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Abstract: In seasonally frozen regions, concrete pavement is exposed to cycles of freeze-thaw and
erosion from de-icing salt, which can lead to unfavorable service conditions and vulnerability to
damage. This paper examines the compressive strength, flexural-tensile strength, abrasion resistance,
permeability, and spacing factor of concrete, taking into account the impact of various curing con-
ditions, de-icing salt solutions, and mass fractions on the concrete’s freeze-thaw resistance. Two
test methods, the single-face method and the fast-freezing method, were used to comparatively
analyze the freeze-thaw resistance of concrete. The analysis was based on the surface scaling, water
absorption rate, mass loss rate, relative dynamic elastic modulus, and relative durability index.
The results indicate that the presence of salt solution significantly worsened the degree of concrete
damage caused by freeze-thaw cycles. The use of freeze-thaw media, specifically sodium chloride
(NaCl), calcium chloride (CaCly), and potassium acetate (KAc) at mass fractions of 5%, 4.74%, and
5%, respectively, had the greatest impact on the surface scaling of concrete. However, their effect on
the water absorption rate was inconsistent. When the freeze-thaw medium was water, the concrete’s
relative dynamic elastic modulus and relative durability index were 9.6% and 75.3% higher, respec-
tively, for concrete cured in 20 °C—95% RH conditions compared to those cured in 0 °C—50% RH
conditions. We propose a comprehensive relative durability index (DF,,) by combining the results
of two methods of freeze-thaw tests. The DF,, of concrete cured in 0 °C—50% RH conditions was
83.8% lower than that of concrete cured in 20 °C—95% RH conditions when exposed to a freeze-thaw
medium of 5% mass fraction NaCl solution. To evaluate the salt freeze-thaw resistance of concrete
pavement, it is recommended to use surface scaling and DF,, together.

Keywords: seasonally frozen regions; concrete pavement; frost resistance; evaluation methods; salt
freeze-thaw resistance

1. Introduction

In China, over half of the country’s land area (53.5%) is covered by seasonal frozen
regions [1,2]. These regions have harsh climates, characterized by long and cold winters.
Due to the short construction period for concrete projects and the delivery period for
highway projects, concrete pavement is often opened to traffic without proper curing. It
is widely acknowledged that the curing conditions of concrete have a significant impact
on cement hydration [3-5]. This, in turn, affects both the mechanical properties [6] and
durability [7,8] of the material. Concrete pavement, which is exposed to the atmosphere
and subjected to load and temperature stresses, is particularly vulnerable to deterioration
caused by freeze-thaw cycles [9-15]. The damage to the durability of concrete that is not
properly cured can be worsened by the combined effect of wheel loading and freeze-thaw
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cycles [16]. Therefore, it is essential to conduct a thorough evaluation of the frost resistance
of concrete pavement under various curing conditions.

In structural design, the strength of concrete is crucial, but in many practical situations,
durability takes precedence [17-19]. In seasonal frozen regions, the frost resistance of con-
crete pavement has a significant impact on its service life [20,21]. The freeze-thaw resistance
of concrete may be affected if supplementary cementitious materials partially replace some
of the cement [22]. Besheli et al. [23] found that replacing 15% of cement with natural
zeolite in concrete pavement can improve its frost resistance. Zong et al. [24] discovered
that the addition of ultra-fine supplementary cementitious materials can optimize the pore
structure of concrete, leading to improved mechanical properties and durability. Similarly,
Gonzalez et al. [25] and Yasien et al. [26] found that the use of nano-silica can increase the
paste density of concrete, thereby enhancing its frost resistance. Incorporating appropriate
amounts of fly ash and fibers can ensure favorable frost resistance of concrete in seasonally
frozen regions [27,28]. However, it is important to note that Qiu et al. [29] found that the
inclusion of fly ash led to the deterioration of the pore structure, resulting in reduced
frost resistance, but it did promote the formation of tobermorite and C-A-S-H. Concrete
pavements that incorporate supplementary cementitious materials are commonly used in
practical engineering. Ensuring their durability remains a challenge.

De-icing salts are commonly used to melt ice and snow on concrete pavement in order
to prevent traffic accidents caused by slippery winter snowfall. However, there is a concern
that concrete pavement in seasonally frozen regions will be subjected to the combined
effects of freeze-thaw cycles and de-icing salt erosion within 1-2 months after pouring. The
structural performance of concrete pavement is approximately ten times more damaged
by the combined effect of freeze-thaw cycles and de-icing salt than by freeze-thaw cycles
alone [30]. Several theories have emerged since the last century that provide the basis for
studying the salt freeze-thaw resistance of concrete. These include the Hydrostatic pressure
theory [31], the Osmotic pressure theory [32], the Critical water saturation theory [33], the
Cohesive scaling theory [34], and the Saturation and ice-formation pressure theory [35].
Recently, Qiao et al. [36] found that de-icing salts can cause significant leaching of cal-
cium hydroxide, increasing the apparent porosity of the hydrate by approximately 23%.
Duan et al. [37] found that concrete cracks extend inward and horizontally when the tensile
stress at the ice-concrete composite interface exceeds the ultimate tensile strength of the con-
crete. Zhang et al. [38] and Yang et al. [39] discovered that the combined effect of de-icing
salt erosion and freeze-thaw cycles can cause the internal microstructure in the transition
zone of the concrete interface to loosen and degrade. In addition, numerous studies have
shown that the application of a hydrophobic treatment to concrete surfaces can significantly
improve its salt freeze-thaw resistance [40-42]. However, the hydrophobic layer formed on
the concrete surface is susceptible to damage during freeze-thaw cycles [43,44].

To investigate the freeze-thaw resistance of concrete pavements in seasonally frozen
regions, we examined several factors that influence it, such as curing conditions, de-icing
salt solutions, and their mass fractions. The freeze-thaw properties were analyzed by
comparing surface scaling, water absorption rate, mass loss rate, relative dynamic elastic
modulus, and relative durability index using the single-sided freeze-thaw method and the
rapid freeze-thaw method. Furthermore, this paper proposes an evaluation method for
the salt freeze-thaw resistance of concrete by analyzing the evaluation indexes of current
specifications and combining the results of test data. The aim is to provide a foundation for
designing, constructing, and standardizing concrete pavement in seasonally frozen regions.

2. Materials and Methods
2.1. Materials and Mix Designs

Portland cement with a strength grade of 42.5 and fly ash classified as F class I were
used as cementitious materials. The chemical compositions and physical properties of
these materials are outlined in Table 1. The coarse aggregate consisted of 5-20 mm basalt
crushed stone, and the fine aggregate was natural river sand. Table 2 displays the main
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properties of the coarse and fine aggregates. Additionally, to enhance frost resistance,
an air-entraining agent was added, and the air content of the concrete was controlled at
4.6 £+ 0.2. A polycarboxylate superplasticizer was used to improve the workability of the
concrete, resulting in a consistent slump of 75 = 10 mm in each batch of fresh concrete.
Please refer to Table 3 for specific details on the mix proportions of the concrete.

Table 1. Chemical composition and physical properties of cement and fly ash.

