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The research focused on the development of an ultra-lightweight cementitious composite with both
excellent mechanical and thermal insulating properties. Fly ash cenosphere (FAC), and aerogel, a nano-
structured highly porous material made of silica, were used as lightweight aggregates. Polyvinyl alcohol
fibers were used to improve the mechanical behavior of the cementitious composite. The experimental
results showed higher specific strength (up to 18 kPa/kg m�3) of the resulting composites as compared
to conventional lightweight materials. Depending on the amount of FAC and aerogel, the compressive
and flexural strengths of the cementitious composite were found as 23.54–18.63 MPa and 4.94–
3.66 MPa, respectively, while the thermal conductivity was reduced to 0.3197 W/m-K. Moreover, the
hydration products and microstructures of the FAC/aerogel modified cementitious composite were inves-
tigated by the Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy (EDS). Thermal
stability of the hardened matrix was studied by using thermo-gravimetric analyses and it was revealed
that the composites were fairly stable at a high temperature range. The weight loss varied with increasing
aerogel content. In conclusion, both FAC and aerogel are excellent candidates for producing mechanically
strong as well as thermally insulated composites which have great potential to be used in buildings for
energy conservation.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Lightweight concrete (LWC) is advantageous over normal
weight concrete because of the reduction of dead loads, ease of
handling, and better durability. LWC has been widely used in
long-span bridges and floating marine structures [1,2]. Moreover,
the better fire resistance [3] and thermal insulation properties [1]
of the LWC further encourage its use in building structures such as
roof coverings and facades, to improve the fire safety and thermal
insulation properties of infrastructures. In the past decades, LWC
has been developed using various kinds of lightweight aggregates
(LWA) such as expanded perlite [4–9], hollow glass beads
[8,10–13], expanded clay [8,14] and expanded polystyrene beads
[13,15–19]. However, the conventionally used LWA requires vari-
ous processing steps before utilizing in the cementitious compos-
ite, which not only increases their production cost but also
releases the high amount of carbon dioxide emission associated
with the processes which further raises concerns for the sustain-
able development. Furthermore, although the resulting composites
have better thermal insulation properties, the poor mechanical
properties hinder the use of such composites in load-bearing struc-
tures. Sengul et al. [5] experimentally investigated the effect of
perlite aggregate on the mechanical and thermal properties of
LWC and found that by replacing 60 vol.% of natural sand with
expanded perlite, the strength reduction is about 84% which
discourages its use in structural members. Nemes and Jozsa [12]
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also demonstrated that compressive strength of the cementitious
composites incorporating expanded glass as lightweight fillers
drastically decreased with the increasing volume fraction of the
expanded glass, and the optimal amount of filler was found to be
48%. It was found by them that at 48% volume fraction of expanded
glass aggregates, the strength was adequate (35 MPa) but the den-
sity was not low enough (1550 kg m�3).

Recently, fly ash cenosphere (FAC) [2,20–25] and aerogel [26]
have been studied for producing LWC. FAC is a byproduct of coal
burning during electricity production process [27], which is light-
weight (bulk density up to 800 kg m�3) and cost effective. Wu
et al. [28] conducted a series of experiments with various fractions
of FAC and found that FAC is an excellent filler material for produc-
ing LWC which reduces the density of resulting concrete but the
corresponding strength decrease is not substantial. They could pro-
duce lightweight composite having 28-day compressive strength of
49 MPa with density of 1240 kg m�3. Also, Demirboga [29,30]
showed that the thermal conductivity is affected due to the nature
of the FAC which makes them a very reasonable choice for ther-
mally insulated concrete as well. Moreover, aerogel is an extremely
light (density 100 kg m�3) nano-porous material composed of silica
having a major volume (94–95%) being the air voids [31]. Gao et al.
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Fig. 1. Particle size analysis (by weight) of fly ash cenospheres.

Table 1
Physical properties of aerogels.

Density Specific
surface
area

Particle
size range

Porosity Pore
diameter

Hydrophobicity

40–150
kg m�3

366.52 m2/g 0.1–5 mm >90% 20–100 nm Super
hydrophobic

12.66

5.89 4.83 4.85
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Fig. 2. Pore size distributio
tried to produce LWC by using aerogel and found that using 60% of
aerogel (by volume) the strength could reach only 8.3 MPa with the
density being 1000 kg m�3; which might be attributed to the low
mechanical strength of the aerogel particles [32].

