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a b s t r a c t
This paper presents experimental research on the fatigue and post-fatigue static behaviour of reinforced
concrete beams strengthened with glass or carbon ﬁbre reinforced polymer (FRP) sheets placed either
vertically or obliquely. All beams for fatigue tests were subjected to four-point bending for one million
cycles with a frequency of 5 Hz. The results show that the FRP sheets can be used to signiﬁcantly enhance
the fatigue resistance of the beams strengthened. Also the results from the post-fatigue monotonous tests
indicate that FRP sheets contribute the signiﬁcant increase of the ultimate strength and ductility of the
beams tested. The diagonal GFRP reinforcing arrangement is more effective than the vertical one in
enhancing shear strength and stiffness. Finally, some moment deﬂection models were adapted to predict
the ultimate loads of the beams tested, which give very good correlation to the experimental results.
Ó 2012 Elsevier Ltd. All rights reserved.

1. Introduction
In recent years, there are many reinforced concrete (RC) structures are suffering from various deteriorations: cracks, concrete
spalling, large deﬂection, etc., which need to be reinforced to support the designed or even resist possible higher loading or to renovate existing cracks [1–3]. These deteriorations are caused by
various factors such as aging, corrosion of steel reinforcement,
environmental effects such as seawater and accidental impacts
on the structure [4–6]. Especially, during the natural disasters such
as the earthquake in Sichuan on 12th May, 2008, many concrete
structures, if they were not collapsed, were damaged to some extent [7]. There are several options available for retroﬁtting or
repairing structural members of the existing RC structures. The
commonly used options are to bond thin steel and/or ﬁbre reinforced polymer (FRP) sheets onto the damaged members to restrain cracks and to increase the load carrying capacity, ductility
and stiffness of structures strengthened [8,9].
To externally bond FRP sheets on the tension and also lateral
sides of RC beams and columns is a widely used method for
repairing and strengthening of the RC structures. Such reinforcing technique is an effective way to improve the ﬂexural and/
or shear performance of the RC structures reinforced, since FRP
has better characteristics than the conventional strengthening
⇑ Corresponding author. Tel./fax: +86 28 85406919.
E-mail address: wangqy@scu.edu.cn (Q.Y. Wang).
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material steel, in terms of high tensile strength, lightweight,
resistance to corrosion and fatigue, etc. [3,5,10,11]. Investigations
[12,13] were undertaken in the past to evaluate reliability of
such reinforcing technique related to static loading and showed
that the RC structures strengthened would demonstrate a better
performance in strength, ductility and retarding crack growth as
long as an appropriate end anchorage was provided for the FRP
sheet [3,11].
More recently, through either experimental, the ﬁnite element
or analytical approaches [14–19], extensive researches have been
undertaken on behaviour of reinforced concrete beams strengthened by externally bonded FRP sheets for enhancing their ﬂexural
and shear performance. However, those studies primarily considered static behaviour of the FRP strengthened beams under monotonic loading. In fact, many structures such as bridges and marine
structures are subjected to repeated cyclic loadings rather than static ones, and this is often overlooked in the analysis and design of
RC beams strengthened with FRP sheets. It has been well established that externally bonding of the FRP on RC beams is an effective strengthening technique to increase their static strength and
ductility, as well as fatigue resistance with high energy dissipation
[20–25]. However, the scarcity of experimental data on fatigue
behaviour of RC beams strengthened by the FRP sheet is unanimously recognized [26], which does not satisfy the design need.
Therefore, to study fatigue performance of RC beams strengthened
by the FRP sheets is necessary work to increase the knowledgebase
in this area.
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At the present, the main research work increasingly focuses on
experimental ﬂexural fatigue and shear fatigue. Nanni [27] showed
that steel ﬁbre reinforced concrete (SFRC) could enhance the
fatigue performance and the ﬁbre content was an effective parameter to inﬂuence the fatigue characteristics of beams tested. Chang
and Chai [28] developed a test methodology to investigate the ﬂexural fracture and fatigue of the SFRC beams. Leung et al. [29] studied the ﬂexural fatigue performance of concrete beams using
engineered cementitious composites (ECC) and found that the
ECC could improve the fatigue life of the beam in controlling the
growth of small cracks. Manfredi and Pecce [30] studied the failure
modes and the relationship between the damage function and the
cyclic degradations of the normal and high strength concrete
beams under monotonic and cyclic loading. Research on concrete
beams strengthened with carbon ﬁbre reinforced polymer (CFRP)
was carried out to investigate the inﬂuence of loading history on
the fatigue life and crack width [31], and to analyze the relationship between the fatigue performance and the electrical property
of CFRP under ﬂexural loading [4]. Although a reasonable amount
of research has been undertaken on the ﬂexural fatigue [28–35],
research on the shear fatigue performance of RC beams strengthened by CFRP and glass ﬁbre reinforced polymer (GFRP) sheets
however is limited up to date. Kwak and Kim [36] focused on the
shear fatigue loading on the fatigue behaviour and strength of
the polymer reinforced concrete (PRC) beams. Czaderski and
Motavalli [24] studied RC beams strengthened by the CFRP Lshaped plates under shear fatigue loading. Moreover, some experimental research has also been conducted on the bonding behaviour between the FRP sheet and concrete under cyclic fatigue
loading [10,17,20,21,26], since such the bonding behaviour inﬂuences the failure mode of the beam strengthened [34]. It was observed in these studies that if there was no obvious interfacial
debonding between the FRP and concrete occurred fatigue behaviour of the FRP-strengthened beams would be improved. However,
once debonding occurred, the deﬂection would be increased significantly and the tension cracks appeared near the position of the
point loads applied [35]. Lu and Ayoub [37] studied the debonding
failure on the response of RC beams and developed a new model to
evaluate the reduction factor of FRP-strengthened RC beams due to
FRP debonding. Yun et al. [38] demonstrated the effect of different
bonding systems under fatigue loading on the long-term behaviour
of the bond between the FRP and concrete. Carloni et al. [39] investigated the role of the FRP-concrete interface debonding under fatigue loading and found that debonding occurred during fatigue,
which was related to the load range applied.
The work presented here aims research on the shear fatigue
behaviour of RC beams made with the normal concrete strengthened with FRP (CFRP or GFRP) sheets. It is focused on investigating
the effectiveness of FRP sheets on the fatigue behaviour and their
contributions to the ultimate strength of ordinary RC beams. It also
helps understand the inﬂuence of the initial one million cycles of
fatigue loading on the shear performance of RC beams strengthened with FRP sheets, and estimate the fatigue behaviour and crack
growth of the RC beams strengthened.

