
Research Article
Study on the Dynamic Properties of Concrete under Freeze-Thaw
Cycles and CT Fine View Damage

Liangting Wang ,1,2 Zhishan Zheng ,1,2 Zheng Xiahou ,1 Xijian Chao ,2

and Ming Xia 1

1School of Civil Engineering, Jiangxi University of Engineering, Xinyu 338000, China
2School of Big Data and Computer, Jiangxi University of Engineering, Xinyu 338000, China

Correspondence should be addressed to Liangting Wang; jsjxy@jxue.edu.cn

Received 1 September 2023; Revised 23 November 2023; Accepted 14 December 2023; Published 28 December 2023

Academic Editor: Ahmed Ibrahim

Copyright © 2023 Liangting Wang et al. Tis is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

In order to study the dynamic mechanical properties of concrete under freeze-thaw cycles, uniaxial impact compression tests were
conducted on concrete specimens with diferent number of freeze-thaw cycles (0, 25, 50, 75, and 100) using a 50mm diameter split
Hopkinson pressure bar (SHPB) test device at an impact air pressure of 0.4MPa and combined with a CTscanning system to analyze the
internal fssures of concrete specimens before and after freeze-thaw cycles. Te results showed the following. (1) Te concrete specimens
were divided into linear elastic stage, plastic stage, and damage stage under the freeze-thaw cycle, and the macroscopic mechanical
parameters of the specimens were weakened with the increase of the number of freeze-thaw cycles. (2) Freeze-thaw intensifed the
expansion and penetration of the internal fracture of the specimens, and the CTscan results showed that the internal fracture parameters
of the concrete specimens were increased with the increase of the number of freeze-thaw cycles, and the structural characteristics of the
internal fracture show gradually complex expansion and evolution characteristics. (3)Te degree of damage was defned at the fne level,
which increased with the number of freeze-thaw cycles, establishing an intrinsic link between the fne deterioration of concrete specimens
and the loss of macroscopic parameters under freeze-thaw cycles. Te results are of great signifcance to further elucidate the internal
structural characteristics of concrete material damage under freeze-thaw conditions and to reveal the damage deterioration mechanism.

1. Introduction

Te durability research of concrete is usually aimed at the
concrete specimens with standard maintenance for 28 days.
However, in the road construction in the seasonal freezing
area of northwest China, the concrete structures not only
have to withstand the deterioration caused by freezing and
thawing, but also inevitably sufer the isodynamic load
caused by construction blasting disturbance [1–3]. In this
complex environment, the internal cracks in concrete are
intensifed and expanded, and the degree of damage is ag-
gravated, which is macroscopically manifested as a decrease
in the mechanical properties of concrete [4, 5], seriously
afecting the durability of the use of the structure and posing
a potential threat to the development of the subsequent
performance of the concrete structure and its service life

[6, 7]. Terefore, it is of great signifcance to investigate the
dynamic mechanical properties and damage change char-
acteristics of concrete under freeze-thaw cycle conditions to
predict the performance deterioration law of concrete under
freeze-thaw and dynamic load disturbance.

