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Featured Application: This work can be useful in the development of stable ultra-lightweight
foamed concrete mixtures with improved mechanical strength and decreased drying shrinkage
and without deterioration in thermal insulation properties.

Abstract: Increasing interest is nowadays being paid to improving the thermal insulation of buildings
in order to save energy and reduce ecological problems. Foamed concrete has unique characteristics
and considerable potential as a promising material in construction applications. It is produced
with a wide range of dry densities, between 600 and 1600 kg/m3. However, at a low density
below 500 kg/m?, it tends to be unstable in its fresh state while exhibiting high drying shrinkage
in its hardened state. In this study, lightweight aggregate-foamed concrete mixtures were prepared
by the addition of preformed foam to a cement paste and aggregate. The focus of the research
is the influence of fly ash, as well as fine lightweight aggregate addition, on the properties of
foamed concrete with a density lower than 500 kg/m?. Concrete properties, including stability
and consistency in the fresh state as well as thermal conductivity and mechanical properties in the
hardened state, were evaluated in this study. Scanning electron microscopy (SEM) was used to study
the microstructure of the foamed concrete. Several mixes with the same density were prepared and
tested. The experimental results showed that under the same bulk density, incorporation of fine
lightweight aggregate has a significant role on compressive strength development, depending on the
characteristics of the lightweight aggregate. However, thermal conductivity is primarily related to
the dry density of foamed concrete and only secondarily related to the aggregate content. In addition,
the use of fine lightweight aggregate significantly reduces the drying shrinkage of foamed concrete.
The results achieved in this work indicate the important role of lightweight aggregate on the stability
of low-density foamed concrete, in both fresh and hardened states.
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1. Introduction

Foamed concrete can be considered to be a cellular material containing many pores, with their
distribution, shape, and size being significant factors controlling the material characteristics of the
concrete [1]. It has high flowability and high thermal insulation properties [2,3]. Foamed concrete is
used as a promising construction material in several fields, due to its reduced energy consumption,
low cost, high thermal insulation, and energy saving characteristics [4,5]. It has low self-weight,
a low cement content, and low aggregate usage [6]. Foamed concrete can be produced with different
densities, ranging from 400 to 1600 kg/m? [1,7]. Due to its numerous advantages, foamed concrete
can be applied in many civil engineering areas, such as filling insulation, lightweight blocks, thermal
and acoustic insulation, trench reinstatement, and soil stabilization [6,8]. Pore size distribution and
pore volume and shape strongly affect the microstructure and characteristics of foamed concrete [9,10].
Chung et al. [11,12] examined the influence of pore size, distribution, and shape on the properties
of foamed concrete with different densities with the help of X-ray micro-computed tomography
(micro-CT) imaging. They reported that as the density increases, the size of the pores becomes smaller.
Moreover, the density of the solid part of the foamed concrete influences pore size and shape because
of the ability of the solid structure to hold the pores inside the concrete specimen. With increasing
the foamed concrete density, the microstructure becomes more compact and denser [12]. As such,
the physical and mechanical properties of foamed concrete can be adjusted by controlling its density.

Foamed concrete contains many pores, which enhances thermal insulation. However, this also has
a negative effect on compressive strength and stiffness, which are both significantly decreased [13-15].
In addition to pore shape and size, foam stability has a considerable effect on the properties of foamed
concrete. Several parameters influence the stability of foamed concrete, including the amount of foam
added and the water content in the cement paste [16]. The basic materials for foamed concrete are
cement, water, and foam. Sometimes fine sand, fly ash, superplasticizer, fibers, or silica fume are used
as well [17]. Falliano et al. used directional composite grid reinforcement to improve the mechanical
properties of foamed concrete [18]. For a given dry density, foamed concrete prepared using fly
ash as a filler has better mechanical properties than the equivalent sand-based foamed concrete [19].
Foaming agents are commonly synthetic, with their content and type having a considerable influence
on the properties of both fresh and hardened foamed concrete [20]. The quality of the foam is of great
importance in the production of foamed concrete, because it influences the stability of the foamed
concrete in the fresh state and significantly affects its stiffness and strength in the hardened state [21].
In foamed concrete mixtures, strength is strongly influenced by the type and dosage of foaming agent,
as well as by the water:solid ratio [6]. Falliano et al. demonstrated that there is a strong relationship
between the water:solid ratio and the type of foaming agent used, with both factors influencing the
final characteristics of foamed concretes [22]. The stability of the concrete mix depends mainly on the
water:solid ratio, as well as on the foam quantity and quality. These parameters also have considerable
influence on the consistency of foamed concrete [23].

