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ABSTRACT Freeze-thaw (FT) damage can cause frost heaving and cracking of prestressed concrete (PC) structures,
and a decrease in the strain of prestressing tendon, which seriously affects the safety of the structures. An experimental
study was conducted to investigate the frost heaving behavior and mechanical deterioration of bonded post-tensioned PC
components in an FT environment. The strain variations along the length of the components during 300 freeze—thaw
cycles (FTCs) were obtained, and the effects of FTCs and stress levels on concrete frost heaving strain and prestressing
tendon strain loss were analyzed. The results indicated that with increasing FTCs, the concrete frost heaving strain, the
residual strain, and the loss of the prestressing tendon strain all increased. As the stress level rose, the effect of prestress
forces on the concrete frost cracking from inhibition switched to aggravation. Considering the effects of FTCs and stress
levels, a strain loss model for the components was established, and it was in good agreement with the experimental

results.
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1 Introduction

Freeze—thaw cycles (FTCs) can cause frost heaving and
cracking in concrete. In cold regions, FTCs are one of the
primary factors compromising the durability of concrete
structures [1-3]. Prestressed concrete (PC) structures are
widely employed for their superior crack resistance [4].
However, they are vulnerable to FTC-induced
prestressing tendon strain loss. The degradation reduced
effective tensile stress, severely impacting structural
safety [5,6].

Experimental research on the mechanical properties of
concrete materials and PC components under FTCs has
been conducted. The test results demonstrated that as
FTCs progressed, the concrete’s relative dynamic
modulus of elasticity and compressive strength declined
progressively [7-9]. The cracking load of the PC
components showed a linear decreasing trend, with a
reduction in stiffness and development of surface cracks,
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and the prestressing tendon strain exhibited a consistent
reduction [10-12].

The frost heaving behavior of concrete during FTCs
has been tested [13—15]. During freezing, pore water
within concrete froze and expanded, generating frost
heaving strain through pressure exerted on the
cementitious matrix [16,17]. During thawing, water
persistently migrated and caused residual strain, which
was essentially the plastic deformation of the concrete
[18]. As the number of FTCs increased, residual
deformation in concrete accumulated [19-21], demon-
strating that FTC-induced deterioration was a cumulative
and irreversible degradation mechanism [22].

A few studies have been focused on the concrete frost
resistance under coupled mechanical loading and FTCs
[23,24]. The combined effects of FTCs and uniaxial
compressive loads degraded both mechanical properties
and frost resistance of concrete [25,26]. The experimental
results revealed that a stress level below 0.3 f; could delay
the occurrence of frost heaving and cracking of PC
components, while a higher stress level (greater than 0.5
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J.) could aggravate the development of micro-cracks,
facilitating water penetration and subsequent frost
resistance deterioration [27].

Bonded PC components are interconnected by grouting,
which ensures the bond between the prestressing tendon
and the concrete. However, FTCs caused degradation at
the grout-concrete-tendon interface [28]. Under the
influence of FTCs, the damage to the bond interface
varied along the length of the components, leading to
different patterns of prestressing tendon strain loss along
the length.

Previous studies have predominantly focused on the
durability deterioration behavior and material degradation
mechanisms of structures under single environmental
conditions or loading effects. Although limited research
has been conducted on PC structures in freeze—thaw (FT)
environments, existing investigations have primarily
concentrated on macroscopic performance degradation
and prestress loss, with insufficient exploration of
concrete frost heaving strain and prestressing tendon
strain. Furthermore, the strain development patterns along
the bond direction after FT-induced damage have not
been fully understood.

The FT tests of bonded post-tensioned PC components
were conducted, and the effects of FTCs and stress levels
on the frost heaving strain and the prestressing tendon
strain were studied. The influence of the strains
development at different positions of the components was
analyzed. Based on the deformation coordination
principle, a strain loss model of PC components under
FTCs was established and was acceptable with
experimental results.