Chemical Composition Cement Fly Ash Physical Properties Cement Fly Ash
SiO, 22.76 62.219 Specific surface (m?/kg) 331 544
AL O3 5.45 20.203 Density (g/cm?) 3.1 2.40
Fe, O3 3.15 2915 Initial setting time (min) 145 -
CaO 60.42 8.906 Final setting time (min) 205 -
MgO 3.05 0.815 3 d Flexural strength (MPa) 5.2 -
Na,O 0.18 1.357 28 d Flexural strength (MPa) 7.5 -
KO 0.79 2.170 3 d Compressive strength (MPa) 23.2 -
SOz 2.72 0.620 28 d Compressive strength (MPa) 51.6 -
Ignition loss 1.1 3.1 Activity index (28 d) - 84%

Table 2. Properties of river sands and coarse aggregate.

Properties Apparent Density (kg/m®) Clay Content (%) Crush Value (%) Fineness Modulus
Coarse aggregate 2790 0.60 134 -
River sands 2630 1.35 - 29

Table 3. Mix proportions of concrete mixtures.

Water-Binder Ratio

Mix Proportion/(kg/m?3)

Cement Fly Ash Water Stone River Sand SP AE

0.36

360 65 152 1080 650 572 0.76

Note: SP and AE represent polycarboxylate superplasticizer and air-entraining agent.

2.2. Specimen Preparation and Curing

The concrete mixing process utilized the CABR-HJS60 concrete double horizontal shaft
mixer. After pouring the concrete mix into the molds, the surface was smoothed following
45 s + 15 s of vibration. The molded concrete was then kept indoors for 24 h + 2 h at
a temperature of 15 °C + 3 °C before being removed from the molds and placed into
various environmental curing boxes. Three distinct curing conditions were implemented:
Standard curing (SC), Intermediate curing (IC), and Low-temperature curing (LC). The
curing conditions for each specimen are outlined in Table 4.

Table 4. Curing conditions of each specimen.

Group

Standard Curing (SC) Intermediate Curing (IC) Low-Temperature Curing (LC)

Curing conditions

20 °C—95% RH 5°C—70% RH 0 °C—50% RH

2.3. Test Methods
2.3.1. Important Properties of Concrete Pavement Test
Compressive Strength and Flexural-Tensile Strength Tests

The compressive strength and flexural-tensile strength of concrete cured for 28 days
under different conditions were tested, with reference to JTG3420-2020 [45]. Cubic spec-
imens measuring 100 mm x 100 mm x 100 mm and prismatic specimens measuring
100 mm x 100 mm x 400 mm were used to measure the compressive and flexural-tensile
strength, respectively. Each group consisted of three specimens. The loading rates for the
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compressive strength test and the flexural-tensile strength test were set at 5 KN/s and
0.5 KN/, respectively, until the specimens were destroyed.

Abrasion Resistance Test

The abrasion resistance test was conducted on concrete cube specimens that measured
150 mm x 150 mm x 150 mm. Each group comprised three specimens. After 27 days of
different curing conditions, the specimens were removed from the environmental curing
box. The surface water was dried, and they were left to dry naturally in indoor air for 12 h.
Subsequently, they were placed in an oven at 60 °C and baked until they reached a constant
weight. After removing the specimens from the oven, they were allowed to cool to room
temperature. Brush the surface to remove any dust. Brush the surface clean of any dust
and weigh the specimen. The specimen was ground under a 200 N load for 30 revolutions.
Afterward, it was removed and brushed to eliminate surface dust before being weighed.
Next, grind the specimen for an additional 60 revolutions under a 200 N load. Finally,
calculate the wear amount per unit area with reference to JTG3420-2020 [45].

Rapid Chloride Permeability Test

The charge passed method was used to conduct the rapid chloride permeability test
in accordance with ASTM C 1202 [46]. Each group consisted of three cylindrical concrete
specimens with dimensions of ¢100 mm x 50 mm. The specimens were initially cured
under different conditions for 28 days and then left to air dry. Silica gel was applied to
the cylindrical sides of the specimens, ensuring that any coating holes were filled. The
specimens were vacuum-saturated and immersed in a vacuum saturation machine. Next,
we checked the seal between the specimen and the test tank. The test setup included adding
a 3.0% mass concentration NaCl solution and a 0.3 mol/L molar concentration sodium
hydroxide (NaOH) solution to both sides of the test tank. The negative electrode was
connected to the NaCl solution, while the positive electrode was connected to the NaOH
solution. A 60 V DC voltage was applied and readings were taken every 15 min using an
automated data collection device. After 6 h, the sample was removed from the test cell and
the charge passed by the sample was measured and recorded.

Spacing Factor Test

The specimens were processed as follows according to ASTM C 457 [47]: First, each
original specimen with dimensions of 100 mm x 100 mm x 100 mm was cut into prismatic
test specimens measuring 100 mm x 100 mm x 20 mm along the direction of the vertical
molding surface. Next, the specimens were washed with anhydrous ethanol. Finally, the
forming surface of each specimen was ground using a fixed diamond mill with two differ-
ent grain sizes: 250 pm and 74 pm. After the grinding process, the specimen underwent
sequential polishing with 400, 800, and 1200 mesh polishing paste, each containing 10%
diamond content. Once the grinding and polishing steps were completed, the specimen
was dried and coated with fluorescent dye. Subsequently, we tested the specimens under
different maintenance conditions using a fully automated air-void analyzer. The color
photographs were converted to grayscale images by the analyzer. The background inhomo-
geneity was corrected through a filtering process to obtain the final binarized images for
analysis and calculation.

2.3.2. Freeze-Thaw Test
Single-Sided Freeze-Thaw Test

The specimens measuring @200 mm x 80 mm underwent a single-sided freeze-thaw
test. Each group consisted of three specimens. The specimens were taken out of envi-
ronmental curing boxes and all surfaces, except for the test surface and the top surface
parallel to it, were sealed using epoxy resin. The specimens were submerged in the solution
to a depth of 5 mm for a pre-absorption time of 4 days. At 28 days of age, the molding
surface was used as the test surface for the single-sided freeze-thaw test. The test employed
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freeze-thaw media with varying mass fractions of NaCl solution (1%, 3%, 5%, and 7%),
CaCl, solution (0.95%, 2.85%, 4.74%, and 6.64% with the same molar concentration of CI
ions as the NaCl solution), and Kac solution (1%, 3%, 5%, and 7%). A control group was
also established using water as the freeze-thaw media, as presented in Table 5.

Table 5. Freeze-thaw media for single-sided freeze-thaw test.

Solution

NaCl CaCl, KAc H,O

Mass fraction

1%

3%

5% 7% 095%  2.85% 4.74% 6.64% 1% 3% 5% 7% -

The freeze-thaw cycle test temperature started at 20 °C and gradually decreased to
—20 °C at a rate of 10 °C/h. It was then held at —20 °C for 3 h before being gradually
increased to 10 °C at a rate of 10 °C/h and held for 1 h. The specimen was subjected to
an ultrasonic bath for 3 min after each 5 freeze-thaw cycles with the test surface facing
down. The specimen was then weighed and the mass recorded after wiping off any water.
The surface scaling was then dried in an oven at 105 °C for 24 h, and the total mass of the
surface scaling was weighed after cooling. The surface scaling and water absorption rate
of the specimen were measured every five freeze-thaw cycles. Equations (1) and (2) were
used to calculate the surface scaling and water absorption rate, respectively. The test was
terminated when one of the following two conditions was met:

1. After 30 freeze-thaw cycles.
2. Surface scaling exceeding 1000 g/m?.

My = % x 10° (1)

where 1, is the surface scaling per unit area after 1 freeze-thaw cycles (g/m?); s is the
mass of specimen flaking obtained at each test gap, accurate to 0.01 g (g); A is the surface
area of a single tested specimen (m?).