Tests were conducted on simply supported short RC beams
strengthened with CFRP or GFRP sheets in shear. The beams were
tested under static loading and/or fatigue loading to investigate
their deﬂections, strains on the steel rebar, concrete and FRP
sheets, crack behaviour as well as shear capacity after one million
cycles of fatigue loading.
2.1. Details of test beams, materials and mix
Tests were carried out on ﬁve rectangular RC beams reinforced
with different patterns and types of FRP sheets. The geometry and
reinforcement of the beams tested are shown in Fig. 1. All beams
have the same overall cross-sectional dimensions, internal longitudinal reinforcement and stirrup arrangements. The beams are
150 mm wide, 300 mm high and 1700 mm long. The net span of
1500 mm is limited by the testing machine conﬁguration. One of
ﬁve beams was tested under static load, the rest four were tested
under fatigue loading. The ultimate load (Pu) obtained from the static test was used to determine the minimum fatigue loading (Pmin)
and maximum fatigue loading (Pmax).
Concrete mix was designed with the grade of compressive
strength of C30 according to the Chinese Standard [40]. The mix
was made of ordinary Portland cement 32.5R, natural sand and
gravels with aggregate size between 10 and 31 mm. The water to
cement ratio was kept constant at 0.55. Cement, water, ﬁne and
coarse aggregates were mixed in their weight proportions of
1:0.55:1.76:3.13. Besides the test beams, six concrete cube specimens with side length of 150 mm were made for compressive
strength tests at the time of casting and were kept with the beams
during curing. In the sample preparation, all test members were
placed on a vibration platform to ensure proper compaction, however special care was taken on the strain gauges attached to steel
bars during the vibration. The average of 28-day cube strength
was 31.3 MPa.
For all concrete beams, three types of the mild steel bars were
used for the longitudinal and the transverse reinforcements. There
were two sets of steel smooth bars placed in the tensile and compressive faces of the beam respectively. There were also steel
smooth bars placed transversely for the shear reinforcement. The
details of the reinforcement and material properties of the rebars
(supplied by the Shanxi Zhongyu Ironsteel Co. Ltd.) and concrete
are summarized in Fig. 1 and Table 1, respectively.
The FRP materials consist of CFRP and GFRP sheets (supplied by
the Shanghai Keep Strong in Building Technology Engineering Co.
Ltd.) with a thickness (tf) of 0.11 and 0.27 mm, respectively. Tensile
strength, elastic modulus and ultimate strain of the FRP materials
are also given in Table 1.
2.2. The strengthening scheme
All the beams were externally strengthened with a unidirectional CFRP or GFRP sheets, except for the reference beam. Two
P/2
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2. Experimental work
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Fig. 1. The geometric, loading and boundary conditions and steel reinforcement of the RC beam.
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Table 1
Mechanical properties of the RC beams and FRP materials.
Material

