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To analyze the causes of failure of cubic concrete test specimens under quasistatic axial compression, microtests and finite element
numerical simulation of C40 cubic concrete test specimens were conducted without the freeze-thaw cycle and with 50 freeze-thaw
cycles. Based on the analysis of the microstructure of concrete, the variation law of the full curve of stress and strain was analyzed
by the uniaxial compression test and the splitting tensile test of concrete. *e results show that freeze-thaw damage is mainly
caused by the cyclic reciprocating stress of the micropore structure inside the concrete. *e peak stress of concrete uniaxial
compression and splitting tensile strength gradually decrease with the number of freeze-thaw cycles; the full stress-strain curve
tends to shift downward and to the right. Finite element analysis shows that under the quasistatic uniaxial compression loading
condition, the stress and strain fields in the test specimens are symmetrically distributed but nonuniform.*e plastic deformation
of the concrete weakens the nonuniformity of the stress distribution and is closer to the experimental failure morphology.

1. Introduction

Due to the cold weather and large temperature difference
between day and night in the Qinghai-Tibet Plateau, con-
crete structures are likely to freeze at night and thaw due to
solar radiation during the day. Freeze-thaw cycling condi-
tions are a primary cause of durability deterioration of
concrete structures in the regions with extreme temperature
variations [1]. In cold climates, damage to concrete attrib-
utable to frost action (freezing and thawing cycles) is one of
the major problems requiring heavy expenditures for the
repair and replacement of structures [2]. *e initial me-
chanical properties of concrete were adversely affected by the
freezing-thawing cycle. Meanwhile, the pore structure and
its physical properties were changed by the hydraulic
pressure (due to an increase in the specific volume of water
on freezing in large cavities) and osmotic pressure (due to
salt concentration differences in the pore fluid) [3] during
the freezing-thawing cycle.

Benefited from the progress of microtesting technology,
many new techniques, including scanning electron mi-
croscopy (SEM) [4], computerized tomography (CT) [5],
and X-ray diffraction analysis (XRD) [6], have been applied
to the testing of concrete pore structure and the charac-
terization of their components. Much research has been
performed on the macroscopic characterization and mi-
croscopic mechanism of the mechanical property degra-
dation of concrete after freeze-thaw cycles. *ese studies
focused on the decline of mechanical properties and mi-
croscopic characterization. Tian et al. [7] used CT and SEM
techniques to study the erosion degradation of concrete
under the coupling of freeze-thaw cycles and sulfate solution
from a fine microscopic point of view. It was found that the
mass loss of the concrete sample increases initially, then
decreases slightly, and the trend increases rapidly at later
stages; the uniaxial compressive strength increases and then
decreases. Guo et al. [8] studied the variation of frost re-
sistance of road concrete under different gas contents and
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water-cement ratios. *e results show that the water-cement
ratio has an important influence on the average pore di-
ameter and concrete frost resistance. Yang et al. [9] con-
ducted a series of experiments on concrete experiments on
concrete specimen and determined the freeze-thaw-based
damage variable. Jiang andNiu [10] analyzed the variation of
peak stress, peak strain, and uniaxial compressive stress-
strain curves of concrete under freezing and thawing con-
ditions of sulfate solution. *e results show that as the
number of freeze-thaw cycles increases, the stress-strain
curve gradually flattens and shifts to the right. Wang et al.
[11] used scanning electron microscopy and the mercury
intrusion method to study the uniaxial compressive stress-
strain full curve and pore structure characteristics of shot-
crete under freeze-thaw action. Duan et al. [12] researched
unconfined and confined concrete after exposure to freeze-
thaw cycles and established formulations for the main pa-
rameters, including compressive strength, peak strain, and
elastic modulus, through regression analysis.

For the above research, experimental analysis on con-
crete exposed to freeze-thaw cycles is comprehensive. *e
constitutive relationship of concrete under freezing-thawing
test conditions has been studied. However, the numerical
simulation for concrete failure mode was seldommentioned,
based on constitutive relation obtained from experiment.
For concrete subject to the cumulative effect of freezing-
thawing cycle, the mechanical properties were different from
the initial state. *erefore, the slow freezing test standards
[13] were adopted, and the numbers of freeze-thaw cycles of
the concrete specimens were set as 0, 25, 50, and 75 times. In
this paper, the four full stress-strain curves for concrete
subjected to different numbers of freeze-thaw cycles were
chosen as the calibration data in the Concrete Damage
Plasticity model. *rough finite element analysis in ABA-
QUS, the equivalent plastic strain of freeze-thaw concrete
was analyzed. Moreover, the strain and failure mode of
concrete specimens under uniaxial compression were sim-
ulated. *e constitutive model calibrated by experimental
data can be used to analyze capacity of concrete structures in
Qinghai-Tibet Plateau.