Wy — W1 + ) Us

o x 100% ()

Awy, =
where Awj, is the water absorption rate of the specimen after n freeze-thaw cycles (%); wy
is the net mass of the specimen in the dry state before sealing (excluding the mass of the
side seals), accurate to 0.1 g (g); wy, is the mass of the specimen after n freeze-thaw cycles
(including the mass of the side seals), accurate to 0.1 g (g); w1 is the mass of the specimen
(including the mass of the side seals) before it is saturated with water after sealing, accurate

to 0.1 g (g).

Rapid Freeze-Thaw Test

For the rapid freeze-thaw test, three concrete specimens measuring 100 mm x 100 mm x
400 mm were used in each group. Prior to the test, the cured specimens were immersed for
four days. After immersion, the surface water was wiped off with a damp cloth, and the
transverse fundamental frequency was measured. The mass was also weighed and used as
the initial value for evaluating the concrete’s freeze-thaw resistance. During the freeze-thaw
test, the specimens were immersed in an elastic rubber test tank filled with a solution of
water and various salts. The freeze-thaw media was composed of water, a 5% mass fraction
NaCl solution, a 4.74% mass fraction CaCl, solution, and a 5% mass fraction KAc solution.
The specimen underwent freeze-thaw cycles with controlled temperatures of —18 °C and
5 °C at the center, respectively. Each cycle lasted for 3 h. The transverse fundamental
frequency of the specimen was measured and recorded once every 25 freeze-thaw cycles.
After each test, the specimen was reloaded into the specimen box filled with water or
various salts, and the test continued. The mass loss rate, relative dynamic elastic modu-
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lus, and relative durability index of the concrete were calculated using Equations (3)-(5),
respectively. The test was terminated when one of the following two conditions was met:

1. Mass loss rate exceeding 5%.
2. Relative dynamic elastic modulus decreased to less than 60%.

P= f—’% x 100% 3
= o
fo
In which, P is the relative dynamic elastic modulus after n freeze-thaw cycles (%),
D is the transverse fundamental frequency after n freeze-thaw cycles (Hz), and S is the
transverse fundamental frequency before the test (Hz).
Mo

1o =M+ 100% )
Mo

Wn =
In which, W, is the mass loss rate after n freeze-thaw cycles (%); my is the specimen
mass before the freeze-thaw test (kg); and m,, is the mass after n freeze-thaw cycles (kg).

Px N
Kn = 300 ©®)

In which, Kj is the relative durability index after n freeze-thaw cycles (%); N is the
number of freeze-thaw cycles at the end of the test; and P is the relative dynamic elastic
modulus after n freeze-thaw cycles (%).

3. Results and Discussion
3.1. Material Properties

Figure 1 displays the compressive and flexural-tensile strengths of SC, IC, and LC
concrete. LC concrete exhibited a significantly lower compressive strength, being 30.2%
and 23.3% lower than SC and IC concrete, respectively. Furthermore, SC and IC concrete
demonstrated 22.1% and 14.3% higher flexural-tensile strengths than LC concrete, respec-
tively. It is important to note that inadequate curing conditions may lead to a decrease in
the compressive and flexural-tensile strengths of concrete.

Compressive strength (MPa)

60 Flexural-tensile strength (MPa) 2]

6

50

40 4

20

Compressive strength (MPa)
Flexural-tensile strength (MPa)

10 4

SC IC LC

Figure 1. Compressive strength and flexural-tensile strength of concrete under various curing
conditions.

Improving the abrasion resistance of concrete is crucial for extending the pavement’s
service life and ensuring safe travel while meeting mechanical property requirements.
According to Figure 2, LC concrete had significantly higher unit area wear than SC and IC
concrete, with 82.9% and 59.4% higher wear, respectively. To achieve excellent abrasion
resistance in concrete pavement, it is necessary to ensure proper curing temperature and
humidity. Factors affecting concrete durability are primarily related to fluid transport
through the material [18,48,49]. LC concrete exhibited a 95.9% higher electrical flux than
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SC concrete and a 54.1% higher electrical flux than IC concrete. Additionally, the spacing
factor of LC concrete was 27.2% higher than that of SC concrete and 17.4% higher than that
of IC concrete. This variation may be attributed to differences in cement hydration and the
distribution of hydration products in the concrete under varying curing conditions, which
impact the pore structure and connectivity of the concrete.

[ Wear loss (kg/m®) —B— Charge passsed (C) —®— Spacing factor (um
35 3500 360

3.0 3000
2500

2000

15 1500

Wear loss (kg/ml)
Charge passsed (C)

1000

HH

Spacing factor (um)

0.5 500

0.0 - - : 0 0
Ne IC LC

Figure 2. Abrasion resistance, permeability, and spacing factor of concrete under various curing
conditions.

3.2. Freeze-Thaw Resistance
3.2.1. Single-Sided Freeze-Thaw Method
Surface Scaling

Figure 3 shows the variation of surface scaling with the number of freeze-thaw cycles
under different curing conditions when the freeze-thaw medium is water. It is evident that
SC concrete had the lowest surface scaling and LC concrete had the highest surface scaling.
The surface scaling of SC concrete and IC concrete remained almost unchanged after
15 freeze-thaw cycles. From 20-30 freeze-thaw cycles, the surface scaling of LC concrete
increased by only 10.8%. The data indicates that the concrete surface scaling is lower when
exposed to single-sided freeze-thaw cycles with water as the medium.

3

00
SC
B
2s0{IILC

[ )
=1
S
1

150

100

Surface scaling (g/m?)

504

5 10 15 20 25 30

Number of cycles (n)

Figure 3. Surface scaling with the number of freeze-thaw cycles in water.

The durability of concrete pavement can be reduced due to spalling of hardened
mortar and aggregates caused by the combined effect of salt solution and freeze-thaw
cycles [11,50-52]. Figure 4a—c demonstrate the surface scaling of concrete with the number
of freeze-thaw cycles under different curing conditions when the freeze-thaw medium is
NaCl, CaCl, and KAc solution, respectively.
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Figure 4. Surface scaling with the number of freeze-thaw cycles in salt solutions.

Figure 4a displays the surface scaling of concrete with freeze-thaw cycles under various
curing conditions when the freeze-thaw cycle medium is NaCl solution. The surface scaling
of the SC concrete was the lowest and had the least variation with the number of freeze-
thaw cycles. The lowest surface scaling was observed after 30 freeze-thaw cycles with a
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NaCl solution mass fraction of 1%. However, there was no significant difference in the
surface scaling of concrete for NaCl solution mass fractions of 3%, 5%, and 7%. The surface
scaling of SC concrete and IC concrete was highest when the mass fraction of NaCl solution
was 5%. After 30 freeze-thaw cycles, the surface scaling of the LC concrete increased by
90.1%, 16.8%, and 14.4% when the mass fraction of NaCl solution was 5%, compared to 1%,
3%, and 7%, respectively.

