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For the purpose of reducing the energy consumption and construction cost of buildings,
the preparation process of geopolymer based foamed concrete, which is a novel material
of the wall and roof of building, had been studied in detail. Water glass and sodium
hydroxide were used as the alkali activator to excite themixture consists of slag, fly ash and
Kaolin to form the geopolymer matrix, and finally the foams generated using the physical
foaming method were filled into the geopolymer matrix to produce geopolymer-based
foamed concrete blocks. In the preparation process, firstly one of the four parameters of
foam content, water-binder ratio, water glass content, and water glass modulus had been
changed separately to study the influence of a single factor on the compressive strength,
dry density, thermal conductivity and specific strength of foamed concrete blocks. The
experimental results show that the above four factors have different degrees of influence on
the concerned performances. Next, some representative combinations of these factors
were constructed by orthogonal experiment method, and the influence degree of each
combination on the concerned performances was determined by means of range analysis.
According to the results of analysis, the most important influencing factor in terms of
thermal conductivity was the water-binder ratio, followed by foam content, water glass
modulus and water glass content. When the foam content is 1.58%, the water-binder ratio
is 0.45, the water glass content is 30%, and the water glass modulus is 1.2, the thermal
conductivity of the prepared geopolymer foam concrete reaches 0.044W/(m·K), which
satisfies the expected requirements for heating in severe cold areas.
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1 INTRODUCTION

With the development of society and the increase of population, the problem of energy shortage has
become increasingly prominent, and countries all over the world have attached great importance to
energy conservation and environmental protection in the construction industry (Huang, 2013). The
Chinese government proposed the development of “applicable, economical and green buildings” in
the “13th Five-Year Plan” (Fan et al., 2019). As an important part of the building, the design of the
enclosure structure is closely related to the building energy consumption (Liu et al., 2014). In recent
years, with the continuous enhancement of China’s scientific research and economic strength,
relevant functional departments have put forward higher requirements on building environmental
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protection, and have successively introduced various policies and
measures. With the strong support of these favorable policies,
reforms in the construction sector have been deepened, and
significant progress has been made in the research of building
energy-saving technologies and building energy-saving materials
(Chang et al., 2016). From the chemical composition, building
insulation materials can be divided into organic materials
(Silvestre et al., 2016), inorganic materials (Wang et al., 2020)
and organic-inorganic composite materials (Yang et al., 2018). In
China’s building materials market, organic building materials
such as polystyrene foam and polyurethane foam are common
(Hou et al., 2018; He, 2017). Compared with inorganic materials,
organic materials have the advantages of light weight and low
thermal conductivity, which made them favored by the market.
Apart from the above advantages, the problems of low ignition
point and easy aging of organic building materials can’t be
ignored (Vuong et al., 2016). On the morning of March 9,
2021, an indoor fire in the Zhongxin Building in Shijiazhuang
City, Hebei Province caused serious casualties and property losses
because the fire spread to the insulation layer of the building’s
external walls. The intensification of fires caused by the
inflammable insulation of the exterior wall of buildings such
as this occurs many times a year, seriously endangering national
health and economic construction. In order to reduce the fire
threat caused by organic building materials, the Ministry of
Housing and Urban-Rural Development of the People’s
Republic of China has issued a series of announcements to
limit the excessive use of organic building materials (Xiao and
Ding, 2013). Therefore, inorganic materials represented by
foamed concrete have gradually become a research hotspot in
the field of building materials (Yang et al., 2021).

