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Abstract: Foamed concrete (FC) is a lightweight building material widely used in thermal insulation
walls, backfill, and other fields. Generally, foamed concrete is prepared using cement, which consumes
a lot energy and resources. In this study, three kinds of special soil (SS) and slag powder (SP) were
used to prepare foamed concrete. The content of SS was 25%, and the content of SP was 35%, 45%,
and 55%. The mechanical properties, durability properties, and microstructure of special soil-slag
foamed concrete (SSFC) were studied. With the increase in SP content, the water absorption and
drying shrinkage of SSFC increased and the compressive strength of SSFC decreased. The water
stability coefficients of SSFC were all higher than 0.7, which met the requirements of engineering
applications. The porosity and the average diameter of pores of SSFC increased with the increase in
SP content. The porosity of SSFC was less than 46% when the replacement percentage of SP was less
than 35%. The successful application of SS and SP in foamed concrete provides an effective approach
to waste utilization.

Keywords: foamed concrete; special soil; slag; compressive strength; drying shrinkage; pore structure

1. Introduction

Foamed concrete (FC) is a kind of lightweight concrete composed of cement, wa-
ter, filler and foam. With the advantages of low density, good fluidity and good fire
resistance [1–4], FC is widely used as a building material in insulation walls, sound-
absorbing materials, road base backfill, etc. In pavement and bridge engineering, using FC
as embankment foundation can effectively reduce postconstruction settlement, improve
the stability of bridge–road connection, and help to solve bridge bump [5–7]. Cement is
used as the binding material in conventional FC. However, the production of ordinary
Portland cement requires calcination at high temperature, causing a large amount of energy
consumption and emissions that are harmful to the environment, such as CO2, SO2 and
NOx [8–10].

Special soil (SS) is a typical waste that is widely found at road and bridge construction
sites. SS is soil with special composition, structure and properties formed under specific
geographical environment or man-made conditions, which mainly includes loess, laterite,
soft soil, expansive soil, etc. [11–13]. While ensuring the strength and stability of the sub-
grade, using SS as subgrade filler can greatly save the resources and reduce the cost [14–16].
However, the performance of untreated SS as filling soil is poor. Generally, it needs to be
treated by soil replacement, vibration compaction, squeeze compaction, drainage consoli-
dation, etc., which not only increase the cost but also have potential defects, such as low
water stability and shrinkage cracks. If these materials are used to produce FC, the cost
will be greatly reduced and the defects of SS will be also expected to solved [17–19].

As a by-product of the metallurgical industry, slag is produced during the reaction
between flux and iron ore when smelting pig iron at high temperature. The production and
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accumulation of slag not only take up a lot of land resources but also lead to the waste of
resources and environmental pollution [20–23]. Slag is a vitreous structural material with a
similar chemical composition to Portland cement that shows excellent hydraulicity under
alkaline conditions [24–27]. Using slag as a cementitious material can save resources, reduce
environmental pollution, and contribute to the sustainable development of pavement
construction [28–32]. Zhang et al. [33] used slag, fly ash and silica fume instead of cement
to prepare FC with different ratios and compared their properties. The study found that
the amount of slag will significantly affect the fluidity and macroscopic properties of the
concrete. In addition, the water absorption was closely related to the compressive strength,
and the water absorption increased almost linearly with the increase in the foam content.
He et al. [34] studied the effect of different foaming agents on the properties of slag-based
foamed concrete (SFC) and indicated that foam stability was the main factor affecting
the pore structure. When the porosity was similar, the average pore size and pore size
distribution had a great influence on the thermal conductivity and mechanical properties of
FC. Mastali et al. [35] used fibers to enhance the mechanical properties of SFC, and found
that the fibers effectively controlled the drying shrinkage of SFC. Oren et al. [36] used slag
to replace the fine aggregate in the mixture to prepare FC. The results showed that the
bulk density, compressive strength, ultrasonic velocity and thermal conductivity of FC all
decreased, but the water absorption increased. Hao et al. [37] prepared FC using fly ash and
slag, and studied the effect of foam stability on the physical properties of FC. The results
indicated that in order to reduce the coalescence of the bubbles, the size of the bubbles
should be as uniform as possible. Hao also proposed a vertical stability index to evaluate
the possibility of bubble segregation in FC.

