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Abstract

This paper investigated the fatigue properties and theoretical research on Carbon-Fiber-Reinforced Polymer
(CFRP) RC bridge roof with new deck-pavement material. Two deck pavement schemes of CFRP-reinforced
specimens were designed and tested. Four-point flexural fatigue tests were carried out on the specimens.
The fatigue crack propagation, the deflection development and the CFRP strain under bridge fatigue load
were researched. The test results show that the CFRP plate-reinforced specimens crack resistance
performance can be improved and can bear the fatigue test load of two million times. Combined with the
characteristics of the crack growth rate and fatigue damage accumulation of CFRP plate-reinforced bridge
roof specimens, the fatigue life prediction analytical model for CFRP plate reinforced RC bridge roof was
obtained. The fatigue life prediction model agrees well with the experimental results. The model proposed
in this paper could be applied to predict the fatigue life of the CFRP plate-reinforced RC bridge roofs.
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Fatigue performance and life prediction of CFRP plate in the RC bridge roof reinforcement Yuan et al.

1 Introduction

Carbon Fiber-Reinforced Polymer (CFRP) with great material performance has been widely applied in various
aspects after its invention, and its mechanical properties have also been extensively studied (Kalavagunta et al., 2014;
Barile et al., 2019; Zhangetal.,, 2019; Yangetal.,, 2019; Yuanetal., 2019; Saleemetal.,, 2019). As an effective
alternative to traditional materials for strengthening and repairing damaged structures, CFRP-reinforced bridge
structure has been extensively investigated (Lu et al., 2018; Peng et al., 2014; Hosseini et al., 2019; Shukri et al., 2018;
Mashrei et al., 2019). Zhuang et al. (2018) conducted an experimental study on the CFRP reinforced seriously damaged
concrete beam. Different parameters were investigated and it demonstrated that CFRP plate can have good
contributions to the performance of the damaged concrete beams. Siddika et al. (2019) researched the techniques and
applications of the CFRP reinforced concrete beam, and concluded that CFRP can be applied in the strengthening the
damaged concrete beams. In addition, the performance of the CFRP reinforced steel beam is also studied by several
researchers. Zeng et al. (2018) investigated the interface performance and the failure modes of the CFRP reinforced
steel beam by experiment and simulation method. The proposed finite element mode has been experimentally
demonstrated that can be applied in predicting the flexural behavior of CFRP reinforced steel beam. Li et al. (2019)
studied the fatigue repair of cracked steel plates with different kinds of CFRP and adhesive. The failure mode and
fatigue life were used to evaluate the fatigue performance of the CFRP reinforced steel beam.

Due to the repeated load, the bridge structure often leads to structural failure due to material fatigue. The fatigue
life of the material is related to the magnitude of the repeated load value. The lower fatigue life of the structure is
usually associated with a higher load value. As the bridge is subjected to increasing fatigue loads during service, it is
necessary to extend the service life by reinforcement. For the bridges strengthened with CFRP plates, different
experimental and theoretical analysis have been carried out on the fatigue performance and fatigue life of the CFRP
reinforced structures. The fatigue performance of CFRP-reinforced bridge deck slabs was investigated by Ju et al.
(2017). The fatigue capacity was obtained by using the equivalent number of cycles and indirect fatigue evaluation.
It was found that the ultimate fatigue loading should be analyzed based on the variable amplitude loading cases. Song
and Hou (2017) proposed a fatigue assessment model for CFRP reinforced concrete beam by considering the fatigue
properties of materials. It concluded that fatigue behavior of CFRP reinforced beam can be controlled the fatigue
development of steel bar through parametric analysis. Guo et al. (2018, 2019) studied the fatigue crack propagation
performance of the CFRP reinforced concrete beam. Fatigue crack propagation experiments were also conducted by
using the digital image method, and a modified calculation model was also proposed based on the experimental and
simulation results.

