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with small embodied energy or low thermal conductivity has enhanced the indoor
comfort in building. Thus, a high level of insulation in any new material development is
an essential step to an energy efficient design. The main purpose of this study is to
investigate the thermal conductivity of green lightweight foamed concrete samples
ranging from 650 until 1050 kg/m3 with constant cement-sand ratio of 1:1.5 and water-
cement ratio of 0.5. This study was limited to the influence of density, porosity and void
size on thermal conductivity of lightweight foamed concrete. Lower density foamed
concrete translates to lower thermal conductivity. The density of foamed concrete is
controlled by the porosity where lower density lightweight foamed concrete indicates

Keywords: greater porosity. Hence, thermal conductivity changes considerably with the porosity
Lightweight foamed concrete; thermal of lightweight foamed concrete because air is the poorest conductor compared to solid
conductivity; void size; porosity and liquid due to its molecular structure.

1. Introduction

These days, adopting a green environment in the construction industry has been a critical topic
in Malaysia for a few back years. It can be seen evidently in the Malaysian Construction Industry
Master Plan (2005-2015). There are a few initiatives that government and private sectors in
Malaysian to entice the players in the construction industry to embrace with sustainable
development and green buildings. The green building intends to decrease carbon footprint and gas
emission. To accomplish these agenda, all construction industry players in Malaysia need to fulfil the
Green Building Index (GBI) requirements, which is introduced in 2005 to increase the awareness
between the construction players and support sustainable construction in the built environment [1].
Furthermore, the global concern of eco-friendly construction has propelled a lot of research on green
concrete worldwide. The research that uses materials and processes resource-efficient and
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environmentally throughout the life cycle has been an increase. In some cases, special attention has
been given to areas such as concrete mix design, mix material sourcing, construction method,
construction technology, and concrete structure maintenance. Thus, it can be concluded that
achieving sustainable development in society depends on the significant role played by the industry
players [2].

In recent times, the construction industry in Malaysia has shown major recognition in the use of
lightweight foamed concrete as a building material due to its many promising characteristics such as
lighter weight, easy to fabricate, durable and cost effective. Lightweight foamed concrete is a
material consisting of Portland cement paste or cement filler matrix with a homogeneous pore
structure created by introducing air in the form of small bubbles [3]. With an accurate control in
amount of foam and methods of fabrication, a wide range of densities (500-1600 kg/m3) of
lightweight foamed concrete can be manufactured [4].

This material has so far been applied principally as a filler material in civil engineering works.
However, its good thermal and acoustic performance indicates its strong potential as a material in
building construction [5]. Indeed, there has been prevalent reported utilization of foamed concrete
as structural elements in building schools, apartments, and housing in countries such as Libya, Russia,
Brazil, Malaysia, Mexico, Saudi Arabia, Indonesia, Egypt and Singapore. Figure 1 and Figure 2 show
some examples of the application of foamed concrete in real project. Lightweight foamed concrete
is a complex material which acts in an appropriately multifaceted way. Its properties diverge with
age, temperature, and humidity [6]. In addition, at near the beginning ages, heat is generated which
may result in considerable temperature increase [7]. It consequently becomes complicated to
envisage its behaviour with any real precision, even under controlled conditions, and the use of
published information must be cautiously qualified unless the conditions of application are close to
those under which the information was obtained [8].

Fig. 1. Lightweight foamed concrete blocks being
used in a housing project in Malaysia

26



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 92, Issue 2 (2022) 25-35

. 5o 2 .’xm;:_\. S Wl
Fig. 2. Cast in-situ lightweight foamed concrete wall
in Surabaya, Indonesia

Thermal conductivity is the progression of the conduction of high-temperature thermal energy
within an object or between two objects in contact, which lowers the temperature [9]. In physics,
thermal conductivity is the property of a material describing its capability to conduct heat. It appears
primarily in Fourier's Law for heat conduction. When an object is heated, the vibration of the
molecules or atoms and the floating of free electrons discharge thermal energy to the lower
temperatures during kinetic energy conduction [10].

