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altitude on the strength of
aerated concrete

Biwen Liu, a Qian Zhang,b Yuxiang Zhao,a Dongdong Huana and Xinzhong Liu*a

Aerated concrete specimens were prepared at Fuzhou and Lhasa with the same processing conditions. The

compressive strengths of the specimens in Lhasa were lower than that in Fuzhou. We used SEM-EDS, XRD,

FT-IR and MIP to study their microstructure in order to find the reasons made for differences in strength.

Furthermore, the effect of the preparation process on the material strength was analyzed. The results

showed that a low ambient temperature affected the autoclave curing process of the aerated concrete.

A longer time was needed to reach the desired constant temperature, resulting in an insufficient degree

of hydration, a low level of tobermorite generation, poor crystallinity, high porosity, an uneven pore size

distribution, more harmful pore content above 200 nm and unsatisfactory strength. Under low

environmental pressure, increasing autoclave pressure can promote the better formation of tobermorite

to improve the strength of aerated concrete.
Introduction

Different autoclaved curing systems (i.e., raw materials, auto-
clave time, pressure, temperature) affect the hydration products
and pore structures of aerated concrete. The pore structure,1,2

contents of the hydration products and relative crystallinity3

play decisive roles in determining the mechanical properties of
the aerated concrete. Due to the limited synchronization of
tobermorite formation, the pore wall structure is obviously
stratied. The layer composed of tobermorite converts the pores
into hollow rigid spheres and plays the role of the skeleton that
supports the “aggregate”.4 The tobermorite phase is the main
crystalline phase providing strength development of the aerated
concrete. Tobermorite with higher crystallinity aids in the
formation of a dense microstructure. The C–S–H gel generated
and the highly crystalline layered tobermorite formed in the
hydrothermal synthesis interlaced to form a dense network
structure and increase the strength of the aerated concrete.5–7

Various factors, such as the types and ratios of the raw
materials,8–10 autoclave temperature and time,11–13 greatly affect
the formation of hydration products by the aerated concrete. Li
et al.14 changed the pore structure and surface characteristics of
the product by adding additives during autoclave curing,
enhanced the formation of tobermorite, and thus improved the
compressive strength of the AAC. Quartz sand with the appro-
priate neness reacts well in a short time to form tobermorite
with high crystallinity. By using waste sugar slag or BOF instead
of lime,3,15 the aerated concrete generated a higher proportion
ail: liuxinzh01@163.com

70
of the tobermorite phase. Its structural surface showed a ner
needle-like crystal morphology and a higher crystallinity.

To prepare aerated concrete that can adapt more effectively
to this environment, we used the same process to prepare
aerated concrete samples at high and low altitudes, compared
their strength differences, and analyzed the possible reasons for
the differences by determining the composition and micro-
structures of their hydration products. By comparing the
strengths of aerated concrete samples prepared under different
autoclave pressures in the plateau area, the hydration products
and pore structure were analyzed, and the effect of the auto-
claved curing process on strength was explored. The differences
in the climates for high and low altitudes are mainly the
temperatures and pressures, and the effect of autoclave pres-
sure on strength was greater than that of the autoclave time.
Therefore, we studied the mechanism for the effect of autoclave
pressure on intensity.
Materials and methods
Raw materials

The sand tailings used in this study were obtained from an
aerated concrete plant in Lhasa. The consistency of the cement
was 27.20%. The solid content of the water-based aluminum
powder paste was 65%, and the active rate of the solid content
was 92%. The physical properties and chemical analysis of the
main materials are listed in Table 1. The digestion curve of
quicklime is shown in Fig. 1.
Preparation of specimens

The samples were prepared by using the ratio of raw sand
materials to prepare B05-grade aerated concrete. Several raw
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physical and chemical compositions of materials

Sand tailings Lime Cement Plaster

Consistency, % — — 27.20 —
Loss of ignition, % 5.89 0.22 3.13 13.56
SiO2, % 71.49 5.66 24.98 6.18
Al2O3, % 12.21 1.78 3.73 0.97
CaO, % 3.12 69.55 58.92 32.45
MgO, % 4.25 3.21 3.86 1.78
Fe2O3, % 2.74 0.64 2.64 0.38
SO4