2 Experimental procedure

2.1 Components design

Eight bonded post-tensioned PC components were
designed and fabricated. The length of each component
was 2000 mm and the cross-sectional dimension was
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100 mm x 100 mm, as shown in Fig. 1. The stress levels
of the components were 0.1, 0.2, 0.3, and 0.4,
sequentially representing the tensile stress as 10%, 20%,
30%, and 40% of the average compressive strength of the
concrete. The numbers of FTCs were 0, 50, 100, 150,
200, 250, and 300.

The measured compressive strength of concrete cubes
with strength grade C40 in 28 d was 37.14 MPa. Table 1
presents the concrete mix design. The PC components
were cured for 28 d in the condition with a temperature of
(20 £ 2) °C and a relative humidity greater than 95%.

The grouting material for the ducts was Class I,
following the Technical Code for the Application of
Cementitious Grout (GB/T 50448-2015) [29]. The ratio
of water-cement was 0.32. The measured compressive
strength in 28 d was 59.30 MPa.

The high-strength bars were prestressing screw bars of
830 grade, with a diameter of 18, a measured yield
strength of 918 MPa, an elastic modulus of 2.11 x
10° MPa, and an elongation of 15%.

2.2 Components fabrication

The post-tensioned PC components had a duct diameter
of 26 mm and were formed using the steel pipe coring
method. After curing the components, the prestressing
tendons were tensioned using the devices shown in Fig. 2.
The strain gauges were attached to both the surface of the
concrete and the prestressing tendon to record strain. The
arrangement of the strain gauges is shown in Fig. 1. The
design and actual stress levels of the components are
shown in Table 2. After tensioning the PC components,
grouting was carried out through the holes.

3 Test method

3.1 Freeze-thaw test

The FT tests were conducted by the Standard for Test
Methods of Long-term Performance and Durability of

Il Strain gauge on concrete

M Strain gauge on tendon
Unit: mm

Fig.1 Dimension of components and arrangement of strain gauges (mm).
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Table 1 Concrete mix design

861

wlc Cement (kg/m3) Water (kg/m3) Fine aggregate (kg/m3) Coarse aggregate (kg/m3) Enhancing agent (%)  Water-reducing agent (%)
0.33 327 138 781 1100 5.15 7.8
Jack Loading Component Nut
Rebar Anchorage Plate
Fig.2 Tensioning devices for components.
Table 2  Stress levels of the components 2(1 +,u)3 5

Component Test environment Design stress Actual stress
level level
Cl T'=(—20-25) °C; Relative 0.1 0.11
Humidity (RH) > 95%
C2 T=(-20-25) °C; RH > 95% 0.2 0.22
C3 T=(—20-25) °C; RH > 95% 0.3 0.31
C4 T=(-20-25) °C; RH > 95% 0.4 0.41
C5 T=(20+2)°C; RH>95% 0.1 0.13
C6 T=(20+2)°C; RH>95% 0.2 0.20
c7 T=(20+2)°C; RH>95% 0.3 0.37
C8 T=(20+2)°C; RH>95% 0.4 0.47

Ordinary Concrete (GB/T 50082-2009) [30]. After being
cured for 24 d, the components were immersed in water
at a temperature of (20 £ 2) °C for 4 d, with the water
level 20-30 mm above the top surface of the concrete.
After immersion, the components were taken out,
tensioned, grouted, and cured before FT tests. The FT
tests were divided into four stages, including a two-hour
cooling period from 25 to —20 °C, followed by a two-
hour low-temperature constant period, then a one-hour
warming period from —20 to 25 °C, and finally a one-
hour constant temperature period. Three cycles of
spraying were performed after the end of the final period,
marking the completion of one full FTC.

The control group components, which were not
subjected to FTCs, were placed in an environment with a
temperature of (20 £ 2) °C and humidity greater than
95%. To ensure insulation and moisture retention, the
concrete components were wrapped in sponges and
sprayed regularly.

