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Abstract: A bridge structure is subjected to different external loads and environmental effects during
its operation, which results in different types and degrees of damage to the structure during its
service life. Reinforcement is often required to maintain regular operation and extend its service life.
However, a reinforced bridge structure continues to be subjected to vehicle loads and environmental
erosion. Therefore, research on the durability deterioration mechanisms and fatigue life decay of
reinforced structures is key to ensuring the long service lives of bridge structures. To study the
influence of freeze–thaw cycle erosion on the basic mechanical properties and fatigue characteristics
of a bridge structure and a strengthened structure, 2 m long prestressed hollow slab beams were
designed and fabricated based on the principle of a similarity ratio and subsequently pre-cracked
by fatigue failure. The prestressed hollow slab beams were strengthened after fatigue damage by
two methods: pasting steel plates and pasting carbon fiber cloths. After this, a freeze–thaw cycle
test was conducted to study the dynamic and static mechanical index changes and the attenuation
of the fatigue characteristics of the prestressed strengthened hollow slab beams under freeze–thaw
cycle erosion. Meanwhile, a numerical model for reinforced structures was established based on
the ABAQUS software to study the mechanisms governing the attenuation of the fatigue life of
the prestressed hollow slab beams with different freeze–thaw cycles. The results showed that the
deflections and strains observed for the two methods were less than those prior to reinforcement.
For instance, the deflection in the span decreased by 14–15%, and the compressive strain decreased
by 5.2% to 6%. Under the fatigue load, the prestressed hollow slab beams strengthened by the two
methods could withstand a fatigue load cycle of 2 million, and the reinforced components exhibited
good fatigue resistance. Under cyclic erosion and fatigue loading, the deflections and strains in
the reinforced prestressed hollow slab beams were increased by varying degrees, such as a 30–40%
increase in the tensile strain and a 65–70% increase in the span. The fatigue life of the reinforced
hollow slab beams decreased with the increasing number of freeze–thaw cycles, and the decay rate
of the fatigue life was accelerated.

Keywords: prestressed hollow slab; freeze–thaw cycle; reinforcement measures; durability; finite
element method; fatigue life

1. Introduction

Under the action of adverse environmental erosion and vehicle reciprocating loads,
bridges undergo different types and degrees of structural damage. Reinforcement is
unavoidable for retaining normal operation. The bridge reinforcement structure also expe-
riences durability degradation; however, the current evaluation of bridge reinforcement
structures does not include the durability and fatigue characteristics of the reinforced
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components when considering the specifications for mandatory restrictions. This durability
degradation causes several bridge components to lose the reinforcement effect after a short
period of time, resulting in significant economic losses and even major threats to safety,
which, in turn, lead to poor social impacts.

Since the 1940s, concrete freeze–thaw damage has been extensively studied in re-
lated fields. Fagerlund et al. [1] performed experimental research and demonstrations
from different angles, which supported the “hydrostatic pressure hypothesis” of concrete
freeze–thaw failure mechanism. Hu et al. [2] proposed a complete reaction mechanism
for concrete freeze–thaw failure and considered that the complex stress in concrete due
to the freeze–thaw cycle triggered its failure. Ban et al. [3] performed 50 freeze–thaw
cyclic corrosion tests by controlling fly ash concrete with different fly ash contents using a
rapid freeze–thaw method. The results showed that when the air content was lower than
5%, the frost resistance of the fly ash concrete was greatly improved with increasing air
content and was similar to that of ordinary silicate concrete. When the air content was
approximately 5–15%, the frost resistance of the fly ash concrete was higher than that of
ordinary silicate concrete. Mu et al. [4] conducted single-factor damage tests on three types
of concrete with different strength grades. The results showed that the freeze–thaw failure
of concrete was a physical change in the internal structure, changing it from compact to
loose. Additionally, reducing the water–cement ratio could improve the frost resistance of
concrete. In research on freeze–thaw damage of concrete components, Wu [5] established a
finite element model of a concrete test block based on test data from a rapid freeze–thaw
cycle test conducted on a concrete test block. The effects of different loading rates on the
concrete material after the freeze–thaw damage were analyzed, and it was found that for a
constant number of freeze–thaw cycles, the growth value of the flexural tensile strength
of the concrete material increased with the speed of the loading rate. Wang [6] used finite
element analysis software to simulate and analyze the fatigue behavior of prestressed
concrete components under alternating freeze–thaw and fatigue, based on the attenuation
model of concrete strength under freeze–thaw erosion. The freeze–thaw influence factor
was first introduced to characterize the effect of freeze–thaw cyclic erosion on the fatigue
reliability of prestressed concrete components. Hasan [7] found that the tensile strain in-
creased irreversibly during freezing, and the static strength and fatigue life of the concrete
decreased. Li et al. [8] experimentally investigated an evolution model for concrete damage
under the condition of freeze–thaw erosion and four-point bending fatigue load. The
micromirror observation showed that crack generation was related to two types of damage,
primarily affecting the concrete pores and interface area. Wei et al. [9] analyzed concrete
fatigue under freeze–thaw erosion from the perspective of durability, considering that the
failure caused by non-mechanical factors was similar to that caused by load. The specific
failure process was analyzed, and a damage model was proposed. Xu [10] established a
theoretical model for the stress analysis of a prestressed concrete specimen section and
a fatigue life prediction model based on the concrete elastic modulus attenuation model.
This was achieved by conducting freeze–thaw and fatigue alternate action experiments on
12 prestressed concrete specimens, and the fatigue lives of prestressed concrete members
under freeze–thaw cycles and fatigue loads were subsequently predicted.

