial hydration, until testing. Methods of sealing

specimens, and the timing of demoulding, may be especially relevant for low-density mixes.



9.42 Standardized Increments for Mix Design

Increments for mix design parameters used throughout the experimental program provide
broad coverage of possible foam concrete properties, at an appropriate resolution, given
the material variability of foam concrete. Building on the framework of this experimental
program in future research, by perpetuating systematic values for mix design parameters,
will facilitate convenient comparison of testing results.

Recommended increments for cementitious density, filler-binder ratio, and water-
binder ratio are summarized in Figure 9.5.2a, below. Major increments are in bold.

Increments may be further subdivided as required.

Cementitious density (kg/m?)

360 410 460 510 560 610 660 710 760
I I I I I I I I I

(Typical Range)

Filler-Binder Ratio

0 0.5 1 1.5 2 2.5 3 3.5

Water-Binder Ratio

0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80
I I I I I I I I I

(Portland Cement and Slag Mixes) (Silica Fume Mixes)

Standardized increments for mix design parameters.

9.4.3 Standardized Methodologies

During the course of this research, techniques for producing and testing foam concrete
have been investigated, developed, and refined. Testing protocols can be reviewed in
Chapter 5; alternative testing methods are described in Appendix M for comparison.

Significant notes and recommendations for a variety of tests are included in the table



below, as a convenient reference for future research and to promote methodological

consistency.

Test

Relevant Standards
Thesis References

Important notes and recommendations
for future research and testing

Mix proportioning

ASTM C796
§5.1.2, Appendix B

Given the high volume of sand in some foam
concrete mixes, the moisture content of the sand
can have a major effect on actual mix
proportions, and must be taken into account.
Refer to Appendix D.

It is recommended to maintain a plastic density
tolerance of #25kg/m3 for research, relative to
target plastic density, rather than the tolerance
of +50kg/m3 recommended by ASTM C796 and
other researchers.!

Casting and
demoulding

ASTM C495
$5.1.4

Demoulding may be delayed for up to seven
days for fragile specimens.

Porosity

Fagerlund (1977)
$5.2

Time required under vacuum pressure may be
higher than that required for other materials of
similar density, due to the highly closed porosity
typical of foam concrete. Time under vacuum
pressure should be adjusted to account for
specimen size and density.

Low-density specimens placed in the vacuum
chamber should be weighted with stainless steel
masses as required. Small amounts of air within
specimens in near-vacuum conditions may be
sufficient to keep some specimens buoyant
when water is introduced into the chamber.
Volume may be determined gravimetrically.
Refer to Appendix J.

Dry Density

$5.2

It is recommended to determine dry density at
50% RH and 25°C, conditioned until constant
mass.

Oven dry density

$5.2

Oven-drying at 100°C can significantly affect the
pore structure and transport properties of foam
concrete, especially by inducing bulk cracking.
If subsequent testing of hygroscopic properties
will be conducted, oven-drying temperature
should be limited to 50°C, or other methods of
drying or conditioning should be considered
(e.g. freeze drying, use of desiccants, etc.).2

Segregation testing

$5.3.2

Eliminate slices from top and bottom of
specimens, to eliminate effects of particle
packing at cast surfaces and unevenness at free
surfaces.

Compressive
strength, other
properties tested

$5.4

Conceptually, capping specimen ends with
sulphur or neat cement is preferred to end-
grinding, due to the tendency for free edges of

1 Cf.Bradyetal. (2001) 8
2 Cf.Korpa and Trettin (2005)




under uniaxial
compression

cell walls to buckle under load. However, actual
differences in compressive strength were not
obviously significant (refer to Figures 6.6.1.1a
and 6.6.1.1b). Further testing and statistical
analyses should be undertaken.

The effects of capping on lateral restraint should
be considered, especially for low-density
specimens and for measurements of Poisson’s
ratio.

Static modulus of
elasticity

$5.4.2

Creep effects on modulus measurements should
be considered, especially for very low-density
specimens.

Poisson’s ratio

$5.4.3

Measuring Poisson’s ratio across a single
diameter appears to significant scatter in the
data. Measuring dilation circumferentially may
yield more representative values for Poisson’s
ratios by flattening local effects.

Sources of lateral restraint should be considered
(e.g. sealing, capping, bearing conditions),
especially for very low-density specimens.

Creep

$5.4.4

Given the Poisson’s ratio and low strength of
many foam concrete mixes, methods of seal-
curing should be considered carefully to avoid
inducing lateral restraint on specimens.

Given the low strength of foam concrete, it may
be possible to use gravity loads for creep tests,
for greater constancy of force. Refer to
Appendix M.

Drying shrinkage

$5.5.1

Conditions of both the curing regime and the
drying regime appear to have significant
influence on shrinkage strain, and should be
carefully controlled.

Size effects appear to be significant, and should
be considered in comparison of results.

Moisture storage

$5.5.2

Express moisture content in absolute terms (e.g.
kg/m’)

Moisture movement

$5.5.3

Condition specimens to 50% RH and 25°C, prior
to immersion.

