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ABSTRACT: This study examined the preparation of fly ash-based foam geopolymer recipes with the experimental design method 
and data analysis with the SPSS program. A total of 54 prescriptions were used in the studies, which investigated six different 
variables. Strength, density, and thermal conductivity analyses were performed. Values were in the range of 0.57-2.75 MPa for 
strength, 344-592 kg/m3 for density, and 0.089-0.132 for thermal conductivity. Three variables were identified with each having 
the most significant effect on strength and density values. H2O2, curing temperature, and expanded perlite had the most effect 
on strength, while H2O2, curing temperature, and alkali concentration had the most significant effect on density. Most influential 
parameters are plotted on ternary graphs to ensure that the foam concrete (CLC) masonry units used in all types of masonry walls, 
whether load-bearing or not, can operate under the specified performance conditions.
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RESUMEN: Un mini estudio de guía para unidades de mampostería de espuma activada con base de cenizas activadas 
alcalinamente. Este estudio examinó la preparación de mezclas de geopolímeros de espuma a base de cenizas volantes con el 
método de diseño experimental y el análisis de datos con el programa SPSS. Se utilizaron un total de 54 prescripciones en los 
estudios, investigándose seis variables diferentes. Se realizaron análisis de resistencia, densidad y conductividad térmica. Los 
valores estuvieron en el rango de 0,57-2,75 MPa para resistencia, 344-592 kg/m3 para densidad y 0,089-0,132 para conductividad 
térmica. Se identificaron tres variables, teniendo cada una el efecto más significativo sobre los valores de fuerza y densidad. El H2O2, 
la temperatura de curado y la perlita expandida tuvieron el mayor efecto sobre la resistencia, mientras que el H2O2, la temperatura de 
curado y la concentración de álcali tuvieron el efecto más significativo sobre la densidad. Los parámetros más influyentes se trazan 
en gráficos ternarios para garantizar que las unidades de mampostería de hormigón celular (CLC) utilizadas en todos los tipos de 
muros de mampostería, ya sea que soporten carga o no, puedan operar bajo las condiciones de desempeño especificadas.

PALABRAS CLAVE: Geopolímero de espuma; Diseño experimental; SPSS; Unidad de mampostería.
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1. INTRODUCTION

The construction sector is growing at an unprece-
dented rate around the world, and this trend is antici-
pated to continue. This rapid growth in the construc-
tion industry in recent years, together with the need 
for technically superior characteristics and values 
for building materials, has resulted in the use and 
application of a large number of novel building ma-
terials (1). Over the next 40 years, the world is fore-
cast to add 230 billion square feet of new construc-
tion, with the building and construction industry ac-
counting for 39% of worldwide final carbon dioxide 
(CO2) emissions (2). Concrete, a common construc-
tion material composed of aggregates and cement 
to bind them together, is the third-largest source of 
human-induced greenhouse gas emissions, behind 
the transportation industry, for the main pollutant of 
carbon dioxide in the atmosphere (3–9). Developing 
enduring construction and building materials with 
a decreased environmental footprint through both 
manufacturing and management steps is presently a 
focal point in the worldwide housing and construc-
tion industry (10). As a result of this predicament, it 
is imperative that sustainable alternatives to cement 
and building materials containing cement be utilized 
in construction in order to preserve the long-term vi-
ability of the environment (11). The Paris Climate 
Agreement, which was signed in 2015, also requires 
all countries to adhere to the emission targets spec-
ified (12).

Alkali-activated materials (AAM), generally 
called geopolymers, are a relatively new class of 
attractive construction material that offer a solution 
to limit the adverse results of cement manufactur-
ing. These materials are gaining popularity due to 
their environmental and performance advantages 
over standard Portland cement concrete and ce-
ment-based construction materials (13). Alkali ac-
tivated concretes (AAC) have become an issue of 
great importance due to their widely accepted iden-
tification as “environmentally friendly” or “green” 
construction materials compared to cement-based 
concretes due to their low CO2 emission potential 
and ensuring recycling of industrial by-products 
(14–18). There are many groups in the scientific 
and commercial communities trying to improve 
new binders with the alkaline activation of indus-
trial by-products (3–8).

The term geopolymer was first used by the French 
scientist Joseph Davidovits to measure the tridi-
mensional structure of inorganic polymers, which 
are formed by low-temperature polycondensation 
of aluminosilicates (19). There are a wide variety 
of potential solid aluminosilicate raw materials for 
the synthesis of inorganic polymers such as fly ash, 
blast furnace slag, metakaolin, construction and 
demolition wastes, and red mud (19–22). Geopoly-
mer-based inorganic materials have a wide variety 

of application areas, including fire-resistant mate-
rials, thermal insulation, building materials, water 
purification, and so on (19, 23, 24).

