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Abstract

Prestressed carbon fiber-reinforced polymer (CFRP) plate strengthening has been widely applied in the rehabilitation of flexural bridge members due to
its advantages of low self-weight, convenient construction, and excellent durability. However, existing studies have mainly focused on the static
behavior of prestressed CFRP-strengthened beams, while the flexural fatigue performance of prestressed CFRP plate-strengthened bridge girders
remains insufficiently understood. To address this gap, this study investigates bridge T-beam members through a series of flexural fatigue tests,
including unstrengthened beams, beams strengthened with non-prestressed CFRP plates, and beams strengthened with prestressed CFRP plates. The
evolution of mid-span deflection, stiffness degradation, strain responses of tensile reinforcement and CFRP plates, as well as the interfacial bond
behavior under different strengthening schemes were systematically analyzed. In addition, the effects of fatigue damage accumulation on the residual
static performance and ultimate load-carrying capacity of prestressed CFRP-strengthened beams were further examined. The experimental results
indicate that, compared with unstrengthened beams and non-prestressed CFRP-strengthened beams, prestressed CFRP plate—strengthened beams
exhibited smaller mid-span deflections, more stable stiffness degradation characteristics, and lower strain amplitudes in tensile reinforcement during
fatigue loading, demonstrating a significant improvement in flexural fatigue performance. In contrast, beams strengthened with non-prestressed CFRP
plates were prone to CFRP—-concrete interfacial debonding under cyclic loading, which led to stress redistribution between the steel reinforcement and
CFRP plates, resulting in a rapid increase in reinforcement strain amplitude and premature fatigue failure. Post-fatigue monotonic loading tests further
revealed that moderate fatigue damage had a limited influence on the static load capacity of prestressed CFRP-strengthened beams, whereas more
pronounced degradation in stiffness and load-bearing performance occurred under higher fatigue load levels. Overall, the results demonstrate that
prestressed CFRP plates can effectively reduce the stress level of tensile reinforcement while maintaining favorable interfacial bonding performance,
thereby significantly enhancing the flexural fatigue resistance of bridge girder members. This study provides experimental evidence to support fatigue
strengthening strategies for existing bridges.

1. Introduction

With the continuous increase in traffic load levels and the growing service life of bridges, girder bridges are prone to fatigue damage accumulation
under repeated vehicular loading. This is typically manifested by stiffness degradation, increased deflection, and crack propagation, which severely
compromise the service performance and durability of bridge structures. For existing small- and medium-span girder bridges, effectively enhancing their
flexural fatigue resistance under the premise of maintaining traffic operation or minimizing interruptions has become an urgent issue in the field of
bridge maintenance and strengthening [1-2].

Fiber-reinforced polymer (FRP) composites, characterized by high strength, low self-weight, and excellent corrosion resistance, have been widely
employed in the flexural strengthening of concrete girder bridges. Among various techniques, externally bonded carbon fiber-reinforced polymer (CFRP)
plate strengthening has gained extensive application in engineering practice due to its convenient installation and well-defined load-transfer mechanism
[3-4]. Numerous studies have investigated the mechanical performance of reinforced concrete beams strengthened with externally bonded CFRP
plates. The research conducted by Li et al. [5], Wang et al. [6], and Zhang et al. [7] demonstrated that non-prestressed CFRP plates can enhance the load-
carrying capacity and improve the deformation behavior of beams to a certain extent; however, their strengthening effectiveness remains limited under
service conditions. This limitation is mainly attributed to the relatively low elastic modulus of CFRP materials, which prevents their high-strength
advantage from being fully mobilized during the deformation-restricted service stage. To overcome the restricted efficiency of non-prestressed CFRP
strengthening, prestressed CFRP plate systems have gradually attracted increasing attention. Studies by El-Sayed [8], Zhou [9], and Wang [10] indicated
that applying prestress to CFRP plates prior to bonding can significantly reduce the tensile stress level in reinforcing steel under service conditions and
improve the strength utilization efficiency of CFRP materials. Experimental results have confirmed that prestressed CFRP plates outperform non-
prestressed CFRP plates in terms of enhancing cracking resistance, reducing deflection, and increasing static load capacity. Regarding fatigue
performance, existing studies generally agree that fatigue failure of reinforced concrete beams is primarily governed by the stress level of tensile
reinforcement. After conducting fatigue tests on multiple reinforced concrete T-beams, Alam et al. [11] reported that strengthening with non-prestressed
CFRP plates can extend the fatigue life of beams; nevertheless, the fatigue behavior is still mainly controlled by the fatigue performance of steel
reinforcement, and the strengthening effectiveness is largely constrained by the bond quality at the CFRP-concrete interface. Corte et al. [12] observed
in high-amplitude fatigue loading tests that some CFRP-strengthened beams experienced interfacial degradation and debonding failure before reaching
the designed number of fatigue cycles. Furthermore, studies by Abdel [13] and Kueres [14] showed that stiffness degradation of CFRP-strengthened
beams becomes more pronounced under the combined effects of fatigue loading and long-term adverse environmental conditions.

