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� Effect of icing content on compressive strength was studied.
� The law of pore icing was analyzed.
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� A prediction model of compressive strength in Permafrost environment was established.
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This study aimed to investigate the influence of low temperature ranging from �20 �C to 0 �C on the com-
pressive strength and pore structure of a certain pile foundation concrete in the permafrost regions in
China. This study analyzed concrete microstructure by low-temperature SEM. To quantify the influence
of freezing amount, the relationship model of the compressive strength of concrete in a low-temperature
environment was established based on the theory of accumulative curve of liquid saturation.
Compressive strength increased with decreasing temperature. This finding was due to the gradual
decrease in the pore radius of the water–ice phase transformation of concrete, and the amount of ice
increased. This condition forms a complete and compact ice body and concrete bond, which gradually
reduces concrete porosity. The calculated value of concrete compressive strength model established
under pore icing is consistent with the experimental value.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The Qinghai-Tibet Railway, also known as the ‘‘Road to the Sky,”
crosses the world’s largest distance of permafrost area at 550 km
[1]. The average and minimum temperatures in the permafrost
area are below 0 �C and ranging from �16 �C to �20 �C [2,3]. The
total length of the bridge and tunnel is approximately 8% of the
total length of the railway. The pile foundation of bridge engineer-
ing has been in the permafrost area for a long time. Thus, concrete
is required to reach the design strength under low temperature
conditions and permafrost regions. The strength of the pile founda-
tion in the permafrost area is greatly significant to the safe use of
the Qinghai-Tibet Railway. Therefore, the strength of the bridge
pile foundation structure in the permafrost region in China is stud-
ied in this paper. Compressive strength is an important basis for
evaluating concrete strength. The strength of concrete exposed to
different temperatures from 0 �C to �20 �C needs to be studied,
and the results provide a reliable basis for evaluating the perfor-
mance of low temperature concrete structure of the pile founda-
tion of the Qinghai-Tibet Railway Bridge Project.

At present, concrete is an excellent low-temperature building
material [4,5] that has good mechanical properties [6]. For exam-
ple, Lee GC [7], Hideo Kasami [8], and Chuanxing Wang [9] consid-
ered that the compressive strength and elasticity modulus of
concrete with different strengths have been improved to some
extent at low temperatures (in the range �100 �C to 0 �C). Takashi
Miur [10], Luis A Montejo [11], and Xudong Shi [12] determined
from tests and analysis that the change of the mechanical proper-
ties of low-temperature concrete (from �196 �C to 20 �C) is closely
related to concrete strength grade, water content, and temperature
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interval. Chao Liu [13] established a mathematical model of the
mechanical properties, water cement ratio, and pore saturation of
low temperature concrete based on the Wiedemann pore Model
[14]. The same team also conducted the quantitative analysis and
model establishment from the aspects of concrete strength, water
content, and low temperature, while studying mechanical proper-
ties of low-temperature concrete [6–12]. However, the models pro-
posed by the researchers differ. Thus, further investigation of the
strength model of low-temperature concrete is necessary.

When the temperature of concrete falls below 0 �C, concrete
performance is improved by water freezing reinforcement [15].
Xiao Pingcai [16] showed that the ice in the pore of concrete
improves the mechanical properties of concrete. Susanta Chatterji
[17] concluded that the formation of acicular fiber ice crystals or
short and solid ice crystals improves the mechanical properties
by ice freezing. Therefore, the icing of concrete pore structure
directly affects its mechanical properties. Given that cement-
based materials are structures with complex pore [4,5,18], the
formation of pore ice has been extensively studied. Marshall [4]
summarized the law of pore ice formation from �20 �C to
�160 �C based on the coefficient of thermal expansion and the
experiment data of Helmuth [19]. Jiang Zhengwu [5,20] used
differential scanning calorimeter and thermometry to characterize
the icing process of pore water in cryogenic temperatures (�110 �C
and �170 �C). The influence of sample saturation on pore volume
and pore size distribution were studied from 0 �C to �50 �C [21].
The relationship between pore ice formation and the increase of
low temperature strength must be further explored. In addition,
two representative hypotheses have been proposed for the ice for-
mation mechanism of pore ice, that is, homogenous nucleation and
progressive penetration follow heterogeneous nucleation [22].
These hypotheses do not form a unified theory. Therefore, the rela-
tionship among the formation of pore ice, compressive strength,
and ice formation mechanism of concrete pore structure at low
temperature must be further evaluated.

