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ARTICLE INFO ABSTRACT

Keywords: Steel slag-based geopolymer foamed concrete (SSGFC) provide a promising value-added and carbon-neutral
Geopolymer strategy for the re-utilization of SS, and the strength and physical properties of SSGFC are essential to its
lsioarIle;i concrete practical application. Therefore, this study proposes to use emulsified asphalt (EA) to improve the pore structure,
teel slag

compressive strength, water resistance and thermal insulation properties SSGFC. Firstly, different contents of EA
were added into the foaming solution to prepare modified foam, and then SSGFC samples were prepared by using
modified foam and steel slag-based geopolymer. The fresh properties, microstructure, pore structure, reaction
products and physical properties of SSGFC samples were investigated. The results indicate that EA can reduce the
fluidity and settlement value of the paste and increase the setting time. The addition of EA leads to a decrease in
hydration products, but it can reduce the average pore diameter of the SSGFC and improve its pore diameter
distribution. The SSGFC sample prepared by modified foam with 10 % EA showed the best physical properties.
Compared with the control group, its compressive strength increased by 21.4 %, water absorption decreased by
16.5 %, and thermal conductivity decreased by 31.3 %. Therefore, EA shows significant potential to enhance the

Emulsified asphalt
Pore structure
Physical properties

performance of SSGFC, thus providing reliable support for its practical applications.

1. Introduction

As a kind of metallurgical solid waste, steel slag (SS) is generated
during the process of iron and steel smelting, formed by solidification of
impurities and oxides in molten steel during cooling process [1-4]. In
2022, China’s SS total production reached 153 million tons, however,
fewer than 30 % of SS is used comprehensively [5-7]. Most SS is still end
up with open-air stacking, causing not only wastage of land resources
but also heavy metal pollution to the surrounding soil and water. Using
SS as precursor to prepare geopolymer provide a promising value-added
and carbon-neutral strategy for the re-utilization of SS [8-11]. Shi et al.
[12,13] used SS as geopolymer precursor and aggregate to prepare
functional composite concrete with excellent mechanical properties and
radiation shielding properties. The results show that SS can not only
significantly improve the radiation attenuation ability of composite
concrete, but also improve the pore structure of composite concrete,
thereby enhancing its mechanical properties. However, the inherent
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constraints in stability and strength pose challenges for the widespread
application of steel slag-based geopolymers in functional structures like
foamed concrete [14].

Foamed concrete is produced by adding foam into cement paste
through physical or chemical methods [15,16]. It has the advantages of
light weight, heat insulation, noise reduction, etc., and can be employed
to various non-load-bearing structures, such as building insulation layer,
road base, bridge deck filling layer, etc. [17-20]. Ordinary Portland
cement is the primary material for producing foamed concrete, which
involves high-temperature calcination and limestone calcination pro-
cesses during its production, resulting in significant carbon dioxide
(COy) emissions, thus exacerbating the greenhouse effect [21,22].

Geopolymer is a kind of aluminosilicate material with three-
dimensional network structure, which is prepared using precursor and
alkali activator [23]. When used as a cementitious material, geopolymer
exhibits excellent performance in early strength, durability,
high-temperature resistance and acid resistance [24,25]. In contrast to
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cement, geopolymer can be produced without calcination, and a range
of industrial solid waste can be chosen as precursors. Therefore, using
geopolymer to prepare geopolymer foamed concrete (GFC) can reduce
the dependence of traditional foamed concrete on cement, thereby
reducing the large amount of CO, emissions produced by cement pro-
duction [26,27].

So far, most researchers have selected silicon-aluminum solid waste
materials as precursors for synthesizing GFC [28-31]. Hao et al. [32]
prepared a high-strength GFC using fly ash (FA) and ground granulated
blast furnace slag (GBFS) as precursors. They found that FA improved
the volume stability of GFC paste, and GFC had better machinability and
mechanical properties than cement-based foamed concrete. Badanoiu
et al. [33] prepared GFC using red mud (RM) as precursors and char-
acterized its high-temperature performance. The results showed that
RM-based GFC had lower open porosity and higher compressive strength
than cement-based foamed concrete at high temperature. However,
there are relatively few studies about utilizing SS as precursor in the
synthesis of GFC. Compared to traditional silicon-aluminum waste ma-
terials, the structure and properties of GFC prepared using SS as a pre-
cursor remain unclear and needs further in-depth research.