Dimensions (mm)

Yield strength (MPa)

Compressive strength (MPa)

Tensile strength (MPa)

Elastic modulus (GPa)

Ultimate strain (%)

–

Concrete

C30

–

31.3

–

–

Steel

D=6
D=8
D = 14

240
330
410

–
–
–

420
490
555

210
210
200

30.0
28.0
28.5

CFRP sheets
GFRP sheets

tf = 0.11
tf = 0.27

–
–

–
–

4103
3400

242
73

1.7
2.7

P/2

P/2

CFRP or GFRP
Strain gauges
100

50

100 100

1500

100

(a) Vertical arrangement.
P/2

P/2

50

GFRP
Strain gauges

100

200

50

50

1500

100

(b) Diagonal arrangement.
Fig. 2. The reinforcing arrangements of FRP sheets for the beams strengthened.

strengthening orientations were applied in the experimental work,
which are shown in Fig. 2. The detailed reinforcing arrangements
are listed in Table 2. The beam FCB30 was the reference one subjected to static loading only, and the beam FB30-1 was the beam
without attaching any FRP sheet but subjected to fatigue loading
for control purpose. The beam FB30-2 was strengthened with
one layer CFRP sheets on both the lateral faces and the bottom face
of the beam. The beam FB30-3 and the beam FB30-4 were
strengthened with one layer GFRP sheets in the form of the vertical
bonding and the diagonal bonding, respectively.
Before the strengthening, the concrete surface where FRP sheets
to be bonded was being polished until ﬁne aggregates were exposed and then cleaned with pressurized air and acetone. After
that, a two-part primer was applied to the prepared concrete surface and left to dry, and then a two-part epoxy resin was applied to
the primed concrete surface, followed by bonding of the FRP sheets
according to the strengthening arrangements, as shown in Fig. 2.