These findings demonstrated that the use of SS and slag in FC could have significant
environmental and economic benefits in road and bridge engineering. However, related
studies based on FC prepared using special soil and slag have been relatively scarce, and
the effect of the addition of SS and slag on the FC performance is not clear. This study aimed
to explore the potential use of SS and slag in FC and its physical, mechanical and durability
properties as road materials. To this aim, three types of SS and the polished slag powder
(SP) were used in the preparation of FC samples. Afterwards, material properties and
service performance such as fluidity, dry density, compressive strength, water absorption,
drying shrinkage and water stability coefficient were tested. X-ray diffraction (XRD) and
scanning electron microscopy (SEM) were employed to further investigate the hydration
products, internal pore surface structure and pore distribution.

2. Materials and Methods
2.1. Materials

The cement used was P.O42.5 cement (PC). The basic physical properties of the cement
are shown in Table 1. The SS types selected were laterite, loess and silt, which are widely
distributed at the construction sites in Asia. The soil samples were collected from a
construction site in Wuhan, Hubei, China, and are shown in Figure 1.

Table 1. Physical properties of cement.

Physical Properties Measured Values

Specific surface area (kg/m3) 361
Normal consistency (%) 28

Setting time (min) Initial set 223
296Final set

3 days compressive strength (MPa) 5.6
3 days flexural strength (MPa) 2.74
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Figure 1. The SS samples: (a) laterite, (b) loess, (c) silt.

The slag used was provided by Guangshui Huaxin Smelt Industry Co., Ltd. (Guangshui,
China). Slag was first grounded into SP to improve its hydraulicity [38]. The slag and three
different SS were dried in an oven at 80 ◦C for 48 h, and after cooling, they were ground in
the planetary ball mill (QM-3SP2, Chun Zhou Technology Co., Ltd., Guangzhou, China)
for 20 min and passed through the 0.075 mm sieve. The main chemical compositions of
cement, SS and SP are shown in Table 2, and the particle size distribution of SS and SP is
shown in Figure 2. Sodium sulfate (99%, Tongqing Nanfeng Co., Ltd., Sichuan, China) for
inorganics was used to provide alkaline conditions for hydration of slag.

Table 2. Chemical compositions of cement, SS, SP.

Material SiO2 Al2O3 CaO Fe2O3 MgO K2O TiO2 Na2O Mn3O4

PC 21.61 6.13 58.19 4.00 0.84 0.99 0.33 0.13 3.94
Laterite 60.62 12.86 7.16 4.54 1.43 2.91 0.67 1.62 0.11
Loess 69.43 13.43 1.19 5.01 1.11 2.42 0.77 0.50 0.075

Silt 67.07 14.58 0.85 5.91 1.48 2.51 0.89 1.14 0.091
SP 32.24 15.38 40.11 0.36 8.98 0.52 0.55 0.44 0.22
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Animal protein foaming agent (Zhicheng Plastic Co., Ltd., Suzhou, China) for organics
composed of enzymatic proteins was used to generate foams during the pre-foaming
process. The density of the foaming agent is 1.03 kg/L, the dilution ratio is 50 times, and
the foam density is 50 g/L. Figure 3 shows the images of foam generated in this study.

Sustainability 2022, 14, x FOR PEER REVIEW 4 of 20 
 

 
Figure 2. Distribution curve of particle size: (a) Laterite, (b) Loess, (c) Silt; (d) SP. 

Animal protein foaming agent (Zhicheng Plastic Co., Ltd., Suzhou, China) for organ-
ics composed of enzymatic proteins was used to generate foams during the pre-foaming 
process. The density of the foaming agent is 1.03 kg/L, the dilution ratio is 50 times, and 
the foam density is 50 g/L. Figure 3 shows the images of foam generated in this study. 

 
Figure 3. The morphology of foam at different scales: (a) meso-scale, (b) micro-scale. 