Furthermore, as a kind of lightweight high-strength material, the
mechanical properties of GFC is crucial for its practical applications [34,
35]. Previous research has demonstrated that the uniformity of pore
distribution and skeleton strength are one of the primary factors
affecting GFC’s compressive strength [36-38]. To improve this, many
studies have focused on using foam stabilizers to improve the pore
diameter distribution of GFC to enhance its compressive strength [39].
Feng et al. [40] regulated the early strength of GFC using triethanol-
amine and found that triethanolamine increased the dissolution rate of
precursors and improved the pore structure of GFC, thereby enhancing
its early strength. Zhang et al. [41] found that using CO as foam sta-
bilizer can increase the paste’s viscosity, leading to a more uniform pore
distribution and finer pore diameter, thus enhancing foamed concrete’s
mechanical properties. Moreover, considering the practical application
scenarios, there is a growing demand for GFC to possess excellent
waterproofing and thermal insulation properties. Incorporating water-
proofing and thermal insulation materials into GFC is the most feasible
and widely adopted approach to achieve this goal. By adding poly-
methylhydrosiloxane (PMHS) to GFC, Dong et al. [42] prepared a kind
of GFC with ultra-high hydrophobicity. They observed that PMHS
formed hydrophobic alkylated nano-silicon fibers on the surface of GFC
to achieve ultra-high hydrophobicity. Wang et al. [43] significantly
reduced the thermal conductivity of GFC by adding hollow microspheres
into GFC. The thermal conductivity decreased by 30.4 % when the
percentage of hollow microspheres in GFC reached 50 %.

Emulsified asphalt (EA) is a kind of emulsion formed by mechanical
shearing of asphalt and emulsifier, which has been widely used in
cement-based materials [44-46]. EA has been proven to greatly improve
cement-based materials’ adhesion, durability, and crack resistance,
thereby improving its overall performance and service life [47-49]. In
addition, EA can also enhance the viscosity of cement paste and improve
its uniformity [50,51]. Therefore, we believe that EA holds a significant
potential to improve the pore structure of GFC and enhance its me-
chanical properties. Additionally, EA’s excellent waterproofing and
thermal insulation properties could contribute to improve the functional
performance of engineering materials. Liu et al. [52] developed a
semi-flexible composite mortar material with excellent waterproof
properties using EA and magnesium sulfate cement. They found that
after adding 10 % EA, the compressive strength of the mortar soaked in
water for 28 days was basically the same as that before soaking, indi-
cating that EA significantly enhanced the waterproof performance of the
mortar. Razali et al. [53] utilized EA as an insulating coating to improve
the thermal insulation properties of gypsum boards. The results
demonstrated that the EA could significantly reduce the heat transfer of
the gypsum board, and the higher the solid content of emulsified
asphalt, the stronger the thermal insulation ability of the coating.
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However, the production of GFC with EA to improve its waterproofing
and thermal insulation properties has not been investigated yet.

This study aims to develop a novel steel slag-based geopolymer
foamed concrete (SSGFC) incorporating EA to stabilize its pore structure
and improve its pore structure, compressive strength, water resistance
and thermal insulation properties. Considering the poor dispersibility of
EA in GFC paste, in this study, different contents of EA were directly
mixed in the foaming solution, and the EA-modified foam was obtained
by high-speed stirring and foaming. Then, the modified foam was uni-
formly mixed with steel slag-based geopolymer paste to prepare SSGFC.
Firstly, the fresh properties of SSGFC paste were tested, including vol-
ume stability, fluidity, and setting time. Then, the reaction products,
microstructure, and pore structure of SSGFC were investigated by X-ray
diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR),
thermogravimetric analysis (TG-DTG), scanning electron microscopy
(SEM) and X-ray computed tomography (X-CT). Finally, SSGFC’s phys-
ical properties, including its compressive strength, water absorption and
thermal conductivity, were evaluated. The findings of this study will
offer theoretical support for the engineering application and perfor-
mance improvement of SSGFC.

2. Materials and methods
2.1. Materials

SS, FA and GBFS were chosen as the precursors for the synthesis of
geopolymer in this study. They were obtained from China Huaxin
Cement Co., Ltd. X-ray fluorescence (XRF) test, XRD test and laser par-
ticle size test were performed on the precursors. The results are dis-
played in Table 1 and Fig. 1.

Table 1 showed that the main oxides of SS are CaO (45.38 %) and
Fe03 (26.11 %), the main oxides of FA are SiO5 (54.94 %) and Al,O3
(32.83 %), and the main oxides of GBFS are CaO (40.41 %) and SiO,
(32.21 %). Fig. 1(a) indicated that the main crystalline phases in SS were
CsS, C3S, C3A, FeO and RO phases, while the three primary crystalline
phases of FA were calcium oxide, quartz and mullite. The RO phase in SS
refers to a solid solution of metal oxides, primarily consisting of FeO,
CaO, and MgO, formed during the cooling and solidification of molten
slag in steelmaking. Since GBFS underwent extremely rapid cooling
during its generation, the majority of its composition was glass phase, as
evidenced by the distribution of bumps from 26=20° to 26=40° in its
XRD patterns. Fig. 1(b) illustrated that the average particle sizes of SS,
FA and GBFS were relatively small, which were 48.31pm, 11.37pm and
32.62um, respectively. The smaller particle size is beneficial to increase
the region of interaction between precursors and alkaline activator,
thereby increasing the reaction rate of geopolymerisation [54,55].

Using water glass as the alkaline activator for precursors, Table 2
presents its fundamental characteristics. Before preparing SSGFC, the
water glass’s modulus was adjusted to 1.5 using sodium hydroxide
(NaOH), and then the water glass was allowed to stand for 24 h to
maintain the stability of the modulus.