The main reinforcement methods used during the research on bridge reinforcement
were as follows: increasing section reinforcement, replacing the concrete reinforcement,
using externally bonded steel reinforcements, pasting fiber composite reinforcements,
external prestressing, adding support systems, shear wall method, etc. Among them,
research on the application of FRP materials, such as carbon fiber, aramid fiber, and
high-strength glass fiber [11–21], in bridge reinforcement and maintenance has gained
popularity in recent years. At present, both local and international scholars have conducted
relevant research on the mechanical and fatigue properties of reinforced concrete structures
strengthened by pasting steel plates and carbon fiber sheets. With regards to strengthening
concrete members using prestressed CFRP sheets, Naaman [22] studied the shear and
flexural properties of reinforced concrete beams strengthened using CFRP sheets at low
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temperatures. It was found that such temperatures did not affect the section strengths of the
concrete and the CFRP sheets. Bizindavyi et al. [23] studied the influence of the bond width
and length on the fatigue life by conducting a fatigue property test on GRRP-reinforced
concrete. It was found that longer bonds could prolong the fatigue life, whereas shorter
bond lengths were prone to stress concentration in the bond area. Ning [24] performed a
freeze–thaw experiment on concrete beams strengthened using prestressed carbon fiber
sheets. The results showed that the cracking load and stiffness of the test concrete beams
were reduced with the increase in the freeze–thaw cycles, and the freeze–thaw cycles
adversely affected the concrete beams strengthened using prestressed carbon fiber sheets.
Cui [25] conducted bearing capacity tests on 15 prestressed CFRP strengthened beams with
different freeze–thaw cycles under different prestress levels. The changes in the bearing
capacities of the beams strengthened using prestressed CFRP under different freeze–thaw
cycles were analyzed, and the results showed that the shear capacities of the beams
decreased with the increasing number of freeze–thaw cycles. Moreover, the freeze–thaw
cycles degraded the strength of the beams strengthened using prestressed CFRP and also
the bond strength between the reinforcement and the interface. Jiang [26] studied the
influence of freeze–thaw cycles on the durability of the reinforcement components by
conducting a four-point bending test on pre-stressed CFRP reinforcement structures under
a freeze–thaw cycle. The results showed that the mechanical properties of the reinforced
concrete specimens were reduced by the freeze–thaw cycle, and the bending–shearing
inclined cracks on the surfaces of the concrete specimens developed rapidly with increasing
freeze–thaw cycles. Zhang [27] conducted a finite element simulation analysis on the
fatigue characteristics of concrete beams with different basalt fiber cloth reinforcement
layers under freeze–thaw and fatigue coupling. It was found that the fatigue life of
basalt fiber cloth reinforced concrete under fatigue loading increased with the increasing
number of basalt cloth adhesive layers. Yu [28] analyzed the effects of different stress
levels on the fatigue properties of the reinforced concrete beams strengthened using carbon
fiber cloth under freeze–thaw cyclic erosion. With regards to research conducted on
the mechanical and fatigue properties of the concrete members strengthened using steel
plates, Yasin N. et al. [29] presented a set of formulas for calculating the reinforcement of
concrete structures using bonded steel plates based on the ductility design method. The
effects of using bonded steel reinforcements on cracked concrete beams were concluded
to be primarily related to the size of the steel plates. Swamy et al. [30] analyzed the
connection between the steel plates and the concrete in a steel plate reinforcement. It was
concluded that the bearing capacity of the concrete beam strengthened using bonded steel
plates was not only related to the section area of the steel plate but also its anchorage
mode. Xie et al. [31,32] analyzed a mechanism for improving the flexural resistance and
shear resistance of RC beams using riveted steel plates. A recommended formula for
calculating the flexural and shear capacities of the RC beams strengthened using anchored
steel plates was subsequently proposed along with construction measures for riveted
steel plate reinforcement. Wang [33] used a fatigue test to analyze the changes in the
mechanical properties of the concrete beams strengthened using bonded steel plates under
a fatigue load. The results showed that the fatigue failure law of bonded steel reinforced
beams conformed to the three-stage law of internal damage in concrete. The deflection
gradually increased with the increase of the number of fatigue load cycles. The deflection
after two cycles was approximately 1.46 times the initial deflection. With regards to
comparison studies conducted on the reinforcement of concrete members using steel plates
and carbon fiber cloths, Inoue and Shoichi [34,35] studied the mechanical strengths and
fatigue properties of concrete beams with reinforced carbon fiber and steel plates and
compared them to unreinforced specimens in terms of the related mechanical properties.
It was found that the deflections and crack widths of the reinforced components were
relatively small, and their ultimate bearing capacities were significantly greater. Moreover,
it was found that the fatigue performance of the concrete specimens strengthened using
carbon fiberboards and steel plates could be improved. Zhang [36] and others conducted
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fatigue tests and a fatigue load finite element simulation analysis on concrete beams
strengthened using steel plates and CFRP, respectively. The mechanical properties of
concrete strengthened using bonding reinforcement technologies were studied. The results
showed that under a constant fatigue load, the stress of the CFRP cloth of concrete beams
strengthened using CFRP increased with increasing fatigue cycles; however, the steel plates
in the concrete beams strengthened using steel plates experienced bond failure after a
certain number of fatigue load cycles.

At present, research on the durability of bridge structure reinforcement is mostly
conducted for healthy structures, while the mechanical performance of damaged and
healthy reinforced structures is different and depends on the type and degree of damage.
Moreover, research on the relationship between durability deterioration and structural
fatigue characteristics is limited. The deterioration of the durability of reinforced bridge
structures affects the fatigue lives of the reinforced structures and leads to a loss of the
reinforcement effect. The prestressed hollow slab is a bridge structure widely used in high-
way and municipal engineering. However, owing to overloading, adverse environmental
erosion, and low design standards for early bridges, the durability of a prestressed slab
in service significantly deteriorates; therefore, it must be reinforced. However, the lack of
research on the durability of prestressed concrete hollow slab reinforcement and its impact
on the fatigue life of the structures has resulted in several bridges prematurely losing their
reinforcement effect because of a significant deterioration of reinforcement durability and
the rapid decay of fatigue life after being strengthened. This poses a hidden danger to the
safety of projects.

Therefore, a 2 m long structural model of a prestressed hollow slab beam was designed
and constructed in this study, and freeze–thaw cycles and fatigue tests were conducted
on the prestressed hollow slab strengthened after fatigue damage. Moreover, based on
experimental data, a numerical model for strengthened components was established, and
the mechanisms of durability deterioration along with the law for the fatigue life decay of
fatigue damaged prestressed concrete hollow slabs under the action of freeze–thaw cycle
erosion were studied. The results of this study are of great significance for revealing the
fatigue characteristics of prestressed hollow slab beams that have undergone corrosion by
freeze–thaw cycles, as well as for understanding the durability degradation mechanism of
actual bridge structure reinforcements, optimizing the reinforcement scheme, detecting
and evaluating a reinforced bridge, and predicting the remaining life of a reinforced
bridge structure.

2. Experimental Design
2.1. Component Design

During the tests, considering the freeze–thaw test site and the actual test hoisting and
placement in the fatigue laboratory, a 20 m reinforced concrete hollow beam was selected as
the prototype. The concrete’s designed strength was C50, and 5 bundles of prestressed steel
strands with a nominal diameter of 15.2 mm were configured, according to the similarity
principle. As shown in Table 1, the prestressed design length of the concrete beam was 2 m,
the height was set at 320 mm, and the section width was set at 500 mm. The hollow cavity
inside the test beam was 220 mm high and 400 mm wide, and the chamfer of the hollow
region was 50 × 50 mm. The lower flange of the prestressed concrete hollow beam was
equipped with three prestressed steel strands, in the form of a straight line. The stirrups
were densified within a 300 mm range from the front and rear ends of the prestressed
concrete hollow beam to the support, and the distance between the stirrups was 50 mm.
The remainder of the middle region was arranged according to the rule of equal spacing of
100 mm, as shown in Figure 1.
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Table 1. Partial similarity coefficient of the model.