However, bridges are often subjected to various types of environmental actions while being subjected to vehicle
loads. In the case of the coupling effect of the vehicle load and the harsh environment effect, it is more difficult to
study the fatigue behavior of the bridge structure. Several studies have been carried on the fatigue performance of
CFRP plate reinforced structure under different harsh environment. Li et al. (2017) studied the fatigue performance of
the CFRP-reinforced RC beams under high temperature and high humidity, and the fatigue crack propagation behavior
was also analyzed through experiments and numerical study. Liang et al. (2018) studied the fatigue bonding behavior of
CFRP-concrete interface after wet—dry cycle action. A reliability index was analyzed by considering the coupling effect
of wet—dry action and load. Lin et al. (2019) investigated the fatigue behavior of CFRP reinforced concrete bridge under
the effect of both high temperature and vehicle loads. A fatigue testing method was proposed and the fatigue damage
mechanism was analyzed as well. The existing research mainly focuses on the fatigue performance of CFRP-reinforced
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structures in conventional and special environments, and the research on the fatigue life and the life prediction under
harsh environments is relatively rare.

This paper investigates the fatigue properties and theoretical of CFRP plate-reinforced bridge roof. The CFRP
plate-reinforced bridge roof specimens were designed and constructed. Four-point flexural fatigue test were carried
out on the specimens. The fatigue failure and debonding damage was observed and discussed. Compared with the
static load specimens, the crack development morphology and law of the specimens under fatigue cyclic loading were
given. Under fatigue loading, even if the value of the fatigue load is small, the deformation of the specimens is more
pronounced than that under static load. Therefore, the deflection law of CFRP plate strengthened specimens under
fatigue load was discussed. The strain distribution of the CFRP plate and the strain-load relationship of the CFRP plate
in the mid-span position were given. The relationship between the crack occurrence position of the specimens and the
strain distribution of the test specimens were investigated. In addition, it can also be used to judge the bonding
performance of the CFRP-concrete interface, which can be used as an important indicator for evaluating fatigue failure.
In this paper, combined with the characteristics of the fatigue crack growth rate, the fatigue life prediction analytical
model for CFRP plate reinforced RC bridge roof was put forward. This model considering interface stress and fatigue
damage accumulation of CFRP plate-reinforced bridge roof specimens according to the fatigue characteristics of bridge
load. The model proposed in this paper could be applied to predict the fatigue life of the CFRP plate-reinforced RC

bridge roofs.

2 Bridge roof reinforcement and test scheme

2.1 Reinforcement scheme

In the influence of different loads and the effect of concrete shrinkage and creep, lateral cracks or longitudinal
cracks are prone to appeared on the roof of the box girder. Due to the excellent material properties of CFRP plate, a
structural reinforcement scheme for strengthening the roof of bridge box girder with CFRP plate is proposed.
The asphalt layer on the box girder was first removed before the CFRP plated was applied, and the insulation layer was
set and the asphalt was re-paved. The reinforcement scheme of the box girder roof is shown as Figure 1.

According to different bridge load arrangement forms, the distribution of bridge moments under the most
unfavorable conditions is calculated by structural force analysis, as shown in Figure 1. As can be seen from Figure 1,
there is a maximum negative flexural moment at the root of the cantilever on the left side of the box girder. Therefore,
in order to improve the operability of the test, the left half structure was selected and the equivalent simplification was

performed through structural analysis.
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Figure 1: Reinforcement scheme and structural analysis of the box girder.

In order to reduce the possibility of mechanical properties changes in the CFRP-concrete interface layer due to the
high temperature effect of asphalt paving, the arrangement of the heat insulation layer is proposed. The heat
insulation layer was applied between the asphalt pavement layer and the CFRP plate reinforced box girder roof.
Two different insulation layer schemes are proposed for comparison, different insulation layer schemes are shown as
Figure 2. In the scheme A, the insulation layer is made of polyurethane, as shown in Figure 2(a). A polymer mortar
leveling layer and a waterproof layer are set above the heat insulation layer. In the scheme B, the epoxy resin mortar is

used as the heat insulation layer, and the arrangement of layers are shown in Figure 2(b).

(b)

SMA layer (50mm)

]
SMA layer (50mm)
Waterproof layer (Smm)
Polymer mortar leveling layer (10mm)

Polyurethane heat insulation layer (Smm) f Epoxy resin mortar layer (60mm)

y Adhesive layer (3mm)
CFRP plate (1.4mm)

Adhesive layer (3mm)

CFRP plate (1.4mm)

Figure 2 Two different insulation layer schemes: (a) pavement scheme A; and (b) pavement scheme B.