Although the effects of FAC and aerogels on the cementitious
composite were widely investigated, the co-effects of FAC/aerogels
composites on the mechanical and thermal insulating properties of
cementitious composite have not been conducted. The aim of cur-
rent research is to develop an ultra-lightweight cement-based
composite by incorporating FAC and aerogels that possesses not
only excellent thermal insulation properties but also superior
mechanical properties so that it can be efficiently used in building
structures for energy conservation.
2. Experimental procedures

2.1. Materials

Ordinary Portland cement (OPC) type 52.5 was from Green Island, HK. Cement
and silica fume were used to fabricate the binder. Fly Ash Cenospheres (FAC) were
obtained from Zhen Yang Mineral Powder Processing Plant, Hebei China. The bulk
density of the FAC particles was 720 kg m�3 and the particle sizes ranges from 60
to 360 lm, as shown in Fig. 1. The aerogel were obtained from Guangdong Alison
Hi-Tech Co., Ltd (China). The physical properties of the aerogel are shown in Table 1.
The specific surface area was measured by using Brunauer–Emmett–Teller (BET,
Coulter SA 3100) analysis. The pore size distribution in aerogel is shown in Fig. 2.
The PVA fiber (KURALON K-II REC15) used was 39 lm in diameter and 12 mm in
length. The chemical composition of the raw materials analyzed by X-ray fluores-
cence spectrometer (XRF, JSX-3201Z) are listed in Table 2.

2.2. Mix design and specimen preparation

Table 3 enlists the six mix proportions of the cementitious composite with dif-
ferent FAC/aerogel composite contents. The water to binder ratio of all the mixes
was set as 0.70 while the amount of FAC was 70% by weight of the binder. FAC
and aerogel were used as the filler materials. A poly-carboxylate based
admixture/super-plasticizer (ADVA 105 by Grace Inc. Canada) was used to maintain
the homogeneity and consistency of the mixture.

The mixing procedure consisted of dry mixing of all the powders for one and a
half minute followed by addition of 50% water while continuously mixing for
another one and a half minute. Then the remaining water and super plasticizer were
added and subjected to mixing of one minute. Finally the PVA fibers were gradually
dispersed in the mix while continuously mixing which was continued for another
four to five minutes until a homogeneous and consistent matrix was achieved.
The mixing of fibers was done at a slow speed followed by high speed of the mixer
thus maximizing the extent of uniformity of the mix.

The mixed slurry was cast into the molds and compacted for a small duration on
a vibrating table to enable removal of entrapped air. Specimen of size
40 mm � 40 mm � 160 mm (for flexural strength testing), 40 mm � 40 mm �
40 mm (for compressive strength testing) and 350 mm � 350 mm � 20 mm (for
evaluating thermal conductivity behavior) were cast for each mix. The specimens
were kept sealed after casting at room temperature for 24 h and then de-molded.
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Table 2
Chemical composition of raw materials.

Description Cement Silica fume Fly ash cenospheres

Na2O – – 2.42
Al2O3 3.86 – 16.7
SiO2 19.47 98.45 73.1
SO4 5.71 0.4 0.41
K2O 0.49 0.31 3.94
CaO 65.4 0.77 1.05
TiO2 0.26 – 0.35
MnO – – 0.05
Fe2O3 3.2 0.05 1.95
MgO 1.58 – –

Table 3
Mix proportions (by weight).

Mix ID Binder Water FAC Aerogel PVA fiber (wt.%)

Cement Silica fume

FAC-A0 0.90 0.10 0.70 0.70 0% 1%
FAC-A1 0.90 0.10 0.70 0.70 1% 1%
FAC-A2 0.90 0.10 0.70 0.70 2% 1%
FAC-A3 0.90 0.10 0.70 0.70 3% 1%
FAC-A4 0.90 0.10 0.70 0.70 4% 1%
FAC-A5 0.90 0.10 0.70 0.70 5% 1%
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Subsequently, the specimens were cured in a moist room under relative humidity of
95% at 25 �C until the testing age. The samples were tested formechanical properties
at the age of 10 days and 28 days.