Figure 4b illustrates that the surface scaling of concrete is comparable when exposed to
freeze-thaw cycles in CaCl, solution and NaCl solution. Figure 4c displays the variation of
surface scaling of concrete with freeze-thaw cycles under different curing conditions when
the freeze-thaw cycle medium is KAc solution. After 30 freeze-thaw cycles, SC concrete
exhibited the lowest surface scaling and the smallest difference between freeze-thaw media.
For both IC concrete and LC concrete, the surface scaling was significantly lower when the
mass fraction of KAc solution was 1% compared to when it was 3%, 5%, and 7%. It is worth
noting that after 30 freeze-thaw cycles, the surface scaling of LC concrete was highest when
the KAc solution mass fraction was 5%, but only 2.7% higher than when it was 7%.

To compare and analyze the effects of various curing conditions and salt solutions
on concrete surface scaling, we utilized 5% NaCl solution, 4.74% CaCl, solution, and 5%
KAc solution as examples for further analysis. Figure 5 illustrates the variation of concrete
surface scaling with the number of freeze-thaw cycles under three different salt solution
conditions. The surface scaling of SC concrete was significantly lower, while there was no
significant difference in the concrete surface scaling of the three freeze-thaw media. For
IC concrete, there was no significant difference in the surface scaling of concrete during
the first 10 freeze-thaw cycles with NaCl, CaCly, and KAc solutions as freeze-thaw media.
After 15 freeze-thaw cycles, the surface scaling of concrete was slightly higher when the
freeze-thaw medium was NaCl solution, while it was slightly lower when the freeze-thaw
medium was KAc solution. After 30 freeze-thaw cycles, the surface scaling of LC concrete
was 21.1% and 14.0% higher when the freeze-thaw medium was NaCl solution and CaCl,.

1000
|-M—NaCl (SC) - O-- NaCl (IC) - -®--NaCl (LC)
900 4 KAc (SC) KAc (IC) KAc (LC)
|—%—CaCl, (SC)-- ¥+ CaCl, (IC) - 3%- - CaCl, (LC)
800 ..-8
& 1 BTk
£ 700 LIl
=) - ,—:Z§"
o 600 Lozt
s o :
= 500 T
g ] ¥
© 400 K
o« 5
5 3004 o e R B
2] 1 0 Jniiin o
200 d ...:;m-‘;;: .......
100—_ E_’a P -
0 -T.rjf T T T T T
5 10 15 20 25 30

Number of cycles (n)

Figure 5. Surface scaling with the number of freeze-thaw cycles at salt solutions of 5% mass fraction
of NaCl solution, 4.74% mass fraction of CaCl, solution, and 5% mass fraction of KAc solution.

Comparison of Figure 3 shows that the degree of concrete damage resulting from salt
solution and freeze-thaw cycles was significantly greater than that caused by a single freeze-
thaw cycle. This effect was particularly evident for LC concrete. Among the solutions tested,
Na(l, CaCl,, and KAc had the most severe impact on concrete surface scaling at mass
fractions of 5%, 4.74%, and 5%, respectively. According to the Saturation and ice-formation
pressure theory [35], the presence of a salt solution can significantly increase the internal
saturation of concrete, resulting in increased surface scaling. However, it can also decrease
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the rate of solution icing expansion and icing pressure, increase the critical saturation of
the solution to produce icing pressure, and mitigate the surface scaling. The combination
of these two factors results in a low mass fraction of salt solution, which in turn produces
the highest icing pressure and leads to the most severe damage to the concrete.

Water Absorption Rate

Figure 6 shows the variation of water absorption rate with the number of freeze-thaw
cycles under different curing conditions when the freeze-thaw medium is water. It is found
that LC concrete exhibited significantly higher water absorption rate than SC concrete and
IC concrete. After 15-30 freeze-thaw cycles, the water absorption rate of LC concrete was
found to be 162.7% to 186.1% higher than that of SC concrete, while the water absorption
rate of LC concrete was 82.4% to 83.0% higher than that of IC concrete. These results
suggest that as the number of freeze-thaw cycles increases, the water absorption rate of SC
concrete increases to a lesser extent than that of LC concrete, while the water absorption of
IC concrete increases to a similar extent as that of LC concrete.

0.3

[ SC

0.7 I IC
1L

B .C

=]
(=)}
1

o
W
1

Water absorption rate (%)
S o
[9%} £
1 1

(=}
NS}
1

o
1

0.0 -
S 10 15 20 25 30

Number of cycles (n)

Figure 6. Water absorption rate with the number of freeze-thaw cycles in water.

Figure 7a—c display the change in concrete water absorption rate as a function of
the number of freeze-thaw cycles under various curing conditions when the freeze-thaw
medium is NaCl, CaCl,, and KAc solutions, respectively.

Figure 7a shows the variation in water absorption rate of concrete with the number of
freeze-thaw cycles under different curing conditions when the freeze-thaw cycle medium is
NaCl solution. The water absorption rates of SC concrete with NaCl solution mass fractions
of 5% and 7% were slightly higher than those of concrete with NaCl solution mass fractions
of 1% and 3%, but the difference was not significant. The water absorption rate of IC
concrete was highest when the mass fraction of NaCl solution was 5%. After 30 freeze-
thaw cycles, the water absorption rate was 26.7%, 12.8%, and 6.2% higher when the NaCl
solution mass fraction was 5% compared to 1%, 3%, and 7%, respectively. Furthermore,
LC concrete had significantly higher water absorption rate than SC and IC concrete. After
30 freeze-thaw cycles, the water absorption rate of concrete with a NaCl solution mass
fraction of 5% was higher than that of concrete with NaCl solution mass fractions of 1%,
3%, and 7% by 32.6%, 12.5%, and 8.1%, respectively. When the freeze-thaw medium is a
CaCl; solution, the water absorption rate of concrete under each curing condition has a
similar trend compared to when the freeze-thaw medium is a NaCl solution, as shown
in Figure 7b. This suggests that chloride ions in de-icing salt may be the main cause of
freeze-thaw damage in concrete.
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Figure 7. Water absorption rate with the number of freeze-thaw cycles in salt solutions.

Figure 7c displays the change in concrete water absorption rate with the number of
freeze-thaw cycles when using KAc solution as the freeze-thaw cycle medium. It is clear
that the water absorption rate of SC concrete was less affected by the solution mass fraction.
On the other hand, the water absorption rate of the IC concrete was the highest when the
mass fraction of the KAc solution was 7%. After undergoing 30 freeze-thaw cycles, the
water absorption rate of concrete with a 7% KAc solution mass fraction was higher than
that of concrete with 1%, 3%, and 5% KAc solution mass fractions by 23.8%, 11.4%, and
3.3%, respectively. Furthermore, in regards to LC concrete, the water absorption rate only
increased by 2.2% when a 5% mass fraction of KAc solution was used compared to a 7%
mass fraction. It was also found to be 27.1% and 8.4% higher than LC concrete when a 1%
and 3% mass fraction of KAc solution was used, respectively.