The aforementioned studies have, to some extent, revealed the fatigue behavior of beams strengthened with non-prestressed CFRP plates; however,
research on the fatigue performance of prestressed CFRP plate—strengthened members remains relatively limited. Yuan et al. [15] conducted cyclic
loading tests on RC slabs strengthened with prestressed CFRP plates and reported that fatigue failure is generally initiated by fracture of the tensile
reinforcement, followed by interfacial debonding of the CFRP plate. Ghafoori [16] demonstrated that after two million fatigue cycles, the post-fatigue
load-carrying capacity of prestressed CFRP-strengthened beams exhibited only a slight reduction, confirming the effectiveness of prestressing
measures. Experimental results from Almassri [17] and Zhang [18] further indicated that, compared with non-prestressed CFRP systems, prestressed
CFRP can more effectively reduce steel strain, concrete creep strain, and beam deflection, thereby significantly extending the fatigue life. Ye et al. [19]
also found in fatigue strengthening studies of steel beams that the application of prestressed CFRP plates could increase the fatigue life by several
times. It should be noted, however, that prestressed CFRP plate strengthening systems face additional challenges under fatigue loading, particularly
with respect to end anchorage and the complex interfacial stress state. Al-Fakih [20] and Zhu [21] pointed out that increasing the prestress level leads to
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a substantial rise in interfacial stresses near the CFRP plate ends, making interfacial degradation more likely under cyclic loading. Moreover, since epoxy
adhesives alone are often unable to sustain the large force transfer associated with prestressing, permanent anchorage devices are typically required in
practice. The presence of such anchorage systems further complicates the stress distribution among concrete, steel reinforcement, and CFRP plates.
These factors collectively indicate that the fatigue behavior of prestressed CFRP plate—strengthened beams differs fundamentally from that of non-
prestressed systems, highlighting the necessity for systematic and targeted investigations.

Based on the above research background, this study investigates bridge T-beam members through a comprehensive flexural fatigue experimental
program, including unstrengthened beams, beams strengthened with non-prestressed CFRP plates, and beams strengthened with prestressed CFRP
plates. By systematically monitoring the mid-span deflection, stiffness degradation, strain responses of tensile reinforcement and CFRP plates, as well
as the CFRP-concrete interfacial behavior, the fatigue response characteristics and failure modes of beams under different strengthening schemes are
analyzed. Furthermore, post-fatigue monotonic loading tests are conducted to evaluate the effects of fatigue damage accumulation on the static
performance and residual load-carrying capacity of prestressed CFRP-strengthened beams. The findings are expected to provide experimental evidence
for the flexural fatigue performance assessment and practical application of prestressed CFRP plate strengthening in existing girder bridge members.

2. Flexural Fatigue Tests of Beams

2.1 Specimen Design and Test Conditions

The beam specimens had an overall length of 5.0 m with a calculated span of 4.8 m. The beam depth was 600 mm, while the flange width and thickness
were 600 mm and 100 mm, respectively, and the web thickness was 200 mm. The geometric dimensions and reinforcement arrangement of the
specimens are illustrated in Fig. 1.