Based on the research background of the permafrost regions
of Qinghai-Tibet Railway in China, the effect of concrete pore
icing on pore structure and compressive strength under low
temperatures (from 0 �C to �20 �C) was studied. The mechanism
of the change of compressive strength was then analyzed by
using scanning electron microscopy (SEM) under low tempera-
ture environment. Finally, considering the influence of icing
amount on concrete strength, a prediction model of concrete
compressive strength at low temperature was established. This
model provides a theoretical basis for predicting the service per-
formance of pile foundation concrete materials in the permafrost
regions in China.
2. Test overview

2.1. Materials

The cement used was Jidong P.O42.5 Portland cement; Fly ash
was Class I fly ash [20]. The performance indexes of cement and
chemical composition of fly ash could be found in the published
literature [23]. The particle size distribution of cement and fly
ash are presented in Fig. 1. The coarse aggregate was composed
of 5–20 mm gravel with continuous gradation. The fine aggre-
gate was natural river sand with 2.55 fine modulus, 2.17% mud
content, 1590 kg/m3 bulk density, 2550 kg/m3 apparent density,
and 2.31% moisture content. This aggregate has good particle
gradation. The water reducer was naphthalene water reducer
with 18% water reducing rate. The water was ordinary tap water.
The mixture ratio and performance for concrete are shown in
Table 1.
2.2. Test design and test method

The specimens were made in accordance with the requirement
of Chinese Standard GB/T50081-200 [24]. The form removal of the
specimens was used after pouring and molding and maintained in
a stationary state for 24 h. The concrete was then placed in the
standard curing room at 20 �C ± 2 �C and 95% ± 5% relative humid-
ity for curing. After 28 days, six concrete specimens were removed
at different temperatures, three of which were tested for compres-
sive strength at different low temperatures, whereas the other
three were tested for nuclear magnetic resonance (NMR).

Low-temperature strength test: First, 100 mm �
100 mm� 100 mm concrete specimens cured for 28 days were sat-
urated in a vacuum for 24 h by using a vacuum saturation device at
0.1 MPa vacuum pressure. The specimens were then placed into
high-low temperature chamber for cooling. The temperature and
humidity were adjusted to 0 �C and 95%, respectively, and the sam-
ple was collected after the center temperature of the specimen had
been reduced to 0 �C. To ensure that the test environment temper-
ature remained at 0 �C, the temperature in the autonomously pro-
duced low temperature pressure tester was lowered in advance
[25]. Finally, the concrete specimens were placed into stainless
steel molds to test the compressive strength at 0 �C, and the con-
crete was then tested at �5, �10, �15, and �20 �C.

Pore structure test: The concrete cured for 28 days was then
cored, the specimen was a 50 mm (diameter) � 50 mm (height)
cylinder. The cylinder specimens were saturated with water in a
vacuum for 1 day. The specimens were then soaked in distilled
water for 24 h to prevent the influence of other mineral ions on
the NMR instrument. To prevent the loss of moisture in the speci-
men during the measurement process, the specimen was wrapped
underwater by using waterproof material before testing. Teflon
tape was used in this test. The specimen was cooled in the high–
low temperature chamber (the same as in step 1). Finally, the spec-
imen was placed into the nuclear magnetic instrument at
11.0528 MHz resonance frequency and 32 �C ± 0.01 �C magnet
temperature. The temperature control system was adjusted to 0,
�5, �10, �15, and �20 �C, and the specimen was tested after
20 min of temperature balancing to observed the porosity and T2
spectrum distribution at different temperatures. The pore diameter
distribution was calculated in combination with the mercury
intrusion method.

Microstructure test: The �10 mmwide and 3–5 mm thick spec-
imens were removed from the interior of the concrete and scanned
using an EVO MA 15/LS 15 Zeiss electron microscope at low
temperature.
2.3. Principle of pore structure testing by NMR

NMR technology reflects the signal intensity [26,27] by receiv-
ing hydrogen proton signals from liquid water. The volume of the
pores in porous media can be obtained by the signal calibration
method, thus allowing the porosity of the porous media to be
obtained. The ice relaxation time is relatively short. Thus, the ice
signal levels cannot be measured by an NMR instrument, after
which the signal level decreases when the specimen is under
low-temperature. The change in NMR signal level can reflect the
change of porosity and pore diameter distribution [28].

