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Optimal slag content for geopolymer composites under freeze-thaw 
cycles with different freezing temperatures
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Abstract: Improving the freeze-thaw resistance of geopolymers is of great significance to ensure their durability in cold 
regions. This study presents an experimental investigation of optimal slag content for geopolymer composites under freeze-thaw 
cycles with different freezing temperatures. Firstly, five kinds of geopolymer composites with 10.0%, 20.0%, 30.0%, 40.0%, 
and 50.0% slag contents and 1.0% fiber content were prepared. Freeze-thaw cycle tests at −1.0 ℃, −20.0 ℃, and −40.0 ℃ were 
carried out for these geopolymer composites and their physical and mechanical properties after the freeze-thaw cycle were 
tested. The results show that the porosity of the geopolymer composites decreases as the slag content increases. Their mass loss 
ratio and strength loss ratio increase gradually as the freezing temperature decreases. The mass loss ratio and strength loss ratio 
of geopolymer composites after freeze-thaw cycles all decrease as the slag content increases. Considering the physical and 
mechanical properties of geopolymers after freeze-thaw cycles, the optimal slag contents are 40.0% and 50.0%.
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1 Introduction 

Geopolymer is an ideal cement substitute material 
with lower CO2 emissions and energy consumption, 
due to lower calcination temperature in the manufac‐
turing process (Nasvi et al., 2013). Geopolymer can 
reduce CO2 emission by 80.0% compared to Portland 
cement in the manufacturing process (Duxson et al., 
2007a, 2007b). In addition, it also exhibits excellent 
mechanical properties and durability, which promote 
its potential use in many areas, especially in some 
harsh environments (Richardson et al., 2016; Xie et al., 
2019; Tian et al., 2021). However, freeze-thaw cycles 
can cause deterioration of its mechanical properties 
and affect the service life of constructions (Zhao RD 
et al., 2019; Zhang et al., 2021). The freeze-thaw re‐
sistance of geopolymer in cold environments is one of 
the important indexes for evaluating its practicability 

and durability (Zhao MX et al., 2019; Rashad and 
Sadek, 2020; Yuan et al., 2020). Therefore, improving 
the freeze-thaw durability of geopolymer is of great 
significance for its wide application in severely cold 
areas.

The freeze-thaw resistance of cement-based ma‐
terials in cold environments has been widely investi‐
gated. Generally, cement-based materials contain many 
capillaries, voids, bubbles, and even defects of differ‐
ent sizes. Under freeze-thaw cycles, the volume ex‐
pansion stress on the microscopic pore structure due 
to the phase transition of pore water induces the micro‐
crack and affects the mechanical properties. Many 
scholars have prepared anti-freeze cement-based ma‐
terials (Jacobsen et al., 1997; Chen et al., 2014; Şahin 
Y et al., 2021), and further studied the effect of the 
number of freeze-thaw cycles (Gencel et al., 2021) 
and the freeze-thaw method (Du et al., 2022) on the 
mechanical properties of such materials. However, 
due to the different hydration mechanisms between 
geopolymer and cement, the compositions and pore 
characteristics of geopolymer and cement are differ‐
ent (Parbhoo and Nagy, 1988; Fan et al., 2022). The 
differences in hydration products can lead to dissimi‐
lar freeze-thaw resistance in geopolymer and cement 
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(Yang et al., 2020; Zhang P et al., 2020). In addition, 
the freeze-thaw resistance of geopolymer is still un‐
clear due to its limited infrastructure applications. 
Therefore, in order to ensure the durability of geo‐
polymer in cold environments, it is important to fur‐
ther study its freeze-thaw resistance.