Capillary water
uptake

Fagerlund (1977),
ISO 15148, ASTM C1585
$5.5.4

Condition specimens in a manner that will not
damage the C-S-H, prior to immersion. Do not
oven-dry specimens, as this can significantly
affect results via the introduction of cracks in
the bulk.

Express moisture content in absolute terms (e.g.

kg/m3).

Thermal conductivity

ASTM C177,ASTM C518
$5.6.1

Foam concrete surfaces may be rough and
uneven. Ensure surfaces in contact with hot and
cold plates are planar, or use appropriate facers
as required, to ensure consistent conductivity.

Freeze-thaw
susceptibility

Fagerlund (1977)
$§5.7.1

Avoid vacuum-saturating foam concrete
specimens to be used in freeze-thaw testing, to
preclude unrealistic distribution of moisture.
Refer to discussion in Section 5.7.1.

Carefully seal specimens against moisture loss




or gain, as moisture movement may be more
significant than dilation due to freezing.
Determine moisture content via oven-drying
after the conclusion of the freeze-thaw cycles.
Express moisture content in absolute terms (e.g.
kg/m3).

Osmotic pressures strongly affect freeze-thaw
susceptibility. The source of water used for
mixing, curing, and saturating specimens should
be considered.

Saline freeze-thaw
testing

LS-412 (MTO)
ASTM (1262
§5.7.2

Maintaining brine water on upper surface of
specimen may be impractical for many foam
concrete mixes, due to high capillarity and rapid
deterioration of the foamed paste. Instead,
immerse the lower surface of specimen in brine
water, elevating the specimen to avoid
contact.with the bottom of the pan as required.

Microstructural
analysis

ASTM C457,EN 480-11
$5.8.2

Specimens with no aggregate may be
successfully polished and lapped without
reinforcement of the paste.

Specimens with aggregate will typically require
lacquer for reinforcement of the paste.

Table 9.4.3 Notes and recommendations for future research and testing.




9.5 Recommended Topics for Further Research

Two areas of foam concrete research are especially critical for the continued expansion and
refinement of a comprehensive mix design framework for foam concrete.

Firstly, a large-scale study of reinforcing for foam concrete should be considered as
a major supplementary project to the present work. In practice, testing results for plain
foam concrete have already been used to design fibre-reinforced foam concrete mixes, with
good success. However, the inclusion of fibre reinforcing has an influence on water-
demand, workability and mechanical properties in particular, which should be
methodically quantified. Use of fibre reinforcing will expand the performance envelope
and potential uses of foam concrete.3

Secondly, aging of foam concrete should be more thoroughly investigated. Given the
highly hygroscopic nature of foam concrete, the influence of humidity, wetting, and drying
on long-term properties of foam concrete merits further attention:

- Specimens with high internal relative humidities were tested for compressive
strength, modulus or elasticity, and Poisson’s ratio (Sections 6.6, 6.7, and 6.8). Tests
should be repeated on dry specimens, to anticipate the effects of drying shrinkage cracking
and the loss of load-bearing water on mechanical properties.

- Specific creep values for the unsealed specimens in this experimental program
were significantly higher than for sealed specimens of similar density tested by other
researchers (Section 6.10). Further work should be done to quantify this Pickett effect for
various drying environments, to anticipate creep of specimens according to in situ drying
conditions.

- Long-term drying shrinkage strain increases with long periods of high RH during
curing (Section 6.11). The effects of curing regime on long-term properties, including
mechanical properties, should be considered.

- Preliminary investigations indicate that wetting and drying cycles can cause
damage to specimens (Section 6.13). Damage due to cyclical wetting and drying should be

quantified. The expansive force due to wetting may also be relevant as a damage

3 The literature review in Appendix A provides a starting point for the research of fibre reinforcing in foam concrete.
Refer to Section 5.1.5 on Reinforcing, Section 6.2.3 on Drying Shrinkage, and Section 6.3.2a on Tensile Strength.



mechanism for foam concrete that is highly restrained, for example in void-filling
applications.

- Long-term mass gain in a constant environment (Section 6.11) indicates continued
hydration or carbonation. The effects of these chemical changes on mechanical, durability,
and transport properties should be assessed.

Other causes of degradation, such as sulfate attack* or chloride ingress®> may be
relevant for fill applications. Further research into long-term durability is important for
foam concrete used in ground engineering work, since later remediation will prove

difficult.

In addition to these two major areas of foam concrete research, mixes will continue to be
produced using new combinations of ingredients (e.g. binders, SCMs, fillers, surfactants),
and tested for other properties (e.g. resistance to fire and elevated temperatures), as
required for particular applications. Where feasible, researchers are advised to follow the
recommendations of Section 9.4 to promote methodological consistency and to facilitate
straightforward comparison of results from separate studies.

A supplementary list of recommended topics for further research is provided in

Appendix T.

4 Cf. Appendix A, Section 6.3.5b.
5 Cf. Appendix A, Section 7.3.2.
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