According to molecular dynamics, an object’s temperature is in a direct proportion to the mean
kinetic energy of its composition. Thermal conductivity (W/m K) is the result of thermal diffusibility
(cm?/s), specific heat (J/g K) and density and is influenced by its own mineral characteristics, pore
structure, chemical composition, moisture, and temperature. The energy performance of a building
greatly depends on the thermal conductivity of the building materials which depicts the capability of
heat to flow across the material in the presence of a differential temperature [11].

The thermal conductivities of ordinary heat insulating materials range from 0.034 to 0.173 W/m
K [12, 13]. This study intends to investigate the thermal conductivity of lightweight foamed concrete
of different densities and establish the key factors affecting the thermal conductivity of this material.
Lightweight foamed concrete of five densities (800, 900, 1000, 1100 and 1200 kg/m?3) will be cast and
tested at ambient temperature to obtain its effective thermal conductivity using hot-guarded plate
method.

Essentially, the thickness of normal weight concrete must be five times more than lightweight
foamed concrete to accomplish comparable thermal insulation properties. It should be pointed out
that lightweight foamed concrete is immensely porous, and its properties reduce with increasing in
the number of pores. Variations in the value of density due to pore formation produce significant
effect in thermal performance of lightweight foamed concrete. Hence it is important to distinguish
the influence of density, porosity and void size on the thermal conductivity of lightweight foamed
concrete. The results of this fundamental study could pave the way to produce lightweight foamed
concrete of enhanced thermal performance.

2. Materials and Composition
The lightweight foamed concrete used in this study was made from Ordinary Portland Cement

(OPC), fine sand, water and stable foam. The main objectives of this research are to determine the
thermal conductivity of foamed concrete at ambient temperature therefore only a constant cement-
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sand ratio of 2:1 and water-cement ratio of 0.5 will be used for all batches of lightweight foamed
concrete specimens made for this study.

A water-cement ratio of 0.5 was found satisfactory to attain sufficient workability. Portland
cement obtained from Cima Group of Companies Sdn. Bhd. was used in this study. The Portland
cement used complies with the Type | Portland cement as in ASTM C150 and BS12. Fine river sand
with additional sieving to remove particles greater than 2.36 mm was used in the mix, to improve the
foamed concrete flow characteristics and stability as in BS12620.

Through this experimental study tap water was used for the manufacture the foamed concrete
samples. The surfactants (foaming agent) used was Noraite PA-1 which is suitable for lightweight
foamed concrete densities ranging from 500 to 1600 kg/m3. Noraite PA-1 comes from natural sources
and has a weight of around 75 gram/litre and expands about 12.5 times when used with the foam
generator. The stable foam was produced using foam generator Portafoam TM2 System as shown in
Figure 3.

Lightweight foamed concrete samples each measured 300 x 300 x 50 mm were made at five
different densities namely 650, 750, 850, 950 and 1050 kg/m3. All lightweight foamed concrete
samples were made in house. The cement was mixed with sand and water was mixed in the mixer
for a few minutes. Then foam was added gradually until the desired densities were obtained. The
ratio of cement, sand and water mixture was 1:1.5:0.5. Three identical specimens were prepared for
each density and were tested using Hot Disk™ Thermal Constants Analyzer Model TPS 2500 at 14
days after mixing. Further details of the mix constituent proportion, and the densities are outlined in
Table 1. The target lightweight foamed concrete volume required for each mix design was 0.1 m?3.

Table 1

Mix constituent proportions of lightweight foamed concrete mixes

Target dry density Portland Cement Sand content Water Noraite PA-1 surfactant
(kg/m3) (kg) (kg) (kg) (m?)