Currently, research on the freeze-thaw resistance 
of metakaolin-based geopolymer materials has been 
carried out. Many scholars further improve the freeze-
thaw resistance of geopolymer by incorporating ad‐
mixtures, such as slag, silica fume, and rubber power 
(Luukkonen et al., 2018; Jiao et al., 2021; Şahin F 
et al., 2021; Zhu et al., 2021). Among those, slag is an 
ideal admixture that can significantly improve the 
compressive strength and durability of a geopolymer 
(Fu et al., 2011; Shahrajabian and Behfarnia, 2018). 
Previous studies have mainly investigated the freeze-
thaw resistance of geopolymer through freeze-thaw 
cycle experiments in the lab with the freezing temper‐
ature during freeze-thaw cycle experiments set to 
−20.0 ℃ according to ASTM C666 (ASTM, 2008) or 
GB/T 50082-2009 (MOHURD, 2009). In that case, 
the slag-modified geopolymer was proven to have ex‐
cellent freeze-thaw resistance. However, with the in‐
crease of building in cold regions, the ambient temper‐
ature of buildings can be lower and can even reach 
−40.0 ℃. Geopolymer may thus be subjected to freeze-
thaw cycles with different freezing temperatures and 
these cause more serious freeze-thaw damage. The 
freeze-thaw resistance of geopolymer at different freez‐
ing temperatures is still unclear and the optimal slag 
content which satisfies the requirements of practical 
application in cold regions needs further study.

This paper mainly focuses on investigating the 
effect of freezing temperature on the physical and me‐
chanical properties of slag-modified metakaolin-based 
geopolymer and then proposes the optimal slag con‐
tent to satisfy the requirements of the practical appli‐
cation in cold regions. The pore structure of geopoly‐
mer with different slag contents was analyzed. The 
physical and mechanical properties of geopolymer 
after freeze-thaw cycles with different freezing temper‐
atures were further analyzed. Finally, the optimal slag 
content which satisfies the requirements of practical 
application in cold regions is proposed. The studies 
are expected to provide a reference for the practical 
application and durability evaluation of geopolymer 
in cold regions.

2 Experimental and methods 

2.1 Materials

The main raw materials used in this study in‐
clude metakaolin, slag, water, polyvinyl alcohol (PVA) 
fiber, sodium hydroxide pellets, and sodium silicate. 
Metakaolin used in this study was provided by the Jiayu 
Mining Plant in Hebei Province, China. The average 
particle size of metakaolin is 13.0 μm. The slag used 
in this study is ground granulated blast furnace slag 
with a specific gravity of 2.84 g/cm3 and an average 
particle size of 15.0 μm, which is conformed to ASTM 
C618 (ASTM, 2013b). Table 1 shows the chemical 
composition of metakaolin and slag based on the X-ray 
fluorescence (XRF) test. As shown in Table 1, the 
main chemical composition of metakaolin is Al2O3 and 
SiO2. The percentages of Al2O3 and SiO2 are 43.99% 
and 48.25%, respectively. The metakaolin shows a low 
CaO content, only 0.70%. In addition, the main chem‐
ical components of ground granulated blast furnace 
slag (GGBFS) used in this study are CaO, SiO2, and 
Al2O3, at 38.53%, 30.67%, and 15.90%, respectively. 
The alkaline activator was obtained by mixing sodium 
hydroxide, sodium silicate solution, and tap water. In 
this study, the purity of sodium hydroxide is 99.0% 
and the modulus ratio of sodium silicate solution is 
3.24. The PVA fiber was produced by Kuraray Com‐
pany, Japan. The length and diameter of the fiber are 
12 mm and 39.0 μm, respectively. The density of the 
fiber is 1.3 g/cm3. In addition, the tensile strength and 
elastic modulus are 1600 MPa and 42.8 GPa, respec‐
tively. The elongation of the fiber is 6.0%.

2.2 Preparation of the specimens

The mix proportions used in this experiment are 
shown in Table 2. As shown in Table 2, the mass 
replacement of metakaolin by slag was set as 10.0%, 
20.0%, 30.0%, 40.0%, and 50.0%. Meanwhile, 1.0% 

Table 1  Chemical composition of metakaolin and slag

Composition

CaO
SiO2

Al2O3

Fe2O3

TiO2

MgO
Others

Mass fraction (%)
Metakaolin

0.70
48.25
43.99

3.32
2.35
0.00
1.39

Slag
38.53
30.67
15.90
0.24
1.50
8.94
4.22
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PVA fibers by volume were added to enhance the 
tensile properties of the geopolymer. The raw materials 
and preparation process of the geopolymer compos‐
ites used in this study are shown in Fig. S1 of the elec‐
tronic supplementary materials (ESM). The specific 
preparation method of geopolymer composites is re‐
ferred to our previous study (Zhong et al., 2022b). 
Cube and cylindrical specimens were prepared in this 
study. The dimensions of the cube specimens used in 
physical and mechanical tests are 70.7 mm×70.7 mm×
70.7 mm. The low-field nuclear magnetic resonance 
(LF-NMR) test was performed on cylindrical spec‐
imens with a diameter of 50.0 mm and a height of 
25.0 mm.