3.2 Ultrasonic test

The ultrasonic propagation velocity of the PC compo-
nents before and after FT tests was measured following
the Technical Specification for the Inspection of Concrete
Defects by Ultrasonic Method (CECS21-2000) [31]. The
relationship between dynamic modulus of elasticity (£,)
and ultrasonic propagation velocity is shown in Eq. (1)
[32].

a= mﬁ s (1
where u is concrete Poisson’s ratio; p is concrete density,
kg/m’; V. is concrete ultrasonic propagation velocity,
km/s.

The effects of changes in Poisson’s ratio and density
were not considered during the FT tests. The concrete
relative dynamic modulus of elasticity (£,,) is calculated
using Eq. (2), and then used the variation of E , to assess
the FT damage of the components.

2

V
Eq= Vlj x 100%, )
0
where V) is the ultrasonic propagation velocity of the
concrete under FTCs, km/s; V, is the ultrasonic
propagation velocity of the unfrozen concrete, km/s.

3.3 Strain test

The total strain of the prestressing tendon during the tests
included the strain generated during the tensioning
process, the frost heaving strain resulting from the
freezing and expansion of pore water during the FTCs,
and the thermal strain caused by thermal expansion and
contraction. The thermal and frost heaving strains were
induced during the FT test [33]. To eliminate the
influence of thermal expansion and contraction, a
dynamic simulation method was employed to compensate
for temperature and eliminate the thermal strain [34,35].
Strain gauges, one for compensation and the other for
testing, were attached to components made of the same
material. The specimens and strain gauges used for
compensation were waterproofed. By subtracting the
compensated strain from the tested strain, the frost
heaving strain was determined. The frost heaving strain &,
can be calculated using Eq. (3)

3

where ¢, is the total strain of the prestressing tendon; &, is

E =& —& &,
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the thermal strain; & is the strain generated during the
tensioning process.

The variations of the concrete frost heaving strain and
the total strain of the prestressing tendon are shown in
Fig. 3. As shown, with the decline in the temperature, the
total strain decreased, while the frost heaving strain
ascended accordingly. The total strain loss of the
prestressing tendon can be calculated by Eq. (4)

Ae =g—¢gy,

“4)

where Ag is the total strain loss; ¢ is the total strain before
the FT tests; g, is the total strain after N FTCs.

16000 - —&— Total strain
800 | Frost heaving strain
600 |- /
= 400
X
£ 200 /
&
0 -
—200 [
7400 1 1 1 1 1 ]
=30 —20 -10 0 10 20 30

Temperature (°C)

Fig.3 Variations of the total strain and frost heaving strain.

4 Results and discussion

4.1 Analysis of concrete surface morphology

The surface morphology of the PC components during
FTCs is shown in Fig.4. It can be seen that with
increasing FTCs and stress levels, the surface cracks of
the components increased, the width of cracks widened,
and eventually the cracks intersected and penetrated,
leading to concrete surface peeling. After the FT tests, the
stress levels of the components ranged from 0.1 to 0.4,
the number of frost heaving cracks were 7, 8, 12, and 13,
respectively, and the maximum crack widths were 0.35,
0.38, 12, and 10 mm.

The interface damage of the components was observed
after the FT tests, as shown in Fig. 5. It indicates that the
interface damage between the grouting material, PC and
prestressing tendon worsened progressively  with
increasing stress levels. For components with higher
stress levels of 0.3 and 0.4, the concrete surface peeled
off, exposing the prestressing tendon.

The phenomenon was attributed to inherent defects in
the concrete material. As FTCs progressed, the pre-
existing voids within the concrete underwent repeated
processes of water freezing and expansion. It led to the
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progressive  development of microcracks, which
eventually evolved into visible surface cracks. Moreover,
the interfacial transition zone between the prestressing
tendon and the concrete is one of the weakest areas in the
structure. FT-induced microcracks tended to propagate
preferentially within this zone, weakening the mechanical
bonding and compromising the integrity of the interface.