To investigate the flexural fatigue performance of reinforced concrete T-beam members strengthened with prestressed CFRP plates, a total of three RC
T-beam specimens were fabricated in this study. The corresponding test conditions are summarized in Table 1.

Table 1
Test conditions
Specimen number  Strengthening condition  Prestressing stress/MPa
1 Not strengthened -
2 Strengthened 0
3 Strengthened 1000

2.2 Material Properties

The concrete used for the beam specimens was designed with a target strength grade of C40, and the corresponding mix proportions are provided in
Table 2. All concrete specimens were cast simultaneously, and the measured 28-day cubic compressive strength was 41.2 MPa.

Table 2
Mix proportions of concrete

P.0 42.5 Cement/kg Water/kg Medium Sand/kg Stone (5-20 mm continuously graded aggregate)/kg
440 170 680 1100

The longitudinal reinforcement and stirrups used in the beam specimens were of strength grades HRB400 and HPB235, respectively, and their
measured mechanical properties are summarized in Table 3.
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Table 3
Material properties

Material Parameter Value

Concrete cubic compressive strength  41.2 MPa
elastic modulus 33.1 GPa
Poisson’s ratio 0.19
density 2409 kg/m®

Rebar yield strength (HRB400) 421 MPa
yield strength (HPB235) 265 MPa

tensile strength (HRB400) 573 MPa
tensile strength (HPB235) 384 MPa

CFRP plate width 100 mm
thickness (single layer) 2 mm
tensile strength 2900 MPa
elastic modulus 170 GPa

Epoxy resin adhesive  bonding strength 13.5MPa

2.3 Installation of Prestressed CFRP Plates

The CFRP plates were bonded to the soffit of the beam specimens, centrally aligned along the longitudinal axis, with a bonded length of 3.6 m. The
prestressed CFRP plates were connected to the end anchorage devices through corrugated clamping plates, as shown in Fig. 2. The end anchorage
systems were fixed to the beam ends using chemical anchor bolts. The anchorage devices were selected from a commonly used commercial product
available in the domestic market, as illustrated in Fig. 2. The CFRP plates were first tensioned to the target prestressing level using a hydraulic jack, and
then bonded to the concrete surface. During the bonding process, the target prestress level was maintained.

For the non-prestressed CFRP plate-strengthened beam (Specimen 2), anchorage devices were installed at both ends of the CFRP plate to provide
mechanical fixation and to prevent interfacial debonding between the CFRP plate and the concrete surface [7-8].

To ensure reliable prestress transfer and stable bond performance, the installation of the prestressed CFRP plates followed a controlled and
standardized procedure. Prior to bonding, the concrete soffit within the designated bond length was mechanically roughened to remove laitance and
contaminants, and the surface was cleaned to ensure adequate adhesion. Any local surface defects were repaired to obtain a sound bonding substrate.
Prestressing was applied using a hydraulic jack connected to the active-end anchorage system, while the opposite end was fixed by a passive
anchorage. A dual-control method was adopted, in which both the applied jack force and the measured CFRP strain were monitored to achieve the
target prestress level (1000 MPa). The prestress was applied incrementally to minimize seating losses and anchorage slip. After reaching the target
level, the prestress was maintained for a stabilization period to ensure stress uniformity before bonding operations were finalized. The epoxy adhesive
was prepared according to the manufacturer’s specified mixing ratio and applied uniformly to the prepared concrete surface. The CFRP plate was
bonded while maintaining the target prestress level to ensure effective stress transfer. During curing, the bonded region was protected from external
disturbances, and sufficient curing time was allowed under ambient laboratory conditions before removing the prestressing equipment. The end
anchorage system consisted of steel clamping plates and chemical anchor bolts installed at the beam ends. High-strength bolts were tightened in a
symmetric sequence to ensure uniform clamping pressure. This configuration enhanced force transfer efficiency and mitigated stress concentration
near the laminate ends under fatigue loading.

2.4 Test Loading and Measurements

As shown in Fig. 1, the flexural fatigue tests were conducted under a four-point bending configuration. The loading span was 4800 mm, and the shear
span length was 2100 mm. The loading setup and reaction frame are illustrated in Fig. 3.