2.3. Testing methods

2.3.1. Mechanical tests
The mechanical tests included flexural and compressive strength test. In order

to evaluate the flexural performance of the composites, three-point bending test
(Fig. 3(a)) was performed on the specimen with size 40 mm � 40 mm � 160 mm.
A flexural testing setup, with force capacity of 250 kN, was used to apply load at
the center point of prisms with a span length of 100 mm. Loading rate was set as
0.15 mm/min. Mid-span load and deflection were determined and subsequently
corresponding stress and strain values as well as the elastic modulus were calcu-
lated using the following relations [33]:

rf ¼ 3PL

2bd2 ð1Þ

ef ¼ 6Dd
L2

ð2Þ
Fig. 3. Three point flexural bending (a) an
where, r = stress in the outer fibers at midpoint, MPa, e = strain in the outer surface,
mm/mm, P = load at a given point on the load-deflection curve, N, L = support span,
mm, b = width of beam tested, mm, d = depth of beam tested, mm, D = maximum
deflection of the center of the beam, mm, and

Compressive strength testing (Fig. 3(b)) was done on the specimen, of size
40 mm � 40 mm � 40 mm, by crushing them in automatic compression testing
machine (5000 kN capacity), subjected to the loading rate of 1.0 kN/s. The modulus
of elasticity was calculated using ACI 318M-08 [34]. The relation used is shown in
Eq. (4).

EC ¼ Wc1:5ð0:043Þ
ffiffiffiffiffiffiffiffi
kf 0c

q
ð3Þ

where, Ec = modulus of elasticity of concrete, MPa, Wc = density (unit weight) of
concrete, kg m�3, f0c = compressive strength of concrete, MPa, and k = modification
factor reflecting the reduced mechanical properties of lightweight concrete.

The tested specimens were preserved for further morphological and
microstructural characterization.

2.3.2. Thermal conductivity testing
Thermal conductivity of the specimen was determined using Quick Thermal

Conductivity Meter (QTM-500 by Kyoto Electronics Manufacturing Co. Ltd, Japan)
and averaged to estimate the representative value for each composite. The equip-
ment can measure the thermal conductivity up to the range of 0.23–12 W/mK,
and comprises of a probe sensor consisting of a single heating wire and thermo-
couple. The temperature of the wire increases in exponential progression when
electric power is given to the probe. The heating wire is allowed to remain on the
surface under testing for 60 s. Temperature rising curve is plotted versus time on
logarithmic scale. The lower the thermal conductivity, the smaller the slope of
the curve. The thermal conductivity is measured by the relation [35]:

k ¼ q � ln t2
t1

4pðT2� T1Þ ð4Þ

where k = Thermal conductivity of the sample (W/mK), q = Generated heat per unit
length of sample/time (W/m), t1, t2 = measure time length (sec), T1, T2 = Temperature
at t1, t2 (K).

The Experimental setup is shown in Fig. 4(a).
The behavior of the thermal insulating composites in real life situation (such as

concrete panels used in facades or exterior walls or roof coverings for dissipating
heat from the sun) was simulated in the laboratory with the help of an experimen-
tal setup consisting of an infra-red lamp of 275 Wwhich acts as a heat source (mim-
icking sun) placed at a distance of 250 mm from the sample surface (of size
200 mm � 200 mm). Temperature sensors (thermocouples) were used to determine
the temperature of the exterior surface (facing the lamp) as well as interior surface
(the side opposite to the side facing the lamp). The thermocouples were connected
to a computer which recorded the temperature at every second. Each specimen was
subjected to a steady cycle of five hours of continuous heating. The heating cycles
were plotted with temperature versus time and the difference of peak temperature
between outer and inner surface was determined. The experimentation setup is
demonstrated in Fig. 4(b).

Morphological and microstructural characterization was done by Scanning
Electron Microscopy (SEM). SEM was carried out to characterize inner surface of
the broken specimen as well as the hydration products. SEM examination was
d compressive strength (b) test setup.



Fig. 4. Quick thermal conductivity measurement apparatus (a) and test setup for steady thermal conductivity behavior (b).

Table 4
Density of the specimens at different ages.