Figure 8 displays the water absorption rate variation of concrete with the number of
freeze-thaw cycles, using 5% mass fraction of NaCl solution, 4.74% mass fraction of CaCl,
solution, and 5% mass fraction of KAc solution as the freeze-thaw medium. The water
absorption rate of SC concrete was significantly lower than that of IC and LC concrete.
Additionally, there was little difference in the water absorption rate of SC concrete under
the three salt solution conditions. The water absorption rates of IC concrete and LC concrete
were similar when exposed to NaCl and CaCl; solutions as freeze-thaw mediums. However,
these rates were higher compared to concrete exposed to KAc solution. For instance, after
30 freeze-thaw cycles, the water absorption rates of IC concrete and LC concrete were 12.1%
and 5.6% higher than those of concrete exposed to KAc solution, respectively. The results
indicate that the water absorption rate of IC and LC concrete is reduced under KAc solution
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conditions compared to NaCl and CaCl, solutions as freeze-thaw mediums. However, the
change in water absorption rate for SC concrete is not significant.
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Figure 8. Water absorption rate with the number of freeze-thaw cycles at salt solutions of 5% mass
fraction of NaCl solution, 4.74% mass fraction of CaCl, solution and 5% mass fraction of KAc solution.

In summary, after being subjected to a single-sided freeze-thaw cycle and salt solution,
it was observed that the surface scaling and water absorption rate of SC concrete were lower
and less affected by the freeze-thaw medium. In contrast, the surface scaling and water
absorption rate of LC concrete were significantly higher. This difference may be attributed
to the pore structure and connectivity of the concrete itself. In addition, the presence of salt
on concrete surfaces can cause water to migrate to the surface, which, if frozen, can create
destructive pressure. It is important to note that the development of pores continues in
the direction of stress concentration towards neighboring pores [36,53]. This can damage
the internal pore structure of the concrete and generate microcracks on the surface and at
deeper depths. Additionally, certain grains may lose their bonding properties, resulting
in an increase in capillary porosity and connectivity. As a result, the pore structure and
connectivity of LC concrete are increased, leading to greater surface scaling and water
absorption rate.

3.2.2. Rapid Freeze-Thaw Method

Figure 9a—c show the changes in mass loss rate, relative dynamic elastic modulus,
and relative durability index of concrete with the number of freeze-thaw cycles under
different curing conditions when the freeze-thaw medium is water and NaCl, CaCl,, and
KAc solutions, respectively.

Based on the data presented in Figure 9a, it is clear that the use of water as the freeze-
thaw medium resulted in mass loss rates of over 5% for SC concrete and IC concrete after
425 and 375 cycles, respectively, while LC concrete reached 5% after only 250 cycles. When
NaCl solution and CaCl, solution were used as the freeze-thaw medium, the mass loss rate
of LC concrete increased significantly faster than that of SC concrete and IC concrete. When
KAc solution was used as the freeze-thaw medium, the mass loss rate of SC concrete and
IC concrete was lower compared to when NaCl solution and CaCl, solution were used.
However, the difference in the mass loss rate of LC concrete was not significant. During the
initial stage of the freeze-thaw cycle, all concrete mass loss rates decreased. However, as
the cycle progressed, the concrete mass loss rate gradually increased. This phenomenon
occurs because the concrete absorbs more water than it spalls during the preliminary stage
of the freeze-thaw cycle. As the cycle progresses, microcracks develop in the outer layer
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of the concrete and continue towards the inner part of the specimen. This results in an
increase in the rate of mass loss as the amount of spalling material increases.

Figure 9b illustrates that when the freeze-thaw medium is water, the relative dynamic
elastic modulus of concrete at the end of the test follows the order: IC concrete > SC
concrete > LC concrete. The relative dynamic elastic modulus of IC concrete and SC
concrete was 11.2% and 9.6% higher than that of LC concrete, respectively. When the
freeze-thaw medium was composed of NaCl and CaCl, solutions, the relative dynamic
elastic modulus of both SC concrete and IC concrete decreased to less than 60% after
175 freeze-thaw cycles. However, when the freeze-thaw medium was KAc solution, the
relative dynamic elastic modulus of both SC concrete and IC concrete decreased to less than
60% after 200 freeze-thaw cycles. Additionally, for LC concrete, the relative dynamic elastic
modulus decreased to below 60% after only 125 freeze-thaw cycles when exposed to NaCl,
CaCly, and KAc solutions as freeze-thaw media. It is important to note that the relative
dynamic elastic modulus of concrete experiences a significant decrease during the later
stages of the freeze-thaw cycle test when salt solution is used as the freeze-thaw medium.
Therefore, the relative dynamic elastic modulus may not be entirely accurate in evaluating
the coupling impact of salt solution and freeze-thaw cycles in the rapid freeze-thaw method.
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Figure 9. Cont.
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Figure 9. Mass loss rate, relative dynamic elastic modulus, and Relative durability index with the
number of freeze-thaw cycles.

Figure 9c displays the relative durability indices of each concrete group during freeze-
thaw cycles using water as the medium. The SC concrete had a 75.3% higher relative
durability index than the LC concrete at the end of the test. Table 6 presents the mass loss
rate, relative dynamic elastic modulus, and relative durability index of concrete specimens
for each test group at the end of the test. The durability index of concrete is significantly
higher when exposed to freeze-thaw in water compared to salt solution. Frost resistance
is closely related to the pore structure and connectivity of concrete [20,54-57]. Therefore,
imperfect curing of concrete pavement may negatively affect the pore structure and connec-
tivity, leading to reduced frost resistance. When water is used as the freeze-thaw medium,
the relative dynamic elastic modulus of SC concrete, IC concrete, and LC concrete remains
higher than 60%, even when the mass loss rate exceeds 5%. This is shown in combination
with Figure 9a,b. However, if a salt solution is used as the freeze-thaw medium, the relative
dynamic elastic modulus of each concrete group drops below 60% when the mass loss
rate is not more than 5%. The study suggests that the freezing zone at the end of the test
remains primarily in the water-saturated layer outside the concrete specimen when water is
used as the freeze-thaw medium. In contrast, when a salt solution is used, the microcracks
generated by the freeze-thaw cycle at the end of the test have extended into the interior of
the specimen.

3.3. Comprehensive Relative Durability Index

Cement and concrete standards should provide clear and objective guidelines for
most applications with low or moderate requirements. Additionally, they should offer
appropriate and safe methods for assessing durability in severe conditions [58]. The water
absorption rate in the single-sided freeze-thaw method can be used to evaluate the pore
structure and capillary connectivity of concrete, as well as the effect of freeze-thaw cycles
and salt solution coupling on it. However, concrete damage is the result of both surface
and internal damage [38,39,52]. Therefore, a single value of water absorption rate does not
fully reflect the degree of damage to the concrete interior caused by freeze-thaw cycles.
Additionally, the current standard does not provide meaningful index requirements for
water absorption rate.
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Table 6. Rate of mass loss, relative dynamic elastic modulus and relative durability index at the end
of the test.