Foamed concrete is a kind of lightweight and porous concrete
that receives considerable attention from builders worldwide. The
irregular voids inside are derived from the foaming agent mixture
in the mortar (Amran et al., 2015). The urgent need for energy-
saving and environmentally-friendly building technology has
promoted the rapid promotion of foam concrete. Pure cement
mixed with fine sand is commonly used for preparing foamed
concrete with light weight and uniformly distributed discrete
bubbles (Ramamurthy et al., 2009). In different countries such as
the United Kingdom, Germany, Turkey, the Philippines and
Thailand, foam concrete has become a common material
required for construction (Mydin and Wang, 2011). In history,
the Romans first realized that by adding blood to a mixture of
small gravel, coarse sand and hot lime and stirring it with water,
the resulting block containing small bubbles was more durable
and practical (Hill, 2013). In 1923, Axel Eriksson was granted a
patent for Portland cement-based foam concrete (Valore, 1954).
After that, major improvements in production equipment and
better superplasticizer and foaming agents have allowed foamed
concrete to be used on a large scale, and a lot of efforts have been
made to comprehensively study the characteristics and behavior
of foamed concrete to simplify its usage in building structure
application. Foamed concrete can be prepared by two techniques,
which are called pre-foaming method and hybrid foaming
method. For the former, it is necessary to prepare stable foam
with the help of an air compressor, and then mix it with the basic

mixture (consisting of cement, sand and water). For the latter, the
foaming agent solution is mixed with the base mixture in a high-
speed mixer. Since Davidovits introduced geopolymers, the
concept of cement-free concrete has been formally put
forward (Liu et al., 2016). The concrete can be prepared by a
reaction between an alkaline solution and a raw material rich in
silica and alumina, followed by curing and drying (Hardjito et al.,
2004). The use of geopolymers to replace the ordinary Portland
cement (OPC) to make concrete not only significantly reduces the
CO2 emissions of the cement industry, but also realizes the reuse
of industrial waste residues such as fly ash. In addition,
geopolymer concrete also exhibits lower absorptivity than
OPC concrete. As a relatively new material, the preparation
process, proportion of doped components and material
properties of foamed concrete are yet to be studied.

This article mainly studies the preparation technology of
foamed concrete, and then expands it to introduce in detail
the optimized design of the raw materials and doping ratio of
foamed concrete to obtain the ideal compressive strength, dry
density, thermal conductivity, and specific strength in the fresh
and hardened state. The remainder of this paper is structured as
follows: Section 2 provides a complete solution of preparing the
geopolymer-based foamed concrete referred in this article. Next,
the influence of a single factor among foam content, water-binder
ratio, water glass content and water glass modulus on the
compressive strength, dry density, thermal conductivity, and
specific strength of foamed concrete blocks are described and
discussed in Section 3. Apart from this, the results of orthogonal
experiment (Xuan and Leung, 2011) and range analysis (Tang
et al., 2011) of the combination of various influencing factors will
also be presented. At last, the conclusions are drawn in Section 4.

2 RAW MATERIALS AND PREPARATION
METHOD OF FOAMED CONCRETE

2.1 Raw Materials
The most important raw material for preparing geopolymer-
based foamed concrete is geopolymer. Its basic material is usually
aluminosilicate in industrial waste residue, roasted clay or natural
minerals produced after smelting, or a mixture of the above
substances. Here we mixed Kaolin (Inner Mongolia Hongji Co.,
Ltd.), slag (Shenyang Huacheng Slag Powder Manufacturing Co.,
Ltd.) and fly ash (Tongliao General Power Plant Co., Ltd.) in a
certain proportion to form the basic material of geopolymer. The
main components of slag are calcium oxide and glass body. As a
by-product of coal combustion, fly ash is usually classified as
siliceous (class F) or cementitious (class C). In the experiment,
class C fly ash (Type I) conforming to the ASTM C 618 standard
was used as the auxiliary cementing material. The chemical
composition of slag and fly ash are listed in Table 1. The
alkali activator was made by water glass (Shandong Yousuo
Chemical Technology Co., Ltd.) and sodium hydroxide
(Shenyang Chemical Reagent Factory). In order to enhance
the compressive strength of the geopolymer, in addition to the
above-mentioned raw materials, a small amount of H46 hollow
glass beads jointly developed by Ma’anshan Institute of Mining

Frontiers in Materials | www.frontiersin.org November 2021 | Volume 8 | Article 7781732

Cong et al. Preparation of Foamed Concrete

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


Research and Chinese Academy of Sciences were added. The
physical foaming method is used to realize the preparation of
geopolymer-based foamed concrete. The current physical
foaming agents mainly include rosin, synthetic, protein, and
composite. Among them, the composite has the highest
foaming efficiency. The high-performance composite foaming
agent produced by Qingdao Xinyu Machinery Technology Co.,
Ltd., was used in the experiments. The foaming agent used is a
nearly colorless and transparent liquid, and the dilution ratio, pH
value, bleeding and foam density are 50, 7.1, <20 ml and 50 kg/
m3, respectively. For extending and stabilizing the foam to
maintain its long-term performance, hydroxypropyl methyl
cellulose produced by a Beijing company was introduced as a
foam stabilizer.

