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Abstract

The objective of this paper is to evaluate the effect of silica aerogel on the
thermal conductivity of cement paste for the construction of concrete buildings
in sustainable cities. Samples consisting of Ordinary Portland Cement (OPC),
free water and different volumes of silica acrogel were prepared and cured for
three (3), seven (7) and 28 days. Compressive strength tests were performed on
samples at three (3), seven (7) and 28 days of curing. Porosity and thermal
conductivity tests were conducted on samples at 28 days of curing. The lowest
thermal conductivity measured was 0.076 W/mK, which was achieved by sample
mix with 20 ml of silica aerogel (M20), which represents a 93.58% reduction in
thermal conductivity relative to the control mix. The highest permeable porosity
measured for cement paste incorporated with silica aerogel was 25.6%, which
was also obtained by sample M20. However, the highest compressive strength
measured was 54.33 MPa, which was obtained by sample mix with 10 ml of
silica aerogel (M10) at 28 days of curing. The addition of silica aerogel as filler
in cement paste can reduce the thermal conductivity of cement paste at the
expense of reduced compressive strength and increased permeable porosity.
Keywords: silica aerogel, cement paste, filler, thermal conductivity, thermal
insulation, concrete, compressive strength, permeable porosity.
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1 Introduction

The desire to achieve indoor thermal comfort among building occupants in a hot
climate encourages the use of room air-conditioners (AC) that can reduce indoor
temperature and humidity. However, room AC consumes a lot of energy and
contributes negatively to global warming [1]. A sustainable city should consist of
buildings that do not consume a lot of energy and contributes positively towards
the mitigation of global warming. Dependence on AC can be reduced by
installing building insulation that can retard heat flow into the building [2]. In
contrast, the current knowledge on building insulation among building owners
and developers in Malaysia is low [3], which is due to many factors that includes
lack of promotion on the benefits of insulation by manufacturers and also lack of
research on building insulation, especially for buildings under hot-humid climate
like Malaysia [4]. Furthermore, other than having low thermal conductivity,
building insulation materials also need to possess high compressive strength and
fulfill other requirements in order to become a viable building material, which
provides challenges on the implementation of building insulation [5].

Silica aerogel is a nano material with remarkable properties such as high
specific surface area, high porosity, low density, low dielectric constant and
excellent heat insulation properties [6] and has the potential to become an
effective building insulation material. However, the implementation of silica
aerogel as building insulation is restricted due to the high cost to manufacture
them. To add to that, it is also very fragile due to its low tensile strength, despite
having a relatively high compressive strength [5].

A novel method to produce silica aerogels through the extraction of silica
from rice husks instead of sand was discovered in 2005, which can reduce the
manufacturing cost of silica aerogel by 80% [7]. Other than reducing cost, the
method also contributes positively towards global warming because rice husks
are waste materials. Figure 1 shows silica aerogel in block form.

Figure 1: Silica aerogel in block form.

Most buildings in the present time are made of concrete and cement paste is
one of the main constituents of concrete. There are a lot of researches that
explore the addition of new materials such as petroleum coke [8], limestone [9],
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rubber [10], silica fume [11, 12] and microwave incinerated rice husk ash
(MIRHA) [11] in cement paste to lower its thermal conductivity. Due to the
brittleness of silica aerogel, adding silica aerogel in powder form in cement paste
is a potential method of applying silica aerogel as building insulation. The
objective of this paper is to evaluate the effect of silica aerogel on thermal
conductivity of cement paste for construction of concrete buildings in sustainable
cities.

2  Methodology

Firstly, samples consisting of Ordinary Portland Cement (OPC), free water and
different volumes of silica aerogel were prepared and cured for three (3), seven
(7) and 28 days. Then, compressive strength tests were performed on samples at
three (3), seven (7) and 28 days of curing. Next, porosity and thermal
conductivity tests were conducted on samples at 28 days of curing. Lastly, results
are interpreted.

2.1 Preparation of constituent materials

OPC and free water were selected and prepared based on standards outlined in
BS EN 197-1:2011 [13] and BS 3148:1980 [14]. Silica aerogel in powder form
(Figure 2) with density of 0.168 g/cm® were obtained from a local manufacturer
and adopted as filler material. The silica aerogel is prepared according to [15].

Figure 2: Silica aerogel in powder form.
2.2 Preparation of cement paste samples

Cement paste with 0.5 water-cement ratio was mixed according to procedures
outlined in ASTM C305-99 [16]. One (1) mix with no filler and four (4) mixes
with 5 ml, 10 ml, 15 ml and 20 ml of silica aerogel were casted in steel moulds
with dimensions of 50 mm x 50 mm x 50 mm for 24 hours. Then, samples were
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cured with water in the curing tank at 25 + 2°C water temperatures in accordance
with BS EN 12390-2:2000 [17].

2.3 Compressive strength test

Compressive strength tests were conducted on all mixes at three (3), seven (7)
and 28 days of curing in accordance with BS EN 12390-3:2002 [18] using the
Digital Compressive Testing Machine as shown in Figure 3. Samples were
subjected to compressive loading at a rate of 0.9 kNs™'. The compressive strength
is the maximum load that the sample can withstand before failure per unit of
cross-sectional area of the sample. An average reading of three (3) samples was
taken for each type of mix.