Relative Dynamic . - Maximum Number of
Group Rate of Mass Loss Elastic Mg,dulus Relative Durability Index Freeze-Thaw Cycles
SC-H,0O 5.41 78.81 105.08 400
SC-NaCl 3.51 58.99 29.50 150
SC-CaCl, 3.31 59.34 29.67 150
SC-KAc 4.05 55.57 32.41 175
IC-H,O 5.19 79.96 93.29 350
IC-NaCl 424 53.91 26.96 150
IC-CaCl, 4.08 51.00 25.50 150
IC-KAc 4.78 47.01 27.42 175
LC-H;O 5.09 71.93 59.94 250
LC-NaCl 4.04 55.83 18.61 100
LC-CaCl, 3.90 51.11 17.04 100
LC-KAc 3.71 59.62 19.87 100

Combined with the discussion of the test data of the rapid freeze-thaw method in
Section 3.2.2, the relative dynamic elastic modulus in the rapid freeze-thaw method can bet-
ter characterize the internal crack development of concrete when the freeze-thaw medium
is water. Therefore, this paper proposes a comprehensive relative durability index (DF,,)
to evaluate the salt freeze-thaw resistance of concrete pavement. The DF,, is based on
the water absorption rate in the single-sided freeze-thaw method under different curing
conditions, different salt solutions, and different mass fractions. It is also combined with the
relative dynamic elastic modulus in the rapid freeze-thaw method under different curing
conditions when the freeze-thaw medium is water. The comprehensive relative durability
index (DF,y) is calculated using the following Equation (6):

DFy = [(P x N)/Nuyax |/ Aw, (6)

where DFy, is the comprehensive relative durability index; P is the relative dynamic elastic
modulus; N is the maximum number of freeze-thaw cycles of the specimen; N4y is the
maximum number of freeze-thaw cycles of all specimens in the test; and Aw,, is the water
absorption rate.

Figure 10 shows the DF,, of concrete under various curing conditions, salt solutions,
and mass fractions of freeze-thaw medium. The DF,, of each concrete was significantly
higher when the mass fraction of freeze-thaw medium was 1%. The lowest DF,, for SC and
IC concretes was observed with NaCl solution at 5%, CaCl, solution at 4.64%, and KAc
solution at 7% mass fractions. For instance, when the freeze-thaw medium was a 5% mass
fraction NaCl solution, the DF,, of LC concrete was 83.8% lower than that of SC concrete
and 67.8% lower than that of IC concrete. These results suggest that the curing conditions
have a much greater impact on the DF,, of concrete than the freeze-thaw medium and its
mass fraction. Additionally, the salt freeze-thaw resistance of concrete can be evaluated
by means of a mass fraction ranging from 3% to 7%. The recommended baseline value for
assessing the superiority of salt freeze-thaw resistance of concrete pavement is 80. However,
it should be noted that further research is needed to determine the accuracy of this index
due to the limited amount of test data in this study.
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Figure 10. Comprehensive relative durability index (DF,y) of concrete.

To evaluate the salt freeze-thaw resistance of concrete pavement in seasonal frozen

regions, it is recommended to conduct both the single-sided freeze-thaw method and the
rapid freeze-thaw method. The paper suggests using surface scaling and DF for this purpose.

4. Conclusions

The study comprehensively explored and evaluated the freeze-thaw resistance of

concrete in seasonal frozen regions based on its actual construction and service conditions.
The following are the main conclusions:

1.

The degree of concrete damage caused by freeze-thaw cycles was significantly worsened
by the presence of salt solution. The damage to the concrete under 20 °C—95% RH
curing conditions caused by the combined effect of freeze-thaw and salt solution was
significantly lower than that of concrete under 0 °C—50% RH curing conditions. To
ensure the freeze-thaw resistance of concrete pavement in seasonally frozen regions, it is
necessary to develop a design and curing program that considers the climatic conditions.
The surface scaling of concrete was most affected by the freeze-thaw media NaCl,
CaCly, and KAc, at mass fractions of 5%, 4.74%, and 5%, respectively. However, these
media did not have a consistent effect on the water absorption rate. The use of KAc
solution as a freeze-thaw medium resulted in reduced surface scaling and water
absorption rate for concrete under 5 °C—70% RH curing condition and 0 °C—50% RH
curing condition when compared to NaCl and CaCl, solutions.

Using the rapid freeze-thaw method with water as the medium, the freeze-thaw cycle
test process was controlled by the mass loss rate. The freezing zone at the end of the
test existed mainly in the water-saturated layer outside the specimen, and microcracks
did not develop inside the specimen. In addition, when the freeze-thaw medium was
a salt solution, the freeze-thaw cycle process was controlled by the relative dynamic
modulus of elasticity, and the inside of the specimen was already damaged at the end
of the test.

The rapid freeze-thaw method is more effective in evaluating the frost resistance of
concrete when the freeze-thaw medium is water. However, it may not accurately
compare the effects of the combined action of salt solution and freeze-thaw cycles
on concrete.

The comprehensive relative durability index (DF,,) was proposed based on the water
absorption rate in the single-sided freeze-thaw method and the relative dynamic
elastic modulus in the rapid freeze-thaw method. To assess the salt freeze-thaw
resistance of concrete pavement, it is recommended to use both the surface scaling
and the DF,,.



Materials 2024, 17,1902 17 of 19

Author Contributions: Conceptualization, R.Z. (Ruize Zhao) and C.S.; methodology, R.Z. (Ruize
Zhao) and C.S.; software, H.Z.; validation, C.S. and R.Z. (Ruixin Zhang); formal analysis, R.Z.
(Ruixin Zhang); investigation, R.Z. (Ruize Zhao) and W.W.; resources, C.S. and W.W.,; data curation,
R.Z. (Ruixin Zhang) and ]J.L.; writing—original draft preparation, R.Z. (Ruize Zhao) and W.W.;
writing—review and editing, C.S. and R.Z. (Ruize Zhao). All authors have read and agreed to the
published version of the manuscript.

Funding: National Natural Science Foundation of China (grant number: 52208438).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors would like to thank the technicians from all the institutions involved
in this work, who contributed to achieving this study’s objectives.

Conflicts of Interest: Author Ruixin Zhang was employed by the company Highway Administration
of Jilin Province. The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.  Wang, M.; Guo, Y;; Su, A,; Meng, S.; Zhang, A.; Hai, M. Experimental study on the freezing and expansion characteristics of canal
foundation soil considering water content conditions. . Nat. Hazards 2023, 32, 74-84.

2. Bulletin of the Jilin Provincial People’s Government. Circular of the General Office of the Jilin Provincial People’s Government on the
Issuance of the “14th Five-Year Plan” for Ecological Environmental Protection in [ilin Province; Bulletin of the Jilin Provincial People’s
Government: Jilin, China, 2022; pp. 3-38.

3. Taylor, P.C. Curing Concrete; CRC Press: Boca Raton, FL, USA, 2013.

4. Silva, R.V.; de Brito, J.; Saikia, N. Influence of curing conditions on the durability-related performance of concrete made with
selected plastic waste aggregates. Cem. Concr. Compos. 2013, 35, 23-31. [CrossRef]

5. Thomas, C.; Setién, ].; Polanco, J.A.; Cimentada, A.; Medina, C. Influence of curing conditions on recycled aggregate concrete.
Constr. Build. Mater. 2018, 172, 618-625. [CrossRef]

6. Fonseca, N.; De Brito, J.; Evangelista, L. The influence of curing conditions on the mechanical performance of concrete made with
recycled concrete waste. Cem. Concr. Compos. 2011, 33, 637-643. [CrossRef]

7. Bespalhuk, K.J.; de Oliveira, T.].C.; Valverde, ].V.P; Gongalves, R.A.; Ferreira-Neto, L.; Souto, P.C.S,; Silva, J.R.; de Souza, N.C.
Fractal analysis of microstructures in Portland cement pastes—Effect of curing conditions. Constr. Build. Mater. 2023, 363, 129881.
[CrossRef]

8.  Tasdemir, C. Combined effects of mineral admixtures and curing conditions on the sorptivity coefficient of concrete. Cem. Concr.
Res. 2003, 33, 1637-1642. [CrossRef]

9.  Wang, R; Zhang, Q.; Li, Y. Deterioration of concrete under the coupling effects of freeze—thaw cycles and other actions: A review.
Constr. Build. Mater. 2022, 319, 126045. [CrossRef]

10. Mehta, PK. Durability of concrete—Fifty years of progress? Spec. Publ. 1991, 126, 1-32.

11.  Sahin, Y.; Akkaya, Y.; Tasdemir, M.A. Effects of freezing conditions on the frost resistance and microstructure of concrete. Constr.
Build. Mater. 2021, 270, 121458. [CrossRef]

12.  Zeng, Q.; Li, K. Effect of cooling rate on deformation and damage of cementitious materials under freeze-thaw conditions.
J. Tsinghua Univ. 2008, 48, 1390-1394.