2.2. Mixture Proportions 
The mixture proportions of SSFC are given in Table 3. The wet density of FC was 

kept at 900 kg/m3 by adjusting the amount of foam. The water-to-binder ratio was 0.45. 
Twelve mixtures were prepared based on the three SS samples which take 25% of the total 
weight. Four different SP-cement ratios were designed, which were 0–75%, 35–40%, 45–
30%, 55–20% by weight (wt%). 

  

(a) (b) 

200μm 1cm 
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2.2. Mixture Proportions

The mixture proportions of SSFC are given in Table 3. The wet density of FC was
kept at 900 kg/m3 by adjusting the amount of foam. The water-to-binder ratio was 0.45.
Twelve mixtures were prepared based on the three SS samples which take 25% of the
total weight. Four different SP-cement ratios were designed, which were 0–75%, 35–40%,
45–30%, 55–20% by weight (wt%).

Table 3. Constituent proportions of SSFC mixtures.

Code. Type of Soil Design Wet
Density (kg/m3)

Soil
(kg/m3)

SP
(kg/m3)

PC
(kg/m3)

Sodium Sulfate
(kg/m3)

Water
(kg/m3)

Foam
(kg/m3)

La-0-75

Laterite

900 160 0 480 9.6 288 30
La-35-40 900 160 224 256 9.6 288 25.6
La-45-30 900 160 288 192 9.6 288 24.5
La-55-20 900 160 352 128 9.6 288 23.5

Lo-0-75

Loess

900 160 0 480 9.6 288 30
Lo-35-40 900 160 224 256 9.6 288 30
Lo-45-30 900 160 288 192 9.6 288 28.8
Lo-55-20 900 160 352 128 9.6 288 27.7

Si-0-75

Silt

900 160 0 480 9.6 288 30
Si-35-40 900 160 224 256 9.6 288 24.5
Si-45-30 900 160 288 192 9.6 288 23.5
Si-55-20 900 160 352 128 9.6 288 22.4

Code (Example): La-35-40: Laterite 25%–SP 35%–Cement 40%.

2.3. Foamed Concrete Sample Preparation

To prepare the SSFC, cement, soil and sodium sulfate were poured into the mixing pot
according to the designed ratio and mixed well, then water was added to the mixing pot.
The foam was poured into the mixing pot and stirred at low speed (145 ± 10 rpm) for 60 s.
Finally, the speed was adjusted to a high speed (285 ± 10 rpm) and stirred for 60 s.

The mixture was cast in two different molds, and the dimensions of the molds were
50 × 50 × 50 mm and 40 × 40 × 160 mm. The mold was shaken until the surface of
the mixture was flat. Then, covering the entire mold with plastic wrap for 48 h. After
demolding, the cubic samples were put into the curing room (20 ± 1 ◦C, RH > 90%). After
curing for 7 days, 14 days and 28 days, the FC was dried at 60 ◦C until the weight loss of
the sample was within ±1 g every four hours before testing. The preparation procedure is
shown in Figure 4, and the prepared samples are shown in Figure 5.
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Figure 5. Images of the prepared specimens.

2.4. Test Methods
2.4.1. Fluidity and Dry Density

Fluidity and dry density were tested following Chinese Standard CJJ/T 177–2012. The
prepared mixture was poured into a hollow cylinder with smooth inner wall; the inner
diameter and height of the cylinder were 80 mm. Making the mixture fill the whole hollow
cylinder, the mixture was then scraped along the port plane of the hollow cylinder, the
cylinder was lifted vertically within 3 s to make the mixture collapse naturally on the
smooth acrylic plate, and after standing for 1 min, measuring the maximum horizontal
diameter, which was the fluidity of the sample.