2. Materials and Methods

*e superstructures of concrete bridges in the Qinghai-Tibet
Plateau area mostly adopt C40 concrete. A recommended
mix proportion of cement, water, sand, and stone is 1 : 0.49 :
1.55 : 3.15 [14]. A cubic specimen of 100×100×100mmwas
poured for quasistatic compression and splitting tensile
tests.

*e slow freezing method specified in “Standard for
Testing Method of Long-term Performance and Durability
of Ordinary Concrete” was adopted in the freeze-thaw test of
concrete [11]. Before freezing and thawing, the specimens
were immersed in water for four days and then placed in a
freezer at −18°C for no less than four hours. After freezing,
the melting time should have been no less than four hours
when water at 20°C was added. During the freeze-thaw
process, a thermocouple sensor was used to measure the

center temperature of the concrete test specimen (Figure 1)
to ensure that it reached the freeze-thaw temperature.

High-resolution scanning electron microscopy (JSM-
6610LV) was used to analyze the micropore structure of the
concrete after freeze-thaw cycles. *e compression and
splitting tensile tests of concrete cube specimens were based
on the standard of the ordinary concrete mechanical
property test method [15]. *e stress-strain curves of con-
crete subjected to compression and splitting tension under
different freeze-thaw cycles were determined by a
HUT1000k microcomputer-controlled hydraulic universal
testing machine manufactured by Shenzhen Wance Ex-
perimental Equipment Co., Ltd.

3. Results and Discussion

3.1. Micropore Structure Characteristics of Freeze-4aw
Concrete. *e microstructure of concrete includes aggre-
gate, hydrated cement paste, and an interface transition zone
between cement paste and aggregate [2]. *e microstructure
of concrete is generally observed under a microscope. In this
paper, the micromorphology of concrete after freeze-thaw
cycles was observed by means of a high-resolution scanning
electron microscope.

Figures 2(a)−2(d) show 500-fold scanning electron
microscope binary images of PCAS analysis [16, 17]. *e
results show that with the increase of freeze-thaw cycles, the
microcracks and micropore fraction in concrete gradually
increase from 2.74% (non-freeze-thaw cycles) to 6.7% (25
freeze-thaw cycles), 8.96% (50 freeze-thaw cycles), and
10.83% (75 freeze-thaw cycles). Micropores and cracks
gradually develop with increasing freeze-thaw cycles. Var-
ious hydration products can be identified in porous areas by
high-magnification hydration cement paste. Generally
speaking, large crystals of calcium hydroxide, slender nee-
dle-like calcium vanadium stone, and fine fibrous aggregates
of calcium silicate hydrate can be observed under a 5,000-

0 120 240 360 480 600 720 840 960 1080 1200 1320 1440
–25

–20

–15

–10

–5

0

5

10

15

20

25

Te
m

pe
ra

tu
re

 (°
C)

Time (minutes)

Concrete specimen
Freezer
Circulating water

Figure 1: Temperature-time curve in a freeze-thaw cycle.
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fold microscope. Calcium silicate hydrate phase (C-S-H)
accounts for about 55% of the volume of hydrated cement
paste and is the main source of its long-term strength and
durability. Its morphology may be fibrous and reticular.
Figures 2(e)−2(h) show an aggregate of hydrated calcium
silicate in hydrated cement paste enlarged 5,000 times. *e
picture shows that this obviously increases with increasing
freeze-thaw cycles.

3.2. Quasistatic Stress-Strain Relationship. Eight groups of
100×100×100mm specimens were poured for this paper.
After 28 days in a standard maintenance room, freeze-thaw
cycles were tested by the slow freezing method, with 0, 25,
50, and 75 freeze-thaw cycles. *e quasistatic test of uniaxial
compression was carried out on a microcomputer-con-
trolled universal testing machine. *e complete stress-strain
curve of concrete under uniaxial compression was measured
by displacement loading with a loading rate of 1mm/min.
Data processing was carried out according to the relevant
requirements of the standard test method for mechanical
properties of ordinary concrete. *e strength value mea-
sured for 100×100×100mm specimens was multiplied by
the dimension-conversion coefficient of 0.95 [13]. In the
quasistatic splitting tensile test, the displacement control
mode was selected for loading control, and the loading rate
was 0.1mm/min. *e splitting tensile strength measured for
100×100×100mm specimens was multiplied by the di-
mension-conversion coefficient of 0.85 [13].