4.2 Analysis of concrete mechanical properties

Figure 6 exhibits the mechanical properties of concrete
cubes and PC components with FTCs. It can be indicated
that with the increase of FTCs, the loss rate of the
compressive strength ascended accordingly. After 250
FTCs, the compressive strength loss rate reached 64.2%.

As the number of FTCs increased, the variations in the
E, of the components under different stress levels
steadily decreased. The higher the stress level, the faster
the rate of loss in £ ;. For the component with a stress
level of 0.3, the appearance of larger cracks during the
loading process led to significantly higher internal
damage compared to the other components. After 200
FTCs, the E 4 with stress levels of 0.1, 0.2, 0.3, and 0.4
decreased by 19.0%, 21.6%, 72.6%, and 44.8%,
respectively.

As demonstrated in Subsection 4.1, FTCs induced the
propagation of internal cracks and the deterioration of the
bond interface within the components. The loosening of
the pore structure compromised the load-bearing
capacity, which was macroscopically reflected as a
decrease in compressive strength. Microcracks hindered
the stress transfer paths, resulting in a decline in
ultrasonic propagation velocity and, consequently, a
reduction in the dynamic modulus of elasticity.

4.3 Analysis of the prestressing tendon strain

4.3.1 The total strain of unfrozen components

The variations of the total strain with time for the
comparison group components in ambient temperature
were obtained, as shown in Fig.7. The total strain
showed no significant change during the tests, with an
approximately linear variation.

4.3.2 Effects of freeze—thaw cycles

Figure 8 shows the variations of the total strain loss with
FTCs. It can be observed that with the increase in FTCs,
the total strain loss under various stress levels rose.

For components with stress levels of 0.1 and 0.2, the
total strain loss developed rapidly before 50 FTCs, and
then entered a steady growth phase. After 200 FTCs, the
loss entered an unstable development stage and exhibited
exponential growth.
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0 (k) M
Fig. 4 Damage development of the component surface: (a) m = 0.1, N =100; (b) m = 0.1, N=200; (¢) m = 0.1, N=250; (d) m=0.2, N=
100; (e) m = 0.2, N=200; (f)y m = 0.2, N =250; (g) m = 0.3, N=100; (h) m = 0.3, N=200; (i) m = 0.3, N=250; (j) m = 0.4, N=100; (k) m =
0.4, N=200; () m = 0.4, N = 250.

© )

Fig. 5 Interface damage of the components: (a) m = 0.1; (b) m = 0.2; (c) m = 0.3; (d) m = 0.4.

For components with a stress level of 0.3, the total growth. The concrete frost heaving cracks penetrated,
strain loss increased rapidly at the beginning of the FT leading to premature failure of the component. For the
tests, with the growth rate rising exponentially after 50 stress level of 0.4, the total strain loss increased quickly
FTCs. After approximately 100 FTCs, the FT damage before 50 FTCs, after which the loss rate accelerated
accumulated, and the total strain loss exhibited unstable drastically.
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After 50 FTCs, the total strain loss at the end of
components with stress levels of 0.1, 0.2, 0.3, and 0.4
increased by 1.56, 1.96, 15.55, and 3.51 times. After 300
FTCs, the loss in the middle of components with stress
levels of 0.1 and 0.2 increased by 17.67 and 20.97 times,
respectively.

4.3.3 Effects of stress levels

Figure 9 presents the variations of the total strain under
different stress levels with FTCs. With increasing FTCs
and stress levels, the total strain continuously descended,
and the strain loss increased.
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Fig. 6 Variations of concrete mechanical properties with FTCs.
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For components with stress levels of 0.1 and 0.2, the
total strain initially decreased slowly until the FTCs
reached 250. After that, the rate of decline accelerated
significantly. Components with stress levels of 0.3 and
0.4 exhibited two distinct stages: a slow decrease
followed by a rapid decline. At the end and middle
positions of the components, the total strain decreased
sharply after 25 and 50 FTCs with a stress level of 0.3.
And for a stress level of 0.4, the total strain rapidly
declined after 50 and 100 FTCs.