2.4.2. Compressive Strength

According to Chinese Standard GB/T 11969-2008, FC specimens (of size 50 × 50 × 50 mm)
were used to evaluate the compressive strength. The 7 d, 14 d and 28 d compressive
strengths of FC were tested using the compressive testing machine (TYE-3000, Yixuan
Experimental Instrument Co., Ltd., Cangzhou, China). The vertical loading rate was kept at
0.5 kN/s until the cubic was broken, and the final result was the average of three samples.
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2.4.3. Water Absorption

According to Chinese Standard GB/T 11969-2008, FC specimens were dried to a
constant weight. M0 (kg) was the weight of specimens after drying. Then, the specimens
were soaked in a constant temperature tank at 20 ± 5 ◦C for 24 h. The water level was 1/3
of the height of the cubic. Then, the water level was raised to 2/3 of the height of the cubic,
and the specimens were soaked for 24 h. Finally, the water level was raised to more than
30 mm above the cubic, and the specimens were removed after 24 h of soaking, the water
on the surface of specimens was wiped off, and Mg (kg) is the weight of specimens after
soaking. The water absorption (WR) was calculated using the following equation:

WR =
Mg−M0

M0
× 100% (1)

2.4.4. Dry–Wet Cycling Test

The dry–wet cycling experiments were conducted to simulate the contact between FC
and water and to evaluate the water stability performance of FC. In this study, the dry–wet
cycle tests were conducted following the steps proposed by Peng et al. [39]:

I. Firstly, the FC was put into the oven at a temperature of 60 ± 5 ◦C for 48 h after
28 days of maintenance.

II. Then, the FC was taken out and cooled for 30 min. After the FC was cooled to room
temperature, it was put into the constant temperature water tank at a temperature of
20 ± 5 ◦C for 24 h, and the above was used as a set of dry–wet cycles.

III. Subsequently, the FC was removed from the water tank and left to stand for 1 h for
compressive strength test.

IV. Finally, the water stability coefficient was calculated as the ratio between compressive
strength after five dry–wet cycles and the 28 days compressive strength, as shown in
Equation (2).

Kr =
quw

qu28
(2)

where Kr was the water stability coefficient. quw represented the compressive strength after
5 dry–wet cycles (MPa). qu28 represented the 28 days compressive strength (MPa). The final
result was the average after three repeated tests.

2.4.5. Drying Shrinkage

According to Chinese Standard GB/T 11969-2008, the drying shrinkage test was
performed by cuboid samples under 20 ± 2 ◦C and the humidity of 43 ± 2%. The shrinkage
value was recorded every day of the first week, and then every two days till 56 days. Finally,
the drying shrinkage was calculated using the following equation:

∆ = S1−S2
S0−(y0−S1)−S × 1000 (3)

where ∆ is the drying shrinkage value (mm/m). S0 is the standard length (mm). y0 is the
origin of the percentage meter (mm). S1 is the initial length of the n specimen (percentage
meter reading) (mm). S2 is the length of the specimen after drying (percentage meter
reading). S is the sum of the two shrinkage nail lengths (mm).

2.4.6. Hydration Mechanism

XRD (Dmax-2500PC, Rigaku corporation, Tokyo, Japan) was used to investigate the
mineral composition of the hydration product of FC. Before XRD testing, FC samples were
soaked in anhydrous ethanol for 7 days to abort the hydration process, and then ground
and passed through the 0.075 mm sieve. The measurement was conducted with Cu-Ka
radiation at 40 kV, 30 mA.
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2.4.7. SEM Analysis

The microscopic morphology and pore structure of the foamed concrete were investi-
gated by SEM (Zeiss Gemini 300, Carl Zeiss AG, Oberkochen, Germany) under 40× and
10,000× magnification. The samples from the FC center were cut with a blade to make them
smaller than 1 × 1 × 1 cm and had a natural surface structure. Finally, the samples were
observed using SEM after gold plating to obtain microstructural images. These images are
grayscale images, using Image Pro Plus (IPP) software to convert them into binary images
to distinguish the pore parts and then calculate the porosity and pore size distribution. The
results obtained were the average of 8 images.