Physical
Quantity of
the Model

Sectional
Area (A)

Length
(L)

Elastic Modulus
of Steel

Strand (ES)

Elastic
Modulus of

Concrete (Ec)

Poisson’s
Ratio of

Concrete (µc)

Similarity ratio CA = 0.25 CL = 0.1 CEs = 1 CEc = 1 Cµc = 1
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In this test, two reinforcement methods of glued steel plate and glued carbon fiber
cloth were used to reinforce the test plate with fatigue damage (the maximum crack width
was about 0.2 mm), and then durability and deterioration tests were carried out on the
reinforced test plate, and finally fatigue characteristics tests were carried out on the test
plate after durability deterioration. A total of 5 test plates were made, and the specific test
protocol design is shown in Table 2.

Table 2. Design of test scheme.

Test Group Number Degree of Erosion Reinforcement Method Loading Mode

B-0 No erosion No reinforcement Static
B-1 No erosion No reinforcement Fatigue
B-2 No erosion Bonding steel plate Fatigue
B-3 No erosion Sticking carbon fiber cloth Fatigue
B-4 Freeze–thaw Sticking carbon fiber cloth Fatigue
B-5 Freeze–thaw Bonding steel plate Fatigue

2.2. Material Parameters

The test beam was a prestressed hollow slab concrete beam with a concrete strength
design grade of C50. Hot-rolled HRB400 steel bars were used for ordinary stirrups and
the longitudinal steel in the prestressed hollow slab concrete beams. The calculated cross-
sectional area was 28.26 mm2, the tensile pressure limit was 330 MPa, and the elastic
modulus was 2.0 × 105 MPa. The prestressed steel bars in the prestressed hollow slab beams
were 1860 grade 1 × 7 common steel strands. The elastic modulus was 1.95 × 105 MPa and
the Poisson ratio’s was 0.3.

2.3. Main Measurement and Methods

The measurements mainly included those of the concrete strain and vertical deflection
of the prestressed hollow slab beam under a fatigue load. While obtaining the ultimate
bearing capacity of the test plate, the measurements were used as an auxiliary method to
observe the failure of the test beam.

Strain test: The strains at 1/4 length and at the midspan of the test beam were
measured. As shown in Figure 2, two electronic strain gauges were placed on the test plate
at a quarter of the length of the test beam. Five electronic strain gauges were placed on
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either side of the midspan, totaling 14 instruments. The measurement range of resistance
strain sensor is ±2000 µε, and the accuracy is 0.01 µε.
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Displacement test (dynamic and static displacement): The dynamic and static displace-
ments at both ends and at the midspan of the test beam under static and fatigue loads were
measured. One displacement meter was placed at each end of the test beam, and one was
placed at each side of the transverse bridge in the midspan, totaling 4 displacement meters.
Figure 3 shows the specific layout. The measurement range of the resistance displacement
sensor is 0–50 mm, and the accuracy is ±0.1% F.S.
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3. Fatigue Pre-Cracking Experiment of the Prestressed Hollow Slab Beam
3.1. Static Load Failure Test

The primary objective of static loading of the prestressed hollow slab beam was to
obtain the ultimate capacity of the test plate, for determining the fatigue test stress ratio
and the fatigue amplitude of the prestressed concrete test beam. As shown in Figure 4, a
trisection loading method was used to align the longitudinal and transverse axes of the
test beam, and subsequently, two I-beams of the same length were arranged at the third
point of the test beam in a direction perpendicular to the axial direction of the beam. After
the trisection loading had been achieved, a larger I-beam was placed at the upper center
of the two I-beams along the same direction, and several rubber pads were placed on the
upper region.
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The loading process adopted for the test beam was step-by-step static loading. A static
load test was performed at 5 kN at each stage, and the load was maintained for 3 min
each time. After the strain gradually stabilized, the strain, displacement, and test load
were determined. This process continued until the test beam completely lost its bearing
capacity and failed, and the ultimate bearing capacity was recorded. When the prestressed
hollow slab beam was loaded to 255 kN, it was damaged. The static load failure state of a
prestressed hollow slab beam, extensively described in the literature [37], is not described
in this paper. From the experimental data obtained during the static load experiment, the
ultimate capacity of the test plate was Pmax = 250 kN.

3.2. Pre-Cracking Test of the Test Beam

The pre-cracking test conducted on the prestressed hollow slab beam mainly consisted
of performing fatigue cyclic loading tests on the prestressed concrete beam until fatigue
cracking occurred in the test beam. The crack width was controlled to not exceed 0.2 mm,
which provided components for later reinforcement related tests. The fatigue loading
instrument also utilized a hydraulic pressure testing machine, which changed the loading
mode from a static load to fatigue dynamic load. This, in turn, caused the machine to apply
a sinusoidal alternating load to the prestressed concrete test beam.

The maximum and minimum fatigue loads were Fmax = 160 kN, and Fmin = 60 kN,
respectively, and the frequency was 5 Hz. After every 5.0 × 105 cycles of fatigue loading,
static loading was performed on the test beam, and the loading level was 5 kN for each
level, which was accumulated in turn. For every 5.0 × 105 cycles of fatigue loading, the
fundamental frequency, dynamic displacement loading, crack, width, and development
law were recorded. The fatigue test was stopped immediately when the width of the
fatigue crack on the test plate was observed to reach 0.2 mm (Shown in Figure 5).
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4. Fabrication of the Damaged Prestressed Hollow Slab

Commonly used structural reinforcement methods in engineering include using exter-
nally bonded steel, using bonded fiber composites, external prestressing reinforcements,
increasing the section reinforcement, the shear wall method, and replacement concrete
reinforcements. Among them, pasting steel plates and carbon fiber sheet reinforcements
are widely applied in the field of engineering reinforcement owing to their convenient con-
struction technology and wide range of uses. Therefore, the fatigue damaged prestressed
hollow slab beam was reinforced by pasting steel plates and carbon fiber sheets.

The reinforcement design scheme of the prestressed hollow slab beam was determined
according to the relevant provisions of the ‘Specifications for Strengthening Design of
Highway Bridges’ [38]. A Q235 steel plate, having an elastic modulus of 206 GPa, a hoop
plate width of 10 cm, and a thickness of 4 mm, was used as the steel plate material for
reinforcements with pasted steel plates. The reinforcement steel plate was pasted obliquely
at 45◦. A first-class carbon fiber cloth with an elastic modulus of 2.4 × 105 MPa, with
length × width × thick of 2000 mm × 100 mm × 0.167 mm was used for reinforcements
with pasted carbon fiber cloths. The width and spacing of the carbon fiber cloth were 10 cm,
and 150 mm, respectively.

The carbon fiber and steel plates were both bonded with epoxy resin binder. The shear
strength, tensile strength, bending strength, and bond strength of the epoxy resin binder
were ≥10 MPa, ≥30 MPa, ≥40 MPa, and ≥2.5 MPa, respectively, while the elongation was
1.5%. The operating ambient temperature was 30–45 ◦C. The available time was 30 min.
This binder had no sagging property.