The EA used in this study is a kind of cationic EA with the solid
content of 55 %. It was purchased from a building materials company in
Taizhou City, China. Its basic properties are shown in Table 3.

In this study, sodium dodecyl sulfate (SDS) and hydroxypropyl
methylcellulose (HPMC) were utilized as the foaming agent and foam
stabilizer, respectively. SDS is an anionic surfactant with excellent
foaming ability and chemical stability in alkaline environments, making
it suitable for alkaline geopolymer pastes. HPMC is a water-soluble
polymer known for its excellent film-forming and water-retaining
properties, so it is often used as foam stabilizer in foamed concrete
[56]. SDS and HPMC were added in water at the weight ratio of 1:0.1:25
and stirred at 200 rpm for 2 h at 25 °C to prepare foaming solution.
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Table 1
The chemical compositions of SS, FA and GBFS.
Raw materials Oxide type SiO, Al,O3 CaO Fe,03 MgO Na,O K20 P,0s MnO LOI
SS Oxide content (%) 11.81 1.93 45.38 26.11 3.82 0.16 0.11 1.93 2.92 3.82
FA 54.94 32.83 2.42 3.01 0.94 0.72 1.74 0.21 0.04 1.47
GBFS 32.21 15.03 40.41 0.51 7.42 0.37 0.45 0.02 0.15 1.18
10
M-Mullite, uartz, C-Ca0, A-C34, T-C3S, F-FeO, D-C2S, R-RO Phase = 3
(a) L * = (b) Average particle size 1
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Fig. 1. XRD patterns and particle size distribution of SS, FA and GBFS, (a) XRD patterns, (b) particle size distribution.
Table 2 Table 4
Essential characteristics of water glass. The mixing proportions of raw materials.
Properties Value Groups Composition of EA content/ Foam/ Water/ Water
% by total it
Solid content / % 34.91 precursors V\(/)ei yhtoo? § 8 glass/g
SiO, content / % 25.86 SS/ FA/ GBFS/ f g.
oaming
NayO content / % 8.15 g g g .
solution
Baume degrees 39.80
Modulus 3.29 FC- 200 120 80 0 15 98 174
EAO
FC- 200 120 80 5 15 98 174
EAS5
Table 3 FC- 200 120 80 10 15 98 174
Basic properties of EA. EA10
P . val FC- 200 120 80 15 15 98 174
roperties alue EA15
Solid content / (%) 55.20 FC- 200 120 80 20 15 98 174
Density / (g/cm®) 1.01 EA20
Surface dry time / (h) 4.10 i . . . .
Fracture elongation / (%) 632.20 Note: In this sFu.dy, the total weight of the foaming solution used to prepare each
Tear strength / (N/mm) 62.10 group of modified foam was 100 g.

2.2. Mix proportions and preparation of samples

The preparation of SSGFC samples mainly involves four steps: i)
preparation of foaming solution, ii) preparation of foam, iii) preparation
of SSGFC paste and iv) casting and curing. Table 4 displays the mix
proportions of SSGFC samples. Before foaming, 5 %, 10 %, 15 % and
20 % (by weight of foaming solution) of EA were added to the foaming
solution prepared from SDS and HPMC respectively and stirred at
200 rpm for 10 minutes. Then, the foaming solution was stirred at
2000 rpm for 1 minute to obtain modified foam. The precursor, water
glass and water were uniformly mixed according to the proportions in
Table 4 to prepare geopolymer paste. The water-to-binder ratio used in
this study was fixed at 0.5. In calculating the amount of water to be
added, the total weight of water is first determined based on the total
weight of the precursor and the water-to-cement ratio. Next, the weight
of water contained in water glass is calculated according to its solid

content and weight. The difference between these two values represents
the weight of the water that needs to be added. Since the foam plays a
role in filling the SSGFC slurry and does not participate in the hydration
reaction, the weight of water in the foam is negligible. The following
equation is used to calculate the amount of water glass depending on the
NapO dosage (Dnq20):

Dng,0°mp
m; = el T

®

PNLIzO

Where mp is the weight of the precursors (g), Dnq2o is the percentage of
NayO weight in water glass to the weight of the precursor (%), Png20 is
the content of NayO in the water glass (wt%) and m; is the amount of
water glass (g).

The geopolymer paste was mixed with modified foam for 90 s at
94 rpm in the mixer to produced fresh SSGFC paste. The fresh paste was
quickly poured into a mold with the size of 40 mm x40 mmx40 mm,
covered with plastic film and placed in the oven at 60 °C for 24 h. The
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SSGFC samples were then demolded and further cured in the curing
chamber (20+2°C, 95+2 % RH) for an additional 2d and 27d before
testing. The entire preparation process of SSGFC samples is shown in
Fig. 2.

2.3. Testing methods
2.3.1. Measurement of fresh properties

2.3.1.1. Paste settlement. The decomposition of foam in fresh SSGFC
paste will lead to settlement, so the stability of foam in SSGFC paste can
be measured by measuring the settlement value of fresh paste in a
certain period of time [41]. A certain amount of fresh paste was put into
a 250 ml measuring cylinder, and the initial height was recorded as hg.
After standing for 10 min, 20 min and 30 min, the height of the paste
was recorded as hg, and the settlement value of the paste can be calcu-
lated by the following equation [56]:

ho —h;
0

SV =

x 100% (2)

Where SV is the settlement value of SSGFC paste (%), hy is the initial
height of fresh paste (mm), and h; is the height of the paste at time t
(mm).