Masonry units are an ancient and fundamental 
construction and building material used all over the 
world. Earth masonry units (adobe or compressed 
earth blocks) account for a significant portion of the 
built environment today. Earth-based buildings house 
from one-third to half of the world’s population (25)
mainly for houses and apartment buildings. These 
construction technologies are extensively employed 
world- wide both in developed and developing coun-
tries, sometimes due to strong cultural aspects, long 
time tradition or even as a symbol of solid construc-
tion. Moreover the good performance of masonries is 
well known by the users, including its strength, ther- 
mal and acoustical properties. In developing countries 
besides the former reasons, brickwork or blockwork 
are the only suitable methods for self-construction in 
non- industrialized circumstances. However the tra-
ditional masonry units are usually non-eco-friendly 
products, mainly because of their high energy con-
suming components due to their production method 
(fired-clay bricks. Bricks can be composed of a vari-
ety of materials, including calcium silicate, concrete, 
and clay, while clay and concrete bricks are the most 
common. Clay brick manufacture, on the other hand, 
necessitates high-temperature (900-1000oC) kiln 
burning, which emits a significant amount of green-
house gases (26). According to the World Business 
Council for Sustainable Development Agency (2017) 
and the cement technology roadmap by 2050 research, 
the contribution of ordinary Portland cement (OPC) 
production worldwide to greenhouse gas emissions is 
estimated to be approximately 1.35 billion tons annu-
ally or approximately 7% of the total greenhouse gas 
emissions into the earth’s atmosphere (27). In light 
of all this information, sustainable concretes should 
be created with readily available resources on earth, 
recycled materials with low energy requirements, and 
generated with little or no waste, in order to have the 
least possible environmental impact (28–30). Mined 
raw materials and non-renewable energy are used 
in the cement industry. The utilization of industrial 
by-products can greatly reduce the amount of energy 
used in these processes, as well as waste management. 
Through the use of waste materials, geopolymer tech-
nology reduces greenhouse gas emissions and lowers 
raw material costs (11, 31).

Economic and environmental restrictions are be-
coming more prevalent nowadays, and one of the im-
plications for the construction sector will be a demand 
for more energy-efficient building and construction 
materials (32). When it comes to energy leaks in 
buildings, it’s estimated that the walls account for 
about 40% of the heat loss (33–35). When masonry 
units (adobe bricks or compressed earth blocks) used 
as construction wall elements are examined for ther-
mal insulation, it is well known that they have very 
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low results. Thermal insulation materials are the most 
powerful approach to reducing heat loss from build-
ings, hence diminishing heat energy requirements and 
contributing to the near-zero energy objective (36). 
As a result, insulating materials are required in addi-
tion to construction materials. Despite XPS and EPS 
providing excellent insulation and having extremely 
low-density values, their limited fire resistance makes 
them unsuitable for use in buildings. Aside from the 
fact that glass wool and stone wool are useful in terms 
of density, thermal insulation, and non-flammability, 
the materials employed for bonding during appli-
cation cause non-flammability to be compromised 
(37–40). Polystyrene and polyurethane are also poi-
sonous, and they release poisonous smoke when they 
burst into flames (41). Geopolymer foams have drawn 
the attention of researchers and studies were carried 
out for many years due to better properties (thermal 
stability, inflammability, and green production pro-
cess) compared to conventional building insulation 
materials (42–46). Wall elements with thermal insu-
lation capabilities must have high closed porosity, 
low density, and low water absorption to achieve the 
necessary thermal insulation performance (47). Aside 
from that, lightweight masonry modules are frequent-
ly used in the construction sector to reduce dead load 
and improve earthquake safety. Although density 
values range from 300 to 2000 kg/m3 depending on 
the application, those with a density of 300-1200 kg/
m3 are favored, with a strength value of 1-100 MPa 
desired (48). For the foaming of lightweight geo-
polymer foams, the direct foaming approach was rec-
ommended in various research (44, 49–52). Porous 
materials are created by adding air into a suspension 
or liquid medium through direct foaming processes. 
The amount of gas contained in the geopolymer slur-
ry influences overall porosity, and pore size is linked 
to setting characteristics (53). The size and distribu-
tion of the cured foams are influenced by the blow-
ing agent used and the amount added (54). Foaming 
is commonly accomplished by mechanically mixing 
H2O2 (49), metallic Al (40), metallic Si (55), and so-
dium perborate (56) into the geopolymer sludge. The 
degradation of the additives in the alkaline sludge re-
sults in the formation of a bubble and a porous layer. 
In Equations [1], [2], and [3], a bubble and porous 
structure are created because of the degradation of the 
additives in the alkaline sludge:

2H2O2  2H2O+O2 [1]
Al + 3 H2O + OH  Al (OH)4 + 3/2 H2 [2]
Si + 4H2O  2H2 + Si (OH)4 [3]

Due to the general high gas-liquid contact area, 
liquid foams are thermodynamically unstable. As 
a result, several physical processes like drainage, 
creaming, and Ostwald ripening destabilize the slur-
ry, causing large pores to form. Surfactants are re-
quired to maintain system stability, manage the pore 

size distribution, and lower the angle at the gas-liquid 
interface. Surfactants keep gas bubbles stable in the 
system by preventing them from aggregating. Surfac-
tants such as butyric acid, valeric acid, butyl gallate, 
propyl gallate, hexylamine, and calcium stearate are 
commonly utilized (57–62).

Another technique to improve energy efficiency 
in buildings is to incorporate lightweight aggre-
gates to increase porosity and acquire low density 
construction material at the same time. One of the 
materials used for this is expanded perlite (49, 63–
65). Expanded perlite is a siliceous volcanic glass 
with a large volume that expands significantly when 
heated. Its volume grows 4–20 times when heated 
above 870 oC (66). The thermal insulation qualities 
of expanded perlite are greatly improved as a result 
of this increase in volume and porous structure. Fur-
thermore, compared to the density of conventional 
perlite, expanded perlite has very low density. Com-
pared to alternative materials including exfoliated 
vermiculite, expanded clay or shale, pumice, and 
mineral wool, the low cost of expanded perlite may 
be a significant advantage (65). 