4.1. Reinforcement Treatment of the Damaged Prestressed Hollow Slab

The prestressed hollow slab reinforced with carbon fiber cloths was constructed as
follows: 1© Surface treatment: the surface reinforcement area of the test slab was ground,
the laitance on the surface was cleaned, the structural layer of the test slab was exposed,
the surface of the test slab was cleaned, and the test slab was kept dry after grinding.
2© Brushing primer: the base adhesive was deployed according to the designed mix

proportion of the adhesive; the base adhesive was uniformly spread onto the surface of
the concrete, and the next step was initiated after drying the surface of the base adhesive.
3© Carbon fiber sheets of calculated sizes were cut and pasted onto the reinforcing region,

they were rolled along the direction of the carbon fiber cloth several times with a roller,
bubbles between the carbon fiber cloth and the concrete sticking interface were extruded,
and the structural adhesive was made to fully saturate the carbon fiber cloth, which was
subsequently pasted. The construction drawing of the test beam reinforced with carbon
fiber sheets is shown in Figure 6.

The construction process of the prestressed hollow slab beam strengthened by pasting
steel plates was as follows: 1© Surface grinding: the surface of the test plate was ground
with a grinding wheel, the dust on the surface of the test plate was washed with clean water,
and the surface was wiped with absorbent cotton dipped in acetone after the surface of
the test plate was dry. 2© Configuration of the structural adhesive: the structural adhesive
was configured on-site, and the raw materials of the structural adhesive were poured into
clean iron barrels in proportion and subsequently mechanically stirred in one direction
until the color was uniform. 3© Pasting the steel plate: the prepared adhesive was smeared
onto the bonding surface of the steel plate with a spatula, the steel plate was pasted at a
fixed position, and a steel nail was subsequently driven into the concrete from the surface
of the steel plate with an air nail gun to ensure a better paste quality. 4© Solidification of
the reinforced components: the reinforced test plate was solidified at 20 ◦C, and the test
specimen could be stressed within a three-day curing period. The construction drawing of
the test beam strengthened by pasting steel plates is shown in Figure 7.
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4.2. Static Load Test of the Reinforced Prestressed Hollow Slab

To test the effects of the two reinforcement methods on the test plate, a static load test
was performed on the test plate reinforced by different reinforcement methods. The test
method and procedure of the static load test were the same as those prior to reinforcement.
The carrying capacity of the prestressed hollow slab beam after reinforcement had changed;
therefore, the load applied to the prestressed hollow slab beam after reinforcement was
appropriately reduced, and the maximum load applied was 150 kN based on previous
static load test results. As shown in Tables 3 and 4, D-1/2 is the mid-span deflection value of
the test plate after reinforcement, D-1/4 is the 1/4 span deflection value of the prestressed
hollow slab beam after reinforcement, S-1 is the compressive strain of the concrete at the
top of the mid-span web of the test slab, and S-2 is the tensile strain of the concrete at the
bottom of the mid-span web of the test slab.

Tables 3 and 4 show that the deflections before and after reinforcement increased
with increasing load level, and the trend of the change was stable. Under a static load, the
deflections at the quarter span and half span of the prestressed hollow slabs strengthened
using steel plates and carbon fiber sheets were significantly lower than those of the dam-
aged specimens prior to strengthening. Under a load of 150 kN, the deflection at the 1/2
span of the carbon fiber sheet strengthened specimen was 0.79 mm, which was 0.94 mm
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relative to the deflection of the half span prior to reinforcement, and the deflection value
decreased by 14.2%. The deflection at the one-half span of the prestressed hollow slab
components strengthened using steel plates under a load was 0.82 mm, which was 15.4%
lower than the value of 0.97 mm obtained prior to reinforcement; when subjected to a
constant load, the tensile and compressive strains generated by the mid-span concrete of
the test plate before and after reinforcement were compared. The compressive strain in
the mid-span top concrete of the prestressed hollow slab and the tensile strain generated
by the bottom concrete were both lower than those of the prestressed hollow slab prior to
strengthening. When the applied load was 150 kN, the compressive and tensile strains of
the carbon fiber cloth strengthened specimens were reduced by 6% and 4.9%, respectively,
and the compressive and tensile strains of the bonded steel plate strengthened specimens
were reduced by 5.2% and 10%, respectively. In addition, the fundamental frequencies
and damping ratio of the test plate before and after strengthening were analyzed. The
damping ratio of the prestressed hollow slab prior to strengthening was 5.88 and 5.52,
respectively, and the damping ratio values of the prestressed hollow slab strengthened with
steel plates and carbon fiber cloth were 5.49 and 5.33, respectively. The test showed that the
damping ratio before reinforcement was greater than that after reinforcement, which could
be attributed to the friction between the original cracks of the test plate being restrained
after reinforcement by sticky steel plates and sticky carbon fiber cloths; another possibility
is a change in the overall stiffness of the plate resulting from their strengthening. The
input capacity of the dissipating external energy of the test plate was lower, the vibration
attenuation was slower, and the damping ratio was smaller. Through a comprehensive
analysis of the static load data of the two reinforcement methods, it was found that both
methods improved the failure load and structural stiffness of the damaged prestressed
hollow slab beams to varying degrees. Neglecting other factors, the reinforcement effect
achieved by using bonded steel plates was better that than using pasted carbon fiber cloths.

Table 3. Deflection and strain of prestressed hollow slab before and after strengthening with carbon
fiber cloth.

Before Strengthening After Strengthening

Load
(kN)

D-1/2
(mm)

D-1/4
(mm)

S-1
(µε)

S-2
(µε)

D-1/2
(mm)

D-1/4
(mm)

S-1
(µε)

S-2
(µε)

50 0.30 0.36 −118.2 67.3 0.25 0.24 −111.1 67.6
100 0.66 0.48 −208.5 122.1 0.53 0.36 −197.8 110.2
150 0.94 0.64 −301.7 162.7 0.79 0.53 −292.1 154.4

Table 4. Deflection and strain of prestressed hollow slab before and after strengthening with
steel plate.

Before Strengthening After Strengthening

Load
(kN)

D-1/2
(mm)

D-1/4
(mm)

S-1
(µε)

S-2
(µε)

D-1/2
(mm)

D-1/4
(mm)

S-1
(µε)

S-2
(µε)

50 0.49 0.24 −76.7 58.8 0.44 0.23 −53.6 57.6
100 0.67 0.34 −139.4 116.2 0.63 0.37 −111.6 110
150 0.97 0.49 −204.3 180.9 0.83 0.48 −163.5 162.4

4.3. Fatigue Test of the Reinforced Prestressed Hollow Slab

To study the mechanical properties of the reinforcement components under fatigue
loading, fatigue tests were performed on the reinforced specimens bonded with carbon
fiber cloths and steel plates. A hydraulic fatigue testing machine was used for the fatigue
test, and trisection loading was used. Two million cycles of fatigue loading were performed
on the prestressed hollow slabs with two different strengthening methods.
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Fatigue test analysis of components reinforced with bonded steel plates: During
2 million cycles of fatigue loading on the steel plate-bonded reinforced components, the
existing damaged cracks did not extend further and no new cracks appeared because of
the restraint of the inclined steel plate. The results showed that the mid-span deflection
was 1.43 mm, the compressive strain of the concrete was −325.6 µε, and the tensile strain
of the concrete was 258.3 µε after a fatigue load of 200 kN was applied 2 million times.