2−, % — — — 44.34

Fig. 1 Digestion curve of quicklime.
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View Article Online
materials were added to the wet mill according to the ratio of
sand tailings : lime : cement : gypsum = 63 : 19 : 17 : 2 for
grinding and pulping. The water-based aluminum powder paste
(0.074%) was measured and poured into the mixer and formed
into a slurry. The slurry temperature met the process require-
ments before pouring. Then, the green body was placed in
a static room at a temperature of approximately 43 °C for 2.0–3.0
hours. Aer the green body reached the cutting strength, it was
transported to the pouring–precuring–cutting cycle line and
cut. The green body was then placed into the autoclave and
cured, completely cured aer 28 days. Then, the desired sample
was obtained (Table 2 and Fig. 2).
Table 2 Comparison of process parameters of different specimens

Samples Ratio of raw materials

A Sand tailings : lime : cement : plaster = 63 : 19 : 17
Aluminum powder paste: 0.074%
Ratio of water to material: 0.6–0.65

B Sand tailings : lime : cement : plaster = 63 : 19 : 17
Aluminum powder paste: 0.074%
Ratio of water to material: 0.6–0.65

C Sand tailings : lime : cement : plaster = 63 : 19 : 17
Aluminum powder paste: 0.074%
Ratio of water to material: 0.6–0.65

D Sand tailings : lime : cement : plaster = 63 : 19 : 17
Aluminum powder paste: 0.074%
Ratio of water to material: 0.6–0.65

© 2023 The Author(s). Published by the Royal Society of Chemistry
Test methods and processes

Four different cubic specimens (the length of each edge was
3.94 in [100 mm]) were investigated. The variables included
vapor pressure and external ambient pressure.

The dry density and compressive strength of air-entrained
concrete can be determined by means of formula (2) and (3),
respectively:

r0 ¼ M0

V
� 106 (1)

Ws ¼ M �Μ0

Μ
� 100% (2)

where r0 (kgm
−3) is the dry density of the specimen,M0 (g) is the

weight aer drying, V (mm3) is the volume of the specimen, Ws

is the mass moisture content of the specimen, and M (g) is the
weight before drying of the specimen.

fcc ¼ p1

A1

(3)

where fcc (MPa) is the compressive strength of autoclaved
concrete, p1 (N) is the failure load of the specimen, and A1
(mm2) is the pressurized area.

Aer the compressive strength test was completed, the
crushed samples was made into cubes (the length of each edge
was 5 mm). The surface of the samples were polished and
sprayed with gold before the samples was characterized with
a Czech TESCAN MIRA LMS eld emission scanning electron
microscope. The settings for the SEM analyses included an
acceleration voltage of 5 keV, and the secondary electron image
mode was used. Then, dotting the energy spectrum at the
location where the lamellar structure appeared through SEM.

Other broken samples remaining aer the compressive
strength tests were ground into powders. Then, the micro-
structures of these sample powders was investigated by XRD
and FT-IR analyses to elucidate the inuence of the preparation
process on the material strengths.

The crystal phase compositions and proportions of the
prepared samples were analyzed with a Japanese Ultima IV X-ray
diffractometer. The settings for the XRD analyses included a Cu
radiation source. The samples were scanned over a 2q range 5 to
Autoclave system Place

: 2 Autoclave pressure: 1.2 MPa Fuzhou
Autoclave temperature: 190 °C
Autoclave time: 8 h

: 2 Autoclave pressure: 1.2 MPa Lhasa
Autoclave temperature: 190 °C
Autoclave time: 8 h

: 2 Autoclave pressure: 1.25 MPa Lhasa
Autoclave temperature: 192 °C
Autoclave time: 8 h

: 2 Autoclave pressure: 1.3 MPa Lhasa
Autoclave temperature: 194 °C
Autoclave time: 8 h

RSC Adv., 2023, 13, 11762–11770 | 11763
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Fig. 2 Process flow chart of autoclaved concrete.
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80° with a step size of 0.02°. During the measurements, XRD
experiments were performed at 40 kV and 15 mA.

