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Abstract

This paper aims to investigate the feasibility of the incorporation of nanosilica (NS) in ultra-lightweight foamed concrete
(ULFC), with an oven-dry density of 350 kg/m?, in regard to its fresh and hardened characteristics. The performance of
various dosages of NS, up to 10 wt.-%, were examined. In addition, fly ash and silica fume were used as cement replacing
materials, to compare their influence on the properties of foamed concrete. Mechanical and physical properties, drying
shrinkage and the sorption of concrete were measured. Scanning electron microscopy (SEM) and X-ray microcomputed
tomography (u-CT) and a probabilistic approach were implemented to evaluate the microstructural changes associated with
the incorporation of different additives, such as wall thickness and pore anisotropy of produced ULFCs. The experimental
results confirmed that the use of NS in optimal dosage is an effective way to improve the stability of foam bubbles in the
fresh state. Incorporation of NS decrease the pore anisotropy and allows to produce a foamed concrete with increased wall
thickness. As a result more robust and homogenous microstructure is produced which translate to improved mechanical and
transport related properties. It was found that replacement of cement with 5 wt.-% and 10 wt.-% NS increase the compres-
sive strength of ULFC by 20% and 25%, respectively, when compared to control concrete. The drying shrinkage of the NS-
incorporated mixes was higher than in the control mix at early ages, while decreasing at 28 d. In overall, it was found that
NS is more effective than other conventional fine materials in improving the stability of fresh mixture as well as enhancing
the strength of foamed concrete and reducing its porosity and sorption.

Keywords Ultra-lightweight foamed concrete - Cement-based composite - Nanosilica - Microstructure - Compressive
strength - Shrinkage

1 Introduction

Many studies have recently focused on the properties of
different types of lightweight concrete, due to its various
advantages, including excellent sound and thermal insulation
properties as well as its low density [1]. Foamed concrete
(FC) is a type of low density, cement-based lightweight con-
crete, consisting of cement paste with randomly distributed
air bubbles introduced by foaming agents [2]. Foam bubbles
can be produced in cement paste either by mixing a foam-
ing agent with the cement paste or through a pre-forming
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process [3]. Foamed concrete is widely used due to its supe-
rior properties, such as self-levelling ability, high insula-
tion properties, filling ability, fire-resistant characteristics
and low cost compared to other types of lightweight con-
crete. FC can also withstand the freezing conditions, and its
performance can be controlled by adjusting the pore struc-
ture with the use of supplementary cementitious materials
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(SCMs) [4]. However, it should be taken into account that
the production of FC is highly sensitive to alteration in the
mixture design and production procedure when compared to
the production of lightweight aggregate concrete (LWAC)
with the same density [5]. Kuzielova et al. [6] reported that
the performance of FC can be controlled and improved by
special treatments for foam by using ultrasound and micro-
wave. In addition, Falliano et al. [7] showed that even a cur-
ing condition (in air or in water) plays a spectacular role on
the resulting mechanical properties and fracture energy of
FC. The potential usage of foamed concrete for structural
and nonstructural applications and its mixture design and
production procedures were also comprehensively summa-
rized and reviewed [8].

In general, foamed concrete is produced with a den-
sity in the range of 500-1600 kg/m>. However, at a den-
sity <500 kg/m?, it tends to be unstable due to the high
foam content and low cement paste content, which signifi-
cantly limits its applications [3]. At such low densities, it is
generally designated as ultra-lightweight foamed concrete
(ULFC) and requires more attention than conventional con-
crete, when selecting its constituents, as well as in the mix-
ing process, to improve its stability, strength and physical
characteristics.

It is now available to produce and characterize foamed
concrete with ultra-low plastic densities (< 500 kg/m?), in
particular, as a result of ongoing development in the field of
concrete technology, which has included the introduction of
new evaluation techniques including X-ray micro-computed
tomography (micro-CT) [9], X-ray diffraction (XRD) and
scanning electron microscopy (SEM) [10]; this, in turn, ena-
bles to understand the role of SCMs and various designing
processes towards optimizing the mixture designs. However,
numerous research and engineering experiences have shown
that ultra-lightweight foamed concrete can be unstable, par-
ticularly as its density decreases [8]. Kuzielova et al. [11]
reported that even a small variation in density could affect
significantly the compressive strength of specimens in the
case of ULFCs with a bulk density below 200 kg/m®. Chung
et al. [12] also confirmed that with decreasing the density of
ULFC the amount of pores of larger diameter were notice-
ably increasing. In addition, at low densities, ULFC suffers
from low strength and is highly susceptible to cracking [8].
As a result, the applications and design of FC are some-
what limited and requires very precise producing process to
achieve a material with the desired low density.