650 24.83 37.24 11.17 0.061

750 28.44 42.66 12.80 0.056

850 32.05 48.08 14.42 0.051

950 35.66 53.49 16.05 0.046

1050 39.27 58.91 17.67 0.041
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3. Experimental Set-up

The HGP test followed the ASTM procedure in reference to ASTM C 177. The hot guarded plate
test is generally recognized as the primary absolute method for measurement of the thermal
transmission properties of homogeneous insulation materials in the form of flat slabs. This steady-
state test method has been standardized by ASTM International as ASTM Standard Test Method C
177. The equipment used to determine the thermal conductivity of lightweight foamed concrete was
Hot Disk Thermal Constants Analyzer Model TPS 2500.

The Hot Disk Thermal Constants Analyzer is an emerging technology that uses the transient plane
source technique to measure the in-plane and through-plane thermal conductivity of an anisotropic
material in the same test. The sensors used in this test method consisted of a 10um thick nickel foil
embedded between two 25.4 um thick layers of Kapton polyimide film. The nickel foil was wound in
a double spiral pattern and had a radius, R of either 3.189 mm or 6.403 mm.

For the more conductive samples the sensor with the larger radius was used. The thermal
conductivities were measured at 23°C. Since the test specimens are anisotropic, this test method is
useful for this project. The setup of the Hot Disk Thermal Constants Analyzer apparatus is
demonstrated in Figure 4 and Figure 5 shows how the sensor is positioned between two samples of
composite material.

Fig. 4. Hot disk thermal constants analyzer apparatus
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Fig. 5. Schematic of samples and sensor for the hot disk the insert at
the lower left shows the double spiral heating element

In this experiment, the samples tested were composite disks with a diameter, D of 6.4 cm and a
thickness, x of 3.2 mm. In order to ensure that the assumption of an infinite sample domain was met
and that heat was not penetrating completely through the sample in the axial direction, two of these
composite disks were stacked together above the sensor and two more stacked below it, giving us a
double thickness of sample. This stacking of disks allowed the generation of more reproducible data.
The sensor then had a constant electrical current (variable by sample from 0.03W — 1.25W) over a
short period of time (variable by sample from 2.5s — 40s) passed through it.

The generated heat dissipated within the double spiral was conducted through the Kapton
insulating layer and into the surrounding sample, causing a rise in the temperature of the sensor and
the sample. The final hot plate temperature depends on the electrical power input, the thermal
resistance of the specimen and the temperature of the cold plate. The average thermal conductivity,
k, of the specimen is determined from the Fourier heat flow equation as follow:

K :V_V{lxi}

where W is the electrical power input to the main heater, A is the main heater surface area, AT is the
temperature difference across the specimen, and d is the specimen thickness

In sequence to scrutinize the effect of void size on thermal conductivity of foamed concrete, it is
necessary to obtain the void size for each density. Mixtures from this study, however, do not contain
any coarse aggregate but consist of high amounts of air (foam). To ensure the stability of the air void
walls during polishing, particularly in weaker specimens (lower density), all the specimens were
vacuum-impregnated with slow-setting epoxy. To ensure consistency in results, all the specimens
were prepared using similar technigues under the same environmental conditions.
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The porosity value of foamed concrete was determined through the Vacuum Saturation
Apparatus for both densities considered for this study. The measurements of foamed concrete
porosity were conducted on slices of 68mm diameter cores cut out from the centre of 100mm cubes.
The specimens were dried at 105°C until constant weight had been attained and were then placed in
a desiccator under vacuum for at least 3 hours, after which the desiccator was filled with de-aired,
distilled water. The porosity was calculated using the following equation:

-W
= M %100
(Vvsat _Wwat) (2)

At first, the foamed concrete specimens of 45 x 45 mm size with a minimum thickness of 15 mm
were cut from the centre of two randomly selected 100 mm cubes using a diamond cutter. The face
of the specimen was cut perpendicular to the casting direction. Sized specimens were saturated in
acetone to stop further hydration reaction before drying at 105 °C. To ensure the stability of the air-
void walls during polishing, the dried and cooled specimens were vacuum impregnated with slow-
setting epoxy. After polishing and cleaning, the specimens were dried at room temperature for 1 day.
Finally, an effective size 40 x 40 mm was considered for void size measurement.