2.3.1.2. Fluidity. The fresh SSGFC paste’s fluidity was measured using a
hollow cylinder with an inner diameter and height of 80 mm according
to the Chinese standard CJJ/T 177-2012. [57] The hollow cylinder was
placed on a smooth glass plate, and after filling the cylinder with fresh
paste, the top surface of the cylinder was scraped flat, and the cylinder
was lifted vertically within 3 s. After the paste flowed freely for 1 min,
the fluidity value was determined by measuring the paste’s flow diam-
eter. Three measurements were made for each group of SSGFC paste,
and the average value with standard deviation was reported.

2.3.1.3. Setting time. Different from the high-viscosity cement paste, the
addition of foam results in a lower viscosity, higher fluidity, and reduced
early strength of the SSGFC paste. Consequently, the setting time of the
SSGFC paste could not be accurately measured using a Vicat apparatus.

Preparation of foam

Standard curing
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Therefore, in this study, the setting time of fresh SSGFC paste was
determined based on references. [41,58,59]. Firstly, the precursor was
mixed with water and water glass to prepare geopolymer paste, and the
time at this point was recorded as Ty. Then the geopolymer paste was
mixed with modified foam to prepare fresh SSGFC paste. 200 g of the
paste was poured into a 500 ml beaker, and within 10 s, the beaker was
slowly tilted to the horizontal position. This operation was repeated
until the paste surface did not flow when the beaker was tilted to the
horizontal position. This moment was considered as the solidification
state of the paste, and the time was recorded as T;. The setting time of
the paste is the difference between T; and Ty. After three measurements
were made for each group of SSGFC paste, the average value with
standard deviation was reported.

The testing process for the paste settlement, fluidity and setting time
of fresh SSGFC paste is shown in Fig. 3.

2.3.2. Microscopic analysis

The central part of SSGFC samples after 7d of curing were broken and
immersed in anhydrous ethanol for 7d to stop hydration, and then dried
at 40 °C for 24 h. In preparation for XRD, TG-DTG, and FTIR tests, the
dried sample was ground into powder with a particle size of less than
0.075 mm. The thermogravimetric analyzer (Henven HTG-1, China)
was set to heat at a rate of 10 °C per minute. Additionally, the temper-
ature rose to 1000 °C from 0 °C. The infrared spectrometer (Delite
DH108, China) was configured with a detection wavenumber of
400-4000 cm™!. SEM (Zeiss Gemini 300, Germany) testing was per-
formed on the dried block samples to examine the microstructure, pore
morphology, and reaction products of SSGFC. To enhance the imaging
quality, a platinum layer was plated on the sample’s surface before
testing.

2.3.3. X-ray computed tomography (X-CT)

The pore size distribution inside SSGFC sample was investigated by
X-CT (Zeiss Xradia 510 Versa, GER). To reduce the impact of the irreg-
ular surface, a region with dimensions of 20x20x20 mm? in the sam-
ple’s center was chosen for testing. The sample was scanned under a
beam current of 120 pA and an acceleration voltage of 120 kV. The
original data collected by the high-resolution detector were imported
into Dragonfly 4.1 software for pore parameter analysis, including

Mixing

1) v ) I -
8 Foaming Water glas.s
s and water
solution
¥ oo - <
+ 200 1]?111 2000 ‘1pm
) . 10mn P9 Fes. 1 min LS A
« Emulsified ” PR
asphalt | ‘;”‘i,.; o v
= Foam FA GBFS
‘“H‘ ;
: _____ Fresh geopolymer foam gumen | !
Y " concrete paste :
60°C, 24h I
— . I I
Demolding |
| 94 pm, 90s |
1 I I
I

Curing

Fig. 2. The entire preparation process of SSGFC samples.
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(a) Volume stability

(b) Fluidity
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(c) Setting time

Fig. 3. Measurement of fresh properties, (a) volume stability, (b) fluidity, (c) setting time.

porosity, pore diameter distribution and non-connected pore volume
ratio. Three measurements were made for each group of SSGFC samples
to ensure the accuracy of the conclusions. According to the previous
study [60], the pore diameter distribution of foamed concrete conforms
to the normal distribution. Therefore, to explore the pore diameter
distribution of SSGFC samples, the pore diameter distribution is fitted
according to the following functions[61]:

(D—p)

exp” 227 3

fD) =

o\ 2n

Where D is the pores diameter, p and ¢ are the mean and standard de-
viation of the pores diameter.

2.3.4. Measurement of physical properties

2.3.4.1. Compressive strength. According to the Chinese standard JG/T
266-2011 [62], the compressive strength of SSGFC samples at 3d and
28d was measured. Each group of samples was tested six times, and the
average value with standard deviation was reported. Additionally, to
minimize the influence of differences in dry density on compressive
strength, based on the dry density and compressive strength of the
samples, the specific strength of the samples was calculated using the
following equation [40]:

sz%*lo"’ (C))

Where S is the specific strength of SSGFC samples (N-m/kg), Sy is the
compressive strength of SSGFC samples (MPa), D is the dry density of
SSGFC samples (kg/m3).

