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Thermal InsulaTIon and mechanIcal ProPerTIes In The Presence of Glas BuBBle  
In fly ash GeoPolymer PasTe

the density, compressive strength, and thermal insulation properties of fly ash geopolymer paste are reported. Novel insulation 
material of glass bubble was used as a replacement of fly ash binder to significantly enhance the mechanical and thermal properties 
compared to the geopolymer paste. the results showed that the density and compressive strength of 50% glass bubble was 1.45 g/
cm3 and 42.5 MPa, respectively, meeting the standard requirement for structural concrete. Meanwhile, the compatibility of 50% 
glass bubbles tested showed that the thermal conductivity (0.898 w/mk), specific heat (2.141 MJ/m3k), and thermal diffusivity 
(0.572 mm2/s) in meeting the same requirement. the improvement of thermal insulation properties revealed the potential use of 
glass bubbles as an insulation material in construction material.
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1. Introduction 

glass bubble is one of newly-explored materials challenges 
used for numerous applications such as epoxy-matrix compos-
ite, filler in cement composite, additive, aggregate and cement 
replacement [1-8]. this material has been of many interests in 
many researches due to its unique properties. the material has 
spherical hollow shape of glass bubble with high crush strength, 
low density, and easy to work with. apart from that, the material 
is also chemically stable, making it become excellent resistance 
against water and oil. on top of that, its excellent thermal insu-
lation properties have made the glass bubble to be very useful 
for many industrial sectors including construction industry 
[9]. the characterisation of glass bubble with hollow spherical 
shape, low density (125 kg/m3) and low thermal conductivity 
(0.044 w/mk) provides advantages to geopolymer concrete as 
new insulation materials. Most of the application of glass bubble 
as insulating materials in their applications has been reported 
that the replacement was between 0 to 60%. table 1 shows the 
previous reports on glass bubble in several applications and 
the percentage used along with its measured performance in 

concrete applications. Based on the utilization of glass bubble 
as insulation materials in the literatures, there were no specific 
guidelines for the best percentage replacement of glass bubble in 
geopolymer concrete matrix and the finding that provides on how 
glass bubble performs in geopolymer concrete was not discussed  
clearly [1-11].

Most of the materials used in concrete production are non-
sustainable and contribute to co2 emission. as part of the solu-
tion, geopolymer materials have emerged as novel engineering 
materials with the potential to form a substantial element of an 
environmentally sustainable construction including concrete 
production [12-17]. with the correct mixture design and for-
mulation, geopolymer concrete can provide superior chemical 
and mechanical properties to Portland cement concrete, and 
be highly cost effective [16-18]. one of the main element in 
geopolymer can be fly ash, obtained as byproduct from power 
stations, has differ substantially in particle size, morphology and 
composition because of different coal powders and combustion 
conditions used [16,19-25]. Fly ash is good for early strength, 
enhances durability making it suitable to be used as main materi-
als in geopolymer concrete fabrication [19,22-29]. 

1 uNiVersiti MalaYsia Perlis (uNiMaP), ceNter oF eXcelleNce geoPolYMe & greeN techNologY (cegeogtech), Perlis, MalaYsia
2 uNiVersiti MalaYsia Perlis (uNiMaP), FacultY oF cheMical eNgiNeeriNg techNologY, Perlis, MalaYsia
3 uNiVersiti MalaYsia Perlis (uNiMaP), FacultY oF MechaNical eNgiNeeriNg techNologY, Perlis, MalaYsia
4 uNiVersiti tuN husseiN oNN MalaYsia, FacultY oF ciVil aNd eNViroNMeNtal eNgiNeeriNg, Johor, MalaYsia
5 FacultY oF Materials scieNce aNd eNgiNeeriNg, gheorghe asachi techNical uNiVersitY oF iasi, iasi, roMaNia

* corresponding author: mustafa_albakri@unimap.edu.my

BY NC

© 2022. the author(s). this is an open-access article distributed under the terms of the creative commons attribution-Noncom-
mercial license (cc BY-Nc 4.0, https://creativecommons.org/licenses/by-nc/4.0/deed.en which permits the use, redistribution of 
the material in any medium or format, transforming and building upon the material, provided that the article is properly cited, the 
use is noncommercial, and no modifications or adaptations are made.

https://orcid.org/0000-0001-5390-4829
https://orcid.org/0000-0002-9779-8586
https://orcid.org/0000-0002-4141-8660
https://orcid.org/0000-0001-6600-4969
https://orcid.org/0000-0002-1458-9157
https://orcid.org/0000-0002-2152-8918
https://orcid.org/0000-0002-2389-8744
https://orcid.org/0000-0002-9292-749X
https://orcid.org/0000-0001-6307-3440
mailto:mustafa_albakri@unimap.edu.my