To date, many comprehensive studies on the effects of
various chemical admixtures, additives and fibers on the
properties of lightweight concretes, have been performed.
Chung et al. [13] used micro-CT to evaluate the effect of
pore size, distribution and shape on physical and mechani-
cal properties of foamed concrete and they found that with
increasing the density of concrete the solid content increase

@ Springer

which keep the spherical shape of the pores and make them
more isotropic. Abd Elrahman et al. [14] compared three dif-
ferent approaches towards incorporating air voids in cement
pastes by adding aluminum powder, air-entraining agent, and
hollow microspheres and figured out the significant differ-
ences between the compressive strength of cement-based
composites according to air-entraining admixtures. Zhihua
et al. [15] reported that cracking phenomenon of FC can
be partially mitigated by the replacement of cement with
15-20 wt.-% of ultrafine blast furnace slag powder as well
as the introduction of polypropylene fibers. Similarly Fal-
liano et al. [16] suggested an approach to overcome the low
bending strength of ULFC with different densities (400, 600,
800 kg/m?) by using polymer fibers and their results showed
that the addition of fibers increased the flexural capacity of
the beams, especially for the low-density specimens. A com-
prehensive evaluation of the effects of type of foaming agent
was also performed highlighting the importance on choos-
ing the proper foaming agent as well as curing conditions
towards optimizing the production process of ULFC [17].
Huang et al. [18] evaluated the methods towards hindering
the collapse and air-voids escape phenomena during foam
concrete production by adding thickening agent and foam
stabilizing emulsion. Jones et al. [19] presented the possi-
bility of the production of low embodied carbon dioxide FC
containing a high volume of fly ash.

Above mentioned studies have shown that the inclusion of
supplementary cementitious materials (SCMs) has a signifi-
cant effect on controlling the mechanical, transport and dura-
bility performance of ultra-lightweight foamed concretes;
these effects can mainly be attributed to a refinement of the
pore and void structures, as well as to the improvement of
foam bubble stability when a proper SCM is included in the
mixture. Jones et al. found that [19] replacement of cement
with a high volume of fly ash (up to 70%) reduces the aver-
age bubble size of the FC and increase the thickness of the
bubble walls. Similar findings were found by Hilal et al. [20]
in relation to silica fume used as a SCM. Another approach
to improve the stability of foam was proposed by Xin et al.
[21], where silica fume was added to the foam prior mixing
it with cement. As a result of the chemical interaction of
foam and silica fume, the stability of foam was improved.
However, despite its beneficial effects on the properties of
ULFCs, the incorporation of SCMs can also cause unde-
sirable drawbacks, such as increased shrinkage and late
strength development. Jones and McCarthy [22] reported
that due to high drying shrinkage strain and relatively low
tensile strength and stiffness performance straight substitu-
tion for normal- weight concrete is not possible. Roslan et al.
[23] found that ULFC containing 15 wt.-% and 30 wt.-% of
cement replacement with fly ash exhibited half and one-
forth of compressive strength, respectively, after 7 days of
curing when compared to pristine concrete. However, after
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28 days of curing compressive strength of FC containing fly
ash is usually found to be comparable or higher than that of
pristine FC [24]. Raj et al. [25] have reported that the dry-
ing shrinkage of foamed concrete is 10 times higher than
that of conventional concrete. The addition of typical SCMs
can be successfully applied to reduce shrinkage to a certain
extent, due to the low amount of hydration heat produced
[26]. The drying shrinkage of foamed concrete can also be
reduced significantly by decreasing the pores connectivity
[27]. Incorporation of lightweight aggregates can reduce the
drying shrinkage without a significant increase in the density
of foamed concrete [28]. Abd Elrahman et al. [29] reported
that fly ash addition can reduce the drying shrinkage of ultra-
lightweight foamed concrete with dry density lower than
500 g/m® by about 30%. It was also reported that silica fume
improves early strength but can have a negative effect on
drying shrinkage [25]. Therefore, in selecting SCMs, careful
consideration must be given to the target property that is to
be improved [8].

In recent years, nanomaterials (NMs) have attracted
spectacular attention as admixtures for improving the per-
formance of cement-based composites. Due to their ultra-
fine particle size, as well as their high chemical reactivity,
they act as fillers with physical and chemical influence in
cementitious systems, thus refining microstructure and
accelerating the cement hydration process. There have been
some notable contributions in the field of the modification
of lightweight aggregate concretes (LWACs) with NMs [30],
but evaluations of the effects of NMs on the properties of
foamed concretes are still limited. Studies on the effects of
carbon nanotubes (CNTs) on the properties of ULFCs have
shown that the use of CNTs contributes significantly to early
strength development and 28 d strength. It was also reported
that CNTs can affect the improvement in the uniformity
of air void structures [31]. Luo et al. [32] reported a 27%
improvement in the compressive strength of ULFC, with a
density of 300 kg/m>, through the addition of a low dosage
of CNTs, together with a reduction in the average pore diam-
eter. Zhang and Liu [33] presented that better dispersion of
CNTs within the ULFC can be facilitated by the introduction
of low dosages of nano-Ce(SO,),, thus specimens exhibit
better mechanical performance. Li et al. [34] have analyzed
the effects of nano-montmorillonite on foamed concrete
containing a high volume of fly ash, reporting an improve-
ment in the compressive strength and microstructure of FC.
Other researchers have used nanomaterials to stabilize the
foam before mixing it with cement slurry [2, 35]. The use
of nanomaterials improves foam stability, leads to less or
no collapsing of foam bubbles, refines pores and improves
compressive strength at early ages. Moreover, the incorpora-
tion of nanoparticles has been found to significantly improve
compressive strength, due to a narrow pore size distribution,
compared to normal foamed concrete [2].