One of the main disadvantages of foamed concrete is the high drying shrinkage that takes place at
early ages [24,25]. Due to the absence of coarse aggregates in the foamed concrete, its drying shrinkage
is about 4-10 times higher than that of traditional concrete [6]. The incorporation of supplementary
materials can reduce both drying shrinkage and hydration heat [26]. Several factors significantly affect
the drying shrinkage of foamed concrete, including the water:binder ratio, foam volume, and foam
agent type [16,23]. The addition of lightweight aggregates is considered to be an efficient method to
reduce drying shrinkage [27]. Nambiar et al. [16] examined the effects of different filler materials on
the shrinkage behavior of foamed concrete. They concluded that, as the filler:cement ratio increases,
the shrinkage drops significantly due to the restraining influence of the increased aggregate content.
Foam volume and cement paste characteristics are important factors influencing the drying shrinkage
of foamed concrete [23]. The addition of fibers improves the mechanical properties of foamed concrete
and reduces its drying shrinkage [28,29]. Moreover, the incorporation of mineral admixtures also
affects concrete shrinkage significantly [30]. The drying shrinkage mainly depends on the type of
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fine material used; it increases with slag content and can be reduced with the use of fly ash [31,32].
Silica fume mixes suffer from cracking, which can be reduced significantly through the incorporation
of polypropylene fibers.

Foamed concretes with a density lower than 600 kg/m? are being developed and applied in
various applications. However, at a low density below 500 kg/m?, they tend to be unstable in the fresh
state and exhibit high drying shrinkage in the hardened state. Lightweight concrete with a density
of 400 kg/m? has been produced through a combination of expanded polystyrene and foam [33].
Zhihua et al. [34] developed foamed concrete with a very low density (<300 kg/m?). Huang et al. [35]
reported that the addition of chemical stabilizing admixtures improves concrete stability and reduces
the collapsing of foam bubbles. Foamed concrete with a density lower than 500 kg/m3 has been
developed, but more investigation is needed to optimize its characteristics. The target of this research
is therefore to study the properties of low-density foamed concrete. As such, several foamed concretes
were prepared and tested to investigate the influence of various parameters on the properties of
foamed concrete, including the incorporation of fine lightweight aggregates and the addition of fly ash
as a partial cement replacement material.

2. Materials and Methods

2.1. Materials

This research aimed to examine the influence of the addition of fine lightweight aggregates, as well
as the partial replacement of cement with fly ash, on the characteristics of hardened foamed concrete.
Several mixes with different compositions were cast and examined. Ordinary Portland cement (CEM I
52.5R), according to EN 197-1 and provided by Heidelberg Cement (Heidelberg, Germany), was used.
Class F fly ash (FA) (Baumineral, Germany) was used to partially replace the cement, by 25 wt%. Table 1
presents the physical and chemical properties of the binder used, and Figure 1 presents the particle size
distributions of the binder used. Two types of fine lightweight aggregate were used. Expanded perlite,
with a loose bulk density of 80 kg/m?3, was crushed and particles with sizes between 0.1 and 0.3 mm
were selected. The loose bulk density of the fine perlite was 120 kg /3, though its specific gravity was
2.38. In addition, fine expanded glass (Liaver with size fraction 0.1-0.3 mm) had a particle density of
0.80g/ cm?. The ratio of water/binder (w/b) was 0.40 for all mixtures, while the paste:foam ratio was
fixed at 1:2. A foaming agent, produced by Sika Germany (Lightcrete 400), was used to produce the
foam. A tailor-made polycarboxylate superplasticizer (Sika—Viscocrete) without a de-foaming agent,
which was compatible with the foaming agent, was also used to ensure a workable concrete slump
flow diameter higher than 500 mm. The reason for selecting this consistency class lies in the fact that
foamed concrete cannot be vibrated, due to the probability of destroying its foam bubbles. It should
therefore have a high filling ability, in order to produce homogeneous samples without big voids.
To enhance the stability and homogeneity of the mixture, a chemical stabilizer (a viscosity enhancing
admixture, Sika ST3) was used. Six different mixes, with a density of 500 kg/m3, were designed and
prepared. The proportions of all the mixes are shown in Table 2.