S. No Mix ID Unit weight (kg m�3)

Fresh mix 1-Day 28-Day SSD 28-Day OD

1 FAC-A0 1289 1201 1297 1098
2 FAC-A1 1221 1148 1250 1092
3 FAC-A2 1221 1153 1224 1050
4 FAC-A3 1173 1103 1201 1037
5 FAC-A4 1155 1081 1192 1014
6 FAC-A5 1144 1072 1187 1003
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conducted by using JSM-6390 (JEOL) which was also equipped with the Energy
Dispersive X-ray Spectroscopy (EDS) which enabled the mineralogical classification
in the hydration products of the composites. The internal surface area and pore size
distribution (pore volume characterization) of hardened pastes was determined
by Brunauer–Emmett–Teller (BET) and Mercury Intrusion Porosimetry (MIP),
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Fig. 5. Plot of strength versus

Table 5
Compressive and flexural strength results at different ages.

S. No Mix ID Compressive strength
(MPa)

Flexural behavior

10-Day

10-Day 28-Day Flexural
strength (MPa)

1 FAC-A0 21.98 23.54 3.89
2 FAC-A1 18.78 22.89 3.47
3 FAC-A2 18.56 21.58 3.40
4 FAC-A3 17.31 20.25 3.18
5 FAC-A4 16.88 19.86 2.98
6 FAC-A5 15.58 18.63 2.84
respectively. Crushed specimens were broken down into smaller pieces and all
the moisture in the specimen was removed by solvent replacement method.
Methanol was used for this purpose and the specimens were immersed in methanol
solution for one week during which the methanol was replaced every day with
fresh supply of solution. After one week, the samples were vacuumed and dried.

3. Results and discussion

3.1. Density and mechanical properties

The density and mechanical properties are reported in Table 4
and Figs. 5, 6. The density was measured at the age of 1-day under
normal condition and 28-days under either the saturated surface
dry (SSD) condition or oven dry (OD) condition.

It is clearly seen that the 28-day SSD and OD density of all the
composites are less than 1300 kg m�3 and the lightest one is only
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0.260 4.94 0.624 8.44
0.301 4.52 0.773 7.88
0.351 4.25 0.475 7.41
0.731 4.21 0.715 6.98
0.740 3.90 0.541 6.83
0.632 3.66 0.698 6.57
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1003 kg m�3, which clearly indicates its classification as ultra-
lightweight concrete [36]. However, aerogel has limited effects
on reducing the density of the composite, which might result from
the air voids-filling effect.

The compressive and flexural strength of the composites with
different density were measured at 10-day and 28-day age and
the results are shown in Table 5 and Fig. 5. It is obvious that the
compressive and flexural strengths decrease with the decrease of
the density of the mixture. The specific strength (ratio of compres-
sive strength and density) at 28-day age is plotted as Fig. 6. It can
be seen that the composites even with lower compressive strength
values resulted in higher values of specific strength due to the
ultra-lightweight nature. The lowest specific strength found was
15.7 which means that this particular composite (FAC-A5) is equiv-
alent in strength to a normal weight concrete (of density
2400 kg m�3) having compressive strength of 38 MPa approxi-
mately which indicates adequate level of mechanical properties.

3.2. Thermal conductivity

The values of thermal conductivity coefficient at ambient tem-
perature (25 �C) are shown in Fig. 7. It can be clearly seen that the
FAC and aerogel particles reduce the thermal conductivity of the
composite. As the weight fraction of FAC was kept constant in all
the mixes, the only parameter further reducing the thermal con-
ductivity is aerogel. Up to 23.3% reduction in thermal conductivity
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is observed when 5% weight fraction of aerogel is incorporated in
the mixtures. The reasons for such lower thermal conductivity
are the hollow structure of the FAC, the air voids entrapped within
the composite, and the open nano-porous nature of aerogel parti-
cles. The findings are in consistence with the existing studies on
thermal conductivity of concretes containing high volumes of fly
ash [37,38] (as the production of FAC and fly ash involves the same
process and raw material, and the only difference is the particle
size, so it is reasonable to make such comparison).