2.3 Methods

2.3.1　Low-field nuclear magnetic resonance test

LF-NMR has been widely used in the measure‐
ment of microscopic pore structure due to its nonde‐
structive and quantitative characteristics (Zhang A 
et al., 2020). In this study, the cylindrical specimens 
were vacuumed at −0.1 MPa for 24 h and then soaked 
in distilled water until LF-NMR test was performed. 
The Macro-MR12-060H-I (Niumag Corporation, Su‐
zhou, China) was used (Fig. S2 of ESM). The reso‐
nance frequency is 12.0 MHz and the probe coil di‐
ameter is 60.0 mm. In addition, the temperature was 
set to (32.00±0.02) ℃. The pore structure of the spec‐
imens was further investigated according to the Carr-
Purcell-Meiboom-Gill (CPMG) method (Liu et al., 
2021).

2.3.2　Freeze-thaw cycles test

Fig. 1 shows the geopolymer specimens with dif‐
ferent slag contents used in freeze-thaw cycle tests. As 
shown in Fig. 1, 100 geopolymer specimens were 
divided into five series. The mass replacements of 
metakaolin by slag were 10.0%, 20.0%, 30.0%, 40.0%, 

and 50.0% in series 1, 2, 3, 4, and 5, respectively. 
Meanwhile, each series included three different freez‐
ing temperatures, which are −1.0 ℃ , −20.0 ℃ , and 
−40.0 ℃ . Five specimens were prepared for each 
freezing temperature to ensure repeatability. In addi‐
tion, five geopolymer specimens cured at 20 ℃ were 
used as the control group.

According to GB/T 50082-2009, all geopolymer 
specimens were treated with vacuum saturated distilled 
water for 24.0 h before the freeze-thaw cycle test. 
During the freeze-thaw cycle treatment, each cycle 
contains two steps, a freezing step and a thawing step. 
In the freezing step, the specimens were frozen at dif‐
ferent freezing temperatures for 2.0 h respectively. 
Then, in the thawing step, geopolymer specimens 
were uniformly immersed in water at room tempera‐
ture ((20.0±0.2) ℃) for 1 h. The number of the freeze-
thaw cycles was 10 and each freeze-thaw cycle lasted 
about 3.0 h.

2.3.3　Physical and mechanical property tests

To evaluate the freeze-thaw resistance of geo‐
polymer specimens with different slag contents, the 
mass loss ratio, compressive strength loss ratio, 
and elastic modulus loss ratio were determined. After 
10 freeze-thaw cycles, the mass of the geopolymer 

Table 2  Mix design proportions for the geopolymer specimens

Mix No.

S-10
S-20
S-30
S-40
S-50

Mass fraction of
binder (%)

Metakaolin
90
80
70
60
50

Slag
10
20
30
40
50

Mass ratio 
of activator 

to binder
0.5
0.5
0.5
0.5
0.5

Volume 
fraction of 

PVA fiber (%)
1
1
1
1
1

Fig. 1  Geopolymer specimens with different slag contents 
used in this study: (a) geopolymer specimens used in freeze-
thaw cycle tests; (b) dimension of geopolymer with different 
slag contents
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specimens was tested. The mass loss ratio was calcu‐
lated by

Rm =
|

|
|
||
| MT -M0

M0

|

|
|
||
|
´ 100%, (1)

where Rm is the mass loss ratio, and M0 and MT are the 
masses of specimens before and after the freeze-thaw 
cycles, respectively. Then, a quasi-static compression 
test was conducted on the specimens by an electro-
hydraulic servo universal testing machine with loading 
rate of 0.5 MPa/s (Fig. S3). The displacement was ob‐
tained using two dial indicators (ASTM, 2013a). The 
compressive strength loss ratio was calculated by