After 100 FTCs, the strain at the end of the components
with stress levels of 0.1, 0.2, and 0.4 decreased by 17.9%,
19.7%, and 34.2% of the total strain, respectively. After
250 FTCs, the mid-span strain loss of the components
with stress levels of 0.1 and 0.4 lost 29.7% and 49.7% of
the total strain.

4.3.4 Effects of the different locations

The variations of the total strain loss along the length of
the components are shown in Fig. 10. It can be indicated
that under the same FTCs, with increasing distance from
the end of the components, the loss generally showed a
decreasing trend at different stress levels.

For stress levels of 0.1 and 0.2, when the distance from
the end of the components was less than 0.6 m, the loss
fluctuated and decreased along the length of the
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Fig. 7 Variations of the total strain with time for components without FT: (a) m =0.1; (b) m = 0.2; (c) m = 0.3; (d) m = 0.4.
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Variations of the total strain loss at different positions with FTCs: (a) m = 0.1; (b) m =0.2; (c) m = 0.3; (d) m = 0.4.
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Fig. 9 Variations of the total strain under different stress levels with FTCs: (a) d = 100 mm; (b) d = 1000 mm.

components. When the distance exceeded 0.6 m, the loss
continuously dropped, and the closer to the middle of the
components, the smaller the loss.

For components with stress levels of 0.3 and 0.4, when
the distance from the end was less than 0.6 m, the loss
descended rapidly. When the distance surpassed 0.6 m,
the loss dropped slowly as the distance increased.

After 150 FTCs, the mid-span loss of the components
with stress levels of 0.1, 0.2, and 0.4 were 56.5%, 33.3%,
and 18.1% of that at the end.

4.4 Analysis of concrete frost heaving strain

Figure 11 presents the variations of concrete frost heaving

strain with temperature and time. It can be seen that the
frost heaving strain continued to increase as the
temperature decreased, and descended persistently as the
temperature rose. During the low temperature constant
stage, the FT damage of the components intensified over
time, causing cracks on the concrete surface and a
decrease in the frost heaving strain at a slow rate.

It was further found that the development of the frost
heaving strain underwent four stages. In the first stage, as
the temperature gradually decreased, the frost heaving
strain ascended. The second stage was that at a constant
low temperature, the frost heaving strain slowly declined
over time. In the third stage, as the temperature rose from
the lowest temperature to around 25 °C, the frost heaving
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Fig. 10 Variations of the total strain loss along the length of the components: (a) m =0.1; (b) m = 0.2; (c) m = 0.3; (d) m = 0.4.
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Fig. 11 Variations of the frost heaving strain with temperature
and time.

strain sharply decreased with the increasing temperature.
In the fourth stage, at around 25 °C, the frost heaving
strain gradually increased.

4.4.1 Effects of freeze—thaw cycles
Figure 12 shows the variations of the frost heaving strain
with time under different FTCs. With an increasing
number of FTCs, the frost heaving strain under various
stress levels increased. The higher the stress level, the
larger the frost heaving strain.

After 50 FTCs, the peak frost heaving strain with stress

levels of 0.1 to 0.4 increased by 30.3%, 24.6%, 59.9%,
and 60.6%. After 150 FTCs, the peak frost heaving strain
with stress levels of 0.1, 0.2, and 0.4 increased by 51.3%,
30.1%, and 61.5%, respectively. The component with a
stress level of 0.3 failed after about 100 FTCs due to the
excessively fast decrease in strain.

It was revealed that the frost heaving behavior of the
concrete occurred repeatedly during FTCs. As the number
of FTCs increased, the expansion of freezing water within
the concrete’s pores gradually enlarged cracks and
disrupted the pore structure, resulting in an increase in
frost heaving strain. This cumulative effect accelerated
material deterioration over time.

