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To study the freeze-thaw damage characteristics of concrete, the uniaxial compressive tests of concrete under different number of
freeze-thaw cycles were conducted, and the damage variable of freeze-thaw was obtained. -e test results showed that the stress
was a function of strain and freeze-thaw damage variable, and it can describe the degradation of concrete strength. Meanwhile, the
equation for the stress-strain curved surface about strain and freeze-thaw damage variable was also proposed in this paper. -e
derivative function of the stress-strain curved surface equation with respect to strain presented the change of elastic modulus with
the increase of freeze-thaw cycle number. Equation proposed in this paper can be used for predicting the concrete lifetime
effectively in cold and large temperature difference regions.

1. Introduction

Due to the cold weather and large temperature difference
between day and night in the Qinghai-Tibet Plateau, con-
crete and prestressed concrete structures are likely to freeze
at night and thaw due to solar radiation during the day,
operating under frequent freeze-thaw cycles. Freeze-thaw
cycling conditions are a primary cause of durability de-
terioration of concrete structures in the areas with large
temperature differences in the Qinghai-Tibet Plateau.

In recent years, many scholars have studied the mac-
roscopic characterization and microscopic mechanism of
the mechanical properties of concrete after freeze-thaw
cycles. -e typical research methods include macroscopic
mechanical property and microscopic characterization. Guo
[1] summarized and studied the principle of reinforced
concrete. He suggested that the compressive stress-strain
curve of concrete was a comprehensive and macroscopic
response of its mechanical properties and that this re-
lationship was the most basic constitutive relationship in the
nonlinear analysis of reinforced concrete structures. Huda
and Shahria Alam [2] studied freeze-thaw durability

performance of recycled coarse aggregate concrete in ac-
cordance with a national standard, and their experimental
results showed that the performance of recycled aggregate
concrete (RAC) slightly decreased with increasing RCA
replacement levels. However, the overall performance was
comparable to natural aggregate concrete. Liu and Wang [3]
investigated the stress-strain relationship of fly ash concrete
after 0, 5, 15, 30, 50, 75, 100, and 125 freeze-thaw cycles by
testing 24 prism-shaped specimens. A damage constitutive
model based on the damage mechanics and a multiple sharp
degradation point model were presented. -e proposed
model was proven to be effective for evaluating the stress-
strain relationship of fly ash concrete under freeze-thaw
cycles. Guo and Weng [4] used relative dynamic elastic
modulus tests and scanning electron microscopy (SEM)
images to study the durability of airport pavement concrete,
and their experimental results indicated that the freeze-thaw
durability of the concrete coated with surface treatments
improved compared with noncoated concrete, and the
modified polyurea exhibited good freeze-thaw resistance.
Tian et al. [5] used computed tomography (CT) scans and
SEM technology to study the erosion degradation behavior
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of concrete due to the combined influence of freeze-thaw
cycles and sulfate solutions from a microscopic perspective.
It was found that the mass loss of the concrete samples
increased initially and then decreased slightly. -e uniaxial
compressive strength increased first and subsequently de-
creased. Based on the characteristics of the whole stress-
strain curve of concrete undergoing different numbers of
freeze-thaw cycles, Guan et al. [6] studied the variables that
cause damage and established a damage evolution equation
for concrete after freeze-thaw cycling.Wang et al. [7] studied
the stress-strain relationship of concrete using an ultralow
temperature freeze-thaw environment. -e experimental
results showed that the peak stress during concrete uniaxial
compression decreased with the increase in the number of
freeze-thaw cycles for ultralow temperature freeze-thaw
cycling, whereas the peak strain increased and the stress-
strain curve decreased.

In this paper, the microscopic pore structure charac-
teristics of concrete were measured using SEM during the
freeze-thaw cycling of air-freezing and water-thawing, and
the variation of themicrocracks and void ratio were analyzed
quantitatively. -e stress-strain curve of concrete with
different numbers of freeze-thaw cycles was measured. A
freeze-thaw damage variable related to modified Loland
damage model was proposed in this paper. Based on the four
stress-stain curves, the equation for the stress-strain curved
surface about strain and freeze-thaw damage variable were
determined, and the evolution of the elastic modulus during
freeze-thaw cycles was discussed.

2. Materials and Methods

-e superstructures of concrete bridges in Qinghai-Tibet
Plateau are mainly composed of C40 concrete. Based on the
mixture ratio recommended in the literature [8] (Table 1),
eight groups of cubic specimens with dimensions of
100mm× 100mm× 100mm were poured with Shuoshan
PO.42.5 ordinary Portland cement from Datong County,
Qinghai Province, China. After 28 d in the standard curing
room, the samples were used for quasi-static compression
and splitting tension tests.