A constant-amplitude sinusoidal cyclic load was applied with the mean load as the reference level. The minimum and maximum loads were set to 10 kN
and 50 kN, respectively, and the loading frequency was 5 Hz. The applied load was monitored and controlled using a load cell installed between the
hydraulic jack and the loading beam.

According to relevant studies, a total of seven dial gauges were installed to measure the beam deflections, as shown in Fig. 4. Electrical resistance
strain gauges with a gauge length of 5 mm were attached at the mid-span of the longitudinal reinforcement to monitor the steel strain. In addition,
twenty-five electrical resistance strain gauges, each with a gauge length of 5 mm, were bonded to the surface of the CFRP plate to measure the strain
distribution along the tensile direction, as illustrated in Fig. 4.
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In addition, four and six electrical resistance strain gauges with a gauge length of 100 mm were bonded to the compression zone and the side surfaces
of the beam specimens, respectively, to measure the concrete compressive strain and to analyze the strain distribution along the beam depth.

3. Experimental Results

The experimental results are summarized in Table 4.

Table 4
Test results
ﬁg:ﬁ;:’:‘en smax,rebar/1 0” "':min,rebar/1 0" Asrebar/1 0" "':max,CFRP/1 0" smin,CFRP/1 0" ASCFRP/‘I 0" 61/mm g?:)l(e Failure mode
6 6 6 6 6
1 1029 50 979 - - - 7.6 22 7x104 reinforcement
’ fracture
2 964 254 710 771 138 633 5.7 70.2x704 reinforcement
' fracture after
CFRP
debonding
3 531 75 456 708 134 574 4.5 106 monotonically
loaded to
failure after
200x10*
cycles
Note: In Table 4, &y rebar @3N Enmin rebar deNOte the maximum and minimum strains of the tensile reinforcement, respectively, and Ag g, represents
the strain range of the reinforcement. Similarly, €yay cerp @Nd €min crrp denote the maximum and minimum strains of the CFRP plate, respectively,
and Aecrrp represents the strain range of the CFRP plate. In addition, 6, refers to the beam deflection corresponding to the maximum load in the
first loading cycle.

3.1 Fatigue Behavior

Figure 5 presents the variation of mid-span deflection with the number of loading cycles for Specimen 1 (the unstrengthened control beam) during the
fatigue test.

As shown in Fig. 5, the mid-span deflection of Specimen 1 increased significantly within the first 10% loading cycles, indicating the accumulation of
internal damage in the beam under cyclic loading. During the subsequent range of (1-2)x10* cycles, a slight reduction in deflection was observed.

Thereafter, the deflection exhibited a continuous increasing trend over the cycle range of (2-10)x10*. When the number of cycles reached 22.7x10%,
fracture of the longitudinal tensile reinforcement occurred, leading to the failure of Specimen 1.

The variation of mid-span deflection with the number of cycles for Specimen 2 (the beam strengthened with a non-prestressed CFRP plate) is shown in
Fig. 7. The mid-span deflection continuously increased as the fatigue cycles progressed. During the first loading cycle, the maximum strain of the
longitudinal tensile reinforcement in Specimen 2 under the peak load reached 964 pg, which was 79.8% of that recorded in Specimen 1. After 50x10*
cycles, debonding between the CFRP plate and the concrete surface was observed near the loading point, as illustrated in Fig. 8. With further increase in
the number of cycles, the debonded region propagated toward both supports and eventually developed into overall debonding of the CFRP plate from
the soffit concrete surface. At this stage, the CFRP plate was only mechanically retained by the steel anchorage devices. When the number of cycles
reached 70.2x10% fatigue fracture of the longitudinal tensile reinforcement occurred at the beam bottom, leading to the failure of Specimen 2.

Specimen 3 (the beam strengthened with a prestressed CFRP plate) was initially prestressed to a level of 1000 MPa. The growth curve of mid-span
deflection with increasing fatigue cycles is presented in Fig. 7. Within the first 10* loading cycles, the mid-span deflection of Specimen 3 increased
rapidly, indicating significant internal damage accumulation in the beam under cyclic loading [5, 17, 22]. Thereafter, the mid-span deflection exhibited a
gradual growth up to 160x10* cycles. During the subsequent cycle range of (160-200)x10%, the deflection growth rate increased noticeably, showing a
pronounced rise.