Te mechanical properties of concrete materials under
freeze-thaw cycle conditions have been extensively studied.
Tian et al. [8] studied the efect of freeze-thaw cycles on the
deterioration mechanism of concrete and found that the
modulus of elasticity and strength of the specimens were
decreased with the increase of the number of freeze-thaw
cycles. Song et al. [9] analyzed the efect of freeze-thaw cycles
on the compressive strength and tensile strength of two
kinds of concrete materials through compressive and tensile
experiments on the full-graded and wet-screened concrete
specimens under diferent freeze-thaw cycle times. Zou et al.
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[5, 10] carried out an experimental study on the attenuation
law of concrete splitting tensile properties and repetitive load
resistance and other indexes after freeze-thaw cycle, and
the results showed that the mechanical property indexes of
concrete compressive strength and repetitive load resistance
showed an accelerated trend of decreasing with the increase
of the number of freeze-thaw cycles. Wang et al. [11] found
that the compressive and tensile strength of regenerated
concrete was reduced under freeze-thaw cycle, and the
degree of deterioration was higher than that of ordinary
concrete. Fan et al. [12] found that the compressive and
fexural properties of specimens were decreased with freeze-
thaw cycle in their study of the durability of rubberized
concrete under freeze-thaw cycle. Zhang [13] investigated
the dynamic mechanical properties of the rubber concrete
under diferent number of freeze-thaw cycles and impact air
pressure and found that the freeze-thaw action destroys the
rubber concrete, and there is a signifcant strain rate efect on
its dynamic parameters. Freeze-thaw cycle will have a de-
terioration efect on the mechanical properties of concrete,
and some scholars have characterized the degree of damage
from a macroscopic point of view. However, most of the
research on the mechanical properties under the action of
freeze-thaw cycle focus on the static aspect of concrete, and
the concrete will be frequently subjected to dynamic loads,
such as impact and vibration, during the design service life,
and there are a lot of diferences between the mechanical
properties and the static loads. Also, the nature of the
damage is due to the frost expansion efect of concrete
dominated by freeze-thaw action [14], resulting in the
further development of internal cracks in concrete and the
increase in the degree of damage. In order to reveal the
deterioration mechanism of the kinetic properties of con-
crete materials under the conditions of freeze-thaw cycle, it
is necessary to analyze the damage characteristics of concrete
under the action of freeze-thaw cycle from a fne perspective.

At present, the methods used by domestic and foreign
researches for the material fne damage mainly include
electron microscope scanning, nuclear magnetic resonance
(NMR), and CT scanning [15]. Various types of scanning
electron microscopy can observe the pore fssure mor-
phology and size, but they cannot quantitatively express the
pore parameters; nuclear magnetic resonance can quanti-
tatively analyze the distribution of pore size, but the eval-
uation of the pore structure of the super-dense coal beds is
still in the exploratory stage. In contrast, industrial CT
scanning can quantitatively analyze the fne structure and
the resolution can reach the nanometer level [16–18].
Terefore, it is widely used in experimental studies of the
mechanical properties of materials with fne damage
[19–21]. Ge et al. [22] obtained CTpictures of microfracture
sprouting, development, expansion, and penetration under
diferent load levels using self-developed special loading
equipment matched with CT machine and explored the
preliminary law of damage morphology and evolution
during uniaxial and triaxial destructive deformation of coal
rock. Wang et al. [23] conducted CT real-time loading
scanning test on shale, and the test results showed that the
sprouting and development of fssures were afected by the

infuence of laminar structure. Zhu et al. [24] investigated
the evolution of fne-scale damage of concrete under dif-
ferent loads based on CTscanning technology and grey scale
covariance matrix theory and established a quantitative
relationship between statistical eigenvalues and fne-scale
damage variables. Qin et al. [25] used X-CTscanning results
to statistically analyze the initial damage of concrete in dams
and quantitatively described concrete defects with extreme
values and exponential distributions. Dang et al. [26]
combined CT images and fractal analysis methods to es-
tablish the relationship between concrete damage and fractal
dimension and investigated the fractal characteristics of
concrete cracks. Mao et al. [27] combined CT technology
and digital body correlation method to obtain the dis-
placement and strain felds refecting the deformation
characteristics of materials at diferent stress stages. Te
above studies showed that industrial CT scanning tech-
nology can accurately and completely characterize the
damage characteristics, deformation damage mechanism,
and damage degree of materials, which is an efective way to
study the fne structure of materials.

Tis paper utilizes the split Hopkinson pressure bar
(SHPB) experiment system with a diameter of 50mm to carry
out dynamic impact compression test on freeze-thawed
concrete, researches the mechanical properties of concrete
under impact load after freeze-thaw cycle, combines the CT
scanning system to obtain the internal crack evolution law
before and after freeze-thawing of concrete, elucidates the
microscopic damage characteristics of concrete specimen
under the action of freeze-thawing, and provides a certain
theoretical basis for the design of concrete engineering.