Among the NMs, silica nanoparticles (SiO,) are the mate-
rial which is considered to be the most promising material
for application in cementitious composites with few com-
mercially available products on the market. While knowl-
edge regarding the effects of nanosilica (NS) on the prop-
erties of normal-weight cementitious composites is widely
established, little research has so far been conducted to
evaluate the mechanisms of the effects of nanosilica (NS)
on the properties of ULFCs. Therefore, this study aims
at shedding light on the design and performance of ultra-
lightweight foamed concretes (with a density ~ 350 kg/m?)
modified with nanosilica. To realize this goal comprehensive
evaluation of the compressive strength, drying shrinkage,
thermal conductivity and the sorption of foamed concrete
were performed. In addition, X-ray microcomputed tomog-
raphy (u-CT) was adapted to characterize the wall-thickness
and pore structure incorporating a probabilistic method. The
results obtained were compared with selected mixtures uti-
lizing conventional SCMs, such as silica fume and fly ash.
As an outcome reported experimental results were linked
with the microstructural characteristics obtained by p-CT
and scanning electron microscopy (SEM) studies.

2 Materials and methods
2.1 Materials

Ordinary Portland cement, CEM I 52.5 R complying with
EN 197-1, was used in this research (HeidelbergCement
AG, Germany). Three different fine materials were selected
and used as SCMs: class F fly ash (FA) (Baumineral, Ger-
many), silica fume (SF) (Sika, Germany) and nanosilica
(Levasil CB8, Nouryon, Sweden) in slurry form (NS). The
same silica nanoparticles were used in or previous studies
[30, 36] and have been comprehensively characterized in
the work [36]. Transmission electron microscope (TEM)
micrographs (Fig. la—c) shows spherically shaped silica
nanoparticles, with a energy dispersive X-ray (EDX) spec-
trum (Fig. 1e) and X-ray diffraction (XRD) patterns (Fig. 1f)
confirming its high purity and amorphicity. Table 1 sum-
marise basic properties of NS suspension used in this study.

Table 2 shows the chemical and physical properties of
the cement, fly ash and silica fume, while Fig. 2 depicts the
particle size distribution of these materials. Since nanosilica
was used in slurry form, the amount of the liquid phase was
deducted from the effective water (w/b). In most foamed
concrete mixtures, according to the authors’ knowledge,
fine aggregate (sand) is used to reduce volumetric changes
and concrete shrinkage. However, this addition can cause a
significant increase in the density of the foamed concrete.
Therefore, in this research, lightweight fine sand (expanded
glass, Liaver), was used in a 0.1-0.3 mm fraction, with a
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Fig.1 TEM images (a-b), particle size distribution (c¢), EDX (e) and XRD (f) analysis of nanosilica. The carbon and copper signals present in
the spectrum come from the holey carbon TEM grid. Reproduced from [36]

Table 1 Properties of silica nanoparticles suspension

Particle size* Solid content Density Viscosity pH
10-140 nm 50 wt.-% 1.4 g/lem®  8cP 9.5
“Based on TEM analysis

density of 0.8 g/cm?, to facilitate the production of con-
crete with an ultra-low density. The water absorption of the
lightweight aggregates used was determined to be 12 wt.-%,
with an additional amount of water, equal to the absorption
of fine lightweight sand, included in the effective water. A
foaming agent, with a density of 1.05 g/cm® (Lightcrete 400)
and produced by Sika Germany, was used to produce the
foam. In addition, superplasticizer compatible with the used
foaming agent has been implemented to achieve the required

consistency. To improve the homogeneity and stability of the
foamed concrete mixture, a viscosity-enhancing admixture
(Sika Stabilizer ST3) was adopted, to prevent segregation
in the fresh mixture.

2.2 Mix composition

Seven foamed concrete mixtures were designed and pre-
pared, to achieve a dry target density in the range of
350+ 50 kg/m®. Paste/foam ratio is the most important
parameter controlling the density and stability of foamed
concrete. In this study, it was fixed at 1:3 by volume, for all
the mixes, to achieve the target density. The water/binder
ratio was fixed at 0.40 for all the mixes. Various empirical
models have been proposed to predict the dry density of
foamed concrete [8]. In this study, theoretical dry density

Table 2 Fhemical and physical Material CaO SiO, ALO; Fe,0; MgO Na,0 K,O SO, Density (g/cm®) Surface area
composition of cement, SF and (cm?/g)
FA

CEMI525R 662 206 33 49 1.3 01 043 28 3.5 3860

Fly ash 48 479 210 46 1.4 07 1.1 08 227 2930

Silica fume 02 94 02 001 010 015 02 01 20 200,000

@ Springer
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was calculated based on the following formula, where it was
assumed that 20 wt.-% of the cement stone was chemically
bound water, which could not be evaporated by standard
drying below a temperature of 105 +5 °C (Eq. 1) [8]:

Oven — dry density (kg/m3) =12C + A (1)

where C is the mass of the cementitious materials added (kg/
m?) and A is the mass of the aggregates (kg/m>). Accord-
ing to this formula, 60 kg/m? of fine lightweight aggregate
required a cementitious material content of 240 kg/m?, for
all mixtures.

Four dosages were used to study the influence of nano-
silica on the performance of foamed concrete: 1.25, 2.5, 5,
and 10 wt.-% of cement. For comparison, a control mix con-
taining pure cement, mix containing fly ash with 25 wt.- %
cement replacement and mix containing silica fume with
10 wt.-% cement replacement were prepared and also tested.
Table 3 presents the compositions of the different concrete
mixtures. Both the amount of mixing water and superplasti-
cizer remained constant in all cases, while the stabiliser con-
tent was adapted to prevent segregation and bleeding of the

1 .. 10 100 1000
Particle size (um)

foamed concrete. Foamed concrete compaction is not desir-
able due to the high probability of segregation, destruction
and merging of foam bubbles and because of the resultant
formation of big voids. The concrete mixture was therefore
designed to achieve a consistency class of F4/F5 (according
to EN 206-1), to produce a workable homogeneous mix with
a high filling ability, without the need for vibrations.