sand-paper to avoid any eccentricity in loading. Also four steel
plates (100 mm wide and 20 mm thick) were placed above the
supports and underneath the loading points to avoid local crushing
on the beams tested. Before casting ﬁve strain gauges were attached to the longitudinal steel bars, and prior to the testing ﬁve
gauges on the concrete surface, and four or six more gauges on
the FRP sheets, as shown in Figs. 1–3. Furthermore, three linear
voltage displacement transducers (LVDTs) were placed to measure
the vertical deﬂections underneath the mid-span and the midshear span of the beams.
The reference beam was tested monotonically to failure to identify the ultimate load (Pu), which was 115.8 kN. All but one of the
ﬁve beams were ﬁrst subjected to one million cycles of fatigue
loading, and then loaded monotonically up to failure under fourpoint bending. The minimum and maximum loads, Pmin and Pmax,
applied were shown in Table 2. A constant load ratio F between
Pmin and Pmax was used in the test (F = Pmin/Pmax = 0.375).
The fatigue load was applied through a Shimadzu Fatigue 4890
hydraulic actuator with 200 kN capacity controlled by the Shimadzu Gluon test execution software, as shown in Fig. 3. The maximum load (Pmax) and the minimum load (Pmin) during all fatigue
cycles were determined at 40% and 15% of the ultimate load of
the reference beam, respectively. All fatigue beams were ﬁrst subjected to two cycles of ﬂexural loading between the zero kN and
Pmax through six increments (0.2Pmax, including Pmin) up to Pmax in
order to check the testing machine and the data acquisition

P

Pressure transducer
Pressure distribution beam

Strain gauges

LVDT 1

LVDT 2
100

2.3. Test procedures
The four-point bending was applied to test all beams. The beam
surfaces at supports and loading points were smoothened with

250

250

250

LVDT 3
250

250

(a) Setup of the measurements.

Table 2
Details of the FRP reinforcement and fatigue load settings.
Beam

FRP
type

FRP
layer

FRP
angle
(°)

Cycles

Pmin
(kN)

Pmax
(kN)

(Pmin  Pmax)/
Pu (%)

FCB30
FB30-1
FB30-2
FB30-3
FB30-4

–
–
CFRP
GFRP
GFRP

–
–
1
1
1

–
–
90
90
45/
135

0
1000,000
1000,000
1000,000
1000,000

0
17.37
17.37
17.37
17.37

0
46.32
46.32
46.32
46.32

0
15–40
15–40
15–40
15–40

(b) Test setup.
Fig. 3. The schematic view and the test setup.
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100
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Fatigue loading
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t

Fig. 4. The loading schemes for beams tested.

system. Then all beams were subjected to fatigue loading which
was controlled using a form of sinusoidal wave with a frequency
of 5 Hz, as shown in Fig. 4.
The tests were terminated at the pre-designed number of fatigue
loading cycles, and then the beams were subjected to six cycles of
loading and unloading between zero kN and Pmax at a rate of
0.2 kN/s. This was to measure deﬂections and strain values on the
FRP sheets and on the concrete surface during this loading regime,
since deﬂection and strain data cannot be recorded accurately during a fatigue load cycle [19]. Full cycle readings during the test were
taken according to the following intervals: at 0 cycle and every 20th
cycle up to 200 cycles; then every 200th cycle up to 2000; every
2000th cycle up to 20,000; every 20,000th cycle up to 200,000; at
every 200,000th cycle up to 1000,000. After the fatigue tests, all
beams were loaded monotonically up to failure. The monotonic
load was applied at the same location as that for the cyclic loading
and data were recorded at every 2 kN load increment.