4.42 Effects of stress levels

The variations of the frost heaving strain with time under
different stress levels are shown in Fig. 13. It can be
indicated that under the same FTCs, the peak frost
heaving strain increased with the rise in stress levels. The
more the number of FTCs, the larger the peak frost
heaving strain. After 100 FTCs, the difference of frost
heaving strain in different stress levels increased, and the
dispersion of the curves became more noticeable.

When the FTCs were 50, compared to the component
with a stress level of 0.1, the peak frost heaving strain
with stress levels of 0.2, 0.3, and 0.4 increased by 11.1%,
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Fig. 12 Variations of the frost heaving strain with time under different FTCs: (a) m = 0.1; (b) m =0.2; (¢) m = 0.3; (d) m = 0.4.
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Fig. 13 Variations of the frost heaving strain with time under different stress levels: (a) N = 1; (b) N =50; (c) N=100; (d) N = 150.
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15.4%, and 23.1%, respectively. After 150 FTCs, the
peak frost heaving strain of the component with a stress
level of 0.4 was 1.78 times and 1.31 times that with stress
levels of 0.1 and 0.2, respectively.

The results indicated that low stress level led to an
increase in the density of the concrete, which slightly
inhibited the development of initial microcracks, resulting
in minimal concrete damage during FTCs. However, at
higher stress level, the combined effects of stress and
frost heaving behavior accelerated crack propagation,
leading to an increase in frost heaving strain.

4.4.3 Effects of the different locations

Figure 14 presents the hysteresis curves of the frost
heaving strain at different locations of the component
with a stress level of 0.1. It can be seen that with the
increase in FTCs, the peak frost heaving strain rose, and
the growth rate at the end of the component was faster
than that at the middle.

After 100 FTCs, the frost heaving strain at the middle
and end of the components increased by 78.9% and
103.9%, respectively. After 250 FTCs, the mid-span frost
heaving strain of the component was 49.3% of that at the
end.

300 - —&—d=1000 mm d =400 mm
—#&—d =300 mm ¥ d=200 mm
¢ d=150 mm < d=100 mm
200 P d=50 mm
S 100
&
.§ ok
7]
=100
200 ] 1 ] 1 1 1
=30 20 -10 0 10 20 30
Temperature (°C)
(@
300 - —=®—d=1000mm —® d=400 mm
—&—d=300 mm ¥ d =200 mm
¢ d=150 mm < d=100 mm
200 - » - d=50mm
S 100+
X
§ 0_
)
—100 -
200 1 1 1 1 1 1
-30 20 -10 0 10 20 30

Temperature (°C)
(©)

Front. Struct. Civ. Eng. 2025, 19(6): 859-871

It was because the end of the post-tension PC
components was in a three-dimensional stress state and
was subjected to a complex stress state. During the FTCs,
the interface between the end concrete, the grout and the
prestressing tendon was the first to be damaged. The FT
damage at the end of the components was heavier than
that at the middle, so the difference in the peak frost
heaving strain between the two locations enlarged.

4.4.4 Analysis of the residual strain

The deformation caused by ice pressure during the FTCs
included both elastic and plastic components. As the
temperature gradually increased to room temperature
during an FTC, the frost heaving strain decreased, and the
elastic deformation was completely dissipated. The
unrecovered plastic strain remained as residual frost
heaving strain [36]. The accumulation of this residual
strain could have led to the failure of localized regions of
the structure, particularly in the weaker areas of the
concrete.

The difference in frost heaving strain at the lowest
temperature between the two FTC curves was used as the
residual strain of the components. Figure 15 shows the
variations of residual strain with FTCs. It can be observed
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Fig. 14 Hysteresis curves of the frost heaving strain at different locations of the components: (a) N = 50; (b) N =100; (c) N=150; (d) N=

250.
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Fig. 15 Variations of the residual strain with FTCs.

that as the FTCs increased, the residual strain curves at
various stress levels exhibited an upward trend. The
higher the stress level, the larger the residual strain.

Before 50 FTCs, the residual strain increased rapidly;
after 50 FTCs, the growth rate of residual strain declined.
When FTCs ascended from 50 to 150, the residual strain
with stress levels of 0.1, 0.2, and 0.4 increased by 51.1%,
61.6%, and 131.2%, respectively.