2.3 Preparation of foamed concrete

The pre-formed foam in this investigation was produced and
then mixed with cement slurry. An SG S9 foam generator
(Sika Germany) was adapted and used to produce the foam,
at a capacity of 9 L per minute and with a pressure of 0.4
bars. Tap water, with a pressure of about 3 bars and com-
pressed air with a pressure of 2 bars, were applied to the
generator, with the foaming agent dosage set at 2 wt.-% of
the water. The foam produced had to be stable and, as rec-
ommended by the provider, was to be continuously produced
without pulses. For this purpose, the compressed air pres-
sure was adjusted until the foam was produced uniformly
and steadily. The foam density was measured as 35-40 kg/

Table 3 Foamed concrete

5 ™ 3 Mix Cement FA SF NS Fine Liaver =~ Water SP ST Paste: Foam
mixture compositions (kg/m”) (slurry)* aggregate (volume)
C 240 - - - 60 96 1.6 1.0 1:3
FA25 180 60 - - 60 96 1.6 1.2 1:3
NS1.25 237 - - 6 60 93 1.6 1.0 1:3
NS2.5 234 - - 12 60 90 1.6 0.8 1:3
NS5 228 - - 24 60 84 1.6 0.5 1:3
NS10 216 - - 48 60 72 1.6 - 1:3
SF10 216 - 24 - 60 96 1.6 0.8 1:3

*50 wt.-% of solid content. The liquid phase was considered to be a part of the mixing water

@ Springer
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m?. To avoid the occurrence of clumping and agglomera-
tion, caused by mixing fine materials with water, an Eirich
mixer with a high shear intensity (1000 rpm) was applied
to produce the cement slurry. The fine materials were firstly
dry-mixed for 30 s, after which water, superplasticizer and
stabiliser were added and mixed for 2 min. The mixer was
then stopped for one minute, prior to continuing mixing
again for another minute. The foam was produced concur-
rently and the required volume was measured, to achieve a
1:3 ratio of paste to foam. Finally, a 50 L Zyklos concrete
mixer, with a rotation speed of up to 80 rpm, was used to
mix both components. The foam was first added to the bot-
tom of the mixer, after which the cement slurry was gradu-
ally added. The mixing process continued until a homogene-
ous mixture was achieved (5-7 min). Afterwards, concrete
specimens were cast by pouring the concrete directly into
moulds, without vibration.

2.4 Experimental tests

Fresh property tests, including the flow table test and fresh
density measurements, were performed according to EN
12350-5 and 12350-6, respectively. The flow test was per-
formed without dropping or raising (jolting), as this might
have an effect on the stability of the foam bubbles. A com-
pressive strength test was carried out at 28 d, according to
EN 12390-3, using 100X 100 x 100 mm? cubes. 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 x40 x 160 mm?® are tested
at 3, 7 and 28 d of curing. The Hot Disk device, according
to ISO 22007-2, was used for thermal conductivity meas-
urements. Cubical samples with an edge length of 100 mm
were used for determining oven-dry density and thermal
conductivity. For the Hot Disk measurement, a sensor was
positioned between two samples, with the sensor concur-
rently used as both a temperature monitor and current sup-
plier [37]. To evaluate the water uptake of the foamed con-
crete, sorption (absorption) tests, in accordance with EN
ISO 15148, were carried out on 40 x40 x 160 mm?> sample
prisms. In all cases, at least three specimens were tested,
with the mean value taken into consideration.

2.5 Microstructural studies

Material characteristics, such as pore and solid structures,
strongly affect the physical and mechanical properties of
foamed concrete [10]. They must therefore be examined in
a detailed manner, using the proper method. In this study,
X-ray micro-computed tomography (micro-CT), a non-
destructive and non-invasive method, was utilized. The
method has been widely used by various researchers to
examine the microstructures of cement-based composites
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without specimen damage [38—40] and as such, the pore and
solid characteristics of foamed concrete with nanosilica, can
also be examined using this approach.

The original micro-CT image was obtained by using a
self-made CT device, consisting of a Hamamatsu microfo-
cus X-ray source. Detailed configuration of the device used
can be found in [41]. Figure 3 shows the micro-CT imag-
ing procedure used to generate a 3D volume of the micro-
structure. The original micro-CT image shows an initially
reconstructed 8-bit image of the target sample. For more
effective investigation and in consideration of computational
costs, a proper region that can represent the whole speci-
men was selected from the original image and denoted as a
region of interest (ROI). The selected ROI was composed
of 400 x 400 pixels, with a pixel size of 31.0 pm. The 8-bit
image was expressed in terms of 256 values, ranging from
0 (black) to 255 (white), with a threshold value needing to
be selected to segment a target component from the original
image. The modified Otsu [42] and manual selection meth-
ods [5, 43] were used for thresholding, with it being possible
to obtain the binarised image using the selected threshold
value and the image toolbox in MATLAB (R2020a). In the
binary image, the white represents the background (solid)
part, while the black represents pores within the specimen. A
modified watershed algorithm [13] was then adopted for the
binary image, to describe each pore more clearly. 3D volume
images of the pore structures were generated by stacking
the series of segmented cross-sectional images, as shown in
Fig. 4. Using the 3D binary volume in Fig. 4, the pore size
distribution and the average wall thickness of the specimens
produced were investigated. The NS1.25 and NS2.5 micro-
structures were not taken into consideration in the micro-CT
investigation, because they showed inferior mechanical and
thermal properties, compared to the other specimens.