Table 1. Chemical and physical properties of the binder used.

Density  Surface Area

Material CaO SiOZ A1203 Fe203 MgO Na20 K20 303 (g/cm3) (szlg)

CEMI525R  66.2 20.6 3.3 49 1.3 0.1 0.43 2.8 3.15 3860
Fly ash 4.8 479 21.0 4.6 1.4 0.7 1.1 0.8 227 2930
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Figure 1. Particle size distributions of the fine materials used.

Table 2. Mix compositions of foamed concrete.

Mix  Designation Cement (C) Fly Ash (FA) Fine Perlite  Fine Liaver Paste:Foam Fresh Density
8 (kg/m®) (kg/m®) (FP) (L) (FL) (L) ’ (kg/m®)
1 C 400 - - - 1:2 596
2 C/FA 300 100 - - 1:2 610
3 C/FA/FP50 300 100 50 - 1:2 595
4 C/FA/FP100 300 100 100 - 1:2 584
5 C/FA/FL50 300 100 - 50 1:2 565
6 C/FA/FL100 300 100 - 100 1:2 580

2.2. Foamed Concrete Preparation

A foam generator—SG S9 provided by Sika Germany—was used to produce the foam. The dosage
of the foaming agent was 2 wt% of the water, with an applied water pressure of 3 bar. As recommended
by the provider, the foam should be continuously produced without pulses in order to achieve a high
foam stability. Accordingly, compressed air pressure should be adopted until foam is produced
uniformly and steadily. The foam density was measured at about 35 kg/m?. In the mixing process,
cement, water, fly ash, and fine lightweight aggregates were mixed in an Eirich mixer with a high shear
intensity, to homogeneously distribute the cement and fine materials and to prevent the agglomeration
of the particles. Concurrently, foam was produced with the required volume being measured out.
Fifty liters of Zyklos concrete mixer was used to mix the foam and the paste. One portion of the paste
per volume was mixed with two portions of the foam produced per volume. The fresh properties,
including a flow table test according to EN 206-1, were measured, but without dropping or raising
(jolting) the flow table, as this may affect the stability of the foam bubbles. Thereafter, 100 mm cubic
molds were filled without compaction. After two days, the concrete specimens were demolded and
cured in a climate chamber with controlled humidity and temperature of 99% and 21 °C, respectively.
A compressive strength test, using 100 mm cubes, was carried out according to EN 12390-3 at 28 days.
Three cubes of each type of concrete were tested, with the mean value considered in this evaluation.
The drying shrinkage of the foamed concrete was measured as specified in DIN 52450, using the
Graf-Kaufmann method, in which prisms with sample sizes of 40 x 40 x 160 mm? are tested at
appropriate time intervals. For thermal conductivity measurements, a Hot Disk device, according to
ISO 22007-2, was used. Measurement was carried out by positioning a sensor between two samples;
in this case the sensor was concurrently used as both a temperature monitor and a current supplier [11].
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3. Results and Discussion

3.1. Foamed Concrete Density

In this investigation, foamed concrete mixes were calculated as having a dry density ranging
from 450 to 500 kg/m?>. The mixes were designed based on the concept that chemically bound water
is about 20 wt% of cement content. The slump flow of all mixes was measured and adopted by
adjusting the superplasticizer dosages to achieve the targeted consistency class of F3/F4 (EN 206-1).
The mixes developed had high stability without segregation or bleeding. Figure 2 shows the hardened
densities of the foamed concrete. It is clear from the results that the concrete density obtained was
close to the designed values (450-500 kg/m?). Small variations in the dry densities of the foamed
concrete mixes can be observed due to the incorporation of fine lightweight aggregates and fly ash.
The incorporation of fly ash slightly increased the dry density of the foamed concrete. This improves
the microstructure of the foamed concrete, because of its high filling ability [36]. However, the addition
of fine Liaver reduced the dry density of the foamed concrete significantly, because of its low specific
gravity. Compared to the fine Liaver mixes, the foamed concrete mixes incorporated with fine perlite
exhibited higher dry density, because of the high specific gravity of the crushed perlite.
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Figure 2. Dry densities of foamed concrete mixes.