-e freeze-thaw test of the concrete followed the slow
freezing method stipulated in the “Standard for Testing
Method of Long-term Performance and Durability of Or-
dinary Concrete” [9]. Before freezing and thawing, the
specimens were immersed in water for 4 d, after which they
were placed in a freezer at − 18°C for no less than 4 h. After
freezing, the melting time should be no less than 4 h after
water at 20°C was added. During the freeze-thaw process, a
thermocouple was used to measure the center temperature
of the test block to ensure that the center temperature of the
test block reached the freeze-thaw temperature. -e num-
bers of freeze-thaw cycles of the concrete blocks were 0, 25,
50, and 75. -e microstructure of the concrete included
aggregate, hydrated cement paste, and an interface transition
zone between the cement paste and aggregate [10]. In this
study, the micromorphology of the concrete after freeze-
thaw cycling was observed by means of high-resolution SEM
(JSM-6610LV).

-e compression of the concrete cubes was based on a
test method standard for determining the mechanical
properties of ordinary concrete [11]. -e full stress-strain
curves of concrete subjected to different numbers of freeze-
thaw cycles were measured using a HUT1000k computer-
controlled hydraulic universal testing machine manufac-
tured by ShenzhenWance Experimental Equipment Co. Ltd.
Displacement loading mode was adopted in the experiment,
and the loading rate was 1mm/min. Data processing was
conducted based on the requirements of the standard test
method for the mechanical properties of ordinary concrete.
According to this standard, the measured strength values of
the 100mm× 100mm× 100mm specimens must be mul-
tiplied by a dimension conversion coefficient of 0.95 [11].

3. Results

3.1. Micropore Structure under Freeze-/aw Cycles.
Figures 1(a), 1(c), 1(e), and 1(g) show the microstructures of
the hydrated cement pastes observed using SEM with 500x
magnification. With the increase in the number of freeze-
thaw cycles, the micropore structure developed gradually,
and microcracks formed after 75 freeze-thaw cycles.
Figures 1(b), 1(d), 1(f ), and 1(h) show binary diagrams of
the micropore structures of the concrete analyzed by the
pore and crack image identification and analysis system
(PCAS) [12, 13]. With the increase in the number of freeze-
thaw cycles, the percentage of microcracks and micropores
in the concrete gradually increased from 2.74% to 10.83%
after 75 freeze-thaw cycles. Generally, the number of cracks
and micropores increased during the freeze-thaw cycling.

3.2. Compressive Properties of Concrete. During the quasi-
static compression tests, the stress-strain curves of the
concrete blocks subjected to 0, 25, 50, and 75 freeze-thaw
cycles were measured (Figure 2). During the displacement
loading tests, the peak stress corresponding to the stress-
strain curve decreased gradually, whereas the peak strain
increased gradually, and the compressive stress-strain full
curve had a tendency to shift downward and to the right.-e
peak stress and peak strain values of the typical stress-strain
curves of each group are shown in Table 2. -e peak stress of
the unfrozen-thawed concrete was 44.93MPa, and the value
of the peak strain was 2150.3 με, which was close to the value
given by the FIP Model Code (2010) specification [14].
When the graded concrete had a strain of 2%, the average
compressive strength was 48MPa. -e variation of the
quasi-static stress-strain curve with the number of freeze-
thaw cycles was consistent with that reported previously [7].
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

Table 1: Mix proportions of concrete.

Elements Cement Water Sand Gravel
Material content (kg/m3) 388 190 601 1221
Ratio of weight 1 0.49 1.55 3.15

2 Advances in Materials Science and Engineering



the pore size increased; these results agreed with those re-
ported previously [8]. -e peak stress of the concrete under
uniaxial compression decreased, and the peak strain
increased.

4. Discussion

4.1. Freeze-/aw Damage Variable. Many studies had been
conducted and some damage models were proposed by
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Figure 1: Micropore structure growth behavior for specimen (SEM 500x). (a) FTC00. (b) Binary diagram for FTC00. (c) FTC25. (d) Binary
diagram for FTC25. (e) FTC50. (f ) Binary diagram for FTC50. (g) FTC75. (h) Binary diagram for FTC75.
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Figure 2: Full uniaxial compression stress-strain curves of concrete after different freeze-thaw cycling.

Table 2: Quasi-static compression test results of concrete after different numbers of freezing-thaw cycles.

Number of freeze-thaw cycles fcm (MPa) εcm (10− 6) εcm (10− 6) (model code 2010)
0 44.93 2150.3 2400
25 40.10 2482.0 —
50 31.57 3095.0 —
75 19.67 4696.7 —
Note. fcm is the peak stress and εcm is the strain at peak stress.
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researchers [15, 16]. Among these models, Loland damage
model was considered as an effective method to study the
damage in concrete [17]. Based on the macroscopic phe-
nomenological theory, the Loland damage model mainly
considered the influence of damage on the macroscopic
mechanical properties of materials. In order to study the
damage evolution in freeze-thaw cycles, a modified Loland
damage model was proposed by Cai [18]. In this paper, the
model from [18] was used to describe the damage law of
concrete peak compressive strength about the number of
freeze-thaw cycles. -e relative dynamic elasticity modulus
was used to evaluate the damage situation. And, the ratio of
the peak compressive strength for different freeze-thaw
numbers to the concrete strength without freeze-thaw was
also used to describe damage circumstance [19].