2.3.4.2. Water absorption. According to the Chinese standard JG/T
266-2011 [62], the water absorption of SSGFC was measured. Firstly,
the 28d cured SSGFC samples were dried to constant weight in an oven
at 60°C. Then, they were placed in a constant temperature water bath at
20£5°C, with the liquid level reaching one-third of the sample height,
and kept insulated for 24 h. Subsequently, water was added until the
liquid level reached two-thirds of the sample height, and the insulation
was continued for another 24 h. Finally, water was added until the
liquid level exceeded the sample height by more than 30 mm, and
insulation was maintained for 24 h. The SSGFC samples’ water absorp-
tion was calculated by the following equation:

Mg ~Mo . 100% )

WR =
my

Where Wr is water absorption, my is the weight of SSGFC samples after
drying, my is the weight of SSGFC samples after water absorption. Three
measurements were made for each group of SSGFC paste, and the
average value with standard deviation was reported.

2.3.4.3. Thermal conductivity. The SSGFC samples cured for 28d were

dried to constant weight in an oven at a temperature of 60 °C, and then
the thermal conductivity of SSGFC samples at room temperature was
tested using Hot Disk Thermal Analyzer (as shown in Fig. 4(a)). For each
group of samples, the probe is clamped in the central area of the two
samples to form a sandwich-like structure (as shown in Fig. 4(b)), and
then the compression screw is adjusted to reduce the gap between the
probe and the sample. The sample’s thermal conductivity was tested
using the transient flat heat source method. The test time is set to 120 s,
and the test power is 60 mW. Three measurements were made for each
group of SSGFC paste to ensure the accuracy of the results.

3. Results and discussion
3.1. Properties of fresh paste

3.1.1. Paste settlement

Fig. 5 illustrates the settlement values of different groups of fresh
SSGFC pastes over time, while Fig. 6 shows the foam and modified foam
observed by digital microscope. From Fig. 5, it can be observed that the
settlement value of fresh paste increased with time. Compared to the
control group FC-EAQ, when the EA content in the modified foam was
increased from 0 % to 5 % and 10 %, the settlement values of pastes at
30 minutes decreased from 2.7 % to 1.9 % and 1.5 %, respectively,
indicating that EA enhanced the volume stability of the fresh SSGFC
pastes. As shown in Fig. 6, EA can form a layer of film in the paste to
increase its viscosity. This film can wrap the foam, preventing them from
moving or separating in the paste, thereby enhancing the stability of the
paste. However, when the EA content in the modified foam exceeded
10 %, the settlement values of the paste increased. This is because in the
alkaline geopolymer paste, Ca?* and AI3* dissolved from SS, FA, and
GBFS particles will make the surface of the precursor particles positively
charged, while cationic EA will also make the foam’s surface positively
charged. Therefore, when the EA content exceeds the critical value
(10 %), the electrostatic repulsion force of the precursor particles on the
foam will be greater than the friction force of the foam in the paste,
resulting in the movement and separation of the foam, thus reducing the
volume stability of the paste.

3.1.2. Fluidity and setting time

The results of fluidity and setting time of different groups of fresh
SSGFC pastes are displayed in Fig. 7. From Fig. 7(a), it is evident that the
fluidity decreased with the increase of EA. In comparison to the control
group FC-EAQ, when the EA content in the modified foam increased to
20 %, the fluidity of SSGFC paste decreased from 288 mm to 269 mm,
which can be attributed to three factors: firstly, the EA film will wrap the
foam and precursor particles, thus increasing the viscosity of the paste.
Secondly, the EA film will make the surface of the precursor particles
hydrophobic. In the SSGFC paste, the hydrophobic precursor particles
will aggregate and agglomerate, thereby reducing the fluidity of the
paste, which is consistent with the conclusion of Zhang et al. [41].
Additionally, as mentioned in Section 3.1.1, When the EA content in the
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Fig. 5. Settlement values of different groups of fresh SSGFC pastes.

modified foam exceeds 10 %, the foam content in the paste will
decrease, thereby increasing the friction between the particles and lead
to the decrease of fluidity [63].

In terms of setting time, as shown in Fig. 7(b), the setting time of
SSGFC fresh paste increased slightly with the increase of EA content.
Compared with the control group FC-EAO, when the EA content in the
modified foam increased to 20 %, the setting time of the paste increased
from 37 min to 45 min. This may be because the EA film covered the
surface of the precursor particles, hindering the contact of the precursor
particles with water glass, thereby reducing the rates of hydration and
geopolymerisation reactions. In addition, alkaline conditions facilitate
the catalysis of geopolymerization reaction [64]. However, the cations
in EA will react with anions such as OH' in water glass, thereby reducing
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(b)

Fig. 4. Thermal conductivity test. (a) Hot Disk device; (b) Placement of samples.

the alkalinity of the cementitious system and slowing down the rate of
geopolymerization reaction.