13.  Glinicki, M.A.; J6zwiak-Niedzwiedzka, D.; Antolik, A.; Dziedzic, K.; Dabrowski, M.; Bogusz, K. Diagnosis of ASR damage in
highway pavement after 15 years of service in wet-freeze climate region. Case Stud. Constr. Mater. 2022, 17, €01226. [CrossRef]

14. Boltryk, M.; Falkowski, K.; Pawluczuk, E. A report on the fabrication of concrete pavement with the application of anionic
bitumen emulsion. Constr. Build. Mater. 2017, 154, 1004-1014. [CrossRef]

15.  Zhou, C.; Lan, G.; Cao, P; Tang, C.; Cao, Q.; Xu, Y.; Feng, D. Impact of freeze-thaw environment on concrete materials in two-lift
concrete pavement. Constr. Build. Mater. 2020, 262, 120070. [CrossRef]

16. Shi, C.; Zhao, R.; Wang, W.; Zhang, S. Effect of load on bonding properties and salt freeze-thaw resistance of bridge expansion
joint concrete. Constr. Build. Mater. 2024, 411, 134680. [CrossRef]

17.  Mehta, PK.; Monteiro, PJ. Concrete: Microstructure, Properties, and Materials; McGraw-Hill Education: New York, NY, USA, 2014.

18. Neville, A. Properties of Concrete; Longman: London, UK, 2011.

19.  Jin, W.; Zhao, Y. Durability of Concrete Structures; Science Press: Beijing, China, 2014.

20. Gong, L,; Yu, X; Liang, Y.; Gong, X.; Du, Q. Multi-scale deterioration and microstructure of polypropylene fiber concrete by salt
freezing. Case Stud. Constr. Mater. 2023, 18, €01762. [CrossRef]

21. Luo, S.; Bai, T.; Guo, M.; Wei, Y.; Ma, W. Impact of freeze-thaw cycles on the long-term performance of concrete pavement and

related improvement measures: A review. Materials 2022, 15, 4568. [CrossRef] [PubMed]


https://doi.org/10.1016/j.cemconcomp.2012.08.017
https://doi.org/10.1016/j.conbuildmat.2018.04.009
https://doi.org/10.1016/j.cemconcomp.2011.04.002
https://doi.org/10.1016/j.conbuildmat.2022.129881
https://doi.org/10.1016/S0008-8846(03)00112-1
https://doi.org/10.1016/j.conbuildmat.2021.126045
https://doi.org/10.1016/j.conbuildmat.2020.121458
https://doi.org/10.1016/j.cscm.2022.e01226
https://doi.org/10.1016/j.conbuildmat.2017.08.028
https://doi.org/10.1016/j.conbuildmat.2020.120070
https://doi.org/10.1016/j.conbuildmat.2023.134680
https://doi.org/10.1016/j.cscm.2022.e01762
https://doi.org/10.3390/ma15134568
https://www.ncbi.nlm.nih.gov/pubmed/35806693

Materials 2024, 17,1902 18 of 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

Nilimaa, J.; Zhaka, V. An Overview of Smart Materials and Technologies for Concrete Construction in Cold Weather. Eng 2023,
4,1550-1580. [CrossRef]

Besheli, A.E.; Samimi, K.; Nejad, EM.; Darvishan, E. Improving concrete pavement performance in relation to combined effects of
freeze-thaw cycles and de-icing salt. Constr. Build. Mater. 2021, 277, 122273. [CrossRef]

Zong, H.; Wang, Y.; Wang, G.; Li, Q,; Li, F; Li, Q.; Hou, P. The role of ultra-fine supplementary cementitious materials in the
durability and microstructure of airport pavement concrete. Constr. Build. Mater. 2023, 392, 131954. [CrossRef]

Gonzalez, M.; Tighe, S.L.; Hui, K.; Rahman, S.; Lima, A.d.O. Evaluation of freeze/thaw and scaling response of nanoconcrete for
Portland Cement Concrete (PCC) pavements. Constr. Build. Mater. 2016, 120, 465-472. [CrossRef]

Yasien, A.M.; Bassuoni, M.T.; Ghazy, A. Phase change material nanocomposites as an internal curing aid for nano-modified
concrete under cold weather. Constr. Build. Mater. 2024, 411, 134490. [CrossRef]

Ma, H,; Yu, H,; Li, C; Tan, Y.; Cao, W.; Da, B. Freeze-thaw damage to high-performance concrete with synthetic fibre and fly ash
due to ethylene glycol deicer. Constr. Build. Mater. 2018, 187, 197-204. [CrossRef]

Sahmaran, M.; Ozbay, E.; Yiicel, H.E.; Lachemi, M.; Li, V.C. Frost resistance and microstructure of Engineered Cementitious
Composites: Influence of fly ash and micro poly-vinyl-alcohol fiber. Cem. Concr. Compos. 2012, 34, 156-165. [CrossRef]

Qiu, Y.;; Zhao, Q.; Pan, H.; Guo, W. Freeze-thaw resistance performance of alkaline residue-blast slag based low carbon binder
material: Supplementary study. Constr. Build. Mater. 2023, 409, 133950. [CrossRef]

Zhang, J.; Wang, J.; Li, Y;; Yuan, J.; Wu, Y. Research progresses on salt scaling and protective methods for concrete pavements.
Constr. Build. Mater. 2022, 342, 127993. [CrossRef]

Powers, T.C. A working hypothesis for further studies of frost resistance of concrete. J. Proc. 1945, 41, 245-272.

Powers, T.C.; Helmuth, R.A. Theory of volume changes in hardened portland-cement paste during freezing. Highw. Res. Board
Proc. 1953, 32.

Fagerlund, G. The international cooperative test of the critical degree of saturation method of assessing the freeze/thaw resistance
of concrete. Matériaux Constr. 1977, 10, 231-253. [CrossRef]

Valenza, ].J.; Scherer, G.W. Mechanism for salt scaling. . Am. Ceram. Soc. 2006, 89, 1161-1179. [CrossRef]

Yang, Q. Salt freezing damage mechanism of concrete (II): Freeze-thaw water saturation and icing pressure. ]. Build. Mater. 2012,
15, 741-746.