The current consensus is that there are many vari-
ables affecting the properties and performances of 
fresh and hardened geopolymeric materials, including 
alkaline concentration, curing temperature, curing du-
ration, Na2O/SiO2 ratio, SiO2/Al2O3 ratio, H2O/Na2O 
ratio, and additives (19, 67–69). Although many stud-
ies were performed about improving the mechanical 
properties of geopolymer materials and geopolymer 
foams, different foam forming methods (49, 70, 71), 
stabilizing foam cells (72, 73), and examining the 
thermal properties of geopolymer foams (61, 74), 
there are no guidelines and comprehensive publica-
tions examining the mechanical, physical and thermal 
properties of many samples.

So far, investigations of alkali activated materials 
generated utilizing slag and fly ash as raw materials has 
continued, significantly in relation to microstructures, 
workability, mechanical performance, and durability 
(17, 75, 76). Alkali activated materials were used in 
some real situations in Asia, Australia, and Europe with 
established technical specifications (1, 14, 15). Never-
theless, due to a shortage of clear guidelines that may be 
extensively recognized, alkali activated blend formula-
tion is almost always difficult to evaluate and recreate. 
For this reason, determining the working range with a 
detailed study is important research for alkali activated 
concrete. The properties and necessary performance 
conditions of foam concrete (CLC) masonry units used 
in all types of masonry walls, whether load bearing 
or not, are presented in TS13655 (Turkish Standard). 
According to this standard, the strength value of all 
kinds of walls, including monolithic walls, sandwich 
(double-layer walls) walls, partition walls, retaining 
walls and foundations, as well as general applications 
underground, should be >1 MPa and <450-550 kg/m3 
density property. 

https://doi.org/10.3989/mc.2022.00422


4 • C. Kurtulus et al.

Materiales de Construcción 72 (348), October-December 2022, e298. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2022.00422

Experimental design methods have gained popu-
larity in recent years for various reasons, including 
obtaining more information with less laboratory ef-
fort, saving time and raw materials, and examining 
the variables that influence the critical attributes. 
When an investigation is conducted without em-
ploying the experimental design approach, modi-
fications are made to the first variable assumed to 
influence the outcome, and the first variable is used 
until the best values are found. When trying to find 
the best values for the second variable, there will 
be a shift from the first variable’s optimum value. 
Every modification performed at the variable level 
will lead to changes at all levels. Although the in-
fluence level of each variable will be understood 
separately, the process will not be fully understood, 
and the effects of the variables on one another will 
not be resolved. The effect of one variable can be 
evaluated with varying degrees of other variables 
in studies that follow the experimental design 
method, and more data can be gathered with fewer 
experiments (77, 78).

For the subject of geopolymers, there are many 
researchers who obtained findings using different 
experimental design methods. In their studies, they 
generally focused on critical parameters such as wa-
ter/binder ratio, fly ash/alkali ratio, alkaline concen-
tration, and raw material ratio. Li et al. worked on 
slag-based concrete using the Taguchi method (79). 
In addition, Nazari et al. prepared geopolymers con-
taining rice husk ash and fly ash using the Taguchi 
method and determined the optimum mix compo-
sitions (80). Hadi et al. conducted studies on geo-
polymer-based concretes using the multiple regres-
sion model with four variables related to strength 
abd slump set time, and developed formulations 
including alkali /binder, sodium silicate/sodium hy-
droxide, and water/binder ratios (81). Lokuge et al. 
studied fly ash-geopolymer concrete using a mul-
tivariate adaptive regression spline model. During 
their studies, they collected all the literature on the 
subject and analyzed the variables of water/binder, 
alkali/binder, sodium silicate/sodium hydroxide, and 
alkaline concentration (82). Onoue et al. performed 
an experimental design about fly ash-based geo-
polymers using the Taguchi method. They studied 
the sodium silicate/sodium hydroxide ratio, alkaline 
concentration, fly ash-slag ratio, mixing time, curing 
temperature, and cumulative temperature with two 
different fly ash types purchased from different lots 
(83).

This article presents comprehensive results about 
the physical properties, mechanical properties, and 
thermal conductivity properties, which will guide the 
preparation phase of fly ash-based geopolymer foams 
that are planned to be used as building materials. This 
study is also crucial in terms of evaluating fly ash, 
which is a thermal power plant waste, in the context 
of the circular economy and transforming it into a val-
ue-added product in the field of construction.