The relationship between relaxation time of fluids in pore and
pore diameter can be showed as follows [29]:

1
T2

¼ q2
S
V

� �
¼ q2

FS

r

� �
ð1Þ

where T2 is transverse relaxation time; q2 is the surface relaxation
rate, nm/ms; S/V = FS/r is the specific surface area of the pore; FS is



Fig. 1. Particle size distribution of cement and fly ash.

Table 1
Mixture ratio and performance for concrete.

The groups Cement/Kg Fly ash /Kg Crushed stone /Kg Sand/Kg Water/Kg Water-reducing agent /Kg Air entraining agent/g W/B F28d/MPa

C40 371 93 1204 567 160 9.0 46.4 0.34 40.9

Fig. 2. Compressive strength of specimens under different temperatures.
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the shape factor of the specimen pore that usually takes FS = 2 for
general cylindrical pores; FS = 3 for spherical pores [30]; and r is
the pore radius, nm.

The surface relaxation rate q2 and shape factor FS are constant
for the same specimen; by setting 1=q2 � FS ¼ N, the two sides of
Formula (1) can be obtained using this logarithm:

LgT2 � LgN ¼ Lgr ð2Þ
By comparing the NMR T2 distribution accumulation curve

under different N values with the accumulative distribution curves
of mercury injection pore size, the closest curve can calculate the N
value [31]. Temperature slightly influences the parameters of the
NMR of the specimen [32,33]. Thus, the N value is considered into
the NMR T2 spectrum of the specimen at different low tempera-
tures to complete the conversion from the NMR T2 spectrum to
the pore size.

3. Test result and analysis

3.1. Development law of concrete compressive strength

When the pile foundation is buried in the permafrost environ-
ment for a long time, the temperature of concrete decreases to
varying degrees. Fig. 2 shows that at �20 �C � T � 20 �C, the
strength of pile foundation concrete increased with decreasing
temperature. Three stages of development exists, as follows. The
first stage is 0 �C � T � 20 �C (the slow growth stage of the strength
of pile foundation concrete), in which the average compressive
strength at 28 days is 40.9 MPa and then increased to 41.2 MPa
when the temperature of pile foundation concrete is decreased to
0 �C. The second stage is �15 �C � T < 0 �C (rapid growth stage
of the strength of pile foundation concrete), in which the strength
at �5 �C, �10 �C, and �15 �C is increased by 3.7%, 5.3%, and 12.0%,
respectively, compared with the 28 day compressive strength. The
third stage is �20 �C � T � �15 �C (stabilization stage of the
strength of pile foundation concrete), in which the strength of pile
foundation at �20 �C is only increased by 2% compared with that at
�15 �C, and the strength of pile foundation concrete is stabilized.
Considering the above conditions, the icing amount and micro-
structure in the pores of pile foundation concrete changed under
the permafrost environment, thereby resulting in the changes of
the mechanical properties of materials.
3.2. Analysis of icing process in concrete pores

The temperature of pile foundation depends on permafrost in a
permafrost area. Thus, the temperature and ice content of pile
foundation concrete are the key to determine the strength of pile
foundation concrete. The change of porosity can directly reflect
the change of the ice content of pile foundation concrete pore solu-
tion. Fig. 3 shows the porosity of concrete at different tempera-
tures. The porosity of pile foundation concrete decreased with
reduced temperature, thereby indicating that the pore solution
gradually iced. When the temperature of pile foundation concrete



Fig. 3. Porosity of concrete at different temperatures.
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dropped from 20 �C to 0 �C, the porosity of the specimens
decreased by 17.0%. This finding showed that the water in the
pores begins to freeze at T = 0 �C. However, most of the specimens
are in a metastable state of uncrystallized nucleation [34], which is
the initial stage of cooling and ice crystal nucleation. When the
temperature of concrete is reduced from 0 �C to �15 �C, porosity
decreases by 83.8%, and in this stage the content of pore water in
the concrete rapidly decreases and freezes into ice, thereby denot-
ing the rapid freezing stage. At continuous cooling down to �20 �C,
the porosity of pile foundation concrete is stabilized, thereby indi-
cating that the mass of icing of the pore water is stable at this
stage, which is the completion stage of freezing.