Generally, an isotropic scalar D can be used to indicate
the damage degree of concrete after freeze-thaw cycles, and
the value was in the interval of [0, 1]. When D � 0, the
material was not damaged, and whenD � 1, thematerial was
damaged completely. -e damage variable can be expressed
as follows:

D � D0 + C1
n

N
 

β
, (1)

where n is the number of freeze-thaw cycles and N is the
freeze-thaw lifetime, which was assumed to be 100 in this
study (N� 100). D0 is the initial damage, and its value is set
to be zero (D0 � 0). C1 and β are parameters related to peak
compressive strength for concrete under different freeze-
thaw cycles. And, the values of C1 and β were 1.03 and 1.258,
respectively. -en, the freeze-thaw damage variable is il-
lustrated as follows:

D � 1.03 ×
n

100
 

1.258
. (2)

-e increase in trend of damage variable versus different
number of freeze-thaw cycles is shown in Figure 3(a). In
order to verify the effectiveness of equation (2), the damage
variable was calculated by two ways. -e number of freeze-
thaw cycles, elastic modulus, and peak compressive strength
were obtained from [20], and then the corresponding values
of C1 and β were acquired. Meanwhile, the ratio of the error
between initial elastic modulus and the elastic modulus for

different freeze-thaw number to initial elastic modulus was
obtained to evaluate the damage variable values. And, the
values of damage variable are shown in Figure 3(b). -e well
agreement between the values from two methods was found.
-us, the correctness for the method proposed in this paper
was verified.

-e four uniaxial compressive stress-strain curves of
concrete subjected to different freeze-thaw cycles can be
plotted in a three-dimensional coordinate system (Figure 4)
with the freeze-thaw damage variable as one of the in-
dependent variables.

-e stress-strain relationship of concrete subjected to 0,
25, 50, and 75 freeze-thaw cycles can be clearly expressed in
the stress space with the freeze-thaw damage factor as the Y-
axis. -e ascending and descending sections were steeper for
the undamaged specimen curve than those of the damaged
specimen curves. As shown in Figure 1, the microscopic pore
structure grew, which caused the concrete to become looser
and spalled. At the macroscopic level, the microstructures,
which includedmicropores andmicrocracks, tended to close
under compression, resulting in a decrease in the slope of the
ascending section of the stress-strain curve and a flattening
of the overall curve [21].

4.2. Stress-Strain Curved Surface Equation of Concrete after
Freezing and /awing. To account for the influence of the
freeze-thaw cycling and evaluate the stress-strain constitutive
relation associated with the freeze-thaw damage variable, a 2D
rational function (equation (3)) and Levenberg–Marquardt
optimization algorithm [22] were employed. Defining the
vector A � [a1, a2, a3, a4] as the coefficient matrix of the
strain and vector B � [b1, b2, b3, b4, b5] as the coefficient
matrix of the freeze-thaw damage variable, the rational
function was defined as follows:

σ(ε,D) �
a1ε + b1D + b2D

2 + b3D
3

1 + a2ε + a3ε2 + a4ε3 + b4D + b5D
2, (3)

where D is the freeze-thaw damage variable in a freeze-thaw
cycle, ε is the strain, and σ is the stress.

Using the experimental data, the damage evolution
equation due to concrete freeze-thaw cycling can be
expressed as follows:

σ(ε,D) �
0.019ε − 1.89D + 124.36D2 − 106.3D3

1 − 0.00024ε + 1.79 × 10− 8ε2 + 4.08 × 10− 11ε3 + 0.417D + 4D2,

R2 � 0.85,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(4)

where R2 is the coefficient for the fitted function.
-e influence of the strain and freeze-thaw damage

variable on the concrete stress strength was captured by
equation (4). Combining equation (2) and equation (4),
the concrete stress about strain and the number of freeze-
thaw cycles were obtained under uniaxial compression.
-e stress surfaces are plotted in Figure 5. Figure 5(a)