222

the development of geopolymer concrete by using glass 
bubble and having its low thermal conductivity at room tem-
perature and short curing time meets all the quality requirement 
for concrete production. the unique combination of properties 
of glass bubble as thermal insulation material and geopolymer 
concrete however has not yet been. therefore, a study on thermal 
insulation properties of glass bubble placement in geopolymer 
concrete is needed in order to close the gap. thus, by develop-
ing geopolymer concrete with glass bubble as thermal insulating 
materials, the sustainable green concrete can be achieved with 
improved thermal insulation properties, and at the same time 
maintains its strength as outlined in the standard. in this work, 
the compatibility of glass bubble in geopolymer paste has been 
studied based on compressive strength and thermal insulation 
properties to analyze how it can stand and how its performance 
toward strength and thermal insulation properties in geopolymer 
system.

2. experimental details

the compatible of glass bubble in geopolymer paste 
(table 1) has been studied at room temperature based on its 
compressive strength (days of 3, 7 and 28) and thermal insula-
tion properties (28 days). the chosen solid to liquid (fly ash to 
alkaline activator) ratio is 2.0, the sodium silicate (Na2sio3) 
solution to sodium hydroxide (Naoh) solution ratio is 2.5 and 
the molarity of Naoh solution used was 12 M based on the 
optimum performance by previous studies [30-33]. 

taBle 1

the mixed proportion of fly ash geopolymer concrete  
with replacement variations of glass bubble

Glass Bubble 
(%)

fly ash  
(kg/m3)

sodium hydroxide 
(kg/m3)

sodium silicate 
(kg/m3)

control 200 28.570 71.430
2.50 195 27.860 69.640
5.00 190 27.140 67.860
7.50 185 26.430 66.070

10.00 180 25.710 64.290
20.00 160 22.860 57.140
30.00 140 20.000 50.000
40.00 120 17.142 28.572
50.00 100 14.285 35.715

2.1. materials 

2.1.1. fly ash

the fly ash used in this experiment was acquired from the 
Manjung power station in lumut, Perak, Malaysia. the Fly ash 
is equivalent to astM, class F fly ash (the mean size 46.22 µm 
analysed by particle size analysis) used as the base material for 
manufacturing geopolymer paste and sieved at maximum 100 µm 

particle sizes (to avoid fly ash particle from agglomerated and 
enhanced the reactivity in geopolymerisation process). 

2.1.2. Glass bubble

the glass bubble or hollow glass microsphere is a ready-
product consisting of hollow spherical powdered ultra light 
inorganic non-metallic materials. glass bubble is typically 
formed in pure whitish colour, having high a crush-strength, 
low-density, high heat and sound insulation, corrosion-resistant, 
fire resistant and non-conducting. the insulated material chosen 
was micrometer sized glass bubble (3M. ltd.), having spherical 
shapes and extremely light-hollow sphere. the properties of glass 
bubble in this study are described in table 2.

taBle 2

Properties of glass bubbles

Properties Specification
composition

colour
density

crushed strength
service temperature
Median diameter

thermal conductivity

soda-lime borosilicate glass
white

125 kg/m3

1.72 MPa
600 °c
65 µm

0.044 w/mk

2.1.3. alkaline activator solution

as the important of alkali activator solution in geopoly-
mer system, the optimum ratio of the alkaline solution is also 
important where it provides a strong alkaline reaction for solid 
materials. the combination of sodium hydroxide (Naoh) solu-
tion with sodium silicate (Na2sio3) is provides optimum per-
formance in geopolymer system solution with Na2sio3/Naoh 
ratio at 2.5 and 12 M molarity for Naoh solution. the Naoh 
used was in pellet form having 97% purity, and the Na2sio3 
consisted of 9.4% Na2o, 30.1% sio2, and 60.5% h2o. the other 
characteristics were: specific gravity at 20°c = 1.4 kg/cm3 and 
viscosity = 0.4 Pa.s.

2.2. methods

the mixing process started by mixing Na2sio3 solution with 
Naoh solution and stirred until the mixture achieved homoge-
neity for at least 2 minutes which is adequate for both alkaline 
solutions to homogenous. the alkaline solution was prepared at 
least 24 hours prior to use with constant ratio of Na2sio3/Naoh 
of 2.5. alkaline solution was added to fly ash for 5 minutes which 
is commonly applied in producing geopolymer product [34]. 
geopolymer paste was then placed in a 50 mm cube mould for 
compressive-strength testing while for thermal conductivity test 
was placed in cylinder mould (diameter = 8 cm, height = 2.5 cm). 
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the samples were later cured at room temperature for 3, 7 and 
28 days for compressive strength (astM c109) [35], 28 days 
for density (astM c188) [36] and 28 days for thermal insula-
tion (astM c168-97) [37]. 