2.2 Experimental procedure

In order to study the fatigue characteristics and fatigue life of CFRP plates in the reinforcement of bridges with
different deck paving scheme, the fatigue test was carried out on the CFRP plate reinforced concrete specimens.
The fatigue performance and debonding failure mode of specimens with different pavement schemes were compared

in detail.
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Through the mechanical analysis of the box girder, the test specimen is designed according to the equivalent
principle of action effect. The details of specimen for fatigue test is shown as Figure 3. The concrete specimens for fatigue
test are reinforced by three pieces of CFRP plates, and the spacing between each CFRP plates is 150 mm. The steel
skeleton consists of two layers of longitudinal reinforcement on each side, and the steel ratio is 0.87%. The ®12 mm
stirrups with a spacing of 100 mm are used as shear reinforcement. The thickness of the concrete protective layer is
34 mm. The length, width and thickness of the CFRP plate are 3400 mm, 100 mm and 1.4 mm. respectively.

The strain distribution of the CFRP plate are measured during the fatigue test. The heat insulation layer and the
asphalt pavement above the location of the measuring points were removed before the test, as shown in Figure 3.
The stain gauges are attached on the CFRP plates, and the arrangement of the strain gauges is closely arranged with

free ends, sparsely arranged across the middle.

Asphalt pavement
(Thickness =50 mm)

Figure 3: Diagram of CFRP plate-reinforced specimens for fatigue test (unit: mm).

The CFRP-reinforced concrete specimens were tested and analyzed to study the fatigue characteristics of
CFRP-reinforced bridge roofs with different deck pavement schemes. In addition, static specimens with different

pavement scheme are also tested for comparison. The classification of specimens is shown in Table 1.

Table 1: Summary of test specimens.

Grouping of specimens Test type Specimen number Deck pavement type Reinforcement measures
Contrast Specimen Static test FDBL-1 None None
Static test F-1 Scheme A CFRP plates reinforced
F-2 Scheme B
Fatigue Specimens Fatigue test P-1 Scheme A
p-2 Scheme B

The performance parameters of the CFRP plate are measured, the tensile strength, the tensile modulus and the
elongation at break are equal or greater than 2300 MPa, 150 GPa and 1.4%, respectively. The measured tensile
strength and compressive strength of adhesive are larger than 25 MPa and 70 MPa, and the tensile modulus of
elasticity and the flexural strength are equal or larger than 2500 MPa and 30 MPa, respectively. The grade C45
concrete and HRB 400 steel bar are adopted in this test. The characteristics value of concrete compressive strength and
tensile strength are 29.6 MPa and 2.51 MPa according to the design code. The elastic model of the steel bar is
2.0x10° MPa, and the characteristics value of steel tensile strength is 400 MPa.
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Fatigue tests were conducted with an electro-hydraulic servo fatigue testing machine. The loading device for the
fatigue and static specimens is shown in Figure 4.

Reaction frame

Hydraulic jack

Distributive girder

Inverted test beam

Hinge support

Asphalt pavement

Rolling bearing

Figure 4: Test setup for the tests.

The ultimate bearing capacity of the static specimens are calculated firstly. The static test was also conducted on
the static specimens to determine the practical ultimate bearing capacity of specimens, and the test load is divided into
10 levels according to the calculation value. A fatigue test was performed using 0.527 M as the fatigue load limit Mpyax,
in which M is the tested ultimate bearing capacity. The load form of the fatigue test is the sine wave with a loading
frequency of 2 Hz, and the total number of loadings is 2x10°. The maximum value of stress amplitude is 251.5 MPa and
the minimum value of that is 104.8 MPa.

3 Experimental results and analysis

3.1 Failure debonding form

The failure mode of the specimen P-1 is shown in Figure 5. It can be seen from the figures that the pavement of
the specimen P-1 is relatively poor bonded with the concrete beam. When the debonding failure of CFRP plates begin
to occur, the asphalt layer separates from the heat insulation layer. When the specimen is broken, the polymer mortar
between the adjacent CFRP plate also debonded due to the debonding failure of the CRPP plates.