2. Experiment

2.1. Experimental Systems and Principles

2.1.1. SHPB System. Te split Hopkinson press bar (SHPB)
test system is shown in Figure 1. Te bullet, the incident bar,
and the transmitted bar are 300, 2000, and 1500mm in
length, respectively, all with a diameter of 50mm.Te bullet
strikes the incident bar with the aid of air pressure in the
high pressure chamber to generate a stress wave, the
specimen undergoes a dynamic compression process, and as
the bar is an elastic bar, the voltage (strain) signal refecting
the stress process on the specimen is collected with the aid of
strain gauges.

Figure 2 gives the force and deformation of a microel-
ement in an elastic bar under impact loading. Assuming that
the length-to-diameter ratio of the elastic bar is sufciently
large, the cross section of the bar remains planar during
loading, so that the force and deformation relations of the
microelement under dynamic loading Pd can be obtained as
follows:

−
zPd

zx
∆x � ρA∆x

z
2
u

zt
2 , (1)

where A is the cross-sectional area of the bar, ρ is the density
of the bar, and u is the displacement of the microelement at x
after the force.
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According to the defnitions of stress and strain and
Hooke’s law, it follows that

σ �
Pd

A
,

ε �
−zu

zx
,

σ � Eε.
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Combining equations (1) to (2), we get
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2
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2.

(3)

Te principle of the SHPB test calculation is based on
two basic assumptions [28]:① one-dimensional stress wave
assumption—the assumption that a one-dimensional stress
wave propagates in a uniform elastic bar and② uniformity
assumption—the assumption that the stresses and strains in
the specimen are uniformly distributed along the length

direction. Based on the incident strain εi (t) and refected
strain εr (t) measured by the strain gauges on the incident
bar and the transmitted strain εt (t) measured by the strain
gauges on the transmitted bar, the stress, strain, and strain
rate of the specimen during impact can be deduced from the
following equations:

σ(t) �
EA
A0

εt(t),

ε(t) � −
2C

l0
􏽚

t

0
εr(t)dt,

_ε(t) � −
2C

l0
εr(t),
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(4)

where A, E, and C are the cross-sectional area (mm2),
modulus of elasticity (GPa), and longitudinal wave velocity
(m/s) of the elastic compression bar, respectively, and A0
and l0 are the cross-sectional area (mm2) and original length
(mm) of the specimen, respectively.
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Figure 1: Schematic diagram of the SHPB system.
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Figure 2: Schematic diagram of the impact test principle analysis. (a) Schematic diagram of elastic bar deformation. (b) Deformation
diagram of a microelement in a bar under a stress wave.
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2.1.2. CT Scanning Systems. Te CT scan of freeze-thawed
concrete was carried out with the aid of a microfocused
computed tomography system, which was able to achieve an
accuracy of 500nm and met the requirements of this rock CT
scan test. Te scanning principle of the system is shown in
Figure 3, the computer controls the radiation source to emit the
beam, the X-ray passes through the object under test, the
detector receives the attenuated signal, the CNC scanning
platform carries the object under test and can be moved or
rotated under computer control, the specimen rotates 360° with
the turntable during the scanning process, the detector acquires
the corresponding signal at certain angles and obtains a two-
dimensional reconstructed image through mathematical
transformation, the detector acquires the corresponding signal
every certain Angle, and the two-dimensional reconstructed
image is obtained by mathematical transformation. Te fat
panel detector is responsible for collecting the scanning data.
Te quantitative description of CT is CT number, which is
converted to gray value according to a certain linear pro-
portion. Since the linear attenuation coefcient of the material
has an approximate correspondence with the density of the
material, the CT image approximates the change in density
within the material; fnally, the X-ray in the device is a cone-
beam ray, and for each scan, a multilayer CT image of the
specimen in the ray area is obtained, each layer of the image has
a certain scan thickness, and each pixel with thickness is called
a voxel (Voxel), and the projection data collected by the
computer through the 3D digital body image of the specimen
can be obtained by computer reconstruction of the industrial
CT slice image from the collected projection data.