2.2.1. compressive strength test

compressive test is carried out to determine the compres-
sive strength by following astM c109 that is using 50 mm 
cubes specimens. it is important to make sure the face of the 
specimen that we are applying a straightedge is in good condi-
tion before conducting this test. therefore, the sample is needed 
to be wiped to a dry surface condition as well as to remove any 
loose sand grains. this test is started by applying the loads with 
contact to the specimen. after that, the specimen needs to be 
carefully placed below the center of the upper bearing block of 
the compressive machine. lastly, before recording the result, we 
need to adjust the data required by compressive machine which 
are size, weight and specified rate of loading/apply towards the 
specimens. the total maximum recorded indicated by testing 
machine and to calculate the compressive strength as follows 
equation 1: 

 
PFm
A

  (1)

where 
 Fm – compressive strength (MPa), 
 P – total load (N), 
 A – area of loaded surface (mm2).

2.2.2. density test

the density test of geopolymer paste was conducted on 
28 days. the cube geopolymer paste sample of 50 mm was first 
immersed in water at room temperature for 24 hours and recorded 
as immersed weight (Wi). the sample is removed from the water 
and allowed to drain for 1 minute. then, the geopolymer con-
crete sample is weighted and recorded as saturated weight (Ws). 
after that, the geopolymer concrete sample was dried in an oven 
at a temperature of 110°c for 24 hours then was weighed and 
recorded as dried weight (Wd). the calculation of the density is 
explained in equation 2:

 
Density, 1000WdD

Ws Wi
    

 (2)

2.2.3. Thermal insulation

tPs method or thermal constants analyser consists of a vari-
ety of transient plane source probes connected to a computerised 
control unit measure which response as a signal and is sent out to 
create heat in the sample. these method are distinguished mainly 

by the short time (100-120 s) with measurement temperature is 
–100 to 1000°c required to obtain wide range of thermal con-
ductivity with the needed results (0.016 to 6 w/mk) thus suitable 
for huge range of different materials. the tPs sensor is placed 
between two halves of the paste cube sample material. after an 
equilibration time of at least 45 min in a laboratory nominally 
maintained at 23°c, measurements were obtained with a power 
of 0.3 w applied for a measurement time of 10 s. 

3. results and discussion

the volume fraction of glass bubble that had been tested to 
replace fly ash geopolymer paste was set in the ranges of 0, 2.5, 
5.0, 7.5, 10, 20, 30, 40 and 50%. the measured result of com-
pressive strength, density and thermal insulation of geopolymer 
paste was to determine the suitability and applicable of glass 
bubble in geopolymer system. 

3.1. density

the measured density of geopolymer paste with various 
percentage replacement of glass bubble is shown in Figure 1. 
the figure shows the average density from random sample in 
the range of 1.450 to 2.155 g/cm3. the highest density (2.155 
g/cm3) contributed to the control sample (without glass bubble) 
while, the lowest density (1.450 g/cm3) is at 50% replacement 
of glass bubble which contributed of 33% from the control sam-
ple. the result indicates that there was a significant reduction 
in density in the incorporation of high volumes of glass bubble 
into paste. 

Fig. 1. Measured result of density geopolymer paste with aging days 
of 28

as one of the main factors in determining compatible of 
glass bubble in geopolymer paste, density performance also 
contributes to determine the classification of concrete paste 
(normal – 2.3 g/cm3, or lightweight 1.0 g/cm3). as can be seen 
in Figure 1, the density of geopolymer paste decreases as the 
presence of glass bubbles increases, approaching the lightweight 
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density. Previous study has obtained densities ranging from 
0.5 to 1.7 g/cm3 and thermal conductivities ranging from 0.05 to 
0.75 w/mk [38]. as a result, the calculated result density ob-
tained from this geopolymer paste mixture design has a strong 
tendency to attain low thermal conductivity.

3.2. compressive strength

the performance of glass bubble in geopolymer paste was 
viewed based on the compressive strength measured at aging 
days of 3, 7 and 28 as presented in Figure 2. increasing the per-
centage replacement volume fraction of glass bubble has led to 
a gradual decrease in strength, however the strength was found 
increases along with aging days. the compressive strength of 
50% replacement volume fraction of glass bubble decreases by 
10.5%, 18.5% and 29.3% for aging days of 3, 7 and 28 days 
respectively as compared to the control sample (0%). 