3.2 Deformation Analysis

By comparing the curves of Specimens 2 and 3 in Fig. 7, it can be observed that the beam strengthened with a prestressed CFRP plate (Specimen 3)
exhibited a significant advantage in flexural fatigue resistance. For Specimen 2, the mid-span deflection under the maximum load of the first loading
cycle (61) was 5.7 mm, and the deflection continued to increase with the number of cycles until failure occurred. In contrast, under the same fatigue
loading conditions, Specimen 3 showed a markedly lower deflection level during the first 150x10* cycles. Moreover, it should be emphasized that after
the rapid increase in mid-span deflection during the initial 10° cycles, the deflection of Specimen 3 remained relatively stable, whereas the mid-span
deflection of Specimen 2 exhibited a continuous growth trend throughout the fatigue loading process.
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Figure 9 illustrates the variation of stiffness with the number of fatigue cycles for Specimens 2 and 3. It can be seen that the stiffness of Specimen 2
decreased significantly after the first 10° loading cycles, and it continued to decline throughout the subsequent fatigue loading process until failure
occurred. This indicates that cyclic fatigue loading induces pronounced damage accumulation in beams strengthened with non-prestressed CFRP
plates (Specimen 2) [9, 12].

Similarly, the stiffness of Specimen 3 initially increased and then decreased rapidly within the first 10° loading cycles, which is consistent with the
observed variation in mid-span deflection. After the rapid reduction stage, the stiffness of Specimen 3 exhibited a gradual decline up to 160x10* cycles,
while remaining at a relatively stable level. This suggests that cyclic fatigue loading did not induce pronounced damage accumulation within the beam
during this stage. However, during the subsequent cycle range of (160-200)x10% a sudden stiffness drop was observed. This phenomenon agrees well
with the corresponding deflection development, reflecting the structural performance degradation of the prestressed CFRP plate-strengthened beam
(Specimen 3) under fatigue loading [1-2, 4, 23].

3.3 Strain Analysis

Figure 10 presents the variation of the strain range of the bottom tensile reinforcement (Ag ;) and the strain range of the CFRP plate (Aggggp) With
increasing fatigue cycles for Specimens 2 and 3. As shown in Fig. 10(a), the strain range of the tensile reinforcement in Specimen 2 increased
significantly with the number of cycles, which can be attributed to CFRP-concrete interfacial debonding and the associated stress redistribution. In
contrast, as indicated in Fig. 10(b), throughout the entire fatigue loading process, the evolution trend of the CFRP plate strain range in Specimen 3
remained consistent with that of the tensile reinforcement. This suggests that the CFRP plate maintained a favorable bonding condition with the soffit
concrete surface during fatigue loading [6, 16].

Figure 10(c) compares the evolution of the strain range of the bottom tensile reinforcement with the number of fatigue cycles for Specimens 2 and 3. It
can be observed that throughout the entire fatigue loading process, the tensile reinforcement strain range of Specimen 3 remained consistently lower
than that of Specimen 2. At 50x10* cycles, the strain range of Specimen 2 was approximately 1.6 times that of Specimen 3. Specimen 2 failed after
70.2x10* cycles due to fatigue fracture of the tensile reinforcement, whereas Specimen 3 did not exhibit failure even after 200x10* cycles. These results
indicate that prestressed CFRP plate strengthening can effectively reduce the stress level of tensile reinforcement and significantly enhance the flexural
fatigue resistance of reinforced concrete T-beams [3, 7-8]. In contrast, non-prestressed CFRP plates tend to lose their bond with the concrete surface
under cyclic fatigue loading, and therefore cannot provide effective strengthening for T-beam members [5, 24].