Rc =
|

|
|
||
| σT - σ0

σ0

|

|
|
||
|
´ 100%, (2)

where Rc is the compressive strength loss ratio, and σ0 
and σT are the compressive strengths of specimens be‐
fore and after the freeze-thaw cycles, respectively. The 
elastic modulus loss ratio was calculated by

Re =
|

|
|
||
| ET -E0

E0

|

|
|
||
|
´ 100%, (3)

where Re is the elastic modulus loss ratio, and E0 and 
ET are the elastic moduli of specimens before and after 
the freeze-thaw cycles, respectively.

3 Results and discussion 

3.1 Pore structure analysis

The phase transformation and migration of pore 
water in the cold environment are closely related to 
the pore structure of the geopolymer and affect its 
physical and mechanical properties after the freeze-
thaw cycles. In this study, the pore structure character‐
istics of geopolymer composites with different slag 
contents were analyzed by LF-NMR. Fig. 2 shows the 
pore distribution of different pore sizes in geopolymer 
specimens with different slag contents. As shown in 
Fig. 2, the pore sizes ranged from 10−3 to 10−1 μm show 
the highest proportion in geopolymer with different 
slag contents. In addition, the amplitude of the peaks 
located at 10−3 to 10−1 μm decreases significantly as the 
slag content increases. This indicates that the incorpo‐
ration of slag can reduce the number of pores ranging 
from 10−3 to 10−1 μm. Fig. 3a shows the variation of 

the porosity of geopolymer composites as the slag 
content increases. As shown in Fig. 3a, the porosity of 
geopolymer composites with 10.0% slag content is 

Fig. 2  Pore distribution of different pore sizes in geopolymer 
specimens with different slag contents

Fig. 3  Variation of the porosity of geopolymer composites 
with increasing slag content (a); pore volume of gel pore 
and capillary pore in the geopolymer composites (b)
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27.65%. The porosity of the geopolymer composites 
decreases as the slag content increases. When the slag 
content is 50.0%, the porosity of the geopolymer de‐
creases to 20.13%, indicating that the geopolymer 
composites are densified after adding slag. In addition, 
the pores are divided into gel pores (<10 nm) and cap‐
illary pores (10 nm–500 μm) according to pore sizes 
(El-Hassan and Ismail, 2018; Zhong et al., 2022a). 
Fig. 3b is the effect of slag contents on the pore vol‐
ume of gel pore and capillary pore in the geopolymer 
specimens. As shown in Fig. 3b, the gel pore volume 
in geopolymer composites with different slag contents 
is always larger than the capillary pore volume. In ad‐
dition, the gel pore and capillary pore volume all de‐
crease as the slag content increases. The variation of 
the pore structure of geopolymer with different slag 
contents can affect the freeze-thaw resistance. Thus, 
the variation in physical and mechanical properties 
of the geopolymer with different slag contents after 
freeze-thaw cycles was further analyzed.

3.2 Variation in physical properties after freeze-
thaw cycles

Fig. 4 shows the geopolymer specimens with dif‐
ferent slag contents after freeze-thaw cycles with dif‐
ferent freezing temperatures. As shown in Fig. 4, after 
10 freeze-thaw cycles with a freezing temperature of 
−1.0 ℃ , the integrity of geopolymers with different 
slag contents is preserved and their surfaces are flat. 
When the freezing temperature is −20.0 ℃, the integ‐
rity of a geopolymer with 10.0% slag content has been 
destroyed after 10 freeze-thaw cycles. A penetrating 
main crack can be observed on the specimen, and 
many micro-cracks are distributed on the specimen. 
Meanwhile, the main crack disappears and the num‐
ber of micro-cracks on the surface of the geopolymer 
decreases significantly as slag content increases. When 
the slag contents are 40.0% and 50.0%, cracks are not 
observed on the surface of the geopolymer, showing 
that the integrity of the geopolymer specimens is pre‐
served. When the freezing temperature is − 40.0 ℃ , 
the main crack and micro-cracks can be observed in 
the geopolymers with 10.0%, 20.0%, and 30.0% slag 
contents. The width of the main crack decreases and 
the number of micro-cracks decreases as the slag con‐
tent increases. It means that the incorporation of 
slag can inhibit the cracking of the geopolymer and 
improve its freeze-thaw resistance.