To support the micro-CT evaluations, the scanning elec-
tron microscopy (SEM) technique was applied. After 28 d
of curing, specimens were cut into small pieces, dried in a
freeze-dryer and evaluated with the use of a low-vacuum
scanning electron microscope (SEM, Zeiss GeminiSEM500
NanoVP).

3 Results and discussion
3.1 Fresh properties

The fresh properties of the foamed concrete were evalu-
ated by measuring flow diameter and fresh density. The tar-
geted consistency class of the foamed concrete was F4/F5
(in accordance with EN 206-1), which ensures high filling
and self-levelling ability (Fig. 5). With the help of super-
plasticizer, all the concrete mixtures satisfied the required
consistency class. In general, incorporation of air/foam
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3D micro-CT image

l Region of interest (ROI)

3D volume of solid part

N
Binarized image

Watershed pore image

Fig.3 Micro-CT imaging process for generating 3D volume of the microstructures (Note: in the binarised image, the white is the background
solid part, while the black presents pores, which are presented as a colored region in the watershed pore image.)

bubbles can improve the workability of fresh concrete due to
its ball bearing (sphericity). However, for ultra-lightweight
concrete with very low density, this influence is vanished
due to the reduced mass of concrete which motivate the
particles to move. Increasing the water/binder ratio can
improve workability, but at the same time, this can lead the
concrete to suffer from segregation as a result of excessive
water addition, thus negatively affecting its performance.
Therefore, it is desirable to add superplasticizer and to use
the minimum water content. However, it was observed that
mixtures containing NS exhibited better cohesion between
the cement paste and foam, thereby necessitating a lower
amount of stabilizer, as can be seen in Table 3. Both the
control mix with cement alone (C) and mix FA25, suffered
bleeding and high segregation due to the difference in densi-
ties between the cement paste and the foam. Consequently,
a high amount of stabilizer (viscosity-enhancing admixture)
was added, to improve the homogeneity and stability of the
mixes. The amount of stabilizer required decreased with
increasing NS dosage. Very fine materials, such as nano-
silica and silica fume, improve the cohesion and adhesion
of concrete constituents. As a result, the doses of stabilizer
required gradually decreased with increasing NS content,
which decreased the contact area between foam voids and
formed a compacted layer which prevented bubbles from

merging. The role of nanoparticles as foam stabilizers has
been reported on by Sun et al. [27]. Moreover, the seeding
effect of NS leads to the earlier formation of the C—S—-H
phase [44], resulting in a substantial effect on thixotropic
properties and the early strength development of concrete
[45]. Figure 6 presents the results of the fresh density tests
of the foamed concrete. All the mixes showed a fresh density
in the range of 430-525 kg/m°.

3.2 Properties of hardened concrete
3.2.1 Oven-dry density and thermal properties

The oven-dry density of the foamed concrete was meas-
ured after drying, at 105 + 5 °C, till constant mass, in
accordance with EN 12390-7. In the case of normal-
weight concrete, complete drying takes about 72 h,
depending on the pore structure of the concrete. How-
ever, for lightweight concrete with high porosity and a
broad range of pores within the cement matrix, as well
as with fine aggregates, more than a week is needed for
complete drying to constant mass. The results taken into
consideration in this investigation were the means of
three measured values for each mix, with the samples
dried until constant mass (difference < 0.2 wt.-%). It is
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Fig.5 Consistency of ultra-lightweight foamed concrete

obvious, from the experimental results (Fig. 7), that the
addition of fly ash increased the density of the foamed
concrete at the same foam volume, which is in agreement
with the observations of Nambiar et al. [46]. Similarly,
the density increased with NS content, up to a specific
dosage. Above 5 wt.-% of NS addition, the density of the
hardened foamed concrete decreased significantly. Most
of the concrete mixes exhibited densities in the range

@ Springer
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Fig.6 Fresh concrete mixture densities

of 350 + 50 kg/m>, which is an acceptable tolerance for
lightweight concretes [8, 11]. However, the FA25 mix
exhibited a higher density of 419 kg/m®. A similar effect
has been reported by Amran et al. [8]. To achieve the
target density, the foamed concrete specimens produced,
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Fig.7 Oven-dry density of foamed concrete mixes

contained a large volume of air bubbles, which increased
the probability of bubbles merging, thus making the
concrete very sensitive to input constituents. Due to its
small particle size, the addition of fly ash tends to gener-
ate more regularly distributed air pores, by coating the
bubbles with a uniform layer, which prevents them from
merging [47]. Furthermore, due to the spherical shape
of the fly ash particles, packing with cement grains also
improved, such that the solid structure densified. All of
these factors resulted in an increase in the dry density of
the foamed concrete when fly ash was added. Similarly,
the addition of silica fume increased the oven-dry density,
compared to the control mix (C), by about 10%.