2. MATERIALS AND METHODS

Solid main raw materials used for the preparation 
of foam geopolymers are fly ash and metakaolin. Fly 
ash was supplied by Seyitömer Thermal Power Plant 
(Kütahya/Turkiye). It is classified as Class F ac-
cording to the ASTM-C618 (84). Metakaolin pow-
der (MEFISTO L05) was purchased from the Czech 
Republic. Sodium silicate solution and sodium hy-
droxide particulates were used in the preparation of 
alkaline solution. In the foam formation phase, hy-
drogen peroxide (30% concentration) was used as 
a foaming agent. and calcium stearate was used as 
a surfactant. Additionally, chopped polypropylene 
fiber (1 cm long and 30 µm diameter) and expanded 
perlite (1-3 mm diameter) were added to samples. 
To improve the geopolymerization properties of the 
solutions, a small amount of metakaolin was added. 
To abide by the circular economy goal while also 
improving geopolymerization, a maximum of 15% 
metakaolin was added (85, 86). Calcium stearate 
was chosen due to its outstanding surfactant proper-
ties while being affordable, odorless, and having low 
toxicity (87). It is a white powder, that is slippery 
and insoluble in water. Chopped polypropylene fiber 
was added to the samples to prevent cracks that may 
occur during drying (88–94), and expanded perlite 
was added to improve the thermal insulation proper-
ties (49, 63, 65, 95).

Table 1 summarizes the chemical compositions 
of solid raw materials measured by XRF, and Table 
2 gives specific surface area and specific weight of 
raw materials, respectively. The specific surface area 
of fly ash and metakaolin were detected by the BET 
method. Density values of aluminosilicate raw mate-
rials were measured with a pycnometer. 

In order to prepare the alkaline solution, NaOH 
plates were completely dissolved in sodium silicate 
solution. To ensure the homogeneous distribution, the 
fibers added to the alkaline mixture were mixed for 

Table 1. Chemical composition of aluminosilicate raw materials.

SiO2 Al2O3 CaO Fe2O3 MgO K2O
Fly Ash (%) 50.30 19.10 4.55 12.40 4.67 2.16

Metakaolin (%) 54.10 41.10 0.13 1.10 0.18 0.80
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another one minute. Solid content was homogeneous-
ly mixed by adding calcium stearate into the mix-
ture containing metakaolin and fly ash. The alkaline 
solution was poured onto the solid mixture without 
waiting for it to cool and the geopolymer content was 
mixed for five minutes. After that, H2O2 was added to 
the geopolymer mixture and the blend was mixed vig-
orously for 1 minute. Finally, the geopolymer mixture 
was poured into 10x10x10 cm molds and cured for 24 
hours in an oven (Figure 1). The hardened geopoly-
mers were demolded and stored at room temperature 
for 28 days.

The samples prepared for thermal conductivity anal-
ysis were produced as presented in the flow chart in 
Figure 1. Since the authors preferred the guarded hot 
plate method for thermal conductivity analysis, the 
samples were produced with 30x30x5 cm dimensions. 

Compressive strength, bulk density, and thermal 
conductivity analyses of the prepared foam samples 
were performed on the 28th day. Analysis of the large 
amount of data obtained was performed with the 
SPSS program, and the results obtained were con-
firmed with statistical data.

2.1 Experimental design procedure

Geopolymer experiments were conducted with 
Box Behnken experimental design method. A de-
tailed study was carried out to obtain comprehensive 
information about compressive strength, density, 
and thermal conductivity properties of fly ash-based 
foam geopolymers. The maximum (1), minimum 
(-1) and average (0) values for six variables were 
determined for the experiment design. Maximum 
and minimum values were provided by using pre-
liminary studies. The average value (0) represents 
the mean of the maximum and minimum value. The 
values determined for the experiment design are pre-
sented in Appendix 1. Oxide molar ratios of all mix 
design compositions of samples are shown in Table 
3. Contour plots were used to interpret the complex 
data collected.

2.2 Instrumentation

Compressive strength was tested with 
10x10x10 cm specimens. Samples were cured at 
room temperature (25 ºC±1 and 50±5% relative 
humidity) for 28 days. The strength of geopolymer 
foams was tested with a loading rate of 3 kN/s. Bulk 
densities of samples cured at room temperature for 
28 days were measured in accordance with ASTM 
C642. At least three samples were examined, and av-
erage values were recorded. Scanning electron mi-

Table 2. Physical properties of aluminosilicate raw materials.

Properties Fly Ash Metakaolin
Specific Surface Area (kg/m2) 7.91 17.08

Density (kg/m3) 2.58 2.50

Figure 1. Schematic presentation of the synthesis of fly ash-based porous geopolymers.
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croscopy (SEM) with back-scattered electron (BSE) 
images were performed to analyze the surfaces of 
the specimens and investigate porosity on a LEO 
1430 VP device. Secondary electron images were 
obtained with an acceleration voltage of 20 kV. In-
formation about bonds formed in geopolymer sam-
ples and their amounts were obtained by the FTIR 
method. FTIR analysis was performed to correlate 
with drying shrinkage. The samples were character-
ized by diamond ATR spectroscopy and absorption 
spectra in the 4000-400 cm-1 spectrum range. The 
thermal conductivity of samples was tested using 
a TA Instruments FOX 314 Thermal Conductivity 
Analyzer. The guarded hot plate method was used 
to measure the thermal conductivity of low con-
ductivity construction and insulation materials at 
a temperature of 25 °C. The samples were dried in 
an oven at 105 °C until they attained a consistent 
weight for thermal conductivity analysis. 

All samples were subjected to strength and density 
tests. Thermal conductivity investigation was done on 
samples chosen from among those that showed the 
best strength and density performance. As a result 
of these analyses, contour plots were created. Only 
selected samples were subjected to XRD, SEM and 
FTIR analyses. The formulations of the selected sam-
ples are depicted in the figures that accompany the 
analysis findings.