To further elucidate the underlying mechanism governing the different strain evolution behaviors between prestressed and non-prestressed CFRP
strengthening systems, the interfacial stress transfer mechanism and bond-slip interaction should be considered. According to bond mechanics
principles, the interfacial shear stress between the CFRP plate and concrete substrate can be approximately expressed as:

_ Egty  des()
@)= Th

where E; and t; denote the elastic modulus and thickness of the CFRP plate, respectively, bf is the plate width, and dey/dx represents the strain gradient
along the bonded length. This relationship indicates that local interfacial shear stress is directly governed by the spatial variation of CFRP strain.

For the non-prestressed CFRP-strengthened beam, the initial interfacial stress is negligible prior to loading. Under cyclic bending, tensile force transfer
from concrete to CFRP leads to progressive strain localization near the loading region, resulting in high shear stress concentration at the interface. As
fatigue cycles accumulate, microcracking and interfacial slip initiate and propagate, eventually causing partial debonding. Once debonding occurs, the
tensile force previously carried by the CFRP plate is redistributed to the steel reinforcement, leading to a sharp increase in reinforcement strain range
and accelerating fatigue fracture.

In contrast, the prestressed CFRP system introduces an initial compressive stress state in the concrete and an initial tensile stress in the CFRP plate
before external loading is applied. This prestress reduces the effective tensile stress amplitude experienced by the reinforcement under cyclic loading
and modifies the strain gradient distribution along the bonded length. As a result, interfacial shear stress peaks are mitigated and more uniformly
distributed. From a bond-slip perspective, prestressing delays the development of relative slip between the CFRP plate and concrete substrate, thereby
restraining damage evolution within the interfacial transition zone.

The schematic comparison of interfacial stress distribution and bond-slip behavior between the two strengthening systems is illustrated in Fig. 11. It
can be inferred that prestressing effectively stabilizes the load transfer mechanism, alleviates stress redistribution triggered by local debonding, and
maintains coordinated deformation between CFRP and reinforcement. This mechanism explains why the prestressed CFRP-strengthened beam
exhibited a consistently lower reinforcement strain range and a significantly extended fatigue life.

From the perspective of interfacial mechanics, the different fatigue responses between non-prestressed and prestressed CFRP systems can be further
explained by bond deterioration and stress redistribution mechanisms. In the non-prestressed configuration, the interface initially carries no prestress,
and cyclic loading promotes progressive slip accumulation near high-moment regions. Once partial debonding initiates, tensile force previously
transferred to the CFRP plate is redistributed to the steel reinforcement, resulting in a rapid increase in reinforcement strain range and accelerated
fatigue crack propagation. In contrast, prestressing introduces an initial tensile stress in the CFRP plate and a compressive state in the concrete
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substrate, which reduces the effective tensile stress amplitude in the reinforcement and mitigates interfacial shear stress concentration. Consequently,
slip development and debonding are delayed, stabilizing the load transfer mechanism and contributing to the improved fatigue resistance of the
prestressed strengthening system.

3.4 Failure Loading

After undergoing 200x10* fatigue loading cycles, no debonding cracks were observed between the CFRP plate and the soffit concrete surface, nor was
any fracture of the bottom longitudinal tensile reinforcement detected. Subsequently, to further investigate the influence of fatigue damage
accumulation on the static performance and residual load-carrying capacity of the prestressed CFRP plate-strengthened T-beam, Specimen 3 was
subjected to monotonic loading until failure. The corresponding response curves are presented in Fig. 12.

For Specimen 3, yielding of the bottom longitudinal tensile reinforcement occurred when the applied load reached 175 kN. As the load increased to 205
kN, debonding between the CFRP plate and the soffit concrete surface initiated at the mid-span region. The debonding crack then rapidly propagated
toward the steel anchorage devices at both beam ends and extended throughout the entire bonded length. At this stage, the CFRP plate was connected
to the beam only through the end steel anchorages, which carried the total tensile force in the CFRP plate. Similar to Specimen 2, after CFRP plate
debonding occurred, both the mid-span deflection and the CFRP plate strain of Specimen 3 increased significantly. When the load further increased to
215 kN, failure took place due to tensile rupture of the anchorage bolts at one end, causing the steel anchorage device to be pulled out from the beam.
The corresponding failure pattern is shown in Fig. 13.