3. Results and discussion
3.1. Failure modes
Fig. 5 shows the ultimate failure modes of all beams tested. The
failure mode of the statically loaded reference beam FCB30 was a
typical shear failure, i.e. the failure occurred suddenly by formation
of a diagonal crack near the support propagating to a loading point,
as shown in Fig. 5a. For the non-strengthened beam FB30-1, which
was subjected to one million fatigue cycles, there was a major diagonal crack developed ﬁrst along the longitudinal axis from the midshear span towards the top of the beam and then extended
approaching to a loading point. As a result, the major ﬂexural cracks
were developed for the beam FB30-1 at the ultimate load (Fig. 5b),
which was due to the inﬂuence of fatigue loading on tensile
strength of the longitudinal bars. For beams FB30-2 to FB30-4,
which were strengthened by FRP sheets and subjected to one million fatigue cycles, the failure modes obtained from the subsequent
monotonic failure tests were changed from a brittle shear failure to
a ductile ﬂexural failure, as shown in Fig. 5c–e. Beams FB30-2 and
FB30-3 which were strengthened with perpendicular CFRP or GFRP
sheets demonstrated some control on crack growth and introduced
more cracks up to the failure. This was due to the favorable properties of CFRP and GFRP in fatigue [24]. However, a diagonal crack was
developed ﬁrstly in the beam FB30-3, followed by the major ﬂexural crack developed from the pure bending section and extended
to the top of the beam until the major diagonal crack was developed
near the support which caused the ultimate failure. For the beam
FB30-4 strengthened with diagonal GFRP sheets, it showed more
ﬂexural behaviour than FB30-2 and FB30-3. Therefore, it is noted
that the ﬂexural failure is prominent when the beams are strengthened with FRP sheets, and the diagonal bonding of GFRP sheets on
the lateral faces of a beam is an effective way to enhance the shear
capacity and restrict crack growth.

3.2. First crack load and deﬂection
The loads corresponding to the ﬁrst crack for the reference
beam and the FRP strengthened beams under monotonic and fatigue loading, together with the ultimate loads, are shown in Table 3.
The ﬁrst crack loads for FB30-2 and FB30-3 were slightly higher
than that of the non-strengthened beam FB30-1. The beam FB302 that was strengthened by CFRP showed a higher ﬁrst crack load
than that of the GFRP strengthened beam FB30-3 due to the superior property of CFRP in strength. However, the beam strengthened
with diagonal GFRP sheets gave the highest ﬁrst crack load of
45.95 kN, which was 24.7% higher than that of the non-strengthened beam FB30-1.
When the beams subjected to the fatigue loading, the loads on
which the number of new cracks were developed (Table 3) were increased signiﬁcantly. Such the loads for beams strengthened with
GFRP sheets, i.e. FB30-3 and FB30-4, were 2.5% and 11.3% higher
than that of the non-strengthened beam FB30-1, respectively.
However the beam strengthened with CFRP sheets (FB30-2) gave
the highest new crack load, due to the better mechanical properties
of CFRP in comparison to GFRP. However, the ultimate strengths of
FB30-1 and FB30-3 were 5.5% and 2.2% lower than that of the reference beam, which was likely caused by the accumulated fatigue
damage before the ﬁnal monotonous loading (FB30-1) and the partial debonding of GFRP sheets during the ﬁnal monotonous test
(FB30-3). Furthermore, such the strengths for FB30-2 and FB30-4
were 4.5% and 2.6% higher than that of the reference beam
FCB30. In addition, the FRP strengthened beams, FB30-2, FB30-3
and FB30-4, showed a lower ultimate deﬂection than that of the
non-strengthened beam FB30-1 by 70%, 33% and 18%, respectively.
The results in Table 3 indicate that the CFRP strengthened beam
(FB30-2) give the highest ultimate load but the lowest deﬂection
whereas the beam strengthened with diagonal GFRP reinforcing
arrangement (FB30-4) is more effective than the vertical GFRP
one (FB30-3) in terms of the ultimate load and ductility.
Load–deﬂection curves for all beams presented in Table 3 are
shown in Fig. 6. As can be seen, load and deﬂection are increased
almost proportionally up to the ﬁrst crack load. There are clear differences between the initial stiffness for the FRP strengthened
beams and the non-strengthened beam and the reference beam.
As FRP strengthened beams, FB30-2, FB30-3 and FB30-4 show
the higher stiffness over the virgin beam FCB30 and the nonstrengthened beam FB30-1, however, the stiffness for FB30-2 and
FB30-4 is pretty similar. Regarding the bending stiffness, the above
results have again revealed that 45° bonding arrangement (FB30-4)
is more effective than the vertical bonding one. As it can be observed for the beams subjected to fatigue loading, there is no obviously peak load. It is likely that due to fatigue loading some small
cracks already occurred in those beams before the ultimate failure
tests were carried out [26]. The improvement on performance of
the beam FB30-4 was attributed to the effectiveness of the diagonally bonded GFRP sheets which control the growth of small cracks
and reduce strains on the concrete. The similar phenomena were
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(a) FCB30.