Fatigue test analysis of the components strengthened using carbon fiber cloths: During
2 million cycles of fatigue loading, the original fatigue damage cracks developed slowly.
Moreover, for approximately 1.2 million cycles of fatigue loading, a new crack appeared at
the shear section of the reinforced member, which also developed slowly during continuous
loading. The mid-span deflection was 1.44 mm, the compressive strain of the concrete was
−362.6 µε, and the tensile strain of concrete was 260.4 µε after 2 million cycles of a 200 kN
fatigue load.

5. Freeze–Thaw Erosion Test of the Fatigue Damaged Reinforced Components
5.1. Freeze–Thaw Erosion

Along with durability specifications [39], 50 freeze–thaw cycle erosion tests were
conducted on test plates and corresponding test blocks reinforced by bonded steel plates
and carbon fiber cloths by the air-freeze water-thaw method. The temperature in the
freezing stage was maintained at −18 ◦C. A set of prestressed hollow slabs strengthened
using steel and carbon fiber sheets and the corresponding test blocks were soaked in a
pool for four days and subsequently removed. The moisture on the surface was wiped
and 50 freeze–thaw cycles were initiated. Once the test plate and the test block were
simultaneously frozen and thawed, this was regarded as a single freezing and thawing
cycle, and the process was repeated until 50 freeze–thaw cycles were completed. The
freeze–thaw test process for the reinforced test plate and corresponding test blocks are
shown in Figure 8.
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5.2. Analysis of the Test Results for Concrete Blocks in the Same Period of the Freeze–Thaw Cycle

During the freeze–thaw cycle, the surface of the test block continuously produced
laitance. After washing with water, various aggregates appeared on the surface of the
test block, and a few samples were damaged. With the increase in the cycles of freezing
and thawing, a few fine cracks began to appear on the surface, resulting in rough and
severe erosion.

After the freeze–thaw cycles, damage to the concrete surface could be observed;
however, the internal damage to the concrete could not be observed directly. It was
possible to understand the influence of the freezing and thawing on the properties of
the concrete material by examining the elastic moduli and compressive strengths of the
concrete blocks after the freeze–thaw cycles (Table 5). The relative dynamic modulus of
elasticity showed that after the freezing and thawing cycles, the propagation velocity of
ultrasonic waves in the concrete, the relative dynamic modulus, and the compressive rate
of the concrete decreased.

Table 5. Variations of velocity and relative dynamic elastic modulus of the concrete cubic test block.

Test Block Unfreeze–Thaw Cycle 50 Freeze–Thaw Cycles

Average propagation speed (m/s) 4350 3789
Relative dynamic elastic modulus 100% 87.10%

The compression strength of the concrete cube is shown in Table 6. The compression
strength of the concrete cube decreased from 52.59 MPa to 45.79 MPa, and the concrete
strength was lowered by 12.95%.

Table 6. Compressive strength test results of concrete cubic blocks.

Freeze–Thaw
Cycles

Limit Average Failure Load of
Cubic Specimens after Freezing

and Thawing (kN)

Average Compressive Strength of
Cubic Specimens after Freezing

and Thawing (MPa)

0 553.6 52.59
50 482.0 45.79

5.3. Fatigue Characteristics of Strengthened Components under Freeze–Thaw Cycles
5.3.1. Analysis of the Apparent Performance of the Strengthened Test Plate after
Freeze–Thaw Erosion

A set of test panels was subjected to freeze–thaw cycles, and minor cracks developed
on the surface of the test panels. In the latter half of the freeze–thaw cycles, it was evident
that water was immersed in the test plate in the microcracks and that the microcracks on
the test plate might have been expanded by the freeze–thaw cycles. After observing the
corrosion of the reinforced specimens by the freeze–thaw cycles, it was found that the
strengthened specimens bonded with the carbon fiber sheets. The local cracking on the
reinforced interface and the local peeling of the carbon fiber sheet and the concrete are
shown in Figure 9. The rust on the steel plate surface is shown in Figure 10.
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5.3.2. Fatigue Test Procedure for Freeze–Thaw Reinforcement of the Test Plate

Fatigue tests were conducted using a test plate corroded by freeze–thaw cycles to
investigate the effect of freezing and thawing cycles on the fatigue properties of the rein-
forced components. The fatigue test comprised a hydraulic fatigue testing machine with
trisection loading. Each test plate was fatigued for 2 million cycles, and a static load test
was performed after every 5.0 × 105 fatigue cycles to test the deflection and strain.

(1) Fatigue test process after the freezing and thawing of the carbon fiber cloth rein-
forced test plates.

As shown in Figure 11, the damage cracks that appeared in the early stage of the
fatigue test plate were covered after grinding and strengthening with carbon fiber cloths,
and the occurrence of the original crack was unclear in the fatigue process. However, in
the fatigue test, after the freeze–thaw cycle of the plate reinforced with carbon fiber cloths,
several cracks appeared on its top plate. A transverse through the crack was gradually
generated. After 2 million cycles of fatigue loading, several pits appeared on the concrete
roof, and local peeling between the carbon fiber cloths and the concrete occurred.
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Figure 11. Damage diagram of test plate reinforced by carbon fiber cloth during fatigue testing:
(a) local crushing after 2 million fatigue cycles at the roof; (b) damage map of roof concrete.

(2) Fatigue test process for the prestressed hollow slab strengthened using bonded
steel plates after the freeze–thaw cycle

After 50 freeze–thaw cycles, fatigue tests on the bonded steel plate reinforced speci-
mens were performed. It was found that during the fatigue test, the development of the
original cracks was nearly unobservable, and there existed no phenomenon whereby a
crack was opened and then closed. The oblique sticking steel method exhibited a good
inhibition effect on the development of cracks. The data for the fatigue test process are
shown in Tables 7–9.

Table 7. Table of mid-span tensile strain variation with fatigue times after freeze–thaw damage of
test plate strengthened with bonded steel plate (µε).

Number of Fatigue Cycles 50 kN 100 kN 150 kN 200 kN

0 60.1 115.0 178.1 237.5
5.0 × 105 65.5 126.5 198.4 264.5

10.0 × 105 66.0 134.6 200.1 276.9
15.0 × 105 70.2 142.2 210.2 280.3
20.0 × 105 80.2 153.2 230.1 300.2

Table 8. Table of mid-span compressive strain variation with fatigue times after freeze–thaw damage
of test plate strengthened with bonded steel plate (µε).