3. Results and Discussions
3.1. Fluidity and Dry Density
3.1.1. Fluidity

The fluidity results of different mixtures are presented in Figure 6. In general, the
fluidity increases with the increase in SP content. Compared to the control group without
SP, the fluidity of the mixtures with SP shows a great increase and all of them are higher
than 160 mm, which meets the requirements of Chinese standard CJJ/T 177-2012. For the
mixtures prepared by laterite, loess and silt, when the cement content reduced from 40% to
20% and the SP content increased from 35% to 55%, the fluidity increased by 9.4%, 4.8%
and 5.4%, respectively.
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Figure 6. Fluidity of foamed concrete.

Generally, the fluidity of FC is mainly determined by shear stress and self-weight [40].
The wet density of the SSFC prepared was 900 kg/m3. High wet density makes self-
weight the main factor affecting fluidity. As the amount of foam decreased, the self-weight
increased and the fluidity increased. The addition of SP and SS with smaller particles also
made the slurry more lubricated, which reduced the cohesion of the slurry, so the shear
stress was reduced and the fluidity of mixtures increased.

3.1.2. Dry Density

Figure 7 shows the dry density of SSFC. It can be observed that the dry density of FC
gradually decreased with the increase in SP content. For the SSFC prepared by laterite,
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loess and silt, when the SP content increased from 0 to 55%, the fluidity increased by 10.1%,
8% and 8.8%, respectively. This is because SS and SP require less water for hydration than
cement, so that they will lose more free water when drying, resulting in a decrease in dry
density. On the other hand, the specific gravity of cement is high, so a high cement content
will fill the pores in SSFC, resulting in an increase in dry density.
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Figure 7. Dry density of foamed concrete.

3.2. Compressive Strength

The compressive strength of SSFC is shown in Figure 8.
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For samples prepared with laterite, the 28 d compressive strength of La-0-75 was
4.32 MPa. However, with the gradual increase in the SP content, the 28 d compressive
strength of La-35-40, La-45-30, La-55-20 were 3.2 MPa, 2.32 MPa, 1.88 MPa, and the com-
pressive strength decreased by 26%, 46%, 56%, respectively.

For samples prepared with loess, the 28d compressive strength of Lo-0-75 was
4.25 MPa. However, with the gradual increase in the SP content, the 28 d compressive
strength of Lo-35-40, Lo-45-30, Lo-55-20 were 3.18 MPa, 2.21 MPa, 1.62 MPa, and the
compressive strength decreased by 25%, 48%, 62%, respectively.

For samples prepared with silt, the 28 d compressive strength of Si-0-75 was
4.18 MPa. However, with the gradual increase in the SP content, the 28 d compressive
strength of Si-35-40, Si-45-30, Si-55-20 were 3.17 MPa, 2.13 MPa, 1.54 MPa, and the compres-
sive strength decreased by 24%, 49%, 63%, respectively.

It can be seen that the increase in SP had a significant impact on the compressive
strength of FC. This is because the CaO content in SP and the three SS is lower compared to
PC, and with the reduction of cement, the Ca/Si ratio decreases and the calcium hydroxide
is not enough for a more complete hydration reaction, and the water and calcium silicate
(C-S-H) and calcium hydroxide (C-H) crystals produced in the cementitious system are
also reduced, leading to a decrease in its strength. The FC prepared from laterite at the
same ratio had the highest compressive strength. This is because the laterite contains more
CaO and its hydration activity is higher compared to the loess and silt.

3.3. Water Absorption

The water absorption of SSFC is presented in Figure 9. The water absorption of La-0-75
was 26%, that of Lo-0-75 was 27%, and that of Si-0-75 was 28%. This is because the dry density
of SSFC is smaller and its pores are more. On the other hand, SS has a high water absorption
capacity, resulting in higher water absorption of SSFC than FC without SS. And as the SP
content increased, the water absorption of FC increased. When the SP content reached 55%,
the water absorption of La-55-20 was 47%, that of Lo-55-20 was 46%, and that of Si-55-20 was
49%. This is due to the porosity of SSFC may affect its water absorption, and the porosity
increases with the increase in SP content, so the water absorption also increases.
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3.4. Dry–Wet Cycling Results