Figure 3(a) shows the complete stress-strain curve of
concrete under uniaxial compression after different freeze-
thaw cycles. As the number of freeze-thaw cycles increased,
the peak stress of the concrete decreased, the peak strain
increased, the number of internal microcracks and pores
increased, and the pore size increased. *e peak stress of the
concrete under uniaxial compression decreased, and the
peak strain increased. Figure 3(b) shows the split tensile

stress-strain complete curve of concrete after freeze-thaw
cycles. *e test results show that the peak stress of concrete
decreases gradually with increasing numbers of freeze-thaw
cycles, while the peak strain corresponding to the peak stress
increases gradually. *e quasistatic stress-strain curves
obtained in this paper vary with the number of freeze-thaw
cycles [8–10]. *e peak stress and peak strain values of the
typical stress-strain curves of each group are shown in
Table 1.

3.3. Calibration of Concrete Damage Plasticity Model

3.3.1. Concrete Damage Plasticity Model. *e Concrete
Damage Plasticity (CDP) model in ABAQUS deals with
plastic behavior, compressive behavior, tensile behavior,
confinement, and damage mechanism of concrete and has
the potential to converge the results to accuracy as compared
with other models [18]. *e model assumed that the main
two concrete failure mechanisms are the tensile cracking and
compression crushing of the concrete material. *e model
involves the combination of nonassociated multihardening
plasticity and isotropic scalar damaged elasticity to describe
the irreversible damage that occurs during the fracturing
process.

One of the advantages of the CDP model is that uniaxial
test data can be extended to three-dimensional data by
ABAQUS program, and then finite element analysis can be
performed. *e damage in snow-melting heated pavement
concrete was simulated based on the CDP model with ex-
periment parameters [19]. *e calibrated CDP model in
ABAQUS was used to predict the responses of HFRC ma-
terials and structural members subjected to shear and
seismic loads [20]. Fourteen (group) parameter values were
required for finite analysis based on the CDP constitutive
model, while plasticity parameters and stiffness recovery
factors have the default values [21] for ordinary concrete

(a) (b) (c) (d)

(e) (f ) (g) (h)

Figure 2: Micropore structure of hydrated cement paste (SEM 500X; SEM 5000X): (a) SEM 500X binary diagram for FTC00; (b) SEM 500X
binary diagram for FTC25; (c) SEM 500X binary diagram for FTC50; (d) SEM 500X binary diagram for FTC75; (e) SEM 5000X diagram for
FTC00; (f ) SEM 5000X diagram for FTC25; (g) SEM 5000X diagram for FTC50; (h) SEM 5000X diagram for FTC75.
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(Table 2). And Table 3 shows the basic parameters of
concrete under different freezing-thawing cycles.

3.3.2. Uniaxial Tension and Compression Behavior of
Concrete. *e stress-strain evolution of concrete materials
was controlled by tensile equivalent plastic strain and
compressive equivalent plastic strain, respectively [22], as
shown in Figure 4.

*e inelastic strain (cracking strain) in uniaxial com-
pression (tension) can be calculated by

εckt � εt − εel
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where dt and dc are constants. Reinhardt and Cornelissen
[24] suggested that the value of dt should be 0.1; Sinha et al.
[25] suggested that dc should be 0.7.

According to formula (1), the cracking (inelastic) strain
under different freezing-thawing cycles can be calculated.
*e relationship between yield stress and cracking strain of
uniaxial tensile behavior is shown in Table 4.

3.4. Finite Element Analysis of Quasistatic Axial Compression

3.4.1. Mesh Convergence Study. All the concrete specimens
were modeled by 20-node hexahedron quadratic reduction
integral elements (C3D20R) [26]. Mesh convergence study
was carried out with three mesh sizes, 4mm, 2mm, and
1mm. It was found that the mesh of 2mm led to relatively
accurate results for the notched concrete beam in ABAQUS
example.

3.4.2. Failure Pattern of Cube Specimen. *e failure process
of a concrete cube specimen under quasistatic loading can be
described as follows [27]: compression deformation occurs
vertically and tension deformation occurs horizontally after
loading. With an increased load, the stress of specimens
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Figure 3: Complete compressive and split tensile stress-strain full curve of concrete after freeze-thaw influence: (a) uniaxial compression;
(b) split tensile.

Table 1: Static compression and split tensile data of concrete after different numbers of freezing-thaw cycles.