Number of Fatigue Cycles 50 kN 100 kN 150 kN 200 kN

0 −87.2 −168.1 −246.4 −328.5
5.0 × 105 −96.0 −178.4 −257.5 −343.3

10.0 × 105 −89.4 −177.7 −278.2 −370.9
15.0 × 105 −100.3 −185.5 −290.4 −387.2
20.0 × 105 −112.3 −196.3 −300.6 −412.3

Table 9. Table for variation of the deflection of the bonded steel plate reinforced test plate in span,
with number of fatigue damages after freeze–thaw damage (mm).

Number of Fatigue Cycles 50 kN 100 kN 150 kN 200 kN

0 0.48 0.71 0.87 1.16
5.0 × 105 0.50 0.73 0.93 1.25

10.0 × 105 0.53 0.84 1.02 1.36
15.0 × 105 0.63 0.88 1.13 1.51
20.0 × 105 0.65 0.93 1.32 1.76
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After 50 freeze–thaw cycles, the components strengthened using carbon fiber cloths
and steel plates could withstand 2 million cycles of fatigue loading. During the 2 million
cycles of fatigue loading, the original cracks in the carbon fiber cloth strengthened spec-
imens after freeze–thaw damage were not evident, the roof was significantly damaged,
and local debonding between the carbon fiber cloth and the concrete occurred. However,
cracks hardly developed in the strengthened members with bonded steel plates during the
2 million cycles of fatigue loading, and the specimens exhibited good crack resistance.

5.3.3. Force Characteristics during the Fatigue Process of the Freeze–Thaw Erosion of the
Reinforced Test Plate

With an increase in the number cycles of fatigue loading, the strains of the reinforced
test slabs after freeze–thaw erosion under a constant load were significantly higher than
those prior to freeze–thaw erosion. For example, the tensile strain of the bonded carbon
fiber reinforced reinforcements, which were passed through 20.0 × 105 cycles of fatigue,
under a loading of 200 kN, was 260.3 µε at the bottom of the span prior to freezing and
thawing. The tensile strain of the reinforced specimen with freeze–thaw cycle erosion
was 360.6 µε. Freeze–thaw erosion increased the strain level of the prestressed hollow
slab. Under the two reinforcement methods, the deflection obtained for a constant fatigue
cycle was greater than that obtained in the prestressed hollow slab prior to freeze–thaw
erosion. For example, when a weight of 200 kN was applied after 20.0 × 105 fatigue
cycles, the deflection in the reinforced component with steel plates was 1.43 mm prior to
freezing and thawing, and that of the steel plate reinforced component after undergoing
freeze–thaw cycles was 1.76 mm. Freeze–thaw erosion increased the deformation of the
reinforced components.

Figures 12 and 13 show the deflection and strain of the freeze–thaw reinforced speci-
mens with the increasing number of fatigue cycles. The analysis showed that the deflection
in the carbon fiber cloth strengthened specimens after freeze–thaw damage increased grad-
ually in the first 5.0 × 105 fatigue cycles and also relatively quickly in the first 5.0 × 105 to
20.0 × 105 fatigue cycles. After the freezing and thawing damage, the deflection in the steel
plate reinforced specimen gradually increased in the initial 5.0 × 105 fatigue cycles and
rapidly increased during the 15.0 × 105–20.0 × 105 fatigue cycles. The flexure of the pasted
steel reinforced components gradually increased in the first 15.0 × 105 fatigue cycles and
increased rapidly during the 15.0 × 105–20.0 × 105 fatigue cycles. At a constant fatigue
time, the flexure of the bonded carbon-fiber reinforced specimen was greater than the de-
flection in the bonded steel reinforced specimen. The compressive strain in the carbon-fiber
reinforced specimen and steel reinforced specimen increased linearly during fatigue, and
the compressive strain in the carbon-fiber reinforced component was larger than that of the
steel reinforced component. The tensile strain of the carbon-fiber reinforced component,
which increased smoothly during the initial 15.0 × 105 cycles of fatigue loading, was lower
than that of the steel reinforced component. This tensile strength rapidly increased in the
last 5.0 × 105 cycles of fatigue loading and became larger than that of the steel reinforced
component. The strains in the bonded steel plate strengthened specimens increased linearly
during fatigue.

The stress and deformation of the reinforced components increased with the fatigue
time. After 20.0 × 105 fatigue loading, the deflection and the tensile and compressive
strains in the intermediate portion of the steel-reinforced specimen were lower than those
of the carbon fiber cloth reinforced specimen. The midspan deflection and the tensile
and compressive strains in the steel plate reinforced components were 1.88 mm, 308.2 µε
and −352.2 µε, respectively, with increases of 72.4%, 21.1%, and 31.1%, respectively. The
midspan deflection and the tensile and compressive strains in the carbon-fiber-reinforced
components were 1.72 mm, 360.6 µε, and −596.2 µε, respectively, with increases of 68.8%,
48.3%, and 44.2%, respectively. Consequently, it was found that the increase in the flexure
of the carbon fiber reinforced component was slightly lower than that of the steel reinforced
component, and the increases in the tensile and compressive strains in the carbon fiber
cloth reinforced specimens were larger than those of the steel-reinforced specimens. Com-
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pared to carbon fiber reinforcement, steel plate reinforcement exhibited better anti-fatigue
attenuation characteristics.
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5.4. Dynamic Data Analysis of Fatigue Process in the Reinforced Test Plate under
Freeze–Thaw Erosion

The dynamic displacement of a test plate subjected to sinusoidal fatigue loading
by freeze–thaw erosion reflected the impact resistance of the test plate after freeze–thaw
cycling. After the reinforced prestressed concrete hollow test plate was subjected to
freeze–thaw erosion, its dynamic data during fatigue loading changed owing to the changes
in its fatigue characteristics. The dynamic displacement diagram of the reinforced com-
ponent bonded with steel plates under freeze–thaw erosion is shown in Figure 14 and
Table 10.
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Table 10. Table of dynamic displacement change of test plate under 2 million fatigue loads.

Test Group
Number

Degree of
Erosion Reinforcement Method Peak

(mm)
Trough
(mm)

Amplitude
(mm)

B-2 No erosion Pasting steel plate 0.9 −0.32 0.71
B-3 No erosion Pasting carbon fiber cloth 0.37 −0.33 0.71
B-4 Freeze–thaw Pasting carbon fiber cloth 0.54 −0.52 1.06
B-5 Freeze–thaw Pasting steel plate 0.53 −0.48 1.01

The diagram shows that the dynamic displacement of the test plate exhibited a sinu-
soidal variation during the fatigue process, which also confirmed the usage of sinusoidal
loading in the fatigue loading process. In addition, analysis of the test plate dynamic
data showed that the peak, trough, and amplitude of the bonded steel plate reinforced
component under freeze–thaw erosion increased by 43.24%, 45.45%, and 42.25%, respec-
tively, over the reinforced component that had not undergone erosion. The peak, trough,
and amplitude of the carbon fiber cloth reinforced component under freeze–thaw erosion
increased by 38.46%, 62.5%, and 49.30%, respectively. The test results showed that the
impact resistance of the test plate after freezing and thawing erosion was significantly
weaker that of the reinforced component that had not undergone erosion during the fatigue
loading. Moreover, the impact resistance of the prestressed hollow slab reinforced with
steel plates was superior to that of the prestressed hollow slab reinforced with carbon
fiber cloths.