Fig. 2. Measured result of compressive strength geopolymer paste with 
aging days of 3, 7, and 28

the results of compressive strength have increased with 
increasing ageing days, indicating that this growth has no du-
rability issues which is in accordance with khan et al., (2015) 
[39]. the results of compressive strength with replacement 
glass bubble shows slightly lower than the control sample (0%) 
because the structure of geopolymer paste is found to be more 
compact by the optimum ratio of fly ash based geopolymer paste 
as reported by Zhang et al., (2015). Meanwhile, the slightly 
decrease in strength related to the presence of bubbles caused 
the reduction in the availability of geopolymer matrix forma-
tion (the main component contribute or help to good strength) 
which is in line with findings by kalaiyarrasi & Partheeban, 
(2017) [34,40]. 

3.3. Thermal insulation properties

thermal insulation properties of geopolymer paste have 
been studied to understand the behaviour of the glass bubble in 
geopolymer system. 

3.3.1. Thermal conductivity

Figure 3 show thermal conductivity of mixture design ge-
opolymer paste in the presence of glass bubble. the geopolymer 
paste shows better insulating properties of thermal conductiv-
ity depending on the increment of glass bubble amount in the 
mixture. From the figure, it is observed that additions of glass 
bubble from 10 to 50% have manifested a percentage reduction 
of 3.6 to 10% respectively as compared to the control sample 
(without replacing glass bubble). 

Fig. 3. Measured result of thermal conductivity of trial mix design 
geopolymer paste

thermal conductivity values drop, which is understand-
able given that glass bubbles have a low intrinsic thermal 
conductivity value (0.044 w/mk) as compared to geopolymer 
paste since gases are more conductive than solids and liquids. 
Besides, the presence of glass bubble has enhanced the thermal 
conduction, as conduction heat transfer in glass bubble does not 
occur because the diameter particle size of glass bubbles is less 
than 4 mm, it is reasonable to assume that natural convection of 
glass bubbles can be ignored when the diameter of the bubble 
is small [41,42].

3.3.2. Thermal diffusivity

regarding Figure 4, the figure has shows the measured 
result of thermal diffusivity in order to perform better understand-
ing on the behaviour of the glass bubble in geopolymer system. 
with the addition of volume glass bubble into geopolymer 
paste has influenced the reduction thermal diffusivity value up 
to 34.5% for 50% replacement as compare to control sample 
(without replacement glass bubble). 

thermal diffusivity was also investigated in order to create a 
well-insulated building. the rate at which temperature variations 
at a material’s surface affect the temperature within the material is 
measured by thermal diffusivity [43]. the lower value of thermal 
diffusivity obtained with replacement glass bubble is good in 
delaying the change of temperature inside the building from the 
outside temperature. in other words, glass bubble has a greater 
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thermal resistance, with slower rate of heat transfer. thus, the 
thermal insulation material should have low thermal diffusivity 
to lead the material drop the temperature during a harsh weather 
and minimizing the heat transfer [44]. 

3.3.3. specific heat

the specific heat of geopolymer paste with increasing 
percentage of glass bubble is shown in Figure 5. it can be seen 
from the figure that geopolymer paste with the highest value 
of specific heat has been dominated by samples with the glass 
bubble content. the results prove that the specific heat values 
are in the range of 1.893 MJ/m3k to 2.141 MJ/m3k for 0% 
(control sample) to 50% replacement percentage volume frac-
tion of glass bubble. 

Fig. 5. Measured result of specific heat geopolymer paste with aging 
days of 28

as the glass bubble replacement percentage rises, the 
specific heat of geopolymer paste gradually increases due to an 
increase in the formation of void air of glass bubble leading to a 
higher specific heat storage capacity. in addition, fly ash as raw 
material also has little influenced on the measured specific heat 
[42] if compare to normal concrete only achieved specific heat 
at 1.0 MJ/m³k with same density. one of the thermal properties 

that can be linked to the potential of heat storage capability is 
specific heat. since it takes longer for a good insulator to absorb 
more heat until it heats up (due to extreme weather), it has higher 
specific heat efficiency [41,42]. 

4. conclusions

the compatible of glass bubble in geopolymer paste based 
on density, compressive strength, and thermal insulation is 
very important before being applied in geopolymer concrete 
application. the presented results indicated that the density has 
decreased with replacement glass bubble as it promises better 
compressive strength properties as compared to the existing 
commercial insulated concrete. in terms of thermal insulation 
properties, geopolymer paste with replacement glass bubble has 
enhanced properties with the compatibility of 50% glass bubbles. 
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