2.2 Preparation Method
The preparing process of geopolymer-based foamed concrete was
shown in Figure 1. First, sodium hydroxide, water glass and water
were mixed to form an alkali activator of the required modulus;
subsequently, dry materials such as Kaolin, slag and fly ash are
mixed in a certain proportion and poured into a pot and stir

evenly (about 3 min); then, the prepared alkali activator was
poured into the uniformly mixed powder and continue stirring to
form a geopolymer slurry (about 1 min); finally, the prefabricated
foam containing foam stabilizer was passed into a mixer filled
with geopolymer slurry and quickly stirred for about 45 s to form
a paste-like foamed concrete. In order to prevent the rapid loss of
moisture and cause cracks, we poured the above paste into a mold
and covered it with a film, and cured it in a standard curing
chamber for 24 h under constant temperature and humidity (20 ±
2°C, RH 90%). After demolding, the environmental parameters
were kept unchanged until the foamed concrete specimen
reached the predetermined age of 28 days.

2.3 Evaluating the Properties of Foamed
Concrete
The demoulded foam concrete blocks were divided to obtain 9 small
blocks in 3 groups with a length, width and height of 10 cm. The
measurement of the compressive strength and dry density of the
foamed concrete in this test follows the relevant regulations in the
industry standards of the Chinese construction industry (JG/T

TABLE 1 | Chemical composition of slag and fly ash.

Material Mass fraction (weight %, dry basis)

SiO2 Al2O3 CaO Fe2O3 MgO Na2O K2O TiO2 FeS

Slag 25.68 15.64 49.51 2.36 4.65 0.38 0.41 0.39 0.98
Fly ash 57.66 28.47 3.25 5.43 2.36 2.83 — — —

FIGURE 1 | The preparing process of geopolymer-based foamed concrete.
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266-2011). Before carrying out the experiments, first put the test
block in a drying box and dry it to a constant weight. Next,
measure the length, width and height twice and then take the
average to calculate the volume and surface area. Finally, the
average values of each group were calculated using the volumes,
surface areas and masses of the 3 test blocks. The IMDRY3001
thermal conductivity tester was used to measure the thermal
conductivity. In order to ensure accurate and reliable
measurement results, the upper and lower surfaces of the
selected test block are required to be as parallel, smooth and
uniform in thickness as possible. The compression strength test
uses NYL-2000D universal press, and its pressurizing speed can
be set to 0.5∼1.5KN/s. During the pressurization process, the load
is continuously and uniformly increased until the test block is
damaged. At this time, the pressure reading of the universal press
is recorded as the maximum failure load. The compressive
strength f is expressed as

f � F

A
(1)

where F is the maximum failure load and A is the area of Surface.
The calculation of dry density follows the following formula:

ρ0 �
m0

V
(2)

In Eq. 2, ρ0 is dry density,m0 is quality after drying, andV is the
volume. Compared with the simple compressive strength index,
the specific strength S obtained after the introduction of dry density
is more objective for foam concrete performance evaluation:

S � f

ρ0
(3)

3 RESULTS AND DISCUSSION

3.1 Influencing Factors of
Geopolymer-Based Foam Concrete
The performance of geopolymer-based foam concrete is affected
by foam content, water-binder ratio, water glass content and

TABLE 2 | Mixing ratio of geopolymer-based foam concrete with different foam content.

No. Water-binder ratio
(a.u.)

Slag (g) Fly ash
(g)

Water glass
content (%)

Water glass
modulus (a.u.)