6. Finite Element Analysis of Prestressed Hollow Slab
6.1. Establishment and Verification of the Finite Element Model for the Prestressed Hollow Slab

Based on the actual structural size of the prestressed hollow slab, the ABAQUS finite
element analysis software was used to establish a finite element model for a prestressed
hollow slab beam (Figure 15).
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The finite element model has a total of 1971 units. The concrete unit adopted a 3D
solid unit, the elastic modulus was 3.0 × 104 MPa, and the Poisson’s ratio was 0.2. Other
material parameters were set according to the material parameter properties described
in the experimental section of the text. ABAQUS provides three models to simulate the
nonlinearity of concrete: a concrete dispersion cracking model, concrete plastic damage
model, and concrete brittle cracking model. According to the main forms and causes of
damage of the prestressed hollow slab beams, the main choice of concrete material in this
paper was the plastic damage model, which could simulate the forms of damage of the
concrete materials.

By comparing the simulated values obtained using the ABAQUS software with
the measured values obtained during the test, it was found that the changing trends
in the midspan load–displacement curves of the two values were quite similar (shown
in Figure 16). However, in the software simulation processing, the bond-slip between the
steel bars, prestressed bars, and concrete was neglected; therefore, the load value obtained
during the test was larger for a constant deflection. The load–displacement curves of the
measured and simulated values underwent three stages: The first stage was the elastic
stage, wherein the load and deflection increased proportionally. The second stage was the
yield stage, wherein the cracking load of the prestressed hollow slab was 200 kN, and the
slope of the load–displacement curve decreased owing to the decrease in stiffness caused
by the cracking of the test plate. The third stage was the strengthening stage, wherein the
load increased gradually, but the deflection decreased rapidly. The ultimate load was deter-
mined as the longitudinal reinforcement yield. In addition, the finite element simulation
of the concrete damage can be seen in Figure 17. When a static load was applied to the
prestressed hollow slab finite element model, the damage cracks mainly occurred at both
ends of the bearing, which was consistent with the results of the actual static load tests.
Therefore, the accuracy of the prestressed hollow slab finite element model was verified.
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6.2. Establishment of the Finite Element Model for the Prestressed Hollow Slab
Reinforced Components

As mentioned above, the prestressed hollow slabs after fatigue damage were strength-
ened using either steel plates or carbon fiber cloths. Moreover, fatigue tests under freeze–thaw
erosion were conducted on two different types of prestressed hollow slab reinforced com-
ponents. Consequently, it was proven that the reinforcement effect of pasting steel plates on
the prestressed hollow slab fatigue damaged specimen was superior to the reinforcement
effect of bonded carbon fiber sheets under the same conditions. Therefore, this study
focused on the numerical finite element analysis of prestressed hollow slab reinforced
components strengthened with bonded steel plates.

As shown in Figure 18, the relevant structural dimensions and material parameters
in the finite element model were set according to the prestressed hollow slab reinforced
component model constructed for the experiments mentioned earlier. The bonded steel
plate used was Q235, the elastic modulus was 2.1 × 1011 Pa, and the steel plate was placed
obliquely at 45◦ and bilaterally bound to the prestressed hollow plate.
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6.3. Numerical Simulation Analysis of the Fatigue Characteristics of the Prestressed Hollow Slab
Reinforced Components under Freeze–Thaw Erosion
6.3.1. Theoretical Calculation Model of Material Compressive Strength

In the past few years, scholars have conducted extensive research on the fatigue
durability of pre-stressed flexural components under freeze–thaw environments, and
found that there exists a correlation between freeze–thaw erosion and fatigue. Several
macro damage models of materials and theoretical calculation models of material physical
properties have been established. Xiao et al. [40] found that a change in the compressive
strength of concrete could be measured by 300 freeze–thaw cycles of concrete, and a model
for the decay of compressive strength of concrete under freeze–thaw erosion was derived
and calculated.

fc,c(ñ) = C1 fc,c

(
0̃
)

e−λ1ñ (1)

In the formula, fc,c(ñ) indicates the residual compressive strength of the concrete as a
function of the freeze–thaw cycles. C1 and λ1 are the material characteristic parameters
and fc,c

(
0̃
)

indicates the initial compressive strength of the concrete.

6.3.2. Theoretical Calculation Model of the Elastic Moduli of the Materials

Xiao [41] performed a freeze–thaw test on concrete by controlling related influencing
factors. The constitutive law for the dynamic modulus of elasticity of the concrete was
analyzed under freezing and thawing conditions, and an equation for the change in this
dynamic modulus of elasticity with the number of freeze–thaw cycles was derived.

Ec(ñ) = C2Ec(0)eλ2ñ (2)
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In the formula, Ec(ñ) indicates the residual dynamic elastic modulus of the concrete
as a function of the freeze–thaw cycles. Ec(0) indicates the initial elastic modulus of the
concrete. C2 and λ2 are the material characteristic parameters.

In addition, the dynamic and static elastic moduli of concrete can be interconverted,
and the conversion formula was presented in [42].

Êc(ñ) = −0.52 + 0.77Ec(ñ) (3)

where Êc(ñ) and Ec(ñ) indicate the static and dynamic elastic moduli of the concrete, respectively.

6.3.3. Finite Element Analysis of Fatigue Characteristics of Prestressed Reinforcement
Components under Different Freeze–Thaw Cycles

A simulation analysis of the fatigue characteristics of the finite element model for
the reinforced prestressed hollow slabs subjected to freezing and thawing corrosion was
performed according to the theoretical decay model for the strength and elasticity of
the concrete materials, which were primarily subjected to freezing and thawing. The
fatigue properties were simulated and analyzed by changing the material parameters
of the concrete materials under freeze–thaw erosion. The initial compressive strength
of the concrete obtained from the experiment was 31.6 MPa. After 50, 100, 150, and
200 freeze–thaw cycles, the residual compressive strengths of the concrete were calculated
to be 28.63 MPa, 27.23 MPa, 25.91 MPa, and 24.64 MPa, respectively, using Formula (1). The
modulus of elasticity of the concrete was set based on the theoretical decay model for the
concrete materials in the freeze–thaw cycle. The residual dynamic modulus of the concrete
after the freeze–thaw cycle was calculated using Formula (2) and converted into a static
elastic modulus using Formula (3). The initial elastic modulus was 34,500 MPa, and the
residual static elastic moduli of the concrete after 50, 100, 150, and 200 freeze–thaw cycles
were 20,577 MPa, 18,084 MPa, 15,582 MPa, and 13,412 MPa, respectively.