3. RESULTS AND DISCUSSION

3.1 Compressive strength analysis

In the study, the effects of all variables on strength 
were examined with the help of contour graphics and 
the results are presented in Table 4 and Figure 2. As 

the indicator on the right side of the graphics turns 
from cold colors to warm colors, the strength value 
increases. As shown in all figures, the strength values 
vary between 0.57 MPa and 2.75 MPa. The graphs 
with the most transitions between colors were exam-
ined visually, and H2O2, expanded perlite, and curing 
temperature were the variables that have the most ef-
fect on strength.

Data obtained from compressive strength tests 
were analyzed using statistical analysis methods. 
Multiple regression was carried out with the help 
of stepwise linear regression in order to investigate 
which variables used in geopolymer composition 
contributed more to strength development (Table 4). 
Stepwise linear regression is a method of regressing 
multiple variables while simultaneously removing 
those that aren’t important. SPSS ordered the vari-
ables in the model according to their correlation 
strengths with the dependent variable, as shown in 
Table 4. The model was constructed by measuring 
the effect of each variable entered into the model. 
The model shows that H2O2, curing temperature, al-
kaline concentration, and expanded perlite amount 
all influenced strength. The beta value describes 
the effect of the independent variable on the de-
pendent in multiple regression. Regardless of sign, 
large numbers represent the most impactful param-
eter on the property. The relative importance of the 
variables on strength, according to the standardized 
regression coefficient (β), were H2O2 amount, curing 
temperature, alkaline concentration, and expanded 
perlite quantity. H2O2 and expanded perlite were 
negatively connected to strength and strength was 
positively related to curing temperature and alkaline 
concentration. A positive relationship suggests that 
the change is directly proportional, while a nega-
tive relationship shows that the change is inversely 
proportional. When the significance (p-value) of the 

Table 3. Oxide molar ratios of geopolymer pastes.

Fly Ash-Metakaolin 
Ratio (%)

Alkaline Concentra-
tion H2O/Na2O SiO2/Al2O3 Na2O/SiO2 Na2O/Al2O3

85-15

6M 13.42 5.19 0.28 1.40

8M 11.75 5.19 0.33 1.63

10M 10.47 5.19 0.37 1.85

90-10

6M 13.40 5.44 0.28 1.47

8M 11.73 5.44 0.33 1.71

10M 10.45 5.44 0.37 1.95

95-5

6M 13.37 5.72 0.28 1.55

8M 11.71 5.72 0.33 1.80

10M 10.44 5.72 0.37 2.05
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variables and models is assessed, the association be-
tween the variables was statistically significant be-
cause the values are less than 0.05.

The negative and moderate value (r=-0.624) cor-
relation between H2O2 and strength values was ob-
tained using binary correlations between the strength 
value and the variables. The curing temperature and 
strength values were found to have a positive and 
moderate binary (r=0.518) correlation. The alkaline 
concentration and strength values were found to have 
a moderate (r=0.340) positive binary interaction. Fi-
nally, a moderate binary (r=0.616) negative associa-
tion was calculated between expanded perlite content 
and strength development.

The table shows that H2O2 and expanded perlite 
reduce strength, whereas curing temperature and al-
kaline concentration enhance strength. The numerical 
size of the beta value, regardless of sign, also provides 

the most information about the effect of variables on 
strength. This means that H2O2, curing temperature, 
alkaline concentration, and expanded perlite all im-
pact compressive strength.

In this context, the authors created a ternary 
strength graph by selecting three different variables 
that have the greatest impact on strength. In this case, 
the authors chose three variables that had the great-
est impact on strength and created a ternary strength 
graph to estimate the operating range.

The area covered by red, yellow, and green on the 
triangle graph suggests that strength values at and 
above the intended value (1 MPa) can be obtained, 
which was determined at the start of the study. As 
an outcome, samples made at maximum 1.0% H2O2, 
minimum 70 ºC, and containing any amount of ex-
panded perlite can achieve >1.0 MPa strength. The 
coloring changes to turquoise and dark blue in loca-

Figure 2. Contour charts of all measured strength values. a) Hydrogen peroxide vs. calcium stearate b) Hydrogen peroxide vs. perlite, 
c) Hydrogen peroxide vs. curing temperature vs., d) Alkaline concentration vs. temperature e) Fly ash vs. alkaline concentration.

Table 4. Statistical analysis of variable data thought to affect strength.

Model B value Standard Error Beta value p-value R2 Binary r

Constant 0.614 0.767

<0.001 0.424
H2O2 (%) -0.779 0.177 -0.479 -0.624

Curing Temperature (oC) 0.022 0.009 0.269 0.518
Alkaline concentration (M) 0.101 0.044 0.248 0.340

Expanded Perlite (%) -0.073 0.032 -0.248 -0.616
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tions where the curing temperature is lower than the 
established value and the H2O2 amount is higher than 
the indicated value, where strength values below the 
target value are feasible.

While the maximum compressive strength was 
achieved at 80 °C, the minimum compressive strength 
was obtained at 60 °C, and the strength gradually var-
ied as the temperature was increased. The compres-
sive strength increased when the curing temperature 
was raised, according to this finding. Although Hard-
jito et al. (96) asserted that increasing the curing tem-
perature over 60 °C does not considerably increase 
compressive strength, temperature increased strength 
in fly ash-based geopolymer foams in our work.