2.2. Specimen Preparation and Experimental Protocol. Te
cement used in the experiment is P.O 42.5 cement produced by
Conch Cement Co., Ltd., and its physical performance indexes
are shown in Table 1; the fne aggregate is natural river sand,
with the maximum particle size of 1.25mm, the fneness
modulus of 2.60, and the density of 2610 kg/m立方米; the coarse
aggregate is selected from crushed stone with a particle size of
less than 18mm, and the water is tap water. According to the
mass ratio of gravel : river sand : cement :water = 3.36 :1.89 :1 :
0.56[29], the concrete was poured with a size of φ50∗ 25mm
and maintained. After the curing was completed, freeze-thaw
cycles and kinetic experiments were then carried out.

Firstly, the concrete specimens were subjected to freeze-
thaw cycles, and in accordance with the requirements of the
current standard “Test Methods for the Long-term Perfor-
mance and Durability of Ordinary Concrete (GB/T50082-
2009)” on the “fast-freezing method” for concrete, the specifc
test procedure and parameters of the freeze-thaw process were
set as follows: (1) the number of freeze-thaw cycles was set to 0,
25, 50, 75, and 100, respectively, and the specimens were
numbered A∼E in turn, three specimens in each group; (2)
before the freeze-thaw cycle to maintain the specimens, after
reaching the specifed requirements, remove the concrete
specimens, and then wipe the surface moisture of the speci-
mens with a wet cloth, and carry out appearance inspection
and size and quality determination; (3) put the concrete into
the rapid freezing and thawing chassis, turn on the freezing

and thawing tester to carry out the freezing and thawing cycle,
the freezing time is controlled as 2 h, and the thawing time is
controlled as 1.5 h. Te rate of temperature change during the
freezing and thawing cycle meets the following requirements:
the time used to lower the central temperature of each
specimen from 3°C to −16°C is about 80min, while the time
used to raise the central temperature of each specimen from
−16°C to 3°C is about 50min; the central temperature of the
specimen during the test is shown in Figure 4.

Secondly, the concrete was scanned before and after the
freeze-thaw cycle, and the internal damage before and after
the freeze-thaw cycle was obtained by fltering, threshold
segmentation, and three-dimensional reconstruction of the
two-dimensional slices.

Finally, based on the SHPB experimental system, impact
kinetic tests were carried out on concrete specimens with
diferent number of freeze-thaw cycles, and test punches
were made on the spare specimens before the tests. 0.40MPa
was selected as the impact air pressure according to the test
punch results to obtain the kinetic properties of concrete
under freeze-thaw cycles.

3. Experimental Results

3.1. Dynamic Stress-Strain Curves. Te results of the stress
waves at both ends of the specimen in the experiment are
shown in Figure 5. It can be seen that the waveform curves
corresponding to the sum of the transmitted strain and the
incident and refected strains overlap to a high degree, which
meets the stress balance requirements of the test.

After checking the reliability of the test results, the stress-
strain curve of the concrete specimen under impact loading
can be calculated according to the calculation principle of
the SHPB test. Te stress-strain curves for diferent number
of freeze-thaw cycles are shown in Figure 6. Te change
process is roughly divided into the following three stages: the
frst stage is the linear elastic stage, and the stress in this stage

360° rotationcraft

sample

X
Z

Y

X-ra
y s

ou
rce

Figure 3: Basic principles of CT image acquisition.

Table 1: Cement physical property index.