3.2. Microscopic analysis

3.2.1. Reaction products analysis

Fig. 8 display the XRD and FTIR results of different groups of SSGFC
samples. From Fig. 8(a), it can be observed that after curing for 28d, the
main mineral phases present in the samples are mullite (Al,03), quartz
(SiOy), calcium aluminosilicate hydrate (C-A-S-H) and calcium silicate
hydrate (C-S-H). Combined the oxide compositions of the three pre-
cursors, it can be judged that the mullite phase mainly originates from
unreacted FA in SSGFC samples, while the quartz phase comes from both
FA and GBFS. As two kinds of solid wastes with high calcium content,
when used as geopolymer precursors, SS and GBFS will accelerate the
development of C-S-H gel and C-A-S-H gel under alkaline conditions
[23]. As the primary reaction products, the structure of C-S-H gel and
C-A-S-H gel in SSGFC is similar to zeolite. They are amorphous phase
materials, so they cannot produce strong Bragg reflection like crystal
structure, appearing as continuous peaks at 20=28-35° in Fig. 8(a). The
FTIR results of different groups of SSGFC samples are shown in Fig. 8(b),
it is evident that the infrared spectra of each group of samples are
basically the same. The two vibration bands at 3446 cm™! and
1647 cm ! belong to the stretching and bending vibrations of O-H bonds
in bound water of hydration products. The vibration band at 974 cm ™! is
attributed to the asymmetric stretching vibration of Si-O-Si (Al) bonds,
while the two bands at 452 cm™! and 678 cm™! are attributed to the
bending vibrations of Si-O-Si bonds. These three vibration bands prove
the existence of C-(A)-S-H gel. The vibration band at 721 cm ! s
attributed to the vibration of Al-O. Weak vibration bands at 1422 cm ™
and 1475 cm™! belong to the bending vibrations of C-O bonds, indi-
cating the presence of slight carbonation in SSGFC samples. The sam-
ple’s infrared spectra remained unchanged after the addition of EA,
which agreed with the results of XRD. It can be concluded that the re-
action product of SSGFC will not change with the addition of EA, and the

Fig. 6. The morphology of foam and modified foam, (a) foam, (b) modified foam.
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Fig. 8. XRD and FTIR results of different groups of SSGFC samples, (a) XRD, (b) FTIR.

primary product is C-(A)-S-H gel.

3.2.2. TG-DTG analysis

Fig. 9 presents the TG-DTG curves of different groups of SSGFC
samples after curing for 28d. The SSGFC samples exhibit significant
weight loss in the two temperature ranges of 20-200 °C and 700-800 °C.
Based on previous studies [23], the weight loss of geopolymer between
20 and 200 °C is linked to the thermal breakdown of C-A-S-H gel, while
the weight loss in 700-800°C is associated with the thermal breakdown
of CaCOs. This indicated that C-(A)-S-H gel was the sample’s primary
hydration product, and the sample was carbonated, which agrees with
results of XRD test.

By quantitatively analyzing the weight loss of the sample in the
temperature range of 20-200 °C, the amount of hydration products of
different groups of SSGFC samples can be compared. As shown in Fig. 9,
when the EA content in modified foam increased from 0 % to 5 %, 10 %,
15 %, and 20 % respectively, the weight loss of the samples in 20-200 °C
decreased from 11.66 % to 11.23 %, 11 %, 10.71 %, and 10.66 %
respectively, indicating that EA has an adverse impact on the hydration
of SSGFC. This may be attributed to several factors. Firstly, the EA film
hinders the contact between precursor particles and water glass. Sec-
ondly, the cations in EA react with anions such as OH’, reducing the
alkalinity of the system and thus lowering the rate of hydration reaction.

Additionally, as shown in the reaction Egs. (6-8), the reaction mono-
mers such as [H3SiO4]", [H3Al041%, and [Al(OH)g]* produced by the
silico-aluminous components in the precursors under alkaline condi-
tions will be attracted by cations through electrostatic forces [65],
thereby hindering the progress of geopolymerization reactions and
resulting in a decrease in reaction products.

Si0, + OH™ + Hy0—[H55i04]” (6)
AlO,™ +OH™ + H,0—[H5Al0,)* )
AlO,™ + OH™ + H,0—[AIOH,)* ®

3.2.3. SEM

Fig. 10 depicts the SEM images of different SSGFC samples after
curing for 28d. From Fig. 10(a), (c), and (e), it is evident that when the
EA content in the modified foam increased to 10 %, compared with the
control group FC-EAO, FC-EA10 exhibited a greater number of pores
with more uniform pore diameter. However, when the EA content in the
modified foam increased to 20 %, the number of pores in FC-EA20
significantly decreased, and the density of the sample increased. This
is because as described in Section 3.1.2, the EA film not only enhances
the stability of the foam but also increases the viscosity of the paste,
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Fig. 9. TG-DTG curves of different groups of SSGFC samples.

hindering the foam’s movement in the paste. Therefore, the addition of
EA can improve the pore structure of SSGFC. However, when excessive
EA was added, the foam in the paste became unstable due to electrostatic
forces, resulting in movement and separation of the foam, leading to a
decrease of pores and consequently reducing the porosity of the SSGFC
sample. Fig. 10(b) and (f) respectively show the pore morphology of FC-
EAO and FC-EA20. It can be observed that the inner surface of the pores
in FC-EA20 is smoother, while the inner surface of pores in FC-EAOQ is
covered with reaction products generated by hydration and geo-
polymerization reactions, indicating that FC-EAO had a higher degree of
hydration, which agrees with the results of TG-DTG test. From Fig. 10
(d), the C-(A)-S-H matrix gel produced inside the SSGFC sample can be
observed. A large number of matrix gels form a gel network inside the
sample, which provides support for the strength of SSGFC.