3.3. Analysis of pore structure of concrete

The pore diameter distribution controls the strength, perme-
ability, and durability of concrete [35]. Therefore, in this study,
the pore size distribution was introduced to analyze the change
law of the pore structure at low temperature. According to the def-
inition of Rakesh Kumar pore structure [36], the pore diameter size
is divided into the gel pores (<2 nm), gel interlayer pores
(2 nm � R < 10 nm), fine pores (10 nm < R < 50 nm), coarse cap-
illary pores (50 nm < R < 500 nm), and non-capillary pores
(R > 5000 nm).
Fig. 4. Pore diameter distribution of specimens at different temperatures.
The pore size distribution of concrete at different temperatures
is shown Fig. 4. When the temperature of concrete is decreased
from 20 �C to 0 �C, the interval of capillary pores decreases, and
the interval of gel pores slightly increases. Among these, 41.4% of
coarse capillary pores and 20.1% of fine pores undergo a freezing
phenomenon, whereas the 67.0% capillary pore solution remains
in a liquid state. This condition indicates that the capillary pores
first freeze, though not completely, when the pore structure is
decreased to the freezing point. This is due to the fact that the
water of capillary pores is physically bound by hydrated calcium
silicate gels (C-S-H), which reduces the freezing point [37]. In addi-
tion, the capillary pores cannot freeze at the normal freezing point
and are in the initial state of ice crystallization (ice–water mixture
state), whereas the pore solution is ice-separated. This property
results in the irregular decrease of the capillary pore radius and
increases the ‘‘false appearance” of the gel pore solution. Three
types of moisture are found in cement pastes that are restrained.
The degree of firmness is in the following order: fine pore
water < absorbed water of gel pores < interlayer water of C-S-H
[38]. This finding is due to the fact that the coarse capillary pores
are first frozen with a large amount of ice with the continuous
decrease in temperature, and the phase change ice gradually tran-
sitions to fine pores (10 nm < R < 40 nm). When the temperature
drops to �15 �C, the pore solution (10 nm < R < 500 nm) freezes
rapidly, and 81.4% of the capillary pores are frozen. However, some
of the capillary pores are not completely frozen due to the interfa-
cial pre-thawing effect [39]. A layer of unfrozen water film of
nano-scale forms, and this layer is between pore wall and ice body
in frozen capillary pores [40]. When the temperature descend to
�20 �C, only the 0.05 mm3 pore solution is frozen, and the freezing
of the pore solution is stabilized.

From the change rule of the gel pores in Fig. 4 (marked with the
red dotted line in the figure), when the concrete was below 0 �C,
the pore size of the gel pores moved to the left with decreasing
temperature. This finding indicated that the gel pores size
decreases. Water in the gel pores didn’t freeze at �78 �C and above
[41]. When saturated concrete is reduced to �5, �10, �15 and
�20 �C, the moisture of the gel pores existed in the form of super-
cooled water and remained in a liquid state the entire time,
whereas the water in the capillary pores froze. This phenomenon
resulted in the thermodynamic non-equilibrium between the fro-
zen water of capillary pores and super-cooled water of the gel
pores [41,42]. The difference of the entropy between the ice body
and super-cooled water promotes the migration of super-cooled
water to a lower energy state, which then forms the ice in the cap-
illary pore [43]. This phenomenon also increases the volume of
capillary pores within the pore size range of 10–30 nm at �20 �C
(shown in the blue box in the figure), and the capillary pores
remain frozen at �15 �C and �20 �C.
3.4. Interaction relationship among the Icing, pore Structure, and
compressive strength

The freezing phenomena of concrete at different temperatures
were observed by SEM after processing the concrete specimen
obtained 20 mm away from the specimen surface, as shown in
Fig. 5. When the temperature drops to 4.1 �C, a small amount of
ice crystals (marked by the red dotted lines) appear on the surface
of the concrete, exhibiting needle-like or rod-like aggregation. The
surface also shows irregular flocculent, needle-like, and sheet-like
morphology (marked by the red solid lines in the figure), forming
irregular layered space without evident sharp edges and angles.
This finding can be determined from the morphology to be C–H–
S polymer. In this temperature stage, many internal pores (marked
with yellow lines in the figure) that are relatively loose are found.