Material
Solidifcation time (min) Strength

(MPa)
Initial setting time Final setting time 3 d 28 d

Cement ≥45 ≥390 ≥17 ≥42.5
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increases linearly with the increase of strain, this is due to the
fact that the stress acting on the specimen is not sufcient to
cause the crack in the specimen to expand and evolve or to
produce new cracks, but only to keep the original crack in
the specimen in a stable state or to produce a small value of
expansion, with the elastic energy accumulating, but the
elastic deformation of the specimen does not change
qualitatively [30] and the slope remains basically unchanged,
which can be taken as the dynamic elastic modulus of the
specimen; the second stage is the plastic stage, the curve in
this section is characterized by an upward convexity, the
slope gradually decreases to 0 with the increase of stress, the
specimen is subjected to impact load after the freeze-thaw
cycle, the original cracks expand rapidly, sprouting a large
number of new cracks and penetrating with the original
cracks and eventually leading to the penetration of the
specimen, the stress value at this time reaches the peak, i.e.,
the peak strength, and the corresponding strain is the peak
strain; stage 3 is the damage stage, the slope of the curve is

negative, the stress gradually decreases after the peak, the
strain continues to increase, the specimen internal cracks
gradually penetrate, macrocracks appear, and the bearing
capacity gradually reduced. Te analysis shows that as the
number of freeze-thaw cycles increases, the slope of the peak
strength and linear elastic phase of the stress-strain curve
gradually decreases, while the strain corresponding to the
peak strength gradually increases, indicating that the
number of freeze-thaw cycles afects the dynamic properties
of concrete specimens.

Te macroscopic mechanical parameters (peak strength
σ, peak strain ε, andmodulus of elasticity E) of the specimens
were obtained according to the stress-strain curves at dif-
ferent number of freeze-thaw cycles as follows (Table 2).

3.2. Macro-Mechanical Parameters of the Specimen

3.2.1. Peak Strength. In order to analyze the efect of the
number of freeze-thaw cycles on the peak strength of the
specimens, the relationship between the peak strength of the
specimens and the number of freeze-thaw cycles is given in
Figure 7. It can be seen that without freeze-thawing, the peak
strength of the specimens ranged from 68.54 to 70.16MPa,
with an average value of 69.28MPa; when the number of
freeze-thaw cycles was 25, the peak strength of the specimens
ranged from 63.89 to 65.04MPa, with an average value of
64.42MPa, which was 7.02% lower than that without freeze-
thawing; when the number of freeze-thaw cycles was 50, the
peak strength of the specimens ranged from 58.31 to
61.15MPa, with an average value of 59.81MPa, which is
13.67% lower than that without freeze-thaw; for 75 freeze-
thaw cycles, the peak strength of the specimens was
56.12–58.86MPa, with an average value of 57.39MPa, which
is 17.16% lower than that without freeze-thaw; for
100 freeze-thaw cycles, the peak strength of the specimens is
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Figure 4: Variation of temperature with time in the rapid freeze-
thaw tester.
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55.47–56.09MPa, with an average value of 55.81MPa, which
was 19.44% lower than that without freeze-thaw. From the
ftting results, it can be seen that the peak strength of the
specimens decreased as a quadratic function of the number
of freeze-thaw cycles, indicating that the number of freeze-
thaw cycles had a signifcant efect on the strength de-
terioration of the specimens.

3.2.2. Peak Strain. Te variation curve of the peak strain
εd with the number of freeze-thaw cycles is shown in
Figure 8. With the increase in the number of freeze-thaw
cycles, the peak strain of the specimen gradually decreased,
and the average value of the peak strain increased from
0.00852 to 0.01103 as a quadratic function as the number of
freeze-thaw cycles increased from 0 to 100, and the increase
gradually increased, decreasing by 7.04%, 13.26%, 21.83%,
and 29.46%, respectively, compared with the original
specimen strength, which was due to damage caused by the
expansion of internal cracks in the specimens after freeze-
thaw cycles.