Fig. 5 shows the relationship between the mass 
loss ratio of geopolymer specimens and slag contents 
after freeze-thaw cycles with different freezing tem‐
peratures. The mass loss ratio can quantitatively de‐
scribe the damage degree of geopolymer after the 
freeze-thaw cycles. As shown in Fig. 5, when the 
freezing temperature is −1.0 ℃, the mass loss ratio of 

Fig. 4  Photos of geopolymer specimens with different slag 
contents after freeze-thaw cycles with freezing temperatures 
of −1.0 ℃ (a), −20.0 ℃ (b), and −40.0 ℃ (c)

Fig. 5  Relationship between mass loss ratio of geopolymer 
specimens and slag contents after freeze-thaw cycles with 
different freezing temperatures
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all the geopolymer composites is less than 3.5%, which 
is consistent with a higher integrity. The mass loss 
ratio of geopolymer composites increases gradually as 
the freezing temperature decreases. Meanwhile, it also 
can be seen that the mass loss ratio of geopolymer 
composites decreases gradually as the slag content in‐
creases at the same freezing temperatures. This shows 
that the incorporation of slag can improve freeze-thaw 
resistance.

3.3 Deterioration analysis of mechanical proper‐
ties after freeze-thaw cycles

Fig. 6 shows the quasi-static compressive stress –
strain curves of geopolymer with different slag contents 
after freeze-thaw cycles with different freezing tempera‐
tures. As shown in Fig. 6a, the peak stress of geopoly‐
mer after curing for 28 d first increases and then 
decreases as the slag content increases. In addition, 
the slopes of the down segments of the stress–strain 

curves with different slag contents are all steep, indi‐
cating that the geopolymer has better deformation re‐
sistance. As shown in Figs. 6b– 6d, after freeze-thaw 
cycles with a freezing temperature of −1.0 ℃ , the 
stress–strain curves of geopolymer with different slag 
contents change slightly. It indicates that the mechani‐
cal properties of the geopolymer are stable under 
freeze-thaw cycles with a freezing temperature of 
−1.0 ℃, which confirms the lower mass loss ratio. 
When the freezing temperature is −20.0 ℃ , the peak 
stresses of geopolymers with different slag contents 
all decrease after the freeze-thaw cycles. Among them, 
the stress–strain curves of geopolymer with 10.0% 
and 20.0% slag contents decrease significantly. The 
down segments of stress–strain curves become longer 
and the peak strain increases significantly. This phe‐
nomenon demonstrates that the deformation resis‐
tance of geopolymer decreases significantly after 
freeze-thaw cycles with a freezing temperature of 

Fig. 6  Quasi-static compressive stress–strain curves of geopolymer with different slag contents after freeze-thaw cycles 
with different freezing temperatures: (a) 25.0 ℃; (b) −1.0 ℃; (c) −20.0 ℃; (d) −40.0 ℃
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−20.0 ℃ , and the failure mode gradually changes 
from brittleness to ductility. When the freezing tem‐
perature is −40.0 ℃ , the peak stress of geopolymer 
with different slag contents continues to decrease after 
the freeze-thaw cycles.

Figs. 7a and 7b further show the relationship be‐
tween ultimate compressive strength and elasticity 
modulus of geopolymer composites and slag contents 
after freeze-thaw cycles with different freezing tem‐
peratures. The elastic modulus is calculated from the 
elastic rising slope of the stress–strain curve. As shown 
in Fig. 7a, the ultimate compressive strength of geo‐
polymer composites after curing for 28 d firstly in‐
creases and then decreases as the slag content increases. 
The geopolymer with 40.0% slag content exhibits the 
highest compressive strength, reaching 87.5 MPa. 
This indicates that the incorporation of slag can im‐
prove the mechanical properties of geopolymer, while 