The void sizes were measured under a microscope with a magnification of 60x on two specimens,
prepared as per the procedure described previously, for each foamed concrete specimen. Image
analysis system consisted of an optical microscope and a computer with image analysis software.

4. Results and Discussions
The thermal conductivity test results of all foamed concrete samples are shown in Table 2. Further

discussions are categorized according to the effect of density, void size and porosity on thermal
conductivity of lightweight foamed concrete.

Table 2

Summary of lightweight foamed concrete thermal conductivity test results
Density Thermal conductivity, k Porosity Effective void size
(kg/m®) (W/mK) (%) (mm)

650 0.233 69 0.732

750 0.241 61 0.694

850 0.253 55 0.644

950 0.281 50 0.584

1050 0.322 46 0.505

4.1 Dependence of Density on Thermal Conductivity of Lightweight Foamed Concrete

The results show that the thermal conductivity of all lightweight foamed concrete specimens is
positively proportionate with its density (Figure 6). For instance, the thermal conductivity for
lightweight foamed concrete reduced from 0.322 to 0.253W/mK and further reduced to 0.233W/mK
for corresponding densities of 1050, 850 and 650 kg/m3, respectively. The results have confirmed
that lower density transforms to lower thermal conductivity which is comparable to the findings from
other researchers [14]. As will be discussed in the next section, the density of foamed concrete is
controlled by its porosity. High density lightweight foamed concrete will have smaller porosity value
compared to the low density and therefore this will influence the thermal conductivity of this
material [15].
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Fig. 6. Thermal conductivity of foamed concrete of different densities
4.2 Dependence of Porosity and Void Size on Thermal Conductivity of Lightweight Foamed Concrete

Figure 7 and Figure 8 visualize typical microscopic images of the internal void structure of the 650
and 1050 kg/m3 density lightweight foamed concrete respectively. Clearly the void sizes are not
uniform. However, these two figures do clearly indicate that there is a dominant void size and that
the dominant void size is primarily a function of the lightweight foamed concrete density [16]. The
dominant void size tends to increase as the lightweight foamed concrete density reduces due to the
higher quantity of foam used (Table 2).

'r vre ‘-

Fig. 7. Void size and distribution of lightweight
foamed concrete of 650 kg/m? density
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Fig. 8. V0|d size and distribution of lightweight
foamed concrete of 1050 kg/m? density

For instant, from a microscopic analysis of the internal images of the two densities of lightweight
foamed concrete, the dominant void size of the 650 kg/m3 and 1050 kg/m? densities lightweight
foamed concrete has been determined as 0.732mm and 0.505mm respectively. Figure 9
demonstrates the relationship between the density of lightweight foamed concrete and the effective
void size The density of lightweight foamed concrete is governed by the porosity or amount of air
content inside the material [17]. It can be clearly seen from Figure 10 that lower density of lightweight
foamed concrete indicates larger porosity value or greater amount of air contained (larger void size).
As a result, thermal conductivity changes significantly with the porosity of foamed concrete because
air is the poorest conductor compared to solid and liquid due to its molecular structure [18, 19].

0.80

Effective void size (mm)
< o o
()] (9] [N}
[} W [}

N
~
vy

0.40

600 700 800 900 1000 1100
Density (kg/m ?)