Number of freeze-thaw cycles E (GPa) fcm (MPa) εcm (10−6) Ftsm (MPa) εtsm (10−6)
0 30.7 44.93 2150.3 2.27 67.75
25 21.6 40.10 2482.0 1.63 95.07
50 18.9 31.57 3095.0 1.22 119.1
75 10.2 19.67 4696.7 1.07 146.2
Note. E is the initial elastic modulus, fcm is the peak stress, εcm is the strain at peak stress, Ftsm is the peak split tensile strength, and εtsm is the corresponding
strain for peak split tensile strength.
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increases and the four vertical edges bear nearly uniaxial
compression, while the internal points show triaxial com-
pression, sometimes with tensile stress. When the specimen
approaches failure, vertical cracks appear at the center of the
specimen height and near the side surface and then extend
upward and downward, gradually turning to the corner of
the specimen to form an octagonal crack symmetrically
connected upside-down. As the load increases, new octag-
onal cracks expand from the surface to the interior, and the
middle concrete bulges outward and begins to peel off,

eventually becoming a quadrangular pyramid failure mode
[28] connected upside-down, as shown in Figure 5.

Figure 6 shows the vertical stress (σyy), maximum
elongation tensile strain (ε1), and maximum plastic strain
nephograms of concrete without freeze-thaw cycles and
concrete with 50 freeze-thaw cycles analyzed by CDP model
parameters. With an increased load, the maximum tensile
stress in concrete reaches the maximum value. Part of the
concrete peels off and finally forms a quadrangular pyramid
failure mode.

Table 3: Parameters (density, modulus of elasticity, and Poisson’s ratio) of concrete in the CDP model.

Number of freeze-thaw cycles Density (kg/m3) Modulus of elasticity (GPa) Poisson’s ratio
0 2434 30.7 0.2
25 2430 21.6 0.2
50 2427 18.9 0.2
75 2423 10.2 0.2

σt

σt0

E0

(1 – dc)E0

εc
plεc

~pl εt

(a)

σc

σc 

σc0

E0

(1 – dc)E0

εc
elεc

~pl
εc

(b)

Figure 4: Response of concrete to uniaxial loading in tension and compression: (a) tension data; (b) compressive data [22].

Table 4: Data of yield stress and cracking strain of uniaxial tensile behavior for the CDP model.

FTC00 FTC25 FTC50 FTC75
Yield stress Cracking strain Yield stress Cracking strain Yield stress Cracking strain Yield stress Cracking strain
(MPa) (με) (MPa) (με) (MPa) (με) (MPa) (με)
1.82 0.00 1.30 0.00 0.98 0.00 0.86 0.00
2.05 0.95 1.47 3.25 1.10 6.36 0.96 5.22
2.27 9.80 1.63 16.13 1.22 24.75 1.07 25.25
2.04 35.58 1.47 58.18 1.10 98.03 0.96 135.75
1.81 56.61 1.30 93.58 0.98 164.64 0.86 241.57
1.59 79.50 1.14 134.98 0.85 249.11 0.75 380.29
0.90 190.13 0.81 262.72 0.73 366.81 0.64 578.65
1.82 0.00 1.30 0.00 0.98 0.00 0.86 0.00

Table 2: Parameters (plasticity and stiffness recovery) of concrete in the CDP model.

Dilation angle (°) Eccentricity fb0/fc0 K Viscosity Parameter Tension recovery Compression recovery

30 0.1 1.16 0.667 0.0005 0 1
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Figure 5: Axial compression failure mode image of concrete.
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Figure 6: Continued.
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vertical stress nephogram (P � 20MPa FTC50); (c) maximum principal stress nephogram (P � 20MPa FTC00); (d) maximum principal
stress nephogram (P � 20MPa FTC50); (e) maximum plastic strain nephogram (P � 20MPa FTC00); (f ) maximum plastic strain
nephogram (P � 20MPa FTC50).
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Figure 7: Continued.
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3.4.3. Equivalent Plastic Strain for Concrete after Freeze-
4aw Cycles. Figure 7 shows the equivalent plastic strain
nephogram for freeze-thaw concrete in the load of 12 kN.
*e equivalent plastic strain can show the failure mor-
phology of the sample. When the value of equivalent plastic
strain was greater than zero, the concrete material yields
and plastic strain occurs in the specimen. It can be seen that
the value and range of equivalent plastic strain were pos-
itively correlated with the number of freezing-thawing
cycles.

4. Conclusions

*euniaxial tension and compression testes were carried out
on concrete specimens with different numbers of freeze-
thaw cycles. SEM images and macromechanical properties
were used to study the damage of concrete due to freeze-
thaw cycling. *e stress-strain curves under uniaxial com-
pression and splitting tensile were discussed.*e parameters
of the CDP constitutive model were calibrated by freeze-
thaw test curve. It is also found that the CDP model in
ABAQUS was able to simulate the strain and failure mode of
concrete specimens under uniaxial compression and
tension.
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