excessive slag content reduces the mechanical proper‐
ties, which is consistent with previous study (El-Hassan 
and Ismail, 2018). In addition, after freeze-thaw cycles 
with a freezing temperature of −1.0 ℃, the ultimate 
compressive strengths of geopolymer with different slag 
contents all decrease slightly. However, when the freez‐
ing temperature is −20.0 ℃ , the ultimate compressive 
strength of geopolymer composites with 10.0% slag 
content decreases from 50.7 MPa to 8.9 MPa. Mean‐
while, the ultimate compressive strength of geopoly‐
mer composites increases gradually as the slag con‐
tent increases. When the slag content is 50.0%, the 
ultimate compressive strength of geopolymer compos‐
ites only decreases by 6.0 MPa, which is 63.4 MPa. 
As the freezing temperature continues to decrease, the 
ultimate compressive strengths of geopolymer com‐
posites all decrease significantly after freeze-thaw 
cycles with a freezing temperature of −40.0 ℃, which 
is consistent with the large number of cracks shown 
in Fig. 4. The tendency of the elasticity modulus of 
geopolymer after freeze-thaw cycles with different 
freezing temperatures is similar to that of ultimate 
compressive strength, which first increases and then 
decreases as the slag content increases. Meanwhile, 
under the same slag contents, the elasticity modulus 
of the geopolymer decreases gradually as the freezing 
temperature decreases.

Fig. 8a shows the effect of the freezing tempera‐
ture on the strength loss ratio of geopolymers with dif‐
ferent slag contents. As shown in Fig. 8a, the strength 
loss ratios of geopolymer composites with different 
slag contents all increase significantly as the freezing 
temperature decreases. After freeze-thaw cycles with 
a freezing temperature of −1.0 ℃, the strength loss ra‐
tios of geopolymer with different slag contents are all 
less than 10%. It indicates that geopolymer compos‐
ites can maintain relatively stable mechanical proper‐
ties at a freezing temperature of −1.0 ℃ . However, 
when the freezing temperature is −20.0 ℃ , the geo‐
polymer composites with different slag contents all 
show an increasing trend, but the rate of increase dif‐
fers. Among them, the geopolymer composites with 
10.0% slag content show the highest strength loss 
ratio, which is 82.4%. The strength loss ratio of geo‐
polymer composites at a freezing temperature of 
−20.0 ℃ decreases gradually as the slag content in‐
creases. When the slag content is 50.0%, the strength 
loss ratio of geopolymer composites is relatively 

Fig. 7  Relationship between ultimate compressive strength 
(a) and elasticity modulus (b) of geopolymer specimens 
and slag contents after freeze-thaw cycles with different 
freezing temperatures
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stable, only increasing by 2.6%. When the freezing 
temperature is −40.0 ℃, the strength loss ratio of geo‐
polymer composites with different slag contents fur‐
ther increases. This indicates that a decrease in freez‐
ing temperature can exacerbate freeze-thaw damage. 
The phenomenon can be further explained by the 
LF-NMR test results. The phase transformation and 
migration of geopolymer pore water in cold environ‐
ments are closely related to the pore structure. Previ‐
ous studies found that the capillary pores freeze at 
−12.0 ℃ . Since the gel pore water molecules are at‐
tached to the solid surface, the gel pore water does not 
freeze above −78.0 ℃ (Wang et al., 2022). As shown 
in Fig. 2, the pore size in the geopolymer mainly con‐
centrates in the range of 10−3 to 10−1 μm, which can 
be divided into gel pore and capillary pore. When 
the freezing temperature is −1.0 ℃, the water in the 
gel pore and capillary pore is not frozen and thus 

the physical and mechanical of geopolymer compos‐
ites remain stable. When the freezing temperature is 
−20.0 ℃, the water in the capillary pore undergoes a 
phase transformation as the temperature changes, 
causing damage to the geopolymer. Meanwhile, the 
capillary pore volume gradually decreases as slag con‐
tent increases, resulting in the improvement of freeze-
thaw resistance of geopolymer composites.