The crystal plane distance was calculated with the Bragg
equation:

2d sin q = nl (4)

where d (nm) is the distance between the crystal planes, n (=1) is
the expression for the rst-order diffraction, l (nm) is the X-ray
wavelength (0.154 056 nm), and q is the diffraction angle.

The functional groups of the sample were characterized with
a Bruker ALPHA Fourier transform infrared spectrometer. With
potassium bromide as the background, potassium bromide and
the sample powder were mixed, ground and pressed, and the
wavenumber scanning range was 400–4000 cm−1.

Using the crushed sample from the previous compressive
strength test and cutting them into cubes (the length of each
edge was 10 mm). We used high-performance automatic
mercury porosimeter (American Micromeritics AutoPore V
9620) to test the porosities and pore size distributions of the
samples. And the pore size range was 0.003–1000 mm.

Results and discussion
Compressive strength

According to GB/T11968-2020 and Table 3, the strength grade of
the products in Group A and Group D reached A5.0, whereas
Table 3 Comparison of the compressive strengths of different samples

Samples Shape Size
Dry density
(r0/kg m−3)

A Cube 100 mm × 100 mm × 100 mm 714
B Cube 100 mm × 100 mm × 100 mm 605
C Cube 100 mm × 100 mm × 100 mm 612
D Cube 100 mm × 100 mm × 100 mm 710

11764 | RSC Adv., 2023, 13, 11762–11770
that of the products in Group B and Group C only reached A3.5.
This is due to the low-temperature and low-pressure environ-
ment of the plateau during the production of Group B products,
and it was difficult to achieve the ideal autoclave temperature
during the production process. As a result, the same process
was used for Groups A and B, but the strength of the prepared
samples was quite different. As the autoclave pressure
increased, the compressive strength of the samples increased.
When the autoclave pressure reached 1.3 MPa and the autoclave
temperature reached 194 °C (Group D), the strength of the
samples was equal to that of the samples prepared in Fuzhou
(Group A).
The effect of different autoclave pressures on the
microstructure

Fig. 3 shows the SEM images of different samples. Regular aky
crystals, which are tobermorite, can be clearly seen in the
picture. The surrounding white occulent materials are semi-
crystalline C–S–H gels. The tobermorite crystals and C–S–H gels
are interspersed to form a whole, forming a tight mesh structure
to provide strength to aerated concrete.16 Pores were observed
between adjacent tobermorite crystals. Moreover, the structure
is relatively loose, indicating that sample B has a lower tober-
morite content. Thus, its compressive strength was relatively
low. Even though sample B and sample A were prepared under
the same process conditions, there are still large differences in
after autoclave curing for 8 hours

Compressive strength
at 28 days (fcc/MPa)

GB/T11968-2020
Actual strength
levelStrength level

5.2 fcc $ 2.0 MPa, A2.0 A5.0
4.1 fcc $ 2.5 MPa, A2.5 A3.5
4.3 fcc $ 3.5 MPa, A3.5 A3.5
5.1 fcc $ 5.0 MPa, A5.0 A5.0

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 SEM images of the samples. (a) Sample A; (b) sample B; (c) sample C; (d) sample D.
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strength between these samples. This may be due to the
difference in the external environment; sample B required
a longer time to reach a constant temperature. Hence, the
degree of hydration was not enough, the amount of tobermorite
generated was small, and the crystallinity was not good at the
same autoclave time.

Additionally, with an increase in the autoclave temperature,
the content of tobermorite in the test block increased, and the
bond between the hydration products became tighter. It was
evident that the content of tobermorite in sample D was
equivalent to that in sample A, while the distribution of tober-
morite crystals in sample A was more regular and orderly.
Therefore, the strength of sample A was slightly higher than
that of sample D.