Completel\; debonding of
polymer mortar and
waterproofing layer

CFRP plate debonding
‘-\\\' _

Figure 5: Failure form of the specimen P-1: (a) the surface of the CFRP plate after the pavement layer is completely debonded;

and (b) the debonding of the polymer mortar layer caused by the debonding of the CFRP plate.
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For the specimen P-2, the pavement layer paved according to the scheme B has better adhesion to the concrete
beam and can maintain good integrity. The failure forms of the specimen after the fatigue test are shown in Figure 6.
When the CFRP plate was debonded, only the epoxy mortar on the CFRP plate slipped together with the CFRP plate.
When the specimen is fatigue-damaged, the adhesion of the asphalt layer to the epoxy mortar remains good.

Debonding failure of
the epoxy resin mortar

BN The epoxy resini slips layer and CFRP plate

¥ with the CFRP plate

~g—

Figure 6: Failure debonding form of the specimen P-2: (a) debonding of the CFRP plate; and (b) debonding failure of the insulation

layer and CFRP plate.

3.2 Crack propagation

Compared with specimens subjected to static load, the crack development of fatigue specimens under cyclic
loading is relatively complicated. The maximum crack width exhibits regular expansion and closure with the change of
load amplitude. As the number of cyclic loadings increases, the specimen may crack under the condition of lower
ultimate load, and even the final debonding failure may occur.

After applying a certain number of fatigue cycle loads, a static load was applied on the specimen from OkN to the
estimated ultimate loading value of 120kN. Fatigue load and static load are alternately loaded until the total number of
fatigue loads reaches 2 million times. The crack morphology was observed at certain times of fatigue loads with a crack
observer, and the fatigue crack distribution of the specimens are shown in Figures 7 and Figures 8.

—=—OKN
—»—20KN
e ., A 40KN
e —¥— 60KN
—+— 80KN

< 100KN

—#— 120KN

T T T T
0 50 100 150 200
Accumulative loading times (<10* times)

Figure 7: Crack of specimen P-1: (a) Crack development; (b) the crack - load frequency curve.
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Figure 8 Crack of specimen P-2: (a) Crack development; (b) the crack - load frequency curve.

As can be seen from Figures 7 and 8, as the fatigue load level and the number of fatigue cycles increase, the crack
width and number of the specimens gradually increase. It can be concluded from the figures that the crack propagation
of the specimen increases rapidly during the initial loading phase of the fatigue load, while the crack development is
relatively slow during the following loading phase.

When the fatigue load level was 120 KN and the loading number was 2 million times, the crack width of the
specimen P-1 reached a maximum of 0.3 mm, and that of the specimen P-2 reached a maximum value of 0.285 mm.
The maximum crack width of the fatigue specimens is relatively small compared to the average maximum crack width
of the unreinforced specimen FDBL, which is 0.35 mm. The test results show that the fatigue life of the specimen can
be prolonged due to the reinforcement of the CFRP plates. And the CFRP plates can effectively prevent the

development of cracks and improve the crack resistance of the concrete structure under the fatigue loading.

3.3 Deflection development

Structural deformation can be significantly increased under fatigue loading. Even when the value of the fatigue
load is small, more significant deformation can be occurred than that under normal use conditions. Therefore, it is
worthwhile to investigate the deflection of CFRP plate reinforced specimens under fatigue loading. And the deflection

of the specimens effected by the high temperature action of asphalt paving under fatigue action is shown in Figure 9.

(b)
1204

100 100 -

804 80

60 - 60

Fatigue load (KN}
Fatigue load (KN}

—e— 0Ox10%times  —e— 0.5x10%times
—4— 1x10*times  —v— 2x10*times 404
—+— 5x10* times ~+— 10x10" times
—»—20x10" times —=— 50x10" times

—#—100x10* times —#*— 130x10* times

—»— 0.5x10* times
—a— 1x10* times —v— 2x10* times
—+—5x10* times ~ —<— 10x10" times
—»—20x10" times —+— 50x10° times

—— 100x10* times —=— 150x10* times
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40

20

54 —o— 150x10* times —+—200x10* times 0 fi ——200x10* times
¥ T T T g o T T 1
Qe m ey 4 6 8 10 OF i Tl 2 4 6 8
Residual deflection Deflection (mm) Residual deflection Deflection (mm)

Figure 9: Deflection-load frequency relationship: (a) specimen P-1; and (b) specimen P-2.