Foam content
(%)

1 0.45 1,150 270 30 1.0 0.30
2 0.45 1,150 270 30 1.0 0.62
3 0.45 1,150 270 30 1.0 0.94
4 0.45 1,150 270 30 1.0 1.26
5 0.45 1,150 270 30 1.0 1.58

FIGURE 2 | The compressive strength, dry density and specific strength
of geopolymer-based foam concrete at the age of 28-day (foam content from
0.30 to 1.58%).

FIGURE 3 | The thermal conductivity of geopolymer-based foam
concrete at the age of 28-day (foam content from 0.30 to 1.58%).
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water glass modulus. The foam content is defined as ratio of the
mass of foaming agent and gelling material required to prepare
the foam. The water-binder ratio refers to the ratio of the total

water consumption to the mass of the cementations material in
the material preparation process. The water glass content is the
ratio of the pure water glass in the liquid water glass to the mass of

FIGURE 4 | The compressive strength, dry density and specific strength
of geopolymer-based foam concrete at the age of 28-day (water-binder ratio
from 0.35 to 0.55).

FIGURE 5 | The thermal conductivity of geopolymer-based foam
concrete at the age of 28-day (water-binder ratio from 0.35 to 0.55).

FIGURE 6 | The compressive strength, dry density and specific strength
of geopolymer-based foam concrete at the age of 28-day (water glass content
from 10 to 30%).

FIGURE 7 | The thermal conductivity of geopolymer-based foam
concrete at the age of 28-day (water glass content from 10 to 30%).
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the cementitious material. The water glass modulus is n in the
molecular formula of water glass (n in Na2O·nSiO2).

3.1.1 Foam Content
For the research of influence of foam content on the performance
of geopolymer-based foam concrete, the foam content was
increased from 0.30 to 1.58% during the preparation process
while keeping other conditions unchanged. The elementary mix
proportions are summarized inTable 2. The compressive strength,
dry density and specific strength of geopolymer-based foam
concrete at the age of 28-day are shown in Figure 2. It can be
found that the compressive strength and dry density of the
geopolymer-based foamed concrete decreases continuously with
the increase of the foam content. The above phenomenon is the
result of the continuous decrease of the concrete density as the
foam content increases. On the other hand, the continuous increase
of foam content will cause the foam to burst and merge, which in
turn makes the pores larger. Moreover, the curve of specific
strength shows a trend of first increasing and then decreasing.
This is because there is a significant change in the rate of decrease
of the concrete dry density as the foam content increases.When the
foam content increases to 0.62%, the specific strength reaches the
maximum. As is shown in Figure 3, the thermal conductivity of
foam concrete decreases with the increase of foam content, which
indicates that the voids inside the concrete help to improve its
thermal insulation performance.

3.1.2 Water-Binder Ratio
In Table 2, the foam content was fixed at 0.94%, the water-binder
ratio was changed in the range of 0.35–0.55, and the preparation

process was repeated. As the water-binder ratio increases, the
consistency of the slurry decreases, the fluidity increases, and the
stability of the concrete structure decreases. In addition, the shear
resistance of the slurry to the bubbles is also continuously
reduced, the bubbles continue to float up and tend to
concentrate, and stress defects are prone to appear in the
concentrated position. The above factors will cause the
compressive strength and dry density of concrete to decrease,
as shown in Figure 4. In the same way as above (Figure 2), the
sudden change in the rate of decrease of the concrete dry density
results in the fluctuation of the specific strength curve. When the
water-binder ratio is between 0.35 and 0.45, the curve has an
inflection point. The pores of foamed concrete increase with the
water-binder ratio, which in turn leads to a decrease in thermal
conductivity. The changing trend of the curve in Figure 5 just
confirms this process.

3.1.3 Water Glass Content
Among the materials listed in Table 2, the foam content was kept
at 0.94% while the water glass content was gradually increased
from 10 to 30%, and the preparation process was repeated. In
Figure 6, with the increase in the amount of water glass, the
compressive strength of the concrete first increases and then
decreases. The main reason for this condition is the change in the
degree of alkali excitation: as the content of water glass increases,
the content of NaOH must be increased to keep the modulus of
the water glass unchanged, resulting in stronger alkali excitation
and compressive strength. However, when the content of water
glass reaches a certain level, it will directly react with the
geopolymer and weaken the excitation effect, thereby reducing
the compressive strength. The increase of the water glass content

FIGURE 8 | The compressive strength, dry density and specific strength
of geopolymer-based foam concrete at the age of 28-day (water glass
modulus from 1.0 to 1.4).