T=4.1 T=0.0

Fig. 5. Scanning electron microscope (SEM) photographs of concrete at different temperatures.
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At T = 0 �C, the capillary solution froze, as indicated by the yel-
low dotted lines in the figure. However, some unfrozen capillary
pores remained, which is consistent with Litvan’s development
theory [37]. The water fixed by C-S-H in the capillary solution can-
not freeze at the normal freezing point. The surface ice crystals
continue to become larger. The acicular and flocculent morphology
decreases, whereas the porosity decreases (marked by the purple
solid lines in the figure), the integral ice surface appears (marked
by blue line in the figure), and the concrete becomes denser over-
all, which improves the compressive strength.
Fig. 6. Schematic of pile foundation concrete in permafrost environment. Pile
foundation concrete is buried in a permafrost area, and the existence of permafrost
is affected by the climate environment. When the climate temperature decreases,
the frozen soil internally freezes. The temperature of the pile foundation concrete
decreases with the temperature of the surrounding frozen soil, and the pore
solution of the concrete freezes.
Pile foundation concrete is in a permafrost environment (as
shown in Fig. 6). By using a combination of SEM photographs
(Fig. 5), pore structure (Section 3.3), icing (Section 3.2), and com-
pressive strength (Section 3.1) of pile foundation concrete, the
mechanism of mechanical strengthening of concrete was obtained.
When the pile foundation concrete was attached to the permafrost
environment, the solution of coarse capillary pores was partially
frozen with decreasing temperature. As the temperature continued
to decrease, the fine capillary pore solution icing and the super-
cooled water in the gel pores are transferred to the capillary pores
to increase the ice content. Ice is a high-strength material, and its
bonding strength with concrete as a porous hydrophilic material is
very high. Under the same conditions, the bonding strength of con-
crete and ice is much greater than the concrete, and the ice
strengths [44]. Therefore, the strength of concrete is gradually
improved by the self-strengthening of concrete strength and the
cohesion of pore water freezing and concrete into a whole. In sum-
mary, the ice content of pile foundation concrete is the key to
determine its compressive strength, and the amount of ice content
depends on the variation of pore size distribution under different
temperatures.

4. Prediction and analysis of concrete compressive strength in
permafrost soil environment

4.1. Prediction model of concrete compressive strength considering the
effect of pore icing

According to the variation law of compressive strength in a per-
mafrost soil environment, the compressive strength can be divided
into two parts under low temperature [13]. The formula for this is
as follows:

f c Tð Þ ¼ f c;28d þ Df c Tð Þ ð3Þ

where f c Tð Þ is the compressive strength of specimen at low temper-
ature; f c;28d is the compressive strength at 28 days; and Df c Tð Þ is the
increment of compressive strength under low temperature.

Fig. 7 shows concrete pore icing in a frozen soil environment.
From a mesoscopic point of view, each phase composition of con-
crete can be divided into two parts before freezing: the solid
(porosity is 0) and pore phases. After pore freezing, the pore phase
can be composed of ice and free water (include non-free unfrozen
water and free unfrozen water). The mechanical properties of solid



Fig. 7. Distribution of icing in the pores of concrete. Annotations: The freezing point of gel pore water is lower than that of free volume water, and the water in the pore
remains liquid. This part of unfrozen pore water is called free unfrozen water. A layer of unfrozen water film of nano-scale forms between the pore wall and ice body in frozen
capillary pores, which is called non-free unfrozen.

Fig. 8. Accumulated volume fraction of ice in pores.
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phase remain unchanged, and the strength of free water is
neglected. Thus, the strength of ice directly affects the value of
Df c Tð Þ.

Assuming that the pore water saturation of concrete is the same
and without considering the potential energy flow between the
unfrozen pore water and the change of crystal morphology of the
ice at different temperatures, the relationship between Df c Tð Þ
andSc is obtained as follows, in combination with the freezing char-
acteristics of pore structure:

Df c Tð Þ ¼ f c;ice Tð Þ � Vice=H
Vconcret=H

¼ f c;ice Tð Þ � Sc Tð Þ ð4Þ

where f c;ice Tð Þ is the ultimate compressive strength of ice under dif-
ferent temperatures; Vice is the volume of ice; Vconcret is the volume
of concrete; H is the height of the specimens; and Sc Tð Þ is the cumu-
lative volume fraction of the ice.