To explore the element differences of the hydration products
generated under different autoclave curing conditions,
a random point was selected in the leaf-shaped area (i.e.,
tobermorite) for EDS detection. From Fig. 4 and Table 4, we can
see that C, O, Ca, Si and Al were detected in tobermorite in the
samples, but the contents of Ca and Si were different, which
may be due to different autoclave curing conditions, resulting in
different crystal forms of the tobermorite, which affected the
nal strength of the product. The Al contents were also
different, which may have been due to different temperatures in
the autoclave, which would lead to different participation of the
active-Al2O3 in the hydrothermal reaction.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The effect of different autoclave pressures on the hydration
products

Fig. 5 shows the XRD spectra of different samples. The hydra-
tion products of each sample were basically the same, mainly
including tobermorite, C–S–H gel, hydrated garnet and some
SiO2, which was not involved in the hydration reaction of the
C–S–H gel. In particular, tobermorite and C–S–H gel were the
main contributors to the strength. In the initial constant-
temperature stage of autoclave curing, a large number of
C–S–H gels were generated. At the same time, hydrated calcium
aluminate reacted with SiO2 to generate hydrogarnet. With the
continuous progress of the reaction, the crystallinity of the
calcium silicate hydrate continued to increase, and tobermorite
appeared.17

The crystalline state of tobermorite greatly affected the
aerated concrete. MDI-Jade soware was used to calculate the
corresponding half-height width and peak intensity of the
tobermorite phase (T) with different X-diffraction d values. The
difference between the full width at half maximum and the peak
intensity was used to characterize the difference in the phases,
and then the macroscopic properties were determined. The
calculation results are shown in Table 5.

The crystallinity of the tobermorite was calculated with
formula (5):18

Relative crystallinity ¼ Ið002Þ
Ið220Þ

(5)
RSC Adv., 2023, 13, 11762–11770 | 11765
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Fig. 4 EDS spectra of tobermorite in different autoclaved aerated concretes; (a) sample A; (b) sample B; (c) sample C and (d) sample D.
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where I(002) and I(220) are the diffraction peak sizes on the (002)
and (220) crystal planes, respectively.

Aer this calculation, the relative crystallinities of test pieces
A, B, C and D tobermorite were 0.35, 0.24, 0.26 and 0.33,
11766 | RSC Adv., 2023, 13, 11762–11770
respectively. Test block A had higher crystallinity and a better
crystalline state, so the strength of A was greater, consistent
with the previous results of compressive strength.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06498g


Table 4 Contents of the elements in the tobermorite samples

Samples C (wt/%) O (wt/%) Al (wt/%) Si (wt/%) Ca (wt/%)

A 15.4 46.03 0.82 15.5 22.25
B 7.34 43.6 3.19 22.09 23.78
C 9.86 44.94 2.06 14.59 28.56
D 15.17 45.8 1.27 15.05 22.71
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The presence of hydrated garnet inhibited the formation of
tobermorite and eventually led to insufficient strength of the
test block. According to JCPDS No. 38-0368, the diffraction
peaks at 2q= 28° correspond to the (400) crystal planes, and the
diffraction peak intensity for hydrated garnet was the most
obvious of the samples. Fig. 3 and Table 6 show that the
diffraction peak intensity for hydrogarnet near 2q = 28°
decreased in the order B > C > D > A, so many substances had
adverse effects on the compressive strengths in sample B and
sample C, and the intensities were less than those of sample A
and sample D.
Fig. 5 XRD patterns of different aerated concrete samples.

Table 5 FWHM and peak intensity for tobermorite in the different samp

Crystal surface d

A B

FWHM Peak intensity FWHM Pea

(002) 1.133 0.286 14 0.333 14
(201) 0.548 0.153 9 0.291 9
(205) 0.350 0.224 20 0.312 9
(220) 0.308 0.172 40 0.134 51
(222) 0.298 0.203 26 0.240 26
(008) 0.282 0.299 15 0.245 15
(425) 0.200 0.264 11 0.246 11
(2,2,10) 0.182 0.192 29 0.218 27

© 2023 The Author(s). Published by the Royal Society of Chemistry
Excessive residual quartz in the test block affected the
formation of tobermorite in the solidied body, loosening the
structure of tobermorite and resulting in a decrease in the
strength of the test piece.19 The diffraction peaks at 20.8°, 26.6°,
39.4°, 42.4°, 60.0° and 68.2° corresponded to the (100), (101),
(102), (200), (211) and (301) crystal planes of SiO2, respectively,
which matched the standard card JCPDS No. 45-1480. The
intensity of the quartz diffraction peak at 26.6° was the stron-
gest. Table 7 shows that the diffraction peak intensity of quartz
sand at q = 26.6° decreased as B > C > D > A. Therefore, samples
B, C, and D had many substances with adverse effects on the
compressive strength, and the strength of sample A was greater
than that of the other three.