The degree of porosity mainly controls the mechani-
cal strength of the geopolymer foam (55). The increase 
in H2O2 contributes to thinning and weakening of the 
pore walls and decreasing bulk density values cause 
a decrease in strength. Geopolymer foams containing 
1.0% H2O2 reached a strength value of >2.5 MPa. While 
the strength values of samples containing 1.5% H2O2 
decreased to 1.5-2.0 MPa, it even falls below 1.0 MPa 
for samples containing 2.0% H2O2.

When expanded perlite is added to a geopolymer 
mixture, its porous and weak structure causes weak 
zones (97). As a result, expanded perlite in the com-
bination has a negative impact on the mechanical 
characteristics. While samples without any expanded 
perlite can reach a strength value of about 1.5 MPa, 
when 2.5% expanded perlite is added to the mixture, 
the strength value drops from one to 0.5 MPa.

Using the triple chart in Figure 3, H2O2 must be less 
than 1.5%, curing temperature must be greater than 
70 °C, and perlite must be less than 2.75% to achieve 
strengths greater than 1 MPa required by the TS13655 
standard.

3.2 Density analysis

The findings for density analysis are shown in 
Appendix 1, statistical results in Table 5, and the 
contour plots in Figure 4 were utilized to observe 
the variables that affect sample densities. Figure 4a 
reveals that, regardless of the amount of calcium 
stearate used, sample densities vary directly with 
the amount of hydrogen peroxide. Figure 4b shows 
that hydrogen peroxide has a greater effect on densi-
ty values than expanded perlite. The density values 
were somewhat affected by the temperature increase 
in Figures 4c and 4d, and the density values may 
increase with the increase in alkaline concentration. 
Figure 4e demonstrates that the amount of fly ash 
has little effect on the density values.

Multiple regression was performed using the 
stepwise linear regression approach, as in the com-
pressive strength study, to determine the variables 
impacting the density of the foam geopolymers. Ta-
ble 5 shows the parameters that have the greatest 
impact on density. The most effective variables on 
density in this model were peroxide, curing tem-
perature, and alkaline concentration. When the 
significance (p-value) of the variables and models 
presented in the table are examined, the relation-
ship between the variables was statistically signifi-
cant since the values are less than 0.05. Along with 
low density, expanded perlite is commonly used in 
manufacturing lightweight concrete (98, 99). Even 
though expanded perlite was employed in the study, 
it was not one of the variables affecting density in 
the SPSS analysis. The small amount in the compo-
sition is considered the main cause. As a result, as 
can be followed by the beta values, hydrogen per-
oxide, curing temperature, and alkaline concentra-
tion all had a greater impact on the density value, 
respectively.

As presented in Table 5, the variables of hydro-
gen peroxide, curing temperature, and alkaline con-
centration had a significant and robust relationship 
(R2=0.874 and p<0.05). Together, these three vari-
ables explain approximately 87.4% of the total vari-
ance of the density values. There was a negative and 
robust (r=-0.789) relationship between H2O2 and 
density values. There was a positive and low binary 
correlation (r=0.177) between the curing tempera-
ture and the density values. A moderate (r=0.332) 
positive binary correlation was calculated between 
alkaline concentration and density values. Thanks 
to model three, a ternary diagram was drawn, and 
the operating range was determined by considering 
the parameters that most affected the density value 
(Figure 5).

Although Hardjito et al. (100) claimed that rais-
ing the curing temperature above 60 °C does not in-
crease the compressive strength significantly, in this 
study, the temperature increased the strength of fly 
ash-based geopolymer foams. 

Figure 3. Presentation of the most effective variables on 
strength in ternary graphs and working range detection. (Values 

used in the study were normalized out of 100 among them-
selves. So 0=1.0%, 50=1.5%, 100=2.0% for hydrogen peroxide, 

0=60ºC, 50=70ºC, and 100=80ºC for the curing temperature, 
and 0=0%, 50=2.75%, 100=5.5% values for expanded perlite 

amount).
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To produce a sample with the density of 
450-550 kg/m3 required by the TS13655 standard, 
the triple graph in the figure indicates that H2O2 
must be less than 1.75%, curing temperature must be 
higher than 70 °C, and alkaline concentration must 
be greater than 8 M.

3.3 Thermal conductivity analysis

The Figure 6 shows contour plots created from 
the thermal conductivity analysis findings. The 
thermal conductivity values of fly ash-based geo-
polymer foams ranged between 0.089 to 0.1328 
W/mK, according to the results of the investiga-
tion. The effect of H2O2 and Ca-stearate on ther-
mal conductivity is seen in Figure 6a. Ca-stearate 
and H2O2 both appear to improve the insulating 
capabilities gradually. The decrease in heat con-
ductivity was induced by the presence of more 
air gaps in the geopolymer matrix caused by the 

Figure 4. Contour charts of measured density values. a) Hydrogen peroxide vs. calcium stearate b) Hydrogen peroxide vs. perlite, c) 
Curing temperature vs. hydrogen peroxide, d) Curing temperature vs. alkaline concentration, e) Fly ash vs. alkaline concentration.

Table 5. Statistical study of variable data to help determine density.