It can be seen from the load-deflection curve, the deflection of the specimens generally increases with the
increase of the fatigue load. And with the accumulation of the number of cyclic loadings, the residual deflection occurs.
At the initial stage of loading, the deflection value increases rapidly with the increase of fatigue load, and the growth

rate of deflection becomes slower in the later stage of loading. The maximum deflection of specimens reached a
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maximum of 10.83 mm and 7.06 mm after 2 million cycles of 120 kN fatigue load, respectively. The maximum
deflection is much smaller than that of the unstrengthen specimen. It indicated that the increase of the deflection can
be better restricted with the reinforcement of the CFRP plates.

3.4 CFRP plate strain distribution

The stress and strain distribution of the specimen can be reflected by the crack length and position of the
specimen. In addition, it can also be used to judge the bonding performance of the CFRP-concrete interface, which can
be used as an important indicator for evaluating fatigue failure. The strain distribution of the CFRP plate and the

strain-load relationship of the CFRP plate in the mid-span position are shown in the Figures 10 and 11.

(a) 1800 4 (b) —=— 0x10* times
1600 4 1209 s 0.5%10" times
—a— 1x10" times
1400+ 1009 5 2x10* times
1200 - < + 5x10° times
= 10004 ','é 809 . 10x10" times
= % —»—20x10" times
-% 800 @ 60 —e— 50x10* times
B i K —+— 75x10" times
40+ —e— 100x10* times
cit —o— 130x10* times
2001 20+ . 150%10* times
I —%— 200x10* times
0+ o i/ | | | | | . | .
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Distance from the end of the CFRP (mm) CFRP strain in the mid-span position (ug)

Figurel0: Strain of the specimen P-1: (a) strain distribution of the CFRP plate; and (b) fatigue load-strain curve

(b) 4.
1204 =— 0x10" times

o 0.5x10* times
—A— 1x10* times

100+
= v 2x10* times
% go] ¢ 5x10*times
e 10x10* times
% 604 > 20x10* timf;/‘,, e 50x10% times
= . * 75x10" times

40+ & 100x10* times

o 130x10* times
150x10* times
—— 200x10* times

0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800
Distance from the end of the CFRP (mm) CFRP strain in the mid-span position (ue)

Figure 11: Strain of the specimen P-2: (a) strain distribution of the CFRP plate; and (b) fatigue load-strain curve

It can be seen from the Figures 10(a) and 11(a) that the strain at the in the mid-span of the CFRP plate is much
larger than that at the end position. The strain value of the CFRP plate in the range of 600 mm at the end is small, and
the strain value is less than 500 pe. As the load increases, the strain at the mid-span increases significantly, and the
strain at the end position changes less.

As for the strain of the CFRP plate at the mid-span position, shown as Figures 10(b) and 11(b), the strain value in
the span gradually increases as the fatigue load increases. Under fatigue loading, as the number of actions increases,

residual strain occurs in the mid-strain of the CFRP plate. At this time, cumulative damage occurs, that is, fatigue
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damage occurs at the CFRP plate-concrete interface. Under 2 million times fatigue load with 120 KN loading level, the
maximum strain value of the CFRP plate in the mid-span of the specimen P-1 is 1624 e, and that of the specimen P-2 is
1599 pue.

4 Theoretical models for fatigue life prediction

Based on the research on the crack propagation forms and failure modes of the CFRP plate reinforced concrete
fatigue specimen, the fatigue life prediction model of CFRP plate in CFRP plate reinforced specimen can be obtained

according to the analysis of the test results and the fracture mechanics analysis method.

4.1 Stress intensity factor of interface crack

The four-point flexural analysis model used for the CFRP plate reinforced RC specimen is shown in Figure 12.
Due to the small thickness of the CFRP plate, the effect of the flexural moments and shear forces can be ignored. When
a crack occurs at the interface between the CFRP plate and the concrete, the beam segment including the interface

crack is selected, and the force analysis of the segment is performed as shown in Figure 13.

P/2 P/2
— Longitudinal crack
' along the interface

CFRP plate ~ '
o | | -

R T e T e

| :

Figure 12: Analysis model for the CFRP plate reinforced RC specimen.

M; Q M,
p RC beam

Interface crack

ba

Figure 13: Interfacial stress analysis of the cracking segment.