Effects of different autoclave pressures on functional groups

The polymerization state of the [SiO4]
4− tetrahedron in the

aerated concrete samples and characterization of other related
functional groups are shown in Fig. 6. The FTIR spectra of the
four samples were basically consistent. The most intense
les

C D

k intensity FWHM Peak intensity FWHM Peak intensity

0.194 11 0.250 14
0.195 9 0.179 9
0.377 11 0.266 22
0.182 41 0.160 42
0.238 32 0.221 30
0.221 11 0.264 22
0.215 8 0.317 14
0.285 21 0.172 25

RSC Adv., 2023, 13, 11762–11770 | 11767
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Table 6 FWHM and peak intensity for different samples of hydrogarnet

Crystal surface d

A B C D

FWHM Peak intensity FWHM Peak intensity FWHM Peak intensity FWHM Peak intensity

(400) 0.318 0.135 26 0.178 53 0.182 41 0.189 32

Table 7 FWHM and peak intensities for different samples of quartz sand

Crystal surface d

A B C D

FWHM Peak intensity FWHM Peak intensity FWHM Peak intensity FWHM Peak intensity

(101) 0.230 0.119 103 0.232 279 0.134 234 0.126 134

Fig. 7 Pore size distribution diagrams for different aerated concrete
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vibrational peak was observed near 965 cm−1, which was
attributed to the asymmetric stretching vibration of the Si–O–Si
bond. The characteristic peaks appearing near 451 cm−1 and
673 cm−1 were attributed to the deformation vibration and the
bending vibration of the O–Si–O bond, respectively, which are
the characteristic spectral lines of tobermorite.20–22 It is obvious
from the gure that the asymmetric stretching vibration band of
Si–O–Si in the hydration product of sample A shied to a higher
wavenumber than those of the hydration products of the other
samples. This shows that the polymerization degree of the
silicate anion in the hydration product was higher than that in
the other test pieces and that the hydration degree was
higher.23,24 Hence, the compressive strength was also relatively
high. In addition, the spectral band at 598 cm−1 may have
arisen from a breathing vibration of the Si–O–Si bonds. As the
degree of polymerization of the silicon–oxygen bonds in sample
A was higher than those of the other samples, sample A had
a peak where the others had no obvious peak.

Owing to the presence of some crystal water in tobermorite,
the peaks near 3448 cm−1 and 1622 cm−1 were attributed to the
asymmetric stretching vibration and bending vibration of
OH−.25 The main reason for the appearance of crystal water is
Fig. 6 FTIR curves of different aerated concrete samples.

11768 | RSC Adv., 2023, 13, 11762–11770
that even if the reaction occurred under high-temperature
conditions, the crystal water present in the hydrated product
completely evaporated.

Moreover, the peaks at 1464 cm−1 and 875 cm−1 correspond
to the asymmetric stretching vibration and the exural vibra-
tion absorption of CO3

2−.26–28 In addition, the characteristic
Fig. 8 Relationships between the compressive strength, porosity and
average pore size.

samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Results of the mercury intrusion tests

Samples Total porosity Average aperture (nm)

Aperture distribution

<20 nm 20–50 nm 50–200 nm 200 nm–1 mm >1 mm

A 64.88% 50.33 15.5% 14.3% 27.9% 11.5% 30.8%
B 73.71% 91.21 5.5% 10.8% 22.6% 21.9% 39.2%
C 71.49% 80.46 4.1% 14.9% 33.5% 12.4% 35.1%
D 67.30% 74.88 14.2% 18.9% 22.3% 11.8% 32.8%
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diffraction peaks of calcite were detected in the XRD spectrum.
This may be the reason for the adsorption of a small amount of
CO3

2− in the hydrated silicate or the small amount of carbo-
naceous material formed during the production process. The
asymmetric stretching vibration absorption peak intensity of
CO3

2− of sample D in the gure was smaller than that of the
other samples, indicating that its carbonization degree was the
smallest. On the other hand, the characteristic peak intensity of
Si–O–Si was smaller than that of sample A, so the strength of
sample A was slightly larger than that of sample D and higher
than that of samples B and C. This result is in line with the
previous test results of compressive strength.