The results of dry–wet cycling tests of SSFC are shown in Table 4. After five dry–wet
cycles, the mechanical properties of SSFC were affected, and the compressive strength of
SSFC was reduced. When the content of SP was 0, the water stability coefficients were
0.847 for La-0-75, 0.875 for Lo-0-75 and 0.890 for Si-0-75. As the content of SP increased,
the water stability coefficients of SSFC decreased. When the SP content increased to 55%,
the water stability coefficients were 0.761 for La-55-20, 0.753 for Lo-55-20, and 0.766 for
Si-55-20. SSFC has many pores inside, and when it is in contact with water, these pores
will be infiltrated with water, which leads to an increase in the moisture in the pores. The
dry–wet cycle results in changing internal stresses generated by water in the pores, thus
damaging the internal structure of the material and causing the compressive strength of
SSFC to decrease after the dry–wet cycle. With SP increased, the unhydrated particles and
pores in SSFC also increase, making the skeleton of SSFC loose. Therefore, SSFC is prone to
dry–wet crack. When the water stability coefficient of engineering material is higher than
0.7, it can be used for engineering applications. The water stability coefficients of SSFC are
all higher than 0.7, which meets the durability requirements of practical engineering.

Table 4. Dry–wet cycling test results of SSFC.

Code 28 d Compressive
Strength (MPa)

Compressive Strength after
5 Dry–Wet Cycles (MPa)

Water Stability
Coefficient

La-0-75 4.32 3.66 0.847
La-35-40 3.20 2.53 0.806
La-45-30 2.32 1.85 0.797
La-55-20 1.88 1.43 0.761
Lo-0-75 4.25 3.72 0.875
Lo-35-40 3.18 2.64 0.830
Lo-45-30 2.21 1.76 0.796
Lo-55-20 1.62 1.22 0.753
Si-0-75 4.18 3.72 0.890
Si-35-40 3.17 2.75 0.868
Si-45-30 2.13 1.71 0.803
Si-55-20 1.54 1.18

3.5. Drying Shrinkage

Figure 10 shows the drying shrinkage values of foamed concrete specimens for 56 days,
and it can be observed that the drying shrinkage values of FC increased linearly in the
first 10 days. This was due to the high content of free water in FC in the early days, which
was lost rapidly, causing the sharp increase in the drying shrinkage value. After that, the
drying shrinkage gradually increased due to the decrease in free water content in FC and
the continuous hydration. The main cause of FC shrinkage is the loss of free water. When
SP replaces cement as the cementitious material, its hydration is slower, so FC containing
SP has a greater upper limit of shrinkage. In addition, SSFC has a higher drying shrinkage
value due to the volume change of SS when they are exposed to water. When the SP
content increased from 0 to 45%, the drying shrinkage value of the specimens increased;
however, when the SP content continued to increase to 55%, the drying shrinkage value of
the specimens decreased instead. This is because the drying shrinkage is affected by the
connected pores, and the more connected pores will make the drying shrinkage value of
FC larger. When the content of SP is 45%, the fluidity of slurry is better and the number
of connected pores increases with the contact of foam. When the content of SP is 55%,
the high content of SP particles will wrap around the foam surface, which makes the
foam more stable and independent. As a result, the number of connected pores in FC
decreases compared to samples with 45% SP content, which leads to the decrease in its
drying shrinkage. In addition, FC prepared from silt has higher drying shrinkage compared
to laterite and loess, which is due to the low bearing capacity, low shear strength and high
water adsorption capacity of silt compared to the other two SS.



Sustainability 2022, 14, 14952 11 of 18

Sustainability 2022, 14, x FOR PEER REVIEW 12 of 20 
 

drying shrinkage. In addition, FC prepared from silt has higher drying shrinkage com-
pared to laterite and loess, which is due to the low bearing capacity, low shear strength 
and high water adsorption capacity of silt compared to the other two SS. 

 
Figure 10. Drying shrinkage of SSFC prepared with different SS; (a) laterite, (b) loess, (c) silt. 