Figure 3: A sample subjected to compressive loading by the digital
compressive testing machine

2.4 Permeable porosity test

Permeable porosity tests were performed on each mix. Samples were dried in the
oven at 110 + 10°C after 28 days of curing and mass of samples were taken at
24-hour intervals until the reduction in mass per interval does not exceed 1%.
Then, the saturated surface-dry mass of samples in air (W), oven-dry mass of
samples in air (W) and buoyant mass of saturated samples in water (W,) are
used to calculate permeable porosity as shown in Equation (1).

Permeable porosity = M x100% )
Ws - Wy

An average reading of three (3) samples was taken for each type of sample mix.
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2.5 Thermal conductivity test

Thermal conductivity tests were performed on each mix on samples at 28 days of
curing using the thermal conductivity analyzer (as shown in Figure 4). Average
readings of five (5) readings were taken at one-minute intervals for each type
of mix.

Figure 4:  Thermal conductivity of a sample measured by the sensor of the
thermal conductivity analyzer.

3 Results and discussion

Results are presented and interpreted accordingly. Table 1 presents the
abbreviations used for each mix for presentation and interpretation of results.

Table 1:  Abbreviations for each mix.

Abbreviation Mix
Control Cement paste with no filler
M5 Cement paste with 5 ml silica aerogel as filler
MI10 Cement paste with 10 ml silica aerogel as filler
MI15 Cement paste with 15 ml silica aerogel as filler
M20 Cement paste with 20 ml silica aerogel as filler

3.1 Effect of silica aerogel on compressive strength

Figures 5 to 8 present the compressive strength of each mix at three (3), seven
(7) and 28 days of curing. It was found that the addition of silica aerogel as filler
in cement paste initially increases its compressive strength until it reaches a
maximum compressive strength, after which its compressive strength decreases.
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Figure 5: Compressive strength at three (3) days of curing of all mixes.
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Figure 6: Compressive strength at seven (7) days of curing of all mixes.
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Figure 7: Compressive strength at 28 days of curing of mixes.
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Figure 8: Compressive strength at all curing days of all mixes.

The silica aerogel initially strengthens the cement paste by filling in the pores.
After all the pores are filled in, further addition of silica aerogel will lead to a
decrease in the overall compressive strength of the sample because of the
compressive strength of the silica aerogel itself, which is lower than the cement
paste. The highest compressive strength measured was 54.33 MPa, which was
obtained by sample M10 at 28 days of curing.

3.2 Effect of silica aerogel on permeable porosity

Figure 9 shows that addition of silica aerogel as filler in cement paste increases
its permeable porosity. The increase in permeable porosity is due to the lower
permeable porosity of silica aerogel compared to cement paste. The
highest permeable porosity measured was 25.6%, which was obtained by sample
M20.
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Figure 9: Permeable porosity of all mixes.
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3.3 Effect of silica aerogel on thermal conductivity

Figure 10 shows that the silica aerogel filler decreases thermal conductivity of
cement paste and thus improves thermal insulation.
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Figure 10: Thermal conductivity values for all mixes.

The lowest thermal conductivity measured for cement paste incorporated with
silica aerogel was 0.076 W/mK, which was obtained by sample M20. This
represented a 93.59% reduction compared to the control mix. In another study,
petroleum coke with high sulphur content with different particle sizes were
added to OPC pastes and mortars. The lowest thermal conductivity measured is
0.12 W/mK, which was obtained by paste samples containing 75% petroleum
coke by weight. and represented a 76% reduction in thermal conductivity
compared to control samples [8]. The addition of rubber in cement was also
proven to be able to reduce the thermal conductivity of cement [10]. Similarly to
silica aerogel, a study found that increasing the volume of silica fume and
MIRHA in cement paste also leads to lower thermal conductivity but at the same
time leads to lower compressive strength and higher permeable porosity. The
lowest thermal conductivity value obtained in this study was 0.4273 W/mK,
which was achieved by samples with MIRHA incorporated at 25% of cement
paste volume [11].

4 Conclusion

Despite the positive effect on thermal conductivity, incorporation of silica
aerogel in cement paste leads to increased permeable porosity and lower
compressive strength. Findings suggest that higher volumes of silica aerogel in
cement paste lead to lower thermal conductivity but negatively affect
compressive strength and permeable porosity. The lowest thermal conductivity
measured was 0.076 W/mK which was achieved by M20 and presents a 93.58%
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reduction in thermal conductivity relative to the control sample. The highest
permeable porosity measured for cement paste incorporated with silica aerogel
was 25.6%, which was also obtained by sample M20. However, the highest
compressive strength measured was 54.33 MPa, which was obtained by sample
M10 at 28 days of curing.

In conclusion, the addition of silica aerogel as filler in cement paste can
reduce the thermal conductivity of cement paste at the expense of reduced
compressive strength and increased permeable porosity. It is recommended that
further research is conducted to investigate the effect of adding silica acrogel as
filler in cement mortar or concrete samples.
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