The CFRP plates reinforced concrete beam in this study can be considered as a linear elastic member with cracks.
Therefore, it can be studied based on the relevant principles of linear elastic fracture mechanics. Generally, the
mechanical properties of cracking member can be analyzed from two aspects: energy release rate G and stress
intensity factor K.

During the crack propagation process, for the surface where new cracks are generated, the energy of dU provided
by the outside world is required when generating a dA-sized fracture area. When the work performed by the external
load on the cracking member is dU., a part of the energy remaining becomes elastic strain energy dUs and will be
stored in the cracking member. Therefore, for the fracture area of dA, the rate of elastic strain release in the entire

force system can be expressed by the following formula.
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7ﬂia(U€_U3) (1)
dA 0A
For the test beam with width of b in this study, when the interface crack width is extended to 64, strain energy will

be generated. The strain energy release rate of CFRP plate-concrete interface can be calculated by Equation 2.

¢-1%w
bda °

- Uy) (2)
Where U, is the work done by external force; Us is the strain energy of the specimen; b is the width of the specimen.
The CFRP plate reinforced concrete beam section is analyzed as an integral unit. Since the CFRP slab does not
withstand shear forces, the shear stress will not cause changes in strain energy. According to the strain change of RC
specimen and CFRP plate before and after crack propagation, the differential relationship between the interface crack

length and the strain energy of the specimen can be obtained as follows:

au, 1 1 1 M2 M?

s _ _Psf +=Pe,, +_(B_1_ B2 )
da 2 2 2 re rc0 (3)
P = Ebte; (4)
M, - M, :%h (5)

Where Ej, g, t, and L are the elastic modulus, the strain, the thickness and the length of the CFRP plate, respectively. g,
and h are the equivalent strain and the height of the RC specimen. B, and B, are the flexural stiffness of the specimen
and the sectional flexural stiffness of the CFRP reinforced beam.

Within the linear elastic range, U. is considered to be equal to 2U;. The release rate of the strain energy can be

obtained by substituting Equation 3 into Equation 2, and the formula is shown as follows.

E,t,&2 (Et5)2 1 M? M2
2 °E'h 20 B, B

rc0

Where E. is the elastic modulus of concrete, and E. is the equivalent elastic modulus of the concrete beam.

In this paper, the bonding length of the CFRP plate is larger than 3/4 S, where S is the distance between the two
bearings. Additionally, the debonding failure of the CFRP plate of the specimens first occurred in the mid-span position
and developed to the end of the CFRP plate. The object analyzed in this paper is the crack at the interface between
CFRP plate and concrete, which belongs to the crack type 1. The calculation formula of its stress intensity factor is as

follows.

E.t.e?
KH:JEG: g Lf (7)

c 2
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According to formula (7), it can be seen that the magnitude of the stress intensity factor is mainly affected by the
concrete elastic modulus, CFRP plate elastic modulus, CFRP plate thickness, and CFRP plate strain. Reasonably limiting
the strain value of CFRP plates in CFRP plate reinforcement engineering applications can effectively control the value of

the interface stress intensity factor.

4.2 Fatigue life prediction model

As the number of fatigue loads increases and the crack propagates, the stress value at the crack tip decreases, and
the crack enters a stable expansion and retention phase. During this phase, it can be observed from the specimens that
the interface crack is gradually formed at the root of the fatigue main crack, and the interface crack gradually expands
with the increase of the number of fatigue loading.

The crack propagation of concrete is related to the frequency of loading. When the loading frequency is low, the
number of cracks in concrete specimens increases slowly with the increase of the number of fatigue loads. Under
fatigue loading, the expansion rate of CFRP plate-concrete interface cracks can be expressed as Equation 8:

da / AN = C(AK)™ (8)

Where AK = K, —(KH) and (KH> . is the minimum value of stress intensity factor. C and m are the
min

min ’

constant which can be obtained by fitting the test results. The stress intensity factor of the interfacial crack is
proportional to the CFRP plate's stress, and the corresponding stress intensity factor value can be obtained based on
the strain data of the CFRP plate measured in the fatigue test.

Considering that the CFRP plate strain value change is relatively small during the stable crack propagation phase,
the CFRP plate strain value can be taken as the average value in the following discussion. If the effect of fatigue loading
on the elastic modulus of concrete and CFRP plate is ignored, then the fatigue life calculation formula of the CFRP
plate-concrete interface crack can be obtained by integrating the Equation 8 with substituting the Equation 7, and the

formula is as follows.