As mentioned above, Specimen 3 exhibited damage accumulation during the cycle range of (16—20)x10%. Figure 12 indicates that the existing
accumulated damage had a noticeable influence on the static behavior of Specimen 3 [11, 14].

4. Conclusions

Based on the flexural fatigue experimental investigation of unstrengthened reinforced concrete T-beams, T-beams strengthened with non-prestressed
CFRP plates, and T-beams strengthened with prestressed CFRP plates under constant-amplitude cyclic loading, the effects of different strengthening
schemes on the evolution of mid-span deflection, stiffness degradation characteristics, strain responses of tensile reinforcement and CFRP plates, as
well as interfacial bonding performance were systematically analyzed. In addition, monotonic loading tests were conducted on the prestressed CFRP-
strengthened beams after fatigue loading to further evaluate the influence of fatigue damage accumulation on the static performance and residual load-
carrying capacity of the members. On this basis, combined with the observed fatigue failure modes and the evolution of key mechanical parameters, the
enhancement mechanisms of flexural fatigue performance provided by prestressed CFRP plate strengthening were comprehensively discussed. The
main conclusions can be drawn as follows:

(1) Compared with the unstrengthened beam and the beam strengthened with a non-prestressed CFRP plate, the prestressed CFRP plate—strengthened
beam exhibited smaller mid-span deflections, more stable stiffness degradation behavior, and lower tensile reinforcement strain levels during fatigue
loading. Under comparable or even higher fatigue load levels, the fatigue life of the prestressed CFRP-strengthened beam was significantly extended,
whereas the non-prestressed CFRP-strengthened beam failed due to fatigue fracture of the tensile reinforcement after approximately 70.2x10% cycles.

(2) The experimental results showed that throughout the fatigue loading process, the strain range of the CFRP plate in the prestressed CFRP-
strengthened beam evolved consistently with that of the tensile reinforcement, and no significant interfacial debonding was observed. In contrast, the
non-prestressed CFRP-strengthened beam experienced progressive CFRP—concrete interfacial debonding under cyclic loading, which induced stress
redistribution from the CFRP plate to the steel reinforcement. This redistribution led to a pronounced increase in reinforcement strain range and
accelerated fatigue crack propagation in the steel bars. The introduction of prestress effectively reduced the tensile stress amplitude in the
reinforcement and delayed the development of interfacial slip and debonding, thereby stabilizing the load transfer mechanism and enhancing the
flexural fatigue resistance of the strengthened beam.

(3) Post-fatigue monotonic loading tests indicated that the prestressed CFRP plate-strengthened beam exhibited a load—-carrying behavior prior to
steel yielding that was generally consistent with that of the corresponding beam subjected to monotonic loading only, suggesting that moderate fatigue
damage had a limited influence on its overall load capacity. However, under higher fatigue load levels and larger load amplitudes, the yielding load and
the interfacial debonding load were significantly reduced, accompanied by accelerated stiffness degradation. Overall, prestressed CFRP plate
strengthening demonstrates good engineering applicability for enhancing the flexural fatigue performance of existing girder bridge members.
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Figure 1

Diagram of beam specimens
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Figure 2

End anchorage: (a) corrugated clamping plate, (b) fix-end anchorage, (c) prestressing-end anchorage and (d) prestressed CFRP plate
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Figure 3

Test loading device
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Figure 4

Measurement layout
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Mid-span deflection versus number of loading cycles for Specimen 1
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Failure for Specimen 1
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Figure 7

Mid-span deflection versus number of loading cycles for Specimen 2 and Specimen 3
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Figure 8

Peeling of CFRP plate
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Stiffness versus number of loading cycles
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Figure 10

Strain of marterials versus number of loading cycles: (a) Specimen 2, (b) Specimen 3 and (c) comparison between Specimen 2 and 3
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Figure 11

lllustration of fatigue damage evolution mechanisms in non-prestressed and prestressed CFRP strengthening systems
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Figure 12

Variation of parameters during monotonic loading: (a) mid-span deflection, (b) concrete compressive strain, (c) rebar tensile strain and (d) CFRP plate

strain
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Flexural rupture of the CFRP plate
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