In comparison to other types of concrete, foamed
concrete has superior thermal insulation characteristics.
The results in Fig. 8 show a clear trend in which thermal
conductivity increased with dry density. The role of the
fine materials on the thermal insulation was marginal and
indirect since their addition was able to increase den-
sity, thereby increasing thermal conductivity. A similar
observation has been reported by Ramamurthy et al. [28].
The range of the measured thermal conductivity of the
mixes under examination was about 0.125-0.163 W/m-K,
which is similar to that of other research in similar den-
sity classes. Jones et al. [19] have reported a thermal con-
ductivity in the range of 0.10-0.19 W/m:-K for foamed
concrete, with a dry density of 300-500 kg/m>, while
Huang et al. [18] recorded a thermal conductivity value
of 0.08 W/m:K for foamed concrete with a dry density
of 300 kg/m>. Mix FA25, with the highest dry density,
exhibited high thermal conductivity due to the high solid
content and corresponding high density, which served as
a medium for heat transfer through the concrete.
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Fig.8 Foamed concrete thermal conductivity

3.2.2 Compressive strength of foamed concrete

The results of 28 d compressive strength are presented in
Fig. 9. Mix FA25 had the highest compressive strength value
and the highest density. All of the concrete mixes exhibited
compressive strengths ranging from 1.0 to 1.9 MPa, which
is comparable to the values obtained by other researchers,
with similar density. Jones et al. [19], have reported com-
pressive strengths of 0.2—-0.4 MPa for foamed concretes with
densities in the range of 300-500 kg/m?, while Huang et al.
[18] have recorded compressive strengths of about 1 MPa
for foamed concrete, with a dry density of about 300 kg/
m?. The mixing process applied in the current research had
a significant role in improving foam bubble stability and
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Fig.9 Compressive strength results of foamed concretes, at the age
of 28 d
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solid structures homogeneity as well as in preventing the
agglomeration of fine particles, which led to improvements
in the stability and strength of the resultant foamed concrete.

The inclusion of NS had a clear effect on the strength
development of the foamed concrete, with compressive
strength increasing with NS dosage. However, with a lower
nanosilica content (NS1.25), the strength obtained was lower
than that of the control mixture. With an increase in the
dosage up to 5 wt.-% (NS5), the influence on compressive
strength increased by about 20%, compared to the control
mix. The NS10 specimen exhibited a compressive strength
of 1.57 MPa, which was higher than the control mix by about
25%. The use of nanosilica can contribute to improve the sta-
bility of foam bubbles and can prevent the merging of large
voids. The voids within the solid frame are small and have a
narrow void size distribution, which can lead to an improve-
ment in compressive strength, as has been confirmed by She
et al. [2]. Also, due to its small particle size and very high
surface area, nanosilica densifies the matrix and increase
its strength, due to the pozzolanic reaction. However, the
addition of silica fume does not contribute significantly to
improving the strength of foamed concrete. As is shown in
the following section, this can be attributed to the probability
of micro-cracking in the foamed concrete, due to increased
shrinkage when silica fume is used.

3.2.3 Drying shrinkage of foamed concrete

Due to the lack of coarse aggregates in foamed concrete,
it suffers from much higher drying shrinkage compared to
conventional concrete. Figure 10 shows the experimental
results of drying shrinkage tests of the foamed concrete. It
can be seen that drying shrinkage increased with age for
all mixes. The drying shrinkage values obtained ranged

0.50

between 0.21 and 0.44 mm/m. The results here are lower
than those obtained by Jones et al. [19], at an almost identi-
cal density, because of the incorporation of fine lightweight
aggregates. As has been reported by several researchers, the
inclusion of lightweight aggregates can reduce cement paste
drying shrinkage [8, 25]. As can be seen from the results of
mix FA25, which had the highest density and which exhib-
ited the lowest drying shrinkage at all ages, drying shrinkage
decreased with density. The SF10 mix showed the highest
drying shrinkage, compared to the other mixes. The mixes
containing nanosilica exhibited higher drying shrinkage at
early ages. However, at 28 d, the drying shrinkage of mixes
with a nanosilica content of up to 5 wt.-%, was lower than
the control mix (C). The only exceptions were mixes NS10
and SF10, which exhibited higher drying shrinkages (0.42
and 0.44 mm/m, respectively) when compared to the control
mix (0.33 mm/m). The influence of fine materials on the
drying shrinkage of cement-based materials depends mainly
on their content and characteristics. The mix with fly ash
exhibited almost the lowest drying shrinkage at all ages, due
to the reduced pozzolanic activity of fly ash, that reduced the
hydration rate of the system. In contrast, very fine materials
such as silica fume and nanosilica accelerate the hydration
of cement and thereby increase volumetric changes in the
microstructure, leading to higher drying shrinkage. This
influence was more pronounced in mixes with high dosages
of very fine materials, such as NS10 and SF10.

3.2.4 Sorption of foamed concrete

Sorption can be considered as an indicator of the durabil-
ity characteristics of foamed concrete, since it is mainly
controlled by capillary porosity [48]. The water uptake
(coefficient of water absorption) of foamed concrete was

Shrinkage [mm/m]