3.2.3. Dynamic Modulus of Elasticity. Te dynamic modulus
of elasticity is a macroscopic representation of the response
of the internal microstructure of a material to an external
load and a measure of its resistance to deformation. Figure 9
shows the variation of the dynamic modulus of elasticity of
the specimens with the number of freeze-thaw cycles. It can
be seen that the dynamic modulus of elasticity of the
specimen gradually decreases with the increase of the
number of freeze-thaw cycles, as follows: the average dy-
namic modulus of elasticity of the specimen is the largest
without freeze-thaw cycles, 17.13GPa; with the increase of
the number of freeze-thaw cycles to 25, the average dynamic
modulus of elasticity of the specimen decreases to 15.05GPa,
87.57% of the original specimen; with the number of

freeze-thaw cycles further increased to 50, the average dy-
namic modulus of elasticity of the specimen decreased to
13.28GPa, which is 77.52% of the original specimen; when
the number of freeze-thaw cycles is increased to 75, the
average dynamic modulus of elasticity of the specimen
decreases to 11.89GPa, which is 69.41% of the original
specimen; when the number of freeze-thaw cycles is in-
creased to 100, the average dynamic modulus of elasticity of
the specimen decreased to 10.70GPa, which is 62.46% of the
original specimen. By ftting the two, it is found that the
dynamic elastic modulus decreases approximately in
a quadratic function with the increase of freeze-thaw cycles.
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Figure 7: Peak strength versus number of freeze-thaw cycles.
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3.3. A Closer Look at the Damage Characteristics

3.3.1. Fracture Extension Pattern. By reconstructing the CT
scan results in three dimensions, the results of the re-
construction of the spatial distribution of the internal
fracture structure of concrete before and after freezing and
thawing are as follows (Table 3). Te analysis shows that
there were operational errors during the fabrication of the
concrete, resulting in the existence of original microdefects
of diferent sizes in the specimens before freeze-thawing.
When the number of freeze-thaw cycles is 25, the specimens

were made more uniformly with fewer defects, but after the
freeze-thaw cycles, the internal fssures sprouted and ex-
panded; when the number of freeze-thaw cycles is 50, the
specimens had natural original defects such as randomly
distributed microfssures, and under the action of freeze-
thaw, the internal fssures gradually grew and extended, and
the initial fssure surface continuously expanded and
evolved, and a new fssure close to penetration sprouted on
the right side of the specimen. When the number of freeze-
thaw cycles is 75 times and 100 times, the specimens have
original defects; however, after the freeze-thaw cycles, the

Table 3: CT scan images of concrete before and after freeze-thaw cycles.

Number
of freeze-thaw cycles

Before
freezing and thawing

After
freezing and thawing

0

25

50

75

100
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internal fssures accelerated and evolved into many new
fssures, which intersected each other. As the number of
freeze-thaw cycles increases, the number of internal frac-
tures increases, and the structural characteristics of the
internal fractures show a gradually complex expansion and
evolution, indicating that the erosion efect of freeze-thaw on
the specimens is obvious.

To further investigate the efect of freeze-thaw on the
internal fracture of the specimen, the internal fracture pa-
rameters (fracture volume V, fracture surface area S, and
fracture rate e) were extracted, as shown in Table 4. After
freeze-thaw, the crack volume, crack surface area, and crack
rate of the sample all increased, which was due to the ex-
istence of primary cracks in the sample. Under the action of
freeze-thaw, the internal cracks grew, developed and ex-
panded, and interacted with the primary cracks to further
form a network crack, resulting in internal damage of the
specimen, and the crack volume, crack surface area, and
crack rate increased signifcantly.

3.3.2. Concrete Damage Characteristics. Based on the in-
ternal fracture parameters of the specimen, the fracture
expansion parameters were further calculated before and
after the freeze-thaw cycles according to equation (5) [31] to
analyze the damage of concrete before and after freeze-
thawing.

∆S � S2 − S1,

∆V � V2 − V1,

∆e � e2 − e1,

⎧⎪⎪⎨

⎪⎪⎩
(5)

where ∆S is the incremental fracture surface area; ∆V is the
incremental fracture volume; and ∆e is the incremental
fracture rate.