FIGURE 9 | The thermal conductivity of geopolymer-based foam
concrete at the age of 28-day (water glass modulus from 1.0 to 1.4).
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improves the stability of the unhardened concrete paste, that is,
increases the shear resistance. As can be seen in Figure 6, the larger
shear resistance causes a large amount of foam to break, reducing the
voids of the concrete, and thereby increasing the dry density of the
concrete. While the water glass content is increasing, the specific
strength of the geopolymer-based foam concrete first increases and
then decreases. When the water glass content is 20%, the specific
strength reaches the maximum. The increase in the amount of water
glass will reduce the voids of the foamed concrete, thereby
accelerating the process of heat conduction, as described in the
experimental results given in Figure 7.

3.1.4 Water Glass Modulus
The foam content listed in Table 2 was kept at 0.94%, while the
water glass modulus was gradually increased from 1.0 to 1.4. The

compressive strength, dry density and specific strength of
geopolymer-based foam concrete at the age of 28-day are
shown in Figure 8. The increase in the modulus of the water
glass causes a corresponding increase in the Si component. The
appropriate increase of the Si component is conducive to the
formation of C-S-H gel, thereby increasing the compressive
strength of concrete and reducing its dry density. However,
when the modulus of the water glass is too large, the alkaline
solution will not be able to fully stimulate the activity of the slag
because the pH value is not high enough. At this time, the changes
in compressive strength and dry density are opposite to the above,
and then the maximum value of the specific strength curve
appears. In Figure 9, the fluctuation of the thermal
conductivity curve indicates that a moderate increase in the
modulus of the water glass produces more pores, but when it

TABLE 3 | Scheme of the orthogonal experiments.

No. Factors (A, B, C, and D) Results

Foam content
(%)

Water-binder ratio
(a.u.)

Water glass
content (%)

Water glass
modulus (a.u.)

Specific strength
(N·m/Kg)

Thermal conductivity
(W/(m·K))

1 1 (0.30%) 1 (0.35) 1 (10%) 1 (1.0) 2011.3 0.165
2 1 2 (0.45) 2 (20%) 2 (1.2) 2997.5 0.088
3 1 3 (0.55) 3 (30%) 3 (1.4) 1157.2 0.101
4 2 (0.94%) 1 2 3 1519.9 0.126
5 2 2 3 1 1912.3 0.081
6 2 3 1 2 2067.6 0.077
7 3 (1.58%) 1 3 2 1671.1 0.094
8 3 2 1 3 607.8 0.068
9 3 3 2 1 1401.7 0.065

TABLE 4 | Analysis of the experimental results of specific strength.

Item Factors (A, B, C and D)

Foam content (%) Water-binder ratio (a.u.) Water
glass content (%)

Water
glass modulus (a.u.)

K1 (k1) 6166.0(2055.3) 5202.3(1734.1) 4686.7(1562.2) 5325.3(1775.1)
K2 (k2) 5499.8(1833.3) 5517.6(1839.2) 5919.1(1973.0) 6736.2(2245.4)
K3 (k3) 3680.6(1226.9) 4626.5(1542.2) 4740.6(1580.2) 3284.9(1095.0)
R 828.4 297.0 410.8 1150.4
the optimal levels 1 2 1 1

the optimal combination A1B2C2D2

order of influencing factors D>A>C>B

TABLE 5 | Analysis of the experimental results of thermal conductivity.

Items Factors (A, B, C and D)

Foam content (%) Water-binder ratio (a.u.) Water
glass content (%)

Water
glass modulus (a.u.)

K1 (k1) 0.354(0.118) 0.385(0.128) 0.310(0.103) 0.311(0.104)
K2 (k2) 0.284(0.095) 0.237(0.079) 0.279(0.093) 0.259(0.086)
K3 (k3) 0.227(0.076) 0.243(0.081) 0.276(0.092) 0.295(0.098)
R 0.042 0.049 0.011 0.018
the optimal levels 3 2 3 2

the optimal combination A3B2C3D2

order of influencing factors B>A>D>C
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reaches a certain level, the effect of increasing the pores is no
longer obvious. Instead, the increase in dry density caused by the
introduction of Si components dominates.