shows the curved surface drawn by fitting the data, and
Figure 5(b) shows a curved surface drawn using the
Wolfram Mathematica software based on equation (4).
-e unit of strain in the figures was microstrain (10− 6), the
freeze-thaw damage variable was a dimensionless quantity
with values between 0 and 1, and the unit of stress was
MPa.
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Figure 3: Damage variable versus freeze-thaw cyclic times: (a) experiment results; (b) comparison between two methods based on [20].
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Figure 4: Uniaxial compression stress-strain curves in a three-dimensional coordinate system.
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Figure 5: Full stress-strain surface with freeze-thaw damage variable. (a) Drawn by �tting the data. (b) Drawn using equation (4).
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4.3. Application for Stress-Strain Curved Surface Equation.
�emass loss rate, dynamic elastic modulus, peak stress, and
peak strain were commonly used to indicate the stress-strain
relationship of concrete after freezing and thawing. Studies
have shown that the dynamic elastic modulus was signi�-
cantly reduced with the expansion of the microscopic pore

structure inside the concrete during freeze-thaw cycles [23].
Meanwhile, the peak stress decreased and the peak strain
increased [24]. By �nding the partial derivative of the stress
corresponding to the change in equation (4), the distribution
of elastic modulus for each point in the stress-strain space
was obtained as follows:

E(ε,D) �
zσ
zε
�

190
1 − 0.00024ε + 1.79 × 10− 8ε2 + 4.08 × 10− 11ε3 + 0.417D + 4D2

−
− 0.24 + 3.58 × 10− 5ε + 1.223 × 10− 7ε2( ) 0.019ε − 1.89D + 124.36D2 − 106.3D3( )

1 − 0.00024ε + 1.79 × 10− 8ε2 + 4.08 × 10− 11ε3 + 0.417D + 4D2( )2
.

(5)

�e dimensions and units of the quantities in the above
formula were the same as those in equation (4).

Equation (5) was used to calculate the change in the
tangential elastic modulus. And, Figure 6 shows the surfaces
plotted with equations (5) in the 0–6500 microstrain range,
0–1.0 freeze-thaw damage range. �e tangential elastic mod-
ulus of concrete can be divided into the following stages as the
strain changes: (a) during the ascending section of the stress-
strain curve, the tangential elastic modulus �rst increased and
subsequently decreased, and the elastic modulus reached the
peak value within the �rst 1/2–2/3 of the ascending section of
the curve; (b) at the peak stress, the value of the elastic modulus
was close to 0; and (c) in the descending section of the stress-
strain curve, the elastic modulus was negative.

�e values of elastic modulus computed from equation
(4) and the FIP Model Code (2010) for 0, 25, 50, and 75
freeze-thaw cycles are shown in Table 3.

�e formula for the elastic modulus of ordinary concrete
speci�ed by the FIP Model Code (2010) is as follows:

Ec � 2.15 × 104
fcm

10
( )

1/3

, (6)

where Ec is the elasticity modulus of concrete (MPa) andfcm
is the average value of the compressive strength (MPa).

�e three elastic moduli (initial tangential, maximum
tangential, and estimated elastic moduli) shown in Table 3
are in the same order of magnitude, and Emax and E0 were
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Figure 6: Stress-strain surface with varying freeze-thaw damage variable and elastic modulus surface.

Table 3: Quasi-static compression test data and elastic modulus after di�erent numbers of freeze-thaw cycles.

Number of freeze-thaw cycles fcm (MPa) εcm (10− 6) D E0 (GPa) Emax (GPa) Ec (GPa)

0 44.93 2150.3 0.003 13.6 23.5 35.5
25 40.10 2482.0 0.115 12.8 21.9 34.2
50 31.57 3095.0 0.267 9.7 12.4 31.5
75 19.67 4696.7 0.502 4.4 4.6 26.9
Note. fcm is the peak stress, εcm is the strain at peak stress, E0 is the initial tangential elastic modulus, Emax is the maximum tangential elastic modulus, and Ec is
the elastic modulus estimated by the FIP Model Code (2010) in dry state.
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small than the value of Ec, which resulted that the elastic
modulus of concrete in the saturated state was lower than the
value in the dry state [20].

5. Conclusions

SEM images and macromechanical properties were used to
study the damage of concrete due to freeze-thaw cycling.-e
stress-strain curves under uniaxial compression were dis-
cussed in detail. -e main conclusions were summarized as
follows.

-e microcracks and pores in the concrete increased
with the increase of freeze-thaw cycles. During the freeze-
thaw process, the periodic reciprocating stress around the
internal microporosity structure made the internal damage
accumulate gradually. With the increase in the number of
freeze-thaw cycles, the peak stress of the concrete under
uniaxial compression decreased gradually, while the strain
corresponding to the peak stress increased.

-emodified Loland damage model was used to evaluate
the mechanical behavior of the freeze-thaw damage. -e
damage evolution variable could express the damage evo-
lution behavior of the concrete. Based on the stress-strain
full curve of concrete under the different number of freeze-
thaw cycles, the stress-strain curved surface equation was
proposed.

-e value of elastic modulus predicted from the equation
in this paper agrees well with the value in FIP Model Code
(2010). And, the equation can help predict the mechanical
properties for major engineering structure in the cold
region.
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