3.2.4. X-CT

Fig. 11 shows the pore diameter distribution and the three-
dimensional pore structure of SSGFC samples based on X-CT. Table 5
lists the average pore diameter, porosity, non-connected pore volume
ratio and pore diameter normal distribution fitting results of SSGFC
samples. From Fig. 11(a), It is evident that as EA content increased, the
peak of the curve gradually moved to the direction of smaller pore
diameter, indicating that the average pore diameter of the sample
decreased. As the EA content rose from 0 % to 10 %, the average pore
size of the sample decreased from 418 pm to 411 pm, while the porosity
increased from 23.27 % to 24.4 %. Additionally, the value of o
decreased from 99.8 to 87.2. According to the study of Li et al. [66], a
smaller ¢ implies a more concentrated pore distribution. This implies
that the addition of EA helps to improve the pore diameter distribution
of SSGFC. This may be because the EA film not only enhanced the foam’s
stability in the paste, but also enhanced the paste’s viscosity and
inhibited the coalescence of the foam, thereby reducing the average pore
diameter of SSGFC and optimizing its pore size distribution.

According to the conclusion in Section 3.1.1, when the EA content
exceeded 10 %, the foam’s stability in the paste began to decrease due to
the effect of electrostatic force. However, in Table 5, when the EA
content increased from 10 % to 15 % and 20 %, the average pore
diameter and the value of ¢ still maintained a downward trend, and the
porosity also decreased from 24.4 % to 20.96 % and 20.14 %, respec-
tively. This may be because that with the increase of EA content, the

large foam in the paste was separated and broken under stronger elec-
trostatic force, leading to a decrease in the porosity and an overall
reduction in pore diameter. It is noteworthy that the non-connected pore
volume ratio of SSGFC samples in Table 5 shows the same variation
trend to the porosity. When the EA content increases from 0 % to 10 %,
the volume ratio of non-connected pores increases from 9.89 % to
11.16 %, accounting for 45.7 % of the total pore volume. Although
when the EA content further increases to 20 %, the volume ratio of non-
connected pores decreases to 10.33 %, at this point, the volume of ratio
of non-connected pores in samples accounts for 51.3 % of the total pore
volume, demonstrating that the addition of EA will hinder the foam’s
movement in the paste, thereby reducing the probability of foam
merging to form connected pores.

3.3. Physical properties

3.3.1. Compressive strength

Fig. 12 shows the dry density, compressive strength and specific
strength of different groups of SSGFC samples after curing for 3d and
28d. It is evident that when the amount of EA in the sample increases,
the dry density of the sample shows a trend of decreasing first and then
increasing, which is contrary to the results of the porosity. This is
because the dry density of foamed concrete is inversely proportional to
the porosity, and lower porosity means a denser skeleton structure and
higher strength [66]. However, it is evident in Fig. 12 that even when
the dry density of the samples decreased, the 28d compressive strength
of FC-EA10 (9.1 MPa) increased by 21.4 % compared to FC-EAQ
(7.5 MPa), and the 28d specific strength of FC-EA10 (9137 N-m/kg)
increased by 25.4 % compared to FC-EAOQ (7289 N-m/kg). This indicates
that FC-EA10 has higher strength than FC-EAOQ at the same weight. This
is because, as described in Section 3.2.4, the addition of EA improves the
pore diameter distribution of SSGFC and reduces the average pore
diameter, which means that more small pores are evenly distributed
throughout the SSGFC samples. Such a pore structure can make the
stress more evenly distributed in the concrete, reduce the possible local
stress concentration, and thus improve the overall strength. As the EA
content increased from 10 % to 15 % and 20 %, the SSGFC samples’
compressive strength significantly increased due to the reduction in
porosity. The 28d compressive strength of FC-EA15 and FC-EA20
(10.5 MPa and 11.2 MPa) increased by 40 % and 49 % compared to
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Fig. 10. SEM images of geopolymer foamed concrete, (a) FC (x100), (b) FC (x10000), (c) FC-EA10 (x100), (d) FC-EA10 (x10000), (e) FC-EA20 (x100), (f) FC-

EA20 (x10000).

FC-EAQ. However, the specific strength of FC-EA20 (9764 N-m/kg)
showed only little change compared to FC-EA15 (9686 N-m/kg). This is
because, as shown in Table 5, there was not a noticeable difference in
pore parameters between FC-20 and FC-EA15.