5 The strain loss model of prestressed
concrete components under freeze-thaw
cycles

5.1 The proposed model
The stress level of the concrete is m, the concrete

prestress force F|, and compressive strain &, can be
calculated by Egs. (5) and (6)

FO =m c(])<Ana (5)
F,

=" 6

©= AE0) ©)

where fck0 is the axial compressive strength of the
unfrozen concrete, MPa; 4, is the net cross-sectional area
of the concrete, mm?; E(0) is the dynamic modulus of
elasticity of the unfrozen concrete, MPa.

After N FTCs, the concrete prestress force F) and
compressive strain g, can be calculated by Eqs. (7) and (8)

Fy = Fo—A,E,Ae, %)
Fy

S 8

= EMN) ®

where E is the modulus of elasticity of the prestressing
tendon, MPa; Ap is the cross-sectional areca of the
prestressing tendon, mm?; E(N) is the dynamic modulus

869

of elasticity of the concrete after N FTCs, MPa.
The total strain loss of the prestressing tendon after N
FTCs can be expressed as

E.(N) - E.(0)

Ae =gy~ ey = mfoA. '
E=Eo=Ex mf:l)( L{ACEC(N)+E|>AP}E°(O)

®

During the FT tests, concrete suffered damage and its
dynamic modulus of elasticity changed. To characterize
the FT deterioration of the components, the damage was
defined as E 4, which can be calculated by Eq. (2).

After N FTCs, the dynamic modulus of elasticity of FT
damaged concrete can be calculated by Eq. (10)

EC(N) = EC(O)Erd‘ (10)

By substituting Eq. (10) into Eq. (9) and introducing
parameter A for model correction, the final theoretical
model of the strain loss is shown in Eq. (11). The FTCs
and stress levels were taken into account in this model.

(I1-Ey)

As = AmfA. .
&= Amfy, TAE(0)E,+E,A,)

(11)

5.2 Verification of the proposed model

According to Eq. (2), the E,; under different FTCs could
be calculated and was fitted with a quadratic polynomial
with the FTCs to obtain the related function. The fitting
result is shown in Fig. 16.

1.0%
0.8
0.6
&
O Test fit
m=0.1m R*>=0.948
02Fm=02 R*=0.941
m=04A —— R2=00989
00 1 1 1 1 1 ]
0 50 100 150 200 250 300
FTCs

Fig. 16 Fitted curves for the relationship between E; and
FTCs.

The obtained polynomial fitting curve equation and
related parameters were substituted into Eq. (11) to get
the final theoretical model. The comparison of the
theoretical model and experimental data are shown in
Fig. 17. Based on the fitting results of the model, it could
be concluded that the calculated strain loss had a good
fitting effect with the experimental data. It was indicated
that the model was reasonable.
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Fig. 17 Comparison between the experimental data and theoretical model: (a) m = 0.1; (b) m = 0.2; (c) m = 0.4.

6 Conclusions

This article presented an experimental study on the frost
heaving failure and the strain behavior of PC components
under FTCs. The following achievements have been
obtained.

1) The total strain of the prestressing bras decreased
with the increase in FTCs, the strain loss ascended with
increasing stress levels, and the deceleration rate at the
end of the components was faster than that at the middle.
After 300 FTCs, the mid-span strain loss of components
with stress levels of 0.1 and 0.2 increased by 17.67 and
20.97 times, respectively.

2) As FTCs increased, the peak frost heaving strain
ascended. As the stress level rose, the effect of prestress
forces on the concrete frost cracking from inhibition
switch to aggravation. After 150 FTCs, the peak frost
heaving strain of the component with a stress level of 0.4
was 1.78 times and 1.31 times that with stress levels of
0.1 and 0.2, respectively.

3) The total strain loss model for PC components was
established, considering the influence of FTCs and stress
levels, and it was acceptable with experimental results.
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