3.2. Compressive Strength

Figure 3 presents the experimental results of the compressive strength tests of the foamed
concrete mixes. All the mixes had a compressive strength higher than 1 MPa, reaching 3.8 MPa
for mix C/FA /FP50, which is superior to the strength of foamed concrete with the same density class
found in the literature [6]. It is obvious from the results that the compressive strength of foamed
concrete depends mainly on both mixture composition and dry density. Compared to the control mix
with cement (mix C), the addition of fly ash (mix C/FA) increased the dry density and reduced the
compressive strength. For mixes with the same binder content (mixes C/FA /FP50 and C/FA/FP100),
the compressive strength increased with dry density. When the density was reduced, the compressive
strength decreased significantly (mixes C/FA /FL50 and C/FA /FL100). Incorporation of fly ash as a
cement replacement by 25 wt% had a marginal influence on the dry density, from 480 to 486 kg/m?3,
as a result of the difference in specific gravity between cement and fly ash. However, significant effects
were clearly detected in the results of compressive strength tests. Here, there was a reduction from the
3.35 MPa of the control mix (mix C) to 1.25 MPa for the mix with fly ash (mix C/FA). This strength
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degradation can be explained by the slow hydration rate of fly ash as compared to cement, which affects
concrete strength negatively. By adding fly ash to the foamed concrete, the dry density increased by
about 2%, while the compressive strength fell by about 62%.

The use of fine lightweight aggregates affected the mechanical properties of the foamed concrete,
as can be seen from the results of the compressive strength tests in Figure 3. No clear trend could
be observed regarding the influence of fine lightweight aggregates on foamed concrete strength.
The addition of fine perlite (with a specific density of 2.38 g/cm?) increased the compressive strength
(mixes C/FA/FP50 and C/FA /FP100), as compared to the mix with fly ash (mix C/FA). This can be
attributed to the high fineness and pozzolanic activity of fine perlite, as has been reported by other
researchers [37]. On the other hand, fine Liaver did not affect the compressive strength of foamed
concrete clearly. The density of foamed concrete with fine Liaver was lower than that of the control
mix. A small improvement in compressive strength was detected in foamed concrete mixes with fine
Liaver. Fine Liaver is a non-reactive material which is lighter than fly ash. As a result, in comparison to
the fly ash mix (mix C/FA), the fine Liaver mix had a lower density and a marginally higher strength.
Compared to the control mix, foamed concrete mixes with Liaver (C/FA/FL50 and C/FA/FL100)
exhibited lower compressive strength. This can be attributed to the low cement content in the Liaver
mixes, because of the addition of aggregate to the paste. In addition, the incorporation of fly ash
in the Liaver mixes reduced their compressive strength as a result of Liaver’s low hydration rate,
as compared to cement.

4.5

4.0

3.5 1 =

3.0 - H
2.5
2.0

1.5 1

1.0 4

Compressive strength [MPa]

0.5+

0.0

T I T T I
c CiFA C/FAJFPS0 C/IFA/FP100 C/IFAFLS0 C/FAJFL100
Sample designation

Figure 3. Compressive strength of foamed concrete mixes at 28 days.
3.3. Thermal Conductivity

Because of the cellular microstructure of foamed concrete, its insulation properties are very
important. In this investigation, the thermal conductivity of foamed concrete was measured using
a Hot Disk. Because of the high sensitivity of thermal conductivity tests to the moisture content
of the concrete, the concrete samples were oven-dried at 105 °C until a constant mass was reached.
The thermal conductivity measurements were carried out after cooling to room temperature at zero
humidity conditions. Cubical samples with 100 mm edge sizes were used, with the measurements
performed on all sides. Two samples were needed for each measurement, with the Hot Disk sensor
being fixed between samples. The mean value of the six values obtained by the Hot Disk was
calculated and used in this investigation. Figure 4 shows the experimental results of the thermal
conductivity tests of foamed concrete. It is immediately obvious that the thermal properties of foamed
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concrete were mainly dependent on density. The control mix (mix C) had a thermal conductivity
of about 0.136 W/(m-K), which increased to about 0.14 W/(m-K) for mix C/FA (with fly ash) due
to the increase in dry density. Conversely, mix C/FA/FL50 had the lowest thermal conductivity of
about 0.113 W/(m.K); this can also be attributed to its decreased dry density, as compared to the
other mixes. The composition of the mix or the filler type did not have a significant influence on
thermal conductivity. Thermal conductivity increased with density and vice versa. These experimental
results do not indicate a clear influence of fine aggregate addition on the thermal conductivity of
foamed concrete. The incorporation of fine lightweight aggregate reduced the dry density, and as
a consequence the thermal conductivity of the foamed concrete fell. Other researchers have also
found a correlation between thermal conductivity and pore size distribution [38,39]. The connectivity
of the pores, in addition to their size, can affect the thermal conductivity of concrete significantly.
However, in this research this influence was not clear, perhaps due to the very high porosity of the
ultra-lightweight concrete produced.
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Figure 4. Thermal conductivity of foamed concrete mixes.
3.4. Drying Shrinkage