3.3.2. Water absorption

Fig. 13 presents the water absorption results of different groups of
SSGFC samples. It is evident that when the EA content increased,
SSGFC’s water absorption decreased. The water absorption of FC-EAQ
was 39.6 %. When the EA content increased to 20 %, the water ab-
sorption of FC-EA20 decreased to 29.6 %, which was 25.3 % lower than
FC-EAO. This is because the lower porosity of FC-EA20 will lead to a
decrease in its water absorption. However, FC-EA5 and FC-EA10 still
exhibit lower water absorption (35.1 % and 33.1 %, respectively) than
FC-EAO despite having a higher porosity than FC-EAQ. Therefore, it can
be concluded that the addition of EA significantly reduces the water
absorption of SSGFC. This may be attributed to three factors. Firstly, the
EA film can form a covering layer at the pores, which hinders the water
directly into the pores of SSGFC and slows down the rate of water
penetration, thereby reducing the water absorption. Secondly, EA is a
kind of material with good hydrophobicity. Therefore, the addition of
EA in SSGFC can increase the hydrophobicity of pores, thus effectively
reducing the penetration of water into SSGFC and reducing the water

absorption, which agrees with the conclusions of Qu et al. [67]. Addi-
tionally, the surfactants in EA can reduce the surface energy of SSGFC,
thereby increasing the surface tension of SSGFC, which helps to reduce
the absorption and penetration of water on the surface of SSGFC [68].

3.3.3. Thermal conductivity

Thermal conductivity is one of the most important performance in-
dexes of foamed concrete. Smaller thermal conductivity means better
thermal insulation capability. Previous studies have shown that the
thermal conductivity of foamed concrete will decrease with the increase
of porosity [69]. Fig. 14 shows the thermal conductivity of different
groups of SSGFC samples. It is evident that the thermal conductivity of
the samples exhibits a trend of initially decreasing and then increasing as
the EA content increases. When the EA content increased to 10 %, the
thermal conductivity of FC-EA10 was 0.255 W/mk, which was 31.3 %
lower than FC-EAO (0.371 W/mk). Even though the decrease in porosity
led to an increase in the thermal conductivity of FC-EA15 and FC-EA20
(0.341 W/mk and 0.344 W/mk, respectively), they still remained lower
than FC-EAOQ, which demonstrates that EA will significantly enhance the
thermal insulation capability of SSGFC.

As shown in Fig. 15(a), the single foam in the SSGFC paste was
influenced by various forces, including the frictional force (Ff), bubble
confinement force (Fc), bubble buoyancy force (Fb), drainage force (Fd),
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Table 5
Pore parameters of SSGFC samples.
Group Average Porosity Non-connected Standard Mean
diameter (%) pore volume deviation value
(pm) ratio (%) (o) W
FC- 418 23.27 9.89 99.8 422
EAO
FC- 416 23.42 10.24 89.5 408
EAS
FC- 411 24.4 11.16 87.2 400
EA10
FC- 398 21.36 10.62 78.5 394
EA15
FC- 392 20.14 10.33 78.4 392
EA20

surface tension (Fst) and internal bubble pressure (Fpb) [70]. The fric-
tional coefficient between SSGFC paste and foam determines the
magnitude of Ff, with the roughness of paste being the primary factor
affecting this coefficient. From the results of Section 3.1.2, it is evident
that the addition of EA reduces the fluidity of SSGFC paste, indicating
that EA increases the friction between foam and paste. As depicted in
Fig. 15 (b), the increase of Ff and the encapsulation of foam by EA will
hinder the foam’s motion within the paste, thereby reducing the coa-
lescence and disproportionation of foam, resulting in a more uniform

10

pore structure. From the perspective of pore structure, in the case of
uneven pore size distribution, a shorter heat conduction path will be
formed between the large pores, because heat can be transmitted
directly through these large pores, resulting in an increase in thermal
conductivity. Conversely, a more uniform pore size distribution reduces
these direct heat transfer pathways, resulting in an overall reduction in
thermal conductivity. From the perspective of material characteristics,
EA has excellent thermal insulation performance, which can hinder the
transmission of heat. Therefore, EA can form a thermal insulation layer
in SSGFC structure, reducing the heat transfer of SSGFC samples,
thereby reducing the thermal conductivity of SSGFC. In addition, EA can
also change the conduction path of heat in SSGFC and increase the
resistance of heat conduction, thereby slowing down the transmission
speed of heat in SSGFC and leading to a decrease in thermal
conductivity.

4. Conclusions

This study aimed to use EA modified foam to enhance the pore
structure and physical properties of SSGFC. The effects of EA on the
reaction products, microstructure, compressive strength, water absorp-
tion and thermal insulation performance of SSGFC were investigated.
The main conclusions drawn from the experimental results are as
follows:
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Fig. 15. The enhancement mechanism of EA on the thermal insulation performance of SSGFC, (a) Forces acted on single foam, (b) Heat transfer process.

absorption and thermal insulation properties of SSGFC. Therefore, EA is
considered to have the potential to play a key role in SSGFC and promote
the utilization of SS.
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