Fig. 8b shows the effect of the freezing tempera‐
ture on the elastic modulus loss ratio of geopolymer 
with different slag contents. As shown in Fig. 8b, the 
variation trend of the elastic modulus loss ratio is sim‐
ilar to that of the strength loss ratio as the freezing 
temperature decreases. The elastic modulus loss ratio 
increases significantly as the freezing temperature de‐
creases and decreases as the slag content increases. 
According to GB/T 50082-2009, the specimen is de‐
fined as in a failure state when the elastic modulus 
loss ratio exceeds 60.0%. As shown in Fig. 8b, when 
the freezing temperature is −1.0 ℃, the elastic modu‐
lus loss ratios of geopolymers with 10.0%, 20.0%, 
30.0%, 40.0%, and 50.0% slag contents are all less than 
60.0%. When the freezing temperature is −20.0 ℃, the 
elastic modulus loss ratio of geopolymer with 30.0%, 
40.0%, and 50.0% slag contents is less than 60.0%. 
When the freezing temperature is −40.0 ℃, the elastic 
modulus loss ratio of geopolymer with 40.0% and 
50.0% slag contents is less than 60.0%. To determine 
the optimal slag contents, Fig. 9 further shows a com‐
prehensive analysis of the compressive strength and 
elastic modulus of the geopolymer composites after 
freeze-thaw cycles with different freezing tempera‐
tures. As shown in Fig. 9, the geopolymer composites 
with 40.0% and 50.0% slag contents still preserve high 
mechanical properties after freeze-thaw cycles with dif‐
ferent freezing temperatures, which are all larger than 

Fig. 8  Effect of the freezing temperature on the strength 
loss ratio (a) and elastic modulus loss ratio (b) of geopolymer 
with different slag contents

Fig. 9  Comprehensive analysis of compressive strength 
and elastic modulus of the geopolymer composites after 
freeze-thaw cycles with different freezing temperatures. The 
values in each cell refer to σ (E), where σ is the compressive 
strength (MPa), and E is the elastic modulus (GPa)
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40.0 MPa. It indicates that the geopolymer compos‐
ites with 40.0% and 50.0% slag contents can be used 
as a cementitious material to replace PO 42.5 cement 
and have potential application prospects in severe cold 
areas. In addition, the compressive strength and elas‐
tic modulus of geopolymer after freeze-thaw cycles 
with different freezing temperatures can also be ob‐
served in Fig. 9, which can provide a reference for the 
application of geopolymers in practical engineering.

This paper mainly focuses on investigating the 
effect of freezing temperature on the physical and me‐
chanical properties of slag-modified metakaolin-based 
geopolymers and proposes the slag content to satisfy 
the requirement of practical application in cold re‐
gions. The theoretical research of the freeze-thaw 
mechanism of geopolymer is also in the framework of 
an overall project and will be further investigated. In 
addition, the slag-modified metakaolin-based geopoly‐
mer in this study is a cementitious material, which can 
provide a reference for further research on the freeze-
thaw resistance of geopolymer mortar and concrete.

4 Conclusions 

This study presents an experimental investiga‐
tion of optimal slag content for the geopolymer com‐
posites under freeze-thaw cycles with different freez‐
ing temperatures. The following conclusions can be 
drawn:

1. The porosity of geopolymer composites de‐
creases as slag content increases, indicating that the 
incorporation of slag content can significantly com‐
pact the geopolymer composites. Meanwhile, the gel 
pore and transition pore volume proportions all de‐
crease as the slag content increases.

2. The freeze-thaw damage of geopolymer com‐
posites is more serious as the freezing temperature de‐
creases, but the damage degree of the geopolymer 
composites decreases as slag content increases. The 
width and number of cracks in geopolymer compos‐
ites after freeze-thaw cycles all decrease as the slag 
content increases, indicating that the incorporation of 
slag can inhibit the cracking of the geopolymer in 
cold environments.

3. The incorporation of the slag can significantly 
reduce the mass loss ratio and strength loss ratio of 
geopolymer composites after freeze-thaw cycles and 

improve the freeze-thaw resistance of geopolymer 
composites.

4. The geopolymer composites with 40.0% and 
50.0% slag contents still preserve high mechanical 
properties after freeze-thaw cycles with different freez‐
ing temperatures and have potential application pros‐
pects in cold areas.
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