3.6. Hydration Mechanism 
The XRD results are shown in Figure 11. The main hydration products of SSFC were 

tricalcium silicate (C3S), dicalcium silicate (C2S), Ca(OH)2, calcium aluminate hydrate 
(CAH) and a small amount of ettringite (AFt). In general, SSFC had many internal pores, 
and the relative expansion of SS volume made the pores larger. Therefore, the strength of 
SSFC was not high, but it still met the engineering requirements. It could be seen that 
when the content of cement was 75% without SP, more Ca(OH)2 was generated by hydra-
tion. With the increase in SP content, on the one hand, the decrease in cement leads to the 
decrease in hydration products, and on the other hand, the Ca(OH)2 generated by cement 
hydration participated in the volcanic ash reaction of SS and SP, so the Ca(OH)2 peak de-
creased. At the same time, SS particles were bonded into agglomerates when they met 
water, which had a negative effect on the hydration of cement and reduced the hydration 
products. 

 

0 10 20 30 40 50 60
0

1

2

3

4

5

6

7

 La-0-75
 La-35-40
 La-45-30
 La-55-20

D
ry

in
g 

sh
ri

nk
ag

e 
(m

m
/m

)

Time (days)
0 10 20 30 40 50 60

0

1

2

3

4

5

6

7

 Lo-0-75
 Lo-35-40
 Lo-45-30
 Lo-55-20

D
ry

in
g 

sh
ri

nk
ag

e 
(m

m
/m

)

Time (days)

0 10 20 30 40 50 60
0

1

2

3

4

5

6

7

 Si-0-75
 Si-35-40
 Si-45-30
 Si-55-20

D
ry

in
g 

sh
ri

nk
ag

e 
(m

m
/m

)

Time (days)

(a) (b) 

(c) 

Figure 10. Drying shrinkage of SSFC prepared with different SS; (a) laterite, (b) loess, (c) silt.

3.6. Hydration Mechanism

The XRD results are shown in Figure 11. The main hydration products of SSFC were
tricalcium silicate (C3S), dicalcium silicate (C2S), Ca(OH)2, calcium aluminate hydrate
(CAH) and a small amount of ettringite (AFt). In general, SSFC had many internal pores,
and the relative expansion of SS volume made the pores larger. Therefore, the strength
of SSFC was not high, but it still met the engineering requirements. It could be seen
that when the content of cement was 75% without SP, more Ca(OH)2 was generated by
hydration. With the increase in SP content, on the one hand, the decrease in cement leads
to the decrease in hydration products, and on the other hand, the Ca(OH)2 generated by
cement hydration participated in the volcanic ash reaction of SS and SP, so the Ca(OH)2
peak decreased. At the same time, SS particles were bonded into agglomerates when
they met water, which had a negative effect on the hydration of cement and reduced the
hydration products.

Figure 12 shows the internal morphology of FC at 10,000 magnification. It can be seen
that some SS particles were still agglomerated in the SSFC after 28 days of maintenance.
Although the SS particles were agglomerated, the cohesion between the particles was weak,
which had an adverse effect on the compressive strength of SSFC. The needle-like AFT
cloud be observed in Figure 12b. The flocculent CSH gel produced by hydration as well
as Ca(OH)2 can be found in Figure 12c. The CSH gel was a fibrous system that builds the
strength of the foamed concrete, followed by Ca(OH)2.
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Figure 11. XRD results of SSFC prepared with different SS; (a) laterite, (b) loess, (c) silt.
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3.7. Pore Structure

The pore structure of SSFC prepared from the same SS when the SP content increased
from 0 to 55% is shown in Figure 13. It can be seen that when the SP content is 0, the SSFC
has more regular spherical pores and the distance between pores is further. As the SP
content increases to 55%, the diameter of pores becomes larger, the number of connected
pores increases and the pore walls are smoother and denser. This is because the filling effect
of SP refines the pore structure. However, the addition of a large amount of SP increases
the fluidity of the slurry and the state of the foam in the mixture is more unstable. Contact
between the foams can occur and even merge into larger foams.
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As shown in Table 5 and Figure 14, after processing SEM images of SSFC using IPP, the
pore area and pore diameter were calculated and the pore size distribution was fitted with
Gaussian, the pore size distribution of the foamed concrete follows a normal distribution.
It can be seen that when the content of SP was 0, the SSFC had the smallest porosity and
average diameter of pores, and the distribution of pore diameters was more concentrated.
This was due to the poor mobility of the slurry, and the foam was subject to higher friction
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in the slurry, so it was difficult for the foam to move. As the SP content increased, the slurry
became more fluid and the SP particles reduced the roughness of the slurry. The friction
force on the foam in the slurry decreased, so the pore size distribution in the SSFC became
dispersed and the porosity and average diameter increased.