3.2 Orthogonal Experiment and Range
Analysis
3.2.1 Orthogonal Experiment
Orthogonal experiments can not only reduce the number of
repeated experiments, but also help to understand the overall
experimental situation through the analysis of some
representative points. For this research, the foam content,
water-binder ratio, water glass content and water glass
modulus are considered as independent factors. Within the
optimal range of these factors, three typical values are taken
for each to design the L9(3

4) orthogonal scheme shown in
Table 3, where 9 represents the orthogonal combinations of
factors, 3 represents the levels of each factor, and 4 represents
the number of factors. As shown in Table 3, the orthogonal
experiment table must satisfy orthogonality, representativeness
and comprehensive comparability. Orthogonality requires that
the number of occurrences of each level in the same column is
equal. Representativeness means that the experimental points in
the orthogonal experiment table are evenly distributed among all
possible experimental points. The comprehensive comparability
ensures that the interference of other factors is eliminated to the
greatest extent in the effect of each level of each factor, so that the
influence of different levels of the factor on the experimental
indicators can be comprehensively compared.

3.2.2 Range Analysis
In order to meet the main requirements of light weight, sturdiness
and heat preservation of building enclosure materials, the
orthogonal experiments were carried out with specific strength
and thermal conductivity as the indicators. Range analysis is an
intuitive data processing method for orthogonal experiments.
Through this method, the degree of influence of each factor on a
certain indicator can be evaluated, and the optimal combination
of each factor for the indicator can be obtained. In Tables 4, 5
used for data analysis, Ki represents the sum of experimental
results corresponding to the ith level of a certain factor, and ki in
the bracket is the mean value of Ki. When ki reaches the
maximum value, i is the optimal level of this factor. Once the
optimal levels of each factor are determined, the optimal
combination can be obtained directly. The difference between
the maximum and minimum values of ki is the range R:

R � max(ki) −min(ki). (4)

The larger the R value, the greater the influence of the change of
this factor on the experimental results. According to this, the order of
the factors affecting the certain indicator can be determined. From
the results listed in Table 4, it can be seen that the water glass
modulus has the greatest influence on the specific strength, followed
by the foam content, the water glass content and the water-binder
ratio. When the foam content, water-binder ratio, water glass
content and water glass modulus are 0.30%, 0.45, 20%, and 1.2,
the maximum specific strength can be obtained. Similarly, it can be

seen from Table 5 that the factors affecting the thermal conductivity
are water-binder ratio, foam content, water glass modulus and water
glass content in order. For severe cold regions, heat preservation is
the basic requirement of building enclosure structure, so the optimal
combination of parameters should correspond to the minimum
value but not the maximum value of thermal conductivity. This
explains why the optimal combination in Table 5 is A3B2C3D2
instead of A1B1C1D1. The thermal conductivity obtained by a
separate experiment is 0.044.

4 CONCLUSION

The preparation and characterization methods of geopolymer-
based lightweight foam concrete are reported in the paper. The
influences of foam content, water-binder ratio, water glass
content and water glass modulus on the performance
indicators of the prepared foam concrete are studied. Based on
the experimental results, the following conclusions are drawn:

1) Compared with several other parameters, the water-binder
ratio has themost significant effect on the thermal conductivity.

2) With the continuous increase in the foam content or water-
binder ratio, the compressive strength, dry density and
thermal conductivity of geopolymer-based foam concrete at
the age of 28-day have been continuously reduced.

3) When the content of water glass increases, the compressive
strength of geopolymer-based foam concrete at the age of
28-day first increases and then decreases, while the dry
density and thermal conductivity continue to increase.

4) Through orthogonal optimization experiment and range
analysis, it can be known that the optimal levels of foam
content, water-binder ratio, water glass content and water
glass modulus for thermal conductivity is 1.58%, 0.45, 30%,
and 1.2.
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