The effect of different autoclave pressures on the aperture
distribution

The pore size has a signicant impact on the strength of the
aerated concrete. Aerated concrete with large pores will also
have a lower strength. A aperture diameter greater than 0.2 mm
indicates multihazard holes.29 According to the mercury intru-
sion test results, the proportions of samples A, B, C and D with
pore sizes greater than 200 nm were 42.3%, 61.1%, 47.5% and
44.6%, respectively. The pore size distribution of sample B was
greater than 200 nm, which was the largest among the four
samples, indicating that sample B had the highest multihole
content. In addition, Fig. 7 shows that the pore sizes of sample B
had a large distribution in various ranges, and the pore struc-
ture was not uniformly distributed, which had a negative effect
on the strength. This may have been due to the insufficient
hydration reaction caused by the low autoclave pressure; the
gaps between the pores were not lled, the pore gaps increased,
and the strength decreased.

The average pore size reected the average value of the
internal pore size in the aerated concrete block. The larger the
average pore size was, the more obvious the coalescence of
bubbles. As the amount of aluminum powder was increased,
the distances between particles decreased. When the aluminum
powder particles were gradually transformed into expanded
bubbles, the distances between bubbles decreased, that is, the
porosity decreased, and the bubbles oated upward during the
expansion process, which increased the probability of coales-
cence between bubbles and formation of larger bubble
diameters.

Fig. 8 shows that the porosity, average pore size and
compressive strength were inversely proportional. According to
Table 8, with an increase in the autoclave pressure from 1.2 MPa
to 1.3 MPa, the total porosity of the sample decreased from
© 2023 The Author(s). Published by the Royal Society of Chemistry
73.71% to 67.30%, the average pore size decreased from
91.21 nm to 74.88 nm, and the compressive strength increased
from 4.1 MPa to 5.1 MPa. As the autoclave temperature rose and
the hydration reaction continued, more hydration products
were formed, the gaps between the pores were lled, and the
hydration products were wrapped and crossed to form a dense
spatial network structure, thus rening the original pore
distribution. The reduction of average pore size and porosity
made the compressive strength develop in a favorable direction.
Conclusions

To achieve the same strength of autoclave-aerated concrete, the
autoclave curing process used in the plateau and low-altitude
areas was 1.3 MPa, 194 °C and 1.2 MPa, 190 °C, respectively.
A low ambient temperature will make it take longer to reach the
corresponding constant temperature. Otherwise, the degree of
hydration is not enough, the amount of tobermorite generated
is small, and the crystallinity is not good, which will cause
unsatisfactory strength. With increasing autoclave pressure, the
degree of hydration deepens. The content and crystallinity of
tobermorite also increase. Hence, the compressive strength is
enhanced. In addition, formation of the hydration products was
increased to continuously ll the pores, thus forming a more
compact network structure and improving the compressive
strength of the sample.

With increasing autoclave pressure, the hydration reaction
continued, the yield of the hydration products increased, the
gaps between the pores were lled, and the hydration products
were wrapped and crossed to form a dense spatial network
structure, thus rening the original pore distribution and
increasing the compressive strength.

This paper was focused on the strength difference of aerated
concretes formed in high and low-altitude areas. Due to the
limited time, the durability was not studied. To enable the
application of aerated concrete in building walls in cold and
high-altitude areas and provide a theoretical basis for the
design and construction of local building materials, tests of the
split pressure ratios and durabilities (dry shrinkage, carbon-
ization, freeze–thaw cycle, ultraviolet aging, etc.) of aerated
concretes will be carried out in future work.
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