Te results of the fracture extension parameters are
shown in Table 4; with the increase of the number of freeze-
thaw cycles, the increment of fracture surface area, fracture
volume, and fracture rate of concrete specimens tended to
increase. Compared with the nonfreeze-thaw condition, for
specimens with 25 freeze-thaw cycles, ∆S, ∆V, and ∆e
increase by 394.29 cm2, 821.60mm3, and 1.69%, re-
spectively. Te increase was 489.60 cm2, 921.01mm3, and
1.89% at 50 times, 625.67 cm2, 1300.18mm3, and 2.63% at
75 times, and 812.38 cm2, 1569.71mm3, and 3.23% at 100
times, respectively.

To further evaluate the internal damage of concrete
specimens after freezing cycles, the increment of crack rate is
defned as the damage degree of specimen D [31, 32]. Te

damage degree of specimens under diferent number of
freeze-thaw cycles is shown in Figure 10. As the number of
freeze-thaw cycles increases, the degree of concrete
damage increases and the increase gradually decreases.
Tis is mainly due to the presence of a large amount of
pore water inside the concrete specimen, which will
produce volume expansion due to the freezing action [33].
It causes the expansion of the primary pores in the
concrete, and the expansion of the water volume will
generate stress inside the specimen, which will cause the
internal cracks to expand. In the process of alternating
positive and negative temperatures, a certain amount of
tensile stress will be generated, causing fatigue damage to
the concrete, and under the repeated action of freeze-thaw
cycles, the pore cracks inside the specimen will continue
to expand and the degree of damage will increase, thus
causing the strength of the specimen to increase with the
number of freeze-thaw cycles.

4. Conclusion

(1) Te dynamic stress-strain curves of concrete speci-
mens under the action of freeze-thaw cycles had no
obvious compression-density phase and were di-
vided into linear elastic, plastic, and damage phases,
and it was found that the peak strength, peak strain,

Table 4: Internal fracture parameters of specimens at diferent number of freeze-thaw cycles.

Number of
freeze-thaw cycles
n

V (103mm)
Before freezing and thawing After freezing and thawing

ΔV (mm)3 Δe (%) ΔS (cm)2
V1 (mm)3 e1 (%) S1 (cm)2 V2 (mm)3 e2 (%) S2 (cm)2

0 48.77 56.78 0.12 26.17 56.78 0.12 26.17 0 0 0
25 48.57 68.45 0.14 36.16 890.05 1.83 430.45 821.60 1.69 394.29
50 48.75 86.19 0.18 46.5 1007.23 2.07 536.1 921.04 1.89 489.60
75 49.50 40.36 0.08 23.99 1340.54 2.71 649.66 1300.18 2.63 625.67
100 49.19 20.45 0.04 13.58 1590.16 3.27 825.96 1569.71 3.23 812.38

D

25 50 75 1000
Number of freeze-thaw cycles n

0.0

0.7

1.4

2.1

2.8

3.5

D
am

ag
e d

eg
re

e D

Figure 10: Relationship between the number of freeze-thaw cycles
and the degree of damage.
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and elastic modulus of the specimens weakened as
the number of freeze-thaw cycles increased.

(2) Freezing and thawing intensifed the expansion and
penetration of internal cracks in the specimens, the
results of CT scanning show that the number, vol-
ume, surface area, and fracture rate of internal cracks
in the concrete specimens are found to increase with
the number of freeze-thaw cycles, and the structural
characteristics of the internal cracks showed
a gradually complex expansion and evolution.

(3) Te porosity of concrete is afected by the number of
freeze-thaw cycles, the increment of concrete crack
rate increases with the number of freeze-thaw cycles,
the degree of damage increases, the freeze-thaw
action will cause fatigue damage to concrete, and
with the increase in the number of freeze-thaw cy-
cles, the increase in the degree of damage of the
specimen decreases.
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