Fig. 10 Experimental results of drying shrinkage of foamed concretes at 3, 7, and 28 d
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measured in accordance with EN ISO 15148, using the
partial immersion method. Capillary suction is the main
force that absorbs the water inside concrete. The mass
increase of a concrete sample, due to partial immersion
in water, is measured at different time periods up to 24 h.
The water absorption coefficient can be calculated based
on the values obtained. In this study, three samples were
measured, with the mean value taken into consideration.
Figure 11 presents the absorption coefficient of different
foamed concrete mixes. The results reveal that the addition
of very fine materials contributed significantly to a reduc-
tion in the absorption coefficient, because of the very small
size of the particles of these materials, which compact the
cement matrix and reduce capillary porosity. Moreover,
due to nanosilica’s high pozzolanity, it reacts with cal-
cium hydroxide and produces denser C—S—H, which refines
the pores and reduces their connectivity. Similar results
regarding the role of NS in reducing the water absorption
of lightweight concrete can be found in [30]. The addi-
tion of fly ash increased the water absorption coefficient
only in comparison to the reference mix with cement. The
water absorption of concrete is governed only by capillary
porosity and not by all types of pores. The addition of fly
ash refines coarse pores and increases the number of small
pores which might contribute to the movement of water
through concrete under capillary force. Likewise, low dos-
ages of nanosilica (1.25 and 2.5 wt.-%) increase the sorp-
tion of foamed concrete. The water absorption started to
decrease with the addition of 5 wt.-% of nanosilica and
decreased significantly with 10 wt.-%. The pore structure
of foamed concrete is complicated, with the size and con-
nectivity of pores depending on many factors, especially
in the case of such ultra-low density concrete.
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Fig. 11 Foamed concrete water absorption coefficients

4 Microstructural investigation
4.1 Micro-computed tomography
4.1.1 Pore characteristics

The pore characteristics of the foamed concrete specimens,
such as porosity and pore size distribution, were examined
using the 3D volume images in Fig. 4. The minimum pore
size taken into consideration was 31.0 pm, according to
the image resolution. The measured porosity values of the
specimens are presented in Table 4. In this table, the poros-
ity of the C specimen (reference), showed the highest value
among the samples produced. The porosity values of the
other samples were between 34 and 36 vol.-%, which can be
considered as almost equal. These results thus indicate that
the use of nanosilica, fly ash or silica fume can contribute to
porosity reduction and that the degree of influence between
the materials is relatively small.

For a more detailed analysis of the pore characteristics,
the pore size distributions of the specimens were also evalu-
ated. Figure 12 presents the pore size distributions of the
foamed concrete produced. Similarly to the porosity meas-
urements, the minimum pore size considered was 31.0 pm,
in consideration of the voxel size. The figure shows that
the general trend of the distribution was almost the same
between the samples. However, despite the similarities,
some minor differences can be discerned. The pore size

Table 4 Computed porosity using micro-CT

Specimen C FA25 NS5 NS10 SF10

Porosity (vol.-%) 39.25 35.27 35.71 34.79 36.81
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Fig. 12 Pore size distributions and their mean value, of the foamed
concrete used
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distribution of C tended to be relatively evenly distributed
between small and large pores, compared to the other speci-
mens. The proportion of pores >0.05 mm—which can cause
lower compressive strength and thermal conductivity—was
higher in the C specimen. In the case of FA25 and NS5, the
frequency of the relatively small pores between 0.03 and
0.04 mm was higher than in the other cases, while NS10
had a lower frequency of pores > (0.05 mm. These may have
contributed to the higher compressive strengths of FA25,
NS5 and NS10, as compared to the other specimens. As
was discussed in regard to the porosity results, although the
effect was not significant, the use of NS tends to increase the
proportion of small pores, while the frequency of relatively
large pores is reduced in specimens without nanosilica.

In addition to the porosity and pore size distributions, a
probabilistic method was used to examine the anisotropy
of the pores. Foamed concrete contains numerous pores
inside the material, with their shape potentially affecting
the directional properties of the material [13, 49]. In general,
anisotropic pores are not desirable in a material design, since
these make it difficult to control and predict material proper-
ties. Hence, the use of stabilizers can reduce the anisotropy
of the pores produced. Accordingly, appropriate investiga-
tions regarding pore shape are required to determine the
existence of anisotropic pores.

In this study, a two-point correlation function, P,, which
is used to characterize the degree of phase clustering, was

utilized to ascertain the directional dependency of the pores
within the foamed concrete specimens. The two-point corre-
lation function is the probability that any random two points
are located in the same phase. The function is widely used to
describe the degree of phase clustering of multi-phase mate-
rials. A detailed description of the function can be found in
[50, 51] and a general formulation can be summarized as
follows (Eq. 2):

imPy(r, 0, @) = f,. lim Py(r. 0, @) = p,]? )

In this formulation, r denotes the distance between the
two points, @ is the angle between the test line and the z-axis,
is the angle between the projection of the test line on the xy-
plane and denotes the pore volume fraction [52]. Using this
function, the directional size of the pore cluster in the x, y,
and z directions can be identified and this information can
be used to examine the effect of nanosilica on pore shape.

Figure 13 shows the results of the two-point correlation
function for the foamed concrete specimens. As can be seen,
all the cases taken into consideration showed almost the
same trend, indicating isotropic pore shapes in the x, y, and
z directions, regardless of the addition type. Interestingly,
the NS5 and NS10 specimens with nanosilica showed little
directional dependency on pore clustering, although they
contained relatively less stabilizer than the specimens with
cement only, fly ash, or silica fume. This finding denotes
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Fig. 13 Two-point correlation function (P,) of the specimens used
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that the specimens used included isotropic pores that can
be considered as having a stable form and that the addition
of NS has a similar effect to a stabilizer, in producing more
stable pores.