In general, drying shrinkage is considered to be one of the main disadvantages of foamed concrete,
because of the absence of coarse aggregates. Figure 5 presents the experimental results of drying
shrinkage tests of the foamed concrete, using the Graf-Kaufmann method at an age of 28 days. It is
clear that the addition of fly ash reduced drying shrinkage by about 30%. The incorporation of fine
perlite increased shrinkage, with this being attributable to the characteristics of perlite; that is, its high
water absorption which influences shrinkage. Conversely, the addition of fine Liaver reduced drying
shrinkage significantly to about one third (Mix 6) of the drying shrinkage of the control mix. From these
results, it can be concluded that drying shrinkage is reliant on mixture composition, as well as on the
density of the foamed concrete. Lightweight aggregates can reduce shrinkage, depending on their
type and characteristics. Expanded glass (Liaver) exhibited smaller drying shrinkage, since the Liaver
grains have a higher restraining capacity for shrinkage as compared to cement particles. A combination
of expanded glass (Liaver) and fly ash significantly reduced the drying shrinkage of foamed concrete.
Fine Liaver is a non-reactive material, and it therefore does not undergo much volumetric change,
meaning that it can restrain the development of cracking and shrinkage. The water absorption of fine
perlite is much higher than that of fine Liaver, which can result in significant drying shrinkage.
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Figure 5. Drying shrinkage of foamed concrete mixes at 28 days.

3.5. Foamed Concrete Microstructure

Scanning electron microscopy (SEM) was used to examine the microstructural characteristics
of the foamed concrete. Figure 6 shows the light microscopic images of the control mix (mix C) as
well as those of the fly ash mix (mix C/FA), and Figure 7 shows the SEM images. Foam bubbles can
be easily detected in the images, and a wall between the bubbles can also be observed. Most of the
pores had diameters in the range of 50-500 pm. In addition, the products of cement hydration grew in
the voids. In the second mix (mix C/FA), non-reacted fly ash spheres appeared, which explains the
low compressive strength of the fly ash foamed concrete. Similar to the control mix, the hydration
products of the cement grew in the voids. The images show the homogenous distribution of foam
and the cement matrix, without the agglomeration of cement particles or the collapse of foam bubbles.
However, at a sample age beyond 28 days, non-reacted fly ash particles can be easily seen in the images.
In addition, the thickness of the walls between foam bubbles became thicker due to the addition of
fly ash. These observations explain the role of fly ash in increasing the density and reducing the
strength of foamed concrete. The SEM images also indicate that, because of the high amount of foam
in the mix, the bubbles were very close to each other, thus explaining the low compressive strength of
ultra-lightweight foam concrete.

Figure 6. Light microscopic images of foamed concrete: control mix, C (left), C/FA (right).
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Figure 7. Scanning electron microscopy (SEM) images of foamed concrete mixes: control mix, C (left)
and fly ash mix, C/FA (right).
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4. Conclusions

In this study, the effects of using fly ash and fine lightweight aggregates on the properties of
foamed concrete with a density lower than 500 kg/m> were investigated. Based on the experimental
results, the following conclusions can be drawn:

1. The incorporation of fly ash slightly increases the dry density of foamed concrete, while fine
lightweight aggregates have a varied influence because of their different characteristics.

2. Dry density, as well as mixture composition, influences the compressive strength of foamed
concrete. As the dry density increases, so too does the compressive strength.

3. Fine perlite is more effective in improving the compressive strength of foamed concrete than
fine Liaver.

4.  The thermal conductivity of foamed concrete depends mainly on concrete density, with the mix
composition having a minimal influence.

5. Fly ash reduces the drying shrinkage of foamed concrete.

6.  Fine Liaver significantly reduces the shrinkage of foamed concrete to about 30%, with fine perlite
increasing the drying shrinkage only marginally.

7.  Because of the slow hydration rate of fly ash, it has a negative influence on the compressive
strength of foamed concrete.
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