Table 5. Pore structure characterization of SSFC.

Code Average Diameter (µm) Porosity (%)

La-0-75 160.47 0.39
La-35-40 172.11 0.42
La-45-30 173.50 0.44
La-55-20 182.56 0.48
Lo-0-75 167.39 0.41
Lo-35-40 169.48 0.45
Lo-45-30 173.13 0.52
Lo-55-20 186.22 0.54
Si-0-75 163.52 0.44
Si-35-40 168.46 0.46
Si-45-30 173.62 0.49
Si-55-20 183.45 0.54
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Figure 15 shows the variation in water absorption and 28 d compressive strength
of SSFC with porosity. For the SSFC prepared from three SS, the increase in porosity
has a significant effect on both water absorption and compressive strength. When the
porosity was low, the pores in SSFC were more uniformly distributed, independent, and
contained fewer connected pores. With the increase in porosity, the SSFC structure becomes
looser, which makes the water absorption increase. The increase in connected pores and
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uneven pore diameter will also make the internal force of SSFC uneven, which makes
the compressive strength decrease. Since SS will expand when it meets water, the water
absorption rate of SSFC should not be too high; otherwise, it will have a negative impact
on its volume stability. Therefore, the dosing of SP should not exceed 45%.
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Figure 15. Variation of water absorption and 28 d compressive strength with porosity; (a) SSFC
prepared with laterite; (b) SSFC prepared with loess; (c) SSFC prepared with silt.

4. Conclusions

SS and SP were used in this study to prepare foamed concrete by replacing part of
the cement aimed to improve the economic and environmental benefits. The strength,
durability and microstructure of SSFC were investigated and the following conclusions can
be drawn.

(1) When the content of SS was 25% and the content of SP was 35%, 45% and 55%, the
flowability of SSFC prepared from three SS was between 160 mm and 180 mm, the dry
density was between 640 kg/m3 and 704 kg/m3, the water absorption was between
34% and 49%, and the water stability coefficient was higher than 0.7, demonstrating a
good durability of SSFC.

(2) The density grade of general foamed concrete is 300 kg/m3–1200 kg/m3. The dry
density of the SSFC prepared in this study was about 650 kg/m3. Although SSFC had
a low density, the compressive strength of SSFC was between 1.54 MPa and 3.18 MPa,
which sufficiently support its application as subgrade in road engineering.

(3) The rapid growth period of drying shrinkage of SSFC occurred mainly in the first
10 days and gradually stabilized within one month. The drying shrinkage reached
the maximum value when the SP content was 45%. The drying shrinkage values
of SSFC prepared from silt were higher than those of SSFC prepared from laterite
and loess. Compared with laterite, drying shrinkage of SSFC prepared with loess
can be stabilized in a shorter time. SSFC prepared with loess has better resistance to
drying shrinkage.
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(4) The average diameter of pores in SSFC increased with the increase in SP content. In
addition, the higher the SP content, the larger the SSFC porosity, and with the increase
in porosity, the compressive strength of SSFC decreased and the water absorption
rate increased.

(5) When the content of SS is 25% and the content of SP is 35%, the compressive strength,
pore structure and durability of SSFC prepared by three kinds of SS meet the require-
ments of engineering application. At this point, SS and SP can reduce the amount of
cement used in FC by 60%, thereby reducing costs by about 30% and creating huge
economic benefits. In addition, the use of SP instead of cement not only facilitates the
reuse of solid waste but also reduces the amount of greenhouse gases produced in
cement production, resulting in environmental benefits.
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