Qiao, C.; Chen, X.; Suraneni, P.; Weiss, W.J.; Rothstein, D. Petrographic analysis of in-service cementitious mortar subject to
freeze-thaw cycles and deicers. Cem. Concr. Compos. 2021, 122, 104112. [CrossRef]

Duan, M.; Qin, Y;; Li, Y,; Zhou, H. Durability and damage model of polyacrylonitrile fiber reinforced concrete under freeze—thaw
and erosion. Constr. Build. Mater. 2023, 394, 132238. [CrossRef]

Zhang, Z.; Zhang, H.; Zhu, K ; Tang, Z.; Zhang, H. Deterioration mechanism on micro-structure of unsaturated polyester resin
modified concrete for bridge deck pavement under salty Freeze-thaw cycles. Constr. Build. Mater. 2023, 368, 130366. [CrossRef]
Yang, X.; Shen, A.; Guo, Y.; Zhou, S.; He, T. Deterioration mechanism of interface transition zone of concrete pavement under
fatigue load and freeze-thaw coupling in cold climatic areas. Constr. Build. Mater. 2018, 160, 588-597. [CrossRef]

Basheer, L.; Cleland, D.J. Freeze—thaw resistance of concretes treated with pore liners. Constr. Build. Mater. 2006, 20, 990-998.
[CrossRef]

Dang, Y; Xie, N.; Kessel, A.; McVey, E.; Pace, A.; Shi, X. Accelerated laboratory evaluation of surface treatments for protecting
concrete bridge decks from salt scaling. Constr. Build. Mater. 2014, 55, 128-135. [CrossRef]

He, J.; Qiao, C.; Farnam, Y. Durability evaluation of reinforced concrete with surface treatment of soy methyl ester-polystyrene
under freeze-thaw cycles and calcium chloride. Cem. Concr. Compos. 2023, 137, 104927. [CrossRef]

Mu, R.; Miao, C.; Luo, X.; Sun, W. Interaction between loading, freeze—thaw cycles, and chloride salt attack of concrete with and
without steel fiber reinforcement. Cem. Concr. Res. 2002, 32, 1061-1066. [CrossRef]

Liu, Z.; Hansen, W. Effect of hydrophobic surface treatment on freeze-thaw durability of concrete. Cem. Concr. Compos. 2016,
69, 49-60. [CrossRef]

JTG 3420—2020; Testing Methods of Cement and Concrete for Highway Engineering. China Communication Press: Beijing,
China, 2020.

ASTM C1202; Standard Test Method for Electrical Indication of Concrete’s Ability to Resist Chloride Ion Penetration. Annual
Book of ASTM Standards. ASTM International: West Conshohocken, PA, USA, 2022.

ASTM C457/C457M; International, Standard Test Method for Microscopical Determination of Parameters of the Air-Void Sys-tem
in Hardened Concrete. Annual Book of ASTM Standards; ASTM International: West Conshohocken, PA, USA, 2016.

Yuan, J.; Wu, Y.; Zhang, J. Characterization of air voids and frost resistance of concrete based on industrial computerized
tomographical technology. Constr. Build. Mater. 2018, 168, 975-983. [CrossRef]

Nili, M.; Ramezanianpour, A.A.; Sobhani, J. Evaluation of the effects of silica fume and air-entrainment on deicer salt scaling
resistance of concrete pavements: Microstructural study and modeling. Constr. Build. Mater. 2021, 308, 124972. [CrossRef]
Pigeon, M.; Marchand, J.; Pleau, R. Frost resistant concrete. Constr. Build. Mater. 1996, 10, 339-348. [CrossRef]

Wu, Z,; Shi, C.; Gao, P.; Wang, D.; Cao, Z. Effects of deicing salts on the scaling resistance of concrete. |. Mater. Civ. Eng. 2015,
27,04014160. [CrossRef]

Wang, K.; Nelsen, D.E.; Nixon, W.A. Damaging effects of deicing chemicals on concrete materials. Cem. Concr. Compos. 2006,
28,173-188. [CrossRef]


https://doi.org/10.3390/eng4020089
https://doi.org/10.1016/j.conbuildmat.2021.122273
https://doi.org/10.1016/j.conbuildmat.2023.131954
https://doi.org/10.1016/j.conbuildmat.2016.05.043
https://doi.org/10.1016/j.conbuildmat.2023.134490
https://doi.org/10.1016/j.conbuildmat.2018.07.189
https://doi.org/10.1016/j.cemconcomp.2011.10.002
https://doi.org/10.1016/j.conbuildmat.2023.133950
https://doi.org/10.1016/j.conbuildmat.2022.127993
https://doi.org/10.1007/BF02478694
https://doi.org/10.1111/j.1551-2916.2006.00913.x
https://doi.org/10.1016/j.cemconcomp.2021.104112
https://doi.org/10.1016/j.conbuildmat.2023.132238
https://doi.org/10.1016/j.conbuildmat.2023.130366
https://doi.org/10.1016/j.conbuildmat.2017.11.031
https://doi.org/10.1016/j.conbuildmat.2005.06.010
https://doi.org/10.1016/j.conbuildmat.2014.01.014
https://doi.org/10.1016/j.cemconcomp.2023.104927
https://doi.org/10.1016/S0008-8846(02)00746-9
https://doi.org/10.1016/j.cemconcomp.2016.03.001
https://doi.org/10.1016/j.conbuildmat.2018.01.117
https://doi.org/10.1016/j.conbuildmat.2021.124972
https://doi.org/10.1016/0950-0618(95)00067-4
https://doi.org/10.1061/(ASCE)MT.1943-5533.0001106
https://doi.org/10.1016/j.cemconcomp.2005.07.006

Materials 2024, 17,1902 19 of 19

53.
54.

55.
56.
57.

58.

Sun, Z.; Scherer, G.W. Effect of air voids on salt scaling and internal freezing. Cem. Concr. Res. 2010, 40, 260-270. [CrossRef]
Wang, Z.; Bai, E.; Ren, B.; Liu, C,; Liu, ].; Huang, H. Microwave heating efficiency and frost resistance of concrete modified with
powder absorbing materials. Constr. Build. Mater. 2023, 379, 131145. [CrossRef]

Liu, Z.; Hansen, W. Freeze-thaw durability of high strength concrete under deicer salt exposure. Constr. Build. Mater. 2016,
102, 478-485. [CrossRef]

Feldman, R.E; Beaudoin, ].J. Microstructure and strength of hydrated cement. Cem. Concr. Res. 1976, 6, 389—400. [CrossRef]
Wang, Y.; Zhang, S.; Niu, D.; Fu, Q. Quantitative evaluation of the characteristics of air voids and their relationship with the
permeability and salt freeze-thaw resistance of hybrid steel-polypropylene fiber—reinforced concrete composites. Cem. Conct.
Compos. 2022, 125, 104292. [CrossRef]

Miiller, C. How standards support sustainability of cement and concrete in Europe. Cem. Concr. Res. 2023, 173, 107288. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.cemconres.2009.09.027
https://doi.org/10.1016/j.conbuildmat.2023.131145
https://doi.org/10.1016/j.conbuildmat.2015.10.194
https://doi.org/10.1016/0008-8846(76)90102-2
https://doi.org/10.1016/j.cemconcomp.2021.104292
https://doi.org/10.1016/j.cemconres.2023.107288

	Introduction 
	Materials and Methods 
	Materials and Mix Designs 
	Specimen Preparation and Curing 
	Test Methods 
	Important Properties of Concrete Pavement Test 
	Freeze-Thaw Test 


	Results and Discussion 
	Material Properties 
	Freeze-Thaw Resistance 
	Single-Sided Freeze-Thaw Method 
	Rapid Freeze-Thaw Method 

	Comprehensive Relative Durability Index 

	Conclusions 
	References