4.1.2 Wall thickness investigation

In addition to the pore characteristics, the wall thicknesses
of the solid structures of the foamed concrete specimens
were also investigated using the micro-CT images. Detailed
information about the pores, including pore radius and the
nearest pore, could be determined from the 3D pore images
obtained, with this information allowing an evaluation of
generalized wall thickness. To compute the wall thickness
of associated pores, each pore particle’s centroid and radius
data is needed, with it being possible to examine solid thick-
ness according to the number of voxels between pores.
Figure 14 shows the generalized wall thickness of the
specimens used. In the cases taken into consideration here,
the wall thickness distribution was similar between the sam-
ples, with a normal pattern distribution. From among all the
cases, FA25 had a relatively large portion of thicker solid
walls, which was an effect of the specimen’s higher density.
This in turn contributed to its higher compressive strength.
In the specimens with nanosilica, the NS5 specimen con-
tained a solid structure with thicker walls than in the other
cases, as confirmed by the higher mean value. The results
confirmed that the use of nanosilica and fly ash tends to
affect the relatively thicker solid structure of a foamed con-
crete specimen. Although the general trends affecting the
mechanical properties of foamed concrete can be explained
with the micro-CT data, complementary investigations
with other microstructural approaches, such as SEM, were
also needed, since it is difficult to confirm certain converse
phenomena only with micro-CT. For instance, the SF10
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Fig. 14 Wall-thickness distribution and its mean value, of the foamed
concrete used

specimen had an almost identical wall thickness distribu-
tion to NS5, but its compressive strength (Fig. 9) was much
lower. This indicates that quantitative investigations using
only micro-CT are insufficient for explaining the relevant
cases. For this purpose, SEM was also conducted to examine
the microstructural features of the foamed specimens.

4.2 SEM studies

Micrographs of selected foamed concrete specimens
obtained via SEM are presented in Fig. 15. Differences
between the specimens can be discerned: the contribution
of the solid content in the FA25 concrete was the highest,
as a result of the noticeably higher density of this concrete.
Moreover, unreacted fly ash particles can be distinguished in
the cement matrix (indicated with red arrows). Differences
between the NS10 and SF10 specimens can be clearly seen,
with a higher solid content in NS10, as compared to SF10.
In addition, thicker continuous walls were found in speci-
men NS10. In contrast, very thin layers between voids were
observed more often in specimen SF10 (indicated with a
green arrow). This could explain the lower robustness of the
foamed concrete solid matrix and thus the lower compres-
sive strength of the SF10 specimen. The difference between
NS-modified and SF-modified specimens can be attributed
to the state of dispersion and chemical activity of both sil-
ica materials. Despite the specific improvements found in
specimen SF10, such as a lowered water permeability, the
effect of SF was limited when compared to NS. It is widely
known that when SF is added in powdered form, its disper-
sion is limited and thus the material acts as a filler, with a
limited chemical activity due to the higher agglomeration
of SF, as compared to the highly dispersed, stabilised and
pure (>99% of SiO,) nanosilica slurry. Therefore, replace-
ment of cement with NS, especially in higher dosages like
5 wt.-% or 10 wt.-%, facilitates the hydration process and
modifies fresh and hardened properties more efficiently than
SF. Hence, due to the alteration of the fresh properties in
the presence of NS, a more stable concrete mixture with
a refined and improved foam structure is produced, which
results in ultra-lightweight foamed concrete with improved
mechanical and transport properties.

5 Conclusions

In general, reducing the density of foamed concrete by
increasing foam volume resulted in weak concrete, because
of a highly porous microstructure. This investigation focused
on the influence of nanosilica addition on the fresh and hard-
ened properties of foamed concrete, with a oven-dry den-
sity of around 350 kg/m>. Based on the experimental and
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Fig. 15 SEM micrographs of C, FA25, NS5, and SF10 specimens

microstructural results of this study, the following conclu-
sions can be put forward:

1. The incorporation of nanosilica improved the homoge-
neity of the foamed concrete in the fresh state, since
it acted as foam stabilizers. Consequently, the required
dosage of viscosity-enhancing admixtures decreased
with rising nanosilica content.

2. Micro-CT evaluation confirmed the isotropic distribu-
tion of pores inside the foamed concrete, which reflects
the role of nanosilica as a foam stabilizing agent.

3. The compressive strength of the foamed concrete, in
comparison to control specimen, was significantly
improved by 20% and 25% when cement was replaced
with 5 wt.-% and 10 wt.-% of NS. This effect is attrib-
uted to physical role in compacting the solid structure
and reducing the contact area between foam bubbles.

4. The drying shrinkage of the nanosilica mixes was higher
than in the control mix at early ages, while decreasing
at 28 d. With increased density, as in the case of fly ash,
shrinkage was significantly decreased when specimens
contained nanosilica.

5. The total porosity and sorption of the foamed concrete
were reduced by the incorporation of nanosilica, because
nanosilica refines pores, reduces their size and prevents
the merging of foam bubbles.

6. The use of nanosilica increased the wall thickness
between foam bubbles and contributed to a denser solid
structure, as shown by the micro-CT measurements and

@ Springer

SEM images. The proposed probabilistic approach to
determine the pores anisotropy in the specimen can be
effectively incorporated as a tool to evaluate the effects
of various admixtures on the foam bubbles stability.

As has been shown in this study, foamed concrete with
superior thermal insulation characteristics and improved
mechanical properties can be developed by incorporating
nanosilica. With appropriate chemical admixtures doses,
highly stable foamed concrete which satisfies the targeted
flowability, can be achieved. Moreover, the inclusion of
nanoparticles can significantly improve the performance
of foamed concrete, in both fresh and hardened states. Fur-
ther studies, leading to a better understanding of micro-
structure and how to reduce drying shrinkage, are needed
to confirm the reliability and applicability of low density,
ultra-lightweight concrete.
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