Model B value Standard Error Beta value p-value R2 Binary r

Constant 687.370 56.011

0.000 0.874
H2O2 (%) -148.667 12.983 -0.788 -0.789

Alkaline concentration (M) 15.667 3.246 0.332 0.332

Curing Temperature (ºC) -1.667 0.649 -0.177 0.177

Figure 5. Presentation of the most effective variables on density 
in ternary graphs and determination of working range. (Values 

used in the study were normalized out of 100 among themselves. 
So 0=1.0%, 50=1.5%, 100=2.0% for hydrogen peroxide, 0=60ºC, 
50=70ºC, and 100=80ºC for the curing temperature, and 0=6 M, 

50=8 M, 100=10 M values for alkaline concentration).
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increased amount of H2O2 (39, 101, 102) and the 
reduction of pore diameters generated by Ca-stea-
rate (73, 103–105) in the composition. The effect 
of fly ash and calcium stearate on thermal conduc-
tivity is seen in Figure 6b. The amount of fly ash 
was found to influence thermal conductivity, ini-
tially decreasing and later boosting it. Figure 6c 
demonstrates that when the alkali concentration 
increases, the thermal conductivity values drop; 
however, the expanded perlite additive enhanc-
es insulation. The thermal insulation qualities of 
the structure increased because expanded perlite 
enhances the total porosity of the structure (65, 
106). The thermal conductivity value is thought to 
increase when the alkali content in the geopoly-
mer density values rises (107, 108).

3.4 SEM analysis

Figure 7 presents the microstructure properties 
of the synthesized fly ash-based geopolymers as 
evaluated by SEM. The microstructure of foam 
geopolymers generated with different concentra-
tion levels of alkaline activator is shown in Fig-
ures 7a–7b. Increasing concentrations of alkaline 
activator create more pores and reduce the pore 
sizes in the areas examined at equal magnifica-
tions. The viscosity of the geopolymer mixture in-
creases as the alkalinity rises. The increased exter-

nal pressure around the pores inhibits their growth 
and development (34, 109). As a result, the pores 
formed in geopolymer compositions with lower 
alkalinity are smaller. In Figure 7c-7d, the pore 
size of the foam geopolymer grows as the amount 
of H2O2 increases. As the amount of dissociated 
O2 increased in tandem with the amount of H2O2, 
the pores enlarged and more porosity occurred 
(49). The pore size distribution in geopolymer 
foams at different foaming temperatures is shown 
in Figures 7e and 7f. As the foaming temperature 
increased, the number of large pores reduced, and 
the distribution of pores became more uniform. 
The fundamental reason for this is that as the tem-
perature goes up, the geopolymerization process 
accelerates, and the gas generated as a result of 
the decomposition of H2O2 in the composition re-
mains trapped in the structure as it begins to hard-
en and is unable to join with other pores and ex-
pand (110). Figure 7g presents scanning electron 
microscopy images of the geopolymer containing 
expanded perlite, which appears to have high po-
rosity. Expanded perlite, which has high porosity, 
is exceptionally light, and it is inevitable that it 
causes a severe decrease in density depending on 
the amount added to the final product (65). Excess 
expanded perlite content, which has low strength, 
in the mixture causes deterioration in the mechan-
ical properties of the final product, as it will cause 
the formation of porous and low strength areas.

Figure 6. Contour charts for measured thermal conductivity values. a) Hydrogen peroxide vs. calcium stearate, b) Fly ash vs. calcium 
stearate, c) Alkali concentration vs. perlite.
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3.5 FTIR analysis

The influence of curing temperature, alkali con-
centration and aluminosilicate raw material com-
binations on the structural alterations and reac-
tion products of fly ash-based foam geopolymers 
was investigated using FTIR experiments. For the 
FTIR study, a Bruker Vertex 70V type spectrome-

ter device (400-4000 cm-1) was used. The results of 
FTIR spectroscopy are represented graphically as 
transmittance vs. wavenumber. The spectra lines of 
foam geopolymer samples are shown in Fig. 7. The 
H-OH bending and -OH symmetric and asymmet-
ric stretching functional groups are apparent in the 
broad and strong peaks at 3600-3000 and 1650 for 
foam geopolymer samples. The water and poten-

Figure 7. SEM Images of geopolymer samples. a)6M-90UK-0.15CS-70C-7H2O2 b) 10M-90UK-0.15CS-70C-7H2O2 c) 8M-90UK-
0.15CS-70C-4H2O2 d) 8M-90UK-0.15CS-70C-7H2O2 e) 10M-90UK-0.45CS-60C-5.5H2O2 f) 10M-90UK-0.45CS-80C-5.5H2O2 g) 

10M-90UK-0.45CS-80C-5.5H2O2.

https://doi.org/10.3989/mc.2022.00422


12 • C. Kurtulus et al.