Fig. 9. Effective void size of lightweight foamed concrete of different densities
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Fig. 10. Porosity of lightweight foamed concrete of different densities
5. Conclusion

An experimental study was conducted to determine the thermal conductivity of lightweight
foamed concrete of different densities and the influencing factors on the thermal conductivity
through the Hot disk thermal constants analyzer method. As lightweight foamed concrete is
produced by injecting air into a cement-based mixture, the density of lightweight foamed concrete
is directly a function of the air (porosity) inside the foamed concrete. For that reason, the density of
foamed concrete plays an important role in determining its thermal conductivity. Lower density
lightweight foamed concrete indicates greater porosity. It should be pointed out that the thermal
conductivity changes noticeably with the porosity of foamed concrete because air is the poorest
conductor in comparison with solid and liquid due to its molecular structure. Lower density foamed
concrete translates to lower thermal conductivity. The dominant void size of lightweight foamed
concrete is primarily a function of the lightweight foamed concrete density where it tends to increase
as the foamed concrete density reduces due to the higher quantity of foam.

References

[1]  Elshahawi, Mahmoud, Alex Htickler, and Mike Schlaich. "Infra lightweight concrete: A decade of investigation (a
review)." Structural Concrete 22 (2021): E152-E168. https://doi.org/10.1002/suco0.202000206

[2] Brady, K. C., G. R. A. Watts, and M. Roderick Jones. Specification for foamed concrete. Crowthorne, UK: TRL
Limited, 2001.

[3] Serri, Eravan, Othuman Mydin, Md Aazre, Suleiman, Mohd Zailan "Thermal properties of Qil Palm Shell
lightweight concrete with different mix designs." Jurnal Teknologi (Sciences and Engineering) 70, no. 1 (2014):
155-159. https://doi.org/10.11113/jt.v70.2507

[4]  EviSofia, Nandy Putra, and Ali Gunawan. “Evaluationof Indirect Evaporative Cooling Performance Integrated with
Finned Heat Pipe and Luffa CylindricaFiber as Cooling /Wet Media.” Journal of Advanced Research in
Experimental Fluid Mechanics and Heat Transfer 3, no. 1 (2021): 16-25

[5] Mydin, MA Othuman, N. A. Rozlan, N. Md Sani, and S. Ganesan. "Analysis of micro-morphology, thermal
conductivity, thermal diffusivity and specific heat capacity of coconut fibre reinforced foamed concrete." In
MATEC Web of Conferences, vol. 17, p. 01020. EDP Sciences, 2014.
https://doi.org/10.1051/matecconf/20141701020

[6] Mydin, Md Azree Othuman, Mohd Nasrun Mohd Nawi, Muhammad Arkam Che Munaaim, Noridah Mohamad,
Abdul Aziz Abdul Samad, and lzwan Johari. "Effect of Steel Fibre Volume Fraction on Thermal Performance of

34


https://doi.org/10.1002/suco.202000206
https://doi.org/10.1016/j.compositesb.2015.10.038
https://doi.org/10.1051/matecconf/20141701020

Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 92, Issue 2 (2022) 25-35

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

Lightweight Foamed Mortar (LFM) at Ambient Temperature." Journal of Advanced Research in Fluid Mechanics and
Thermal Sciences 47, no. 1 (2018): 119-126.

Amran, YH Mugahed, Nima Farzadnia, and AA Abang Ali. "Properties and applications of foamed concrete; a
review." Construction and Building Materials 101 (2015): 990-1005.
https://doi.org/10.1016/].conbuildmat.2015.10.112

Fu, Yanbin, Xiuling Wang, Lixin Wang, and Yunpeng Li. "Foam concrete: A state-of-the-art and state-of-the-practice
review." Advances in Materials Science and Engineering 2020 (2020). https://doi.org/10.1155/2020/6153602
Asim, Muhammad, Ghulam Moeen Uddin, Hafsa Jamshaid, Ali Raza, Uzair Hussain, Aamir Naseem Satti, Nasir
Hayat, and Syed Muhammad Arafat. "Comparative experimental investigation of natural fibers reinforced light
weight concrete as thermally efficient building materials." Journal of Building Engineering 31 (2020): 101411.
https://doi.org/10.1016/].jobe.2020.101411