—m

(9)

2 02
_ L EEte; - (ECEftf(sf) )%
2C 2

Where 8]9 is the strain value corresponding to (KH )min .

It can be seen from Equation 9 that the strain of the CFRP plate is a key factor in determining the fatigue life of the
interface crack. It can be also concluded from Equation 7 that the stress intensity factor is proportional to the stain of

the CFRP plate. The proportional coefficient can be obtained by fitting, and the result is shown as Figure 14.
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The fatigue test results are shown in Table 2. When the CFRP plate strain is less than its critical value, the interface

of the CFRP plate and concrete will not suffer from fatigue damage.

Table 2: Results of the fatigue tests

Specimen number Load level / kN CFRP plate average strain value / pe Fatigue life / Cycle
P-1 120 1624 >2x106
125 1832 756 244 ~ 1 587 694
130 2353 731589~ 1263951
135 2987 603 598 ~ 965 237
140 3763 523 687 ~ 658 413
145 4698 356 244 ~ 487 694
P-2 120 1599 >2x106
125 1769 753587 ~ 1575 624
130 2037 729 546 ~ 1248 521
135 2865 600 585 ~ 960 258
140 3564 520325 ~ 651 256
145 4486 351369 ~ 478 564

According to the test result of the specimens, the constant in the Equation 9 can be obtained as follows: C equals

1.58x10* and m equals 1.36. And the interface crack fatigue extended life formula can be obtained as follows by

substituting the above parameters into Equation 9.

N = 4.47 x10'(8.85 x 10%-2.53 x 10°) "%

(10)

It can be seen from the Equation 10 that the fatigue life of the CFRP plate-concrete interface crack can be simply

predicted based on the strain value of the CFRP plate tested in the fatigue test.

Latin American Journal of Solids and Structures, 2020, 17(2), e250

13/16



Fatigue performance and life prediction of CFRP plate in the RC bridge roof reinforcement Yuan et al.

The relationship between the fatigue life and the CFRP stain is shown in Figure 15. The proposed calculation
model for predicting the fatigue life is verified by comparing the test results of the specimen P-2 with the theoretical

calculation value, and the comparison result is shown as Figure 15.

] % Test result
47504 —— Theoretical calculation value

00 02 04 06 08 10 12 14 16 18 20 22 24 26
Fatigue life (million times)

Figure 15: Comparison of the calculating values and the experimental data for fatigue life

It can be seen from Figure 15 that when the strain of the CFRP plate is below 3000 ue, the predicted fatigue life
increases rapidly with the decrease of strain value. While the strain exceeds this critical value, the variation of the
fatigue life and strain turns to the opposite. Moreover, the comparison results presented in Figure 15 also show that
the theoretical prediction value obtained by Equation 10 is close to the experimental result. It indicates that the fatigue
life prediction model recommended in this paper can effectively predict the fatigue life of the interface cracks in the

CFRP plate reinforced RC specimens.

5 Conclusions

This paper investigated the fatigue properties and life prediction of the CFRP plate-reinforced bridge with different
deck pavement schemes. Two deck pavement schemes of CFRP-reinforced specimens were designed and tested.
The fatigue crack propagation, the deflection development regulation and the CFRP strain under fatigue load were
analyzed. Combined with the characteristics of the crack growth rate, the fatigue life prediction analytical model for

CFRP plate reinforced bridge roof was obtained. The following conclusions can be drawn:

(1) The specimens reinforced with CFRP plates of two different type bridge deck pavements can meet the

requirement of the fatigue test load of two million times.

(2) The maximum crack width in the test beam reinforced with the CFRP plate is less than that of the contrast beam.

The cracking resistance ability can be improved in the specimen reinforced with the CFRP plate.

(3) The ultimate bearing capacity and fatigue life of the test beam reinforced with the CFRP plate can be improved to

a certain degree.

(4) The cracking height of the reinforced specimen increases as the increase of the fatigue load value, and it can be
maintained at a constant value in the final stage of fatigue failure.

(5) The fatigue life calculated by the recommended prediction model agrees well with the experimental results.

The model proposed in this paper can be applied to predict the fatigue life of the CFRP plate-reinforced bridge roofs.
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