Materiales de Construcción 72 (348), October-December 2022, e298. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2022.00422

tial -OH groups in the oligomeric solute species are 
responsible for these bands. The significant peaks 
detected in FTIR analyses of geopolymers between 
1000 and 600 cm-1 are known to be connected with 
asymmetric vibrations of T–O–Si bonds (T = Si or 
Al) (111). The peak at 970-800 cm-1 is linked to 
Al-O-Si bond bending vibrations, while the peak 
at 420 cm-1 is linked to Si-O-Si bending vibrations 
(112). The slight changes in the wavenumber 2200-
1800 cm-1 detected in the geopolymer compositions 
with added organic surfactant reveal the symmetri-
cal and asymmetrical vibrations of CH2 due to the 
organic surfactant component (113). In addition, 
carbonyl stretching peaks (COO-) from the chem-
ical structure of Ca-stearate were detected at 1600 
cm-1. The peak for the Si-O-Ca vibration can be 
seen at 750 cm-1 (114). sity, and thermal conductivity including fly ash-me-

takaolin ratio, alkalinity, curing temperature, calcium 
stearate, H2O2, and expanded perlite. The study find-
ings were statistically assessed, and the three most ef-
fective variables on density and strength were chosen, 
with ternary graphs made as a guide. The variation of 
thermal conductivity values was also analyzed with 
the help of contour plots. In this case, H2O2 and cur-
ing temperature were identified as the variables that 
had a combined effect on the strength and density val-
ues. Pearlite and alkaline concentration, respectively, 
were the third and fourth variables that influenced the 
strength and density values. The data for the techni-
cal needs stated in TS13655 were collected for non-
load-bearing wall elements, and the working ranges 
that may be utilized as a guide were identified. Work-
ing with less than 1.75% H2O2, a curing temperature 
greater than 70 °C, an alkali concentration greater 
than 8 M, and expanded perlite less than 2.75% will 
match the predicted values when the operating ranges 
for both density and strength are examined together.
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Appendix 1. Variables used in experiment design and analysis results.

No Fly ash 
(%)

Metakaolin 
(%)

Ca-
Stearate 

(%)

Expanded 
pearlite (%)

Alkaline 
concentration 

(M)

H2O2 
(%)

Curing 
temperature 

(oC)

Compressive 
strength 
(MPa)

Density 
(kg/m3)

1 85 15 0,45 0 6 1,5 70 1,59 450

2 85 15 0,45 0 10 1,5 70 1,672 540

3 95 5 0,45 0 6 1,5 70 0,676 432

4 95 5 0,45 0 10 1,5 70 1,779 567

5 85 15 0,45 20 6 1,5 70 0,576 445

6 85 15 0,45 20 10 1,5 70 1,668 527

7 95 5 0,45 20 6 1,5 70 1,605 473

8 95 5 0,45 20 10 1,5 70 1,505 475

9 85 15 0,15 10 8 1,5 60 1,451 515

10 95 5 0,15 10 8 1,5 60 1,455 452

11 85 15 0,75 10 8 1,5 60 1,014 431

12 95 5 0,75 10 8 1,5 60 2,018 528

13 85 15 0,15 10 8 1,5 80 1,192 472

14 95 5 0,15 10 8 1,5 80 1,125 435

15 85 15 0,75 10 8 1,5 80 1,191 481

16 95 5 0,75 10 8 1,5 80 1,481 458

17 90 10 0,15 0 8 1 70 2,612 537

18 90 10 0,75 0 8 1 70 2,656 563

19 90 10 0,15 20 8 1 70 1,304 526

20 90 10 0,75 20 8 1 70 0,578 465

21 90 10 0,15 0 8 2 70 1,794 432

22 90 10 0,75 0 8 2 70 1,259 415

23 90 10 0,15 20 8 2 70 0,623 344

24 90 10 0,75 20 8 2 70 1,119 385

25 90 10 0,45 0 6 1,5 60 1,44 475

26 90 10 0,45 0 10 1,5 60 1,864 560

27 90 10 0,45 20 6 1,5 60 1,22 450

28 90 10 0,45 20 10 1,5 60 2,011 535

29 90 10 0,45 0 6 1,5 80 0,658 414

30 90 10 0,45 0 10 1,5 80 1,872 472

31 90 10 0,45 20 6 1,5 80 1,61 475

32 90 10 0,45 20 10 1,5 80 1,208 480

33 85 15 0,45 10 8 1 60 2,485 568

34 95 5 0,45 10 8 1 60 2,747 566

35 85 15 0,45 10 8 1 80 1,196 461

36 95 5 0,45 10 8 1 80 2,006 567

37 85 15 0,45 10 8 2 60 1,152 398

38 95 5 0,45 10 8 2 60 1,203 382

39 85 15 0,45 10 8 2 80 0,682 367

40 95 5 0,45 10 8 2 80 0,732 378
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No Fly ash 
(%)

Metakaolin 
(%)

Ca-
Stearate 

(%)

Expanded 
pearlite (%)

Alkaline 
concentration 

(M)

H2O2 
(%)

Curing 
temperature 

(oC)

Compressive 
strength 
(MPa)

Density 
(kg/m3)

41 90 10 0,15 10 6 1 70 2,61 557

42 90 10 0,15 10 10 1 70 2,15 590

43 90 10 0,75 10 6 1 70 2,109 511

44 90 10 0,75 10 10 1 70 2,134 592

45 90 10 0,15 10 6 2 70 1,576 394

46 90 10 0,15 10 10 2 70 1,864 432

47 90 10 0,75 10 6 2 70 1,22 367

48 90 10 0,75 10 10 2 70 2,011 425

49 90 10 0,45 10 8 1,5 70 1,8 535

50 90 10 0,45 10 8 1,5 70 1,8 444

51 90 10 0,45 10 8 1,5 70 1,8 445

52 90 10 0,45 10 8 1,5 70 1,8 450

53 90 10 0,45 10 8 1,5 70 1,8 449

54 90 10 0,45 10 8 1,5 70 1,8 457
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