4.2. Determination of model parameters

The relationship between ice compressive strength and
temperature based on experimental data have been established
[45,46]:

f c;ice Tð Þ ¼ 1:9684ln Tj j þ 0:3746; 0
�
C < T 6 �30

�
C

0:35; T ¼ 0
�
C

(
ð5Þ

For cement-based materials, pores that are larger than the crit-
ical pore size freeze at certain temperatures [47]. By ignoring the
density difference between ice and water, Gibbs–Thomson equa-
tion can be obtained by the thermodynamic equilibrium between
ice and liquid water, thereby requiring the chemical potential of
the two phases to be equal [39]:

r ¼ 2cCLP
m Tm � Tð Þ ð6Þ

where cCL is the crystal-liquid interface energy;
P

m is the melting
entrop that is constant; Tm ¼ 0 �C is the freezing point of free vol-
ume water at atmospheric pressure; and T is the freezing tempera-
ture. Formula (6) indicates that r is the minimum pore radius for the
occurrence of water–ice phase transformation at freezing tempera-
ture T.

The accumulative pore volume fraction F(r) can be obtained by
NMR and mercury injection tests, and the accumulative pore vol-
ume distribution function satisfies the following exponential func-
tion [48]:
F rð Þ ¼ 1� exp �m=rð Þ ð7Þ

where m is the parameter related to pore distribution, nm.
By substituting Formula (6) into Formula (7), the cumulative

volume fraction SC of the ice at temperature T < Tm is as follows:

SC ¼ F rf ¼ 2cCLP
m Tm � Tð Þ

� �
¼ 1� exp � m

W
DT

� �
ð8Þ

where W ¼ 2cCLP
m

, and DT ¼ Tm � T.cCL ¼ 0:0409J �m�2 andP
m ¼ 1:2MPa � K�1 when T ¼ Tm ¼ 237:15K , then W ¼

6:82� 10�8m��C [49,50].
At T ¼ 0

�
C, the concrete pore solution has frozen. By substitut-

ing the experimental data of Fig. 8 (Accumulated volume fraction
of ice in pores) into Formula (8) and correcting the SC , we can
obtain the following:

SC Tð Þ ¼ 1:170� exp � m
W

Tm � Tð Þ
h i

ð9Þ

where SC Tð Þ is the cumulative volume fraction of ice and m ¼ 4:638
is a parameter related to the pore distribution, nm.



Table 2
Comparison between the calculated compressive strength model and experimental in reference [5].

Source of date Temperature /℃ Experimental data of compressive strength/MPa Calculated data of compressive strength/MPa Value errors

Jiang Zhengwu [5] 0 49.50 49.56 1.21%
�5 51.38 50.63 1.45%
�10 53.25 51.71 2.89%
�15 55.13 52.64 4.51%
�20 56.30 53.51 4.96%
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4.3. Validation and analysis of model results

By substituting Formulas (5) and (9) into Formula (4) and com-
bining these with Formula (3) to calculate the concrete compres-
sive strength under low temperature, the calculated values and
experimental values are shown in Fig. 2. The calculated value of
strength at low temperature is consistent with the experimental
value, and both show an increasing trend with decreasing temper-
ature with a maximum error of only 2.4%.

The corresponding temperature in Table 2 is brought into the
compressive strength model established in this paper. The calcu-
lated value of compressive strength in low temperature is very
close to the measured value with a 1.21%–4.96% error range. This
model shows that the strength of pile foundation concrete at low
temperature can be determined by testing the amount of concrete
icing that uses the compressive strength calculation model.
5. Conclusion

The work investigated the freezing law of concrete pore and the
change law of compressive strength under the environment of per-
mafrost regions in China (temperature range: from 0 �C to �20 �C),
the conclusions were as follows:

(1) The icing process in concrete pores can be divided into three
following stages. First, the initial stage of cooling and ice
crystal nucleation (0 �C � T � 20 �C) occur. This stage shows
that the freezing of the capillary pores occurs first. Given the
physical restraint of C-S-H, the freezing point of the capillary
pores decreases, and the capillary pores do not freeze
completely. Second, the rapid freezing stage
(�15 �C � T � 0 �C) occurs. This stage shows that 81.4% of
the capillary pores freeze, and the nano-scale unfrozen
water film exists in the capillary pores due to the interface
effect. Third, the completion stage of freezing
(�20 �C � T � �15 �C) occurs. This stage shows that the
supercooled water in the condensate pore migrates to the
capillary pores due to the difference of entropy between
the ice and supercooled water. This condition causes the
minor freezing of the capillary pores at this stage.

(2) The concrete compressive strength increases with the
decrease of temperature. This phenomenon due to the
increase of ice content in the pore structure, which alters
the microstructure and improves the compactness and
strength of the concrete.

(3) The calculated value of the mechanical model established for
the concrete compressive strength at low temperature is
consistent with the experimental value.
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