The specimens were also subjected to steady thermal test and
the results are summarized in Figs. 8 and 9. The steady thermal
tests show the results consistent with the findings from quick ther-
mal conductivity measurement and it can be seen that the differ-
ence of peak temperature between exterior and interior surface
(Fig. 9) increases with the increase of aerogel content. It is obvious
that 5 wt.% aerogel leads to 12 �C temperature difference, which is
7 �C higher than that of specimen without aerogel. The decreased
thermal conductivity and increased temperature difference is
attributed to the increased pore volume of the composite with
increasing contents of aerogel. The increased pore volume with
increasing aerogel amount was verified by BET and MIP analyses.
The measured BET surface area values and corresponding pore vol-
ume are plotted in Fig. 10. These results corroborated the increased
pore volume. It can be seen that increase in aerogel amount leads
to the increase of the total pore volume which was expected
because of the open nano-porous structure of aerogel particles.
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Fig. 9. Steady thermal test results.
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With every 1 wt.% increase of aerogel content, the pore volume
increased by about 1.6%.

3.3. Morphological and microstructural characterization

The scanning electron microscopic (SEM) images are shown in
Fig. 11, which indicate the inert nature of silica aerogels. The aero-
gel particles remained unreacted in the composites while partially
broken FAC shells show moderate reactivity of FAC particles.
Energy dispersive X-ray spectroscopy (EDS) was done to further
identify and observe the aerogel particles (Figs. 12 and 13) within
the cement matrix but due to the translucent nature of aerogel
particles, the incident beam of electrons focused on the particular
particle may not excite it rather the result obtained thereof repre-
sent reaction products underneath. Figs. 12 and 13 show the usual
hydration products along with FAC and aerogel particles. Also,
from the Fig. 13, it can be seen that silica is dispersed all over
the area (under examination of EDS) indicating dispersed aerogel
particles.

Mercury intrusion porosimetry (MIP) results are summarized
and plotted in Figs. 14 and 15. The porosity values range from
43.94% to 50.69% with FAC-A0 (reference mix) being the lowest.
The porosity is found to be increasing with increase of aerogel con-
tent in the composites. The results show a direct co-relation of
porosity with aerogel content which is due to the open porous nat-
ure of the aerogel particles. At higher levels of aerogel addition i.e.
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Fig. 11. SEM images of hardened composite showing the presence of fly ash cenosphere (FAC) and aerogel (A).

Fig. 12. SEM/EDS analysis of specimen.
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4% and 5%, although there is increase in porosity but the increment
is not very high which may be attributed to the agglomeration of
the particles. The pore size distributions are plotted and shown
in Fig. 15 which depicts the presence of greater fraction of
micro-pores (size less than 2 nm) and meso-pores (size from 2 to
50 nm) in composites containing aerogel (FAC-A1 through FAC-
A5) as compared to the reference mix (FAC-A0). Although, the
porosity directly increases with increase of aerogel weight fraction,



Fig. 13. EDS spectrum of an area of FAC-aerogel modified composite.
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however it has been found that these pores are not generally inter-
connected. This may be due to the agglomeration of the aerogel
particles creating barriers among the pores.

Thermogravimetric analyses (TGA) results are shown in Fig. 15.
It can be seen that varying the aerogel content in the composites
affects both the de-hydroxylation and de-carbonation peaks.
Increasing the aerogel content further lowers the weight loss
curve. However, it has been observed that the weight loss curves
do not show a general trend/pattern with increasing aerogel con-
tent which might be due to non-homogeneity of the composites.
Although, the total weight loss %age for aerogel modified
cementitious composite is lower than the reference composite
(FAC-A0), still it can be seen from the Fig. 16 that the composites
are fairly stable at higher temperature range.
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4. Conclusions

In this study, ultra-lightweight cement-based composites were
successfully developed by using FAC and aerogel as aggregate. The
composites were found complying with the ACI specifications
of structural lightweight concrete (density in the range of
1120–1920 kg m�3 and minimum compressive strength of 17 MPa
at 28 days). The resulting composites have better mechanical
properties due to the presence of FAC which also possess some
degree of reactivity while thermal insulating behavior is also
improved due to hollow structure of FAC particles and open-porous
nature of aerogel particles. Utilization of aerogel in the composite
also helped reducing the permeability which shows better
durability related properties for such composites. In addition, the
excellent thermal insulation properties of aerogel incorporated
composites make them desirable for use in buildings and construc-
tion for energy conservation while the adequate mechanical
strength (compressive strength ranging from 23.54 to 18.63 and
flexural strength ranging from 4.94 to 3.63) make them suitable
for the applications as structural members.
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