Jhatial, Ashfague Ahmed, Wan Inn Goh, Noridah Mohamad, U. Johnson Alengaram, and Kim Hung Mo. "Effect of
polypropylene fibres on the thermal conductivity of lightweight foamed concrete." In MATEC Web of Conferences,
vol. 150, p. 03008. EDP Sciences, 2018. https://doi.org/10.1051/matecconf/201815003008

Sang, Guochen, Yiyun Zhu, Gang Yang, and Haobo Zhang. "Preparation and characterization of high porosity
cement-based foam material." Construction and Building Materials 91 (2015): 133-137.
https://doi.org/10.1016/].conbuildmat.2015.05.032

Mydin, Md Azree Othuman, Mohd Nasrun Mohd Nawi, Muhammad Arkam Che Munaaim, Noridah Mohamad,
Abdul Aziz Abdul Samad, and lzwan Johari. "Effect of Steel Fibre Volume Fraction on Thermal Performance of
Lightweight Foamed Mortar (LFM) at Ambient Temperature." Journal of Advanced Research in Fluid Mechanics
and Thermal Sciences 47, no. 1 (2018): 119-126.

Amran, YH Mugahed, Nima Farzadnia, and AA Abang Ali. "Properties and applications of foamed concrete; a
review." Construction and Building Materials 101 (2015): 990-1005.
https://doi.org/10.1016/].conbuildmat.2015.10.112

Mydin, MA Othuman, M. Musa, and AN Abdul Ghani. "Fiber glass strip laminates strengthened lightweight
foamed concrete: Performance index, failure modes and microscopy analysis." In AIP Conference Proceedings,
vol. 2016, no. 1, p. 020111. AIP Publishing LLC, 2018. https://doi.org/10.1063/1.5055513

Norgaard, J, Othuman Mydin, MA. “Drywall thermal properties exposed to high temperatures and fire condition.”
Jurnal Teknologi (Sciences and Engineering), 62, no. 1 (2013): 63-68. https://doi.org/10.11113/jt.v62.1369
Benmansour, Nadia, Boudjemaa Agoudjil, Abdelkader Gherabli, Abdelhak Kareche, and Aberrahim Boudenne.
"Thermal and mechanical performance of natural mortar reinforced with date palm fibers for use as insulating
materials in building." Energy and Buildings 81 (2014): 98-104. https://doi.org/10.1016/j.enbuild.2014.05.032
Mydin, MAO. “Preliminary studies on the development of lime-based mortar with added egg white.” International
Journal of Technology, 8, no. 5 (2017): 800—810. https://doi.org/10.14716/ijtech.v8i5.442

Othuman Mydin, MA, Sahidun, NS, Mohd Yusof, MY, Noordin, NM. “Compressive, flexural and splitting tensile
strengths of lightweight foamed concrete with inclusion of steel fibre.” Jurnal Teknologi 75, no. 5 (2015): 45-50
https://doi.org/10.11113/jt.v75.4962

Kodur, Venkatesh. "Properties of concrete at elevated temperatures." International Scholarly Research Notices
2014 (2014). https://doi.org/10.1155/2014/468510

35


https://doi.org/10.1016/j.conbuildmat.2015.10.112
https://doi.org/10.1155/2020/6153602
https://doi.org/10.1016/j.jobe.2020.101411
https://doi.org/10.1051/matecconf/201815003008
https://doi.org/10.1016/j.conbuildmat.2015.05.032
https://doi.org/10.1016/j.conbuildmat.2015.10.112
https://doi.org/10.1063/1.5055513
https://doi.org/10.11113/jt.v62.1369
https://doi.org/10.1016/j.enbuild.2014.05.032
https://doi.org/10.14716/ijtech.v8i5.442
https://doi.org/10.11113/jt.v75.4962
https://doi.org/10.1155/2014/468510