In addition, the material degradation in the steel bars under the action of freeze–thaw
cycles was minute; therefore, the effects of freezing and thawing on the mechanical
properties of the steel bars were not considered. In the fatigue cyclic loading simula-
tion, 5.0 × 105 cycles of fatigue loading were applied for different freeze–thaw cycles at a
0.8 stress level. The vertical displacement program of the reinforced components is shown
in Figure 19.
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Figure 19 shows that the reinforced specimens primarily produced large displacement
deformations in the middle of the span under the double effects of freeze–thaw cycles and
fatigue loads. Thus, the midspan node 576 was selected as the reference node, and the de-
flection values at this reference node for different freeze–thaw cycles and 20.0 × 105 fatigue
cycles of loading were extracted, as shown in Figure 20. It was shown that the midspan
deflection in the reinforced component that had not undergone freeze–thaw cycle corro-
sion was 1.12 mm after 20.0 × 105 cycles of fatigue loading. The deflection values of the
reinforced components after 50, 100, 150, and 200 freeze–thaw cycles and fatigue loading
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were 1.19 mm, 1.3 mm, 1.46 mm, and 1.68 mm, respectively, which were increased by
6%, 16%, 30%, and 50%, respectively. As described above, the flexure of the intermediate
portion of the reinforced component increased continuously with the increasing number of
freeze–thaw cycles. The rate of increase in the midspan deflection also increased, namely
the downward deflection of the reinforced component became increasingly rapid.
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6.3.4. Fatigue Life Analysis of the Prestressed Strengthened Components for Different
Freeze–Thaw Cycles

Many fatigue tests have been conducted by scholars on different materials of different
sizes, and the S-N curves of the fatigue properties under different conditions were obtained.
In this paper, the S-N curve of the concrete flexural fatigue performance in the analysis
of the fatigue life of reinforced components for different freeze–thaw cycles obtained by
Shi et al. [43] is presented.

lgS = lga − 0.0422(1 − R)lgN (4)

where a is the correlation coefficient related to the failure probability of the material and R
is the ratio of high to low stress.

In addition, the S-N curve of reinforcement in the prestressed hollow slab reinforced
components primarily used the S-N curve equation for reinforcement fatigue proposed by
Zeng et al. [44].

logN = 15.1348 − 4.3827log∆σ (5)

where N is the number of fatigue loads, and ∆σ is the stress amplitude.
In this study, the fatigue life analysis of reinforcement components for different

freezing and thawing cycles was conducted using the Fe-safe fatigue analysis software.
The fatigue life of the prestressed hollow slab reinforcement was simulated by setting the
fatigue performance S-N curve of the main related materials in the reinforced component
based on the finite element stress analysis results for different freezing and thawing cycles.
The fatigue life program of the reinforced components is shown in Figure 21.

Figure 21 shows that the freeze–thaw cycle corrosion mainly caused damage to the
concrete and reduced its fatigue life, and the regions with relatively weak fatigue lives
were primarily concentrated on the damaged concrete bottom surface. Figure 22 shows
that the fatigue life of the prestressed hollow slab reinforced component exceeded 2 million
cycles under the action of 0, 50, 100, and 150 freeze–thaw cycles. Therefore, the prestressed
hollow slab reinforced components bonded with steel plates exhibited certain anti-fatigue
characteristics. However, as the number of freezing and thawing cycles increased, the
fatigue lives of the prestressed reinforced hollow slabs continuously decreased and the
decay of the fatigue life tended to increase. The fatigue life of the prestressed hollow slab
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reinforced component that had not undergone freeze–thaw cycle corrosion was 5.92 million
cycles. After 50, 100, 150, and 200 freeze–thaw cycles, the fatigue lif of the reinforced
components was reduced to 4.91 million, 3.72 million, 2.57 million, and 1.26 million cycles,
respectively. Under the effect of corrosion by the freezing and thawing cycles, the fatigue
life of reinforced components was reduced by 17–78% relative to the fatigue life obtained
in the cases without corrosion. The freeze–thaw cycle corrosion greatly affected the fatigue
life of the prestressed hollow slab reinforced with bonded steel plates.
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7. Conclusions

In this study, freeze–thaw cycle and fatigue tests were performed on prestressed hollow
slab model components reinforced by pasting steel plates and bonded carbon fiber sheets
after fatigue damage. Based on the finite element model for the components reinforced by
pasting steel plates, the relevant mechanical properties and fatigue characteristics of the
prestressed hollow slab strengthened components with fatigue damage under freeze–thaw
cycle erosion were systematically studied. The main conclusions of this study are as follows.

(1) For a 2 m long hollow slab beam, the midspan deflection in the prestressed hollow
slab beam strengthened by pasting steel plates and carbon fiber sheets was less than that in
the prestressed hollow slab beam after fatigue damage and prior to strengthening. Under a
constant load, the compressive strain generated by the concrete at the top of the midspan
of the reinforced test plate was less than that generated in the unreinforced prestressed
hollow core slab, and the tensile strain generated at the bottom under a load was also less
than that of the unreinforced components.

(2) The test 2 m long hollow slab beam strengthened using steel plates and carbon
fiber sheets could withstand 2 million cycles of fatigue loading at a 0.8 stress level. The test
plates exhibited good fatigue resistance characteristics for both methods of reinforcement.
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Under the fatigue load, the original cracks did not expand further and no new cracks
appeared in the test plate reinforced by pasting steel plates. The bonded carbon fiber sheet
produced new shear cracks during fatigue loading; however, the new cracks expanded
slowly during continued loading.

(3) After the freeze–thaw cycle erosion of the 2 m long hollow slab beams reinforced
by pasting carbon fiber sheets during 2 million cycles of fatigue loading, the original
cracks were not noticeable, there were a few newly emerged cracks, and the top plate was
significantly damaged. Cracks were almost absent during the 2 million cycles of fatigue
loading for the bonded steel plate reinforced components, which exhibited good anti-
cracking performance. Under fatigue loading, the freezing–thawing cyclic effect increased
the deflection and strain of the reinforced components, and the growth rate increased with
the number of fatigue loading cycles. In addition, there existed a dynamic displacement
of the strengthened components after the erosive effect of the freeze–thaw cycles during
fatigue loading. The impact resistance of the strengthened components under the action of
the freeze–thaw cycles was weakened.

(4) By establishing a numerical model for the 2 m long hollow slab beam strengthened
by bonded steel plates, the midspan deflection in the strengthened components increased
with increasing freeze–thaw cycles, and its rate of increase grew gradually. Furthermore,
an increase in the number of freeze–thaw cycles significantly affected the fatigue lives of
the components reinforced by bonded steel plate.
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