(b) FB30-1.

(c) FB30-2.

(d) FB30-3.

(e) FB30-4.
Fig. 5. Failure modes of the beams tested.

Table 3
Test results of all beams tested.

3.3. Test results under the fatigue loading

Beam

Initial crack
load in
fatigue (kN)

New crack
load in postfatigue (kN)

Ultimate
load (kN)

Deﬂection
(mm)

Failure
mode

FCB30
FB30-1
FB30-2
FB30-3
FB30-4

–
36.85
37.02
36.89
45.95

35.05
76.35
89.01
78.26
84.95

115.81
109.39
121.06
113.94
118.88

8.55
11.40
3.41
7.61
9.32

A
B
C
D
C

A is shear failure; B is ﬂexural failure and concrete good; C is ﬂexural failure and
concrete crushing; D is shear failure and concrete good.

also observed by Leung et al. [29], who studied the layered ECC
concrete beams subjected to static and fatigue loads.

Adopting the similar presentation approach by Teng et al. [17],
the following charts are produced to describe the fatigue behaviour
obtained, i.e. load–deﬂection, deﬂection-fatigue cycle number, and
strains on the concrete, FRP and steel versus fatigue cycle number
respectively. The deﬂection and strain readings were taken during
cyclic monotonic tests after the fatigue loading, as indicated in
Fig. 4.
The mid-span deﬂections and strains recorded are shown in
Figs. 7 and 8 and Table 4. Fig. 7 shows relationships between the
load and the mid-span deﬂection for all fatigue beams. Seven
curves are plotted to represent the load–deﬂection behaviour of
the beam at different cyclic intervals from the beginning to the ﬁnal cycle of the fatigue loading. The mid-span deﬂections of FB30-1

29

J.F. Dong et al. / Engineering Structures 41 (2012) 24–33
120

50

FCB30
FB30-1
FB30-2
FB30-3
FB30-4

60

30

Load (kN)
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0 cycle
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90

20 cycle
30

200 cycle
2 000 cycle
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20 000 cycle
200 000 cycle

10
0

0

3

6

9

1 000 000 cycle

0

12

0

Midspan deflection (mm)

0.5

1.5

2

Midspan deflection of FB30-1 (mm)

Fig. 6. Load–deﬂection curves of beams tested.

(a) FB30-1.
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Load (kN)

40
0 cycle
30

20 cycle
200 cycle
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2 000 cycle
20 000 cycle

10

200 000 cycle
1 000 000 cycle

0
0

0.5

1

1.5

2

Midspan deflection of FB30-2 (mm)

(b) FB30-2.
50

Load (kN)

40

0 cycle
20 cycle

30

200 cycle
2 000 cycle

20

20 000 cycle
200 000 cycle

10

1 000 000 cycle

0
0

0.5

1

1.5

2

Midspan deflection of FB30-3 (mm)

(c) FB30-3.
50
40

Load (kN)

and FB30-2 (Fig. 7a and b) gradually increase with the number of
fatigue cycles, however, there is no such a trend for FB30-3 and
FB30-4 (Fig. 7c and d) after the initial a few hundred cycles of
the fatigue loading. The initial deﬂections of FB30-2, FB30-3 and
FB30-4 at the ﬁrst twenty cycles are 0.56, 0.39 and 0.33 mm,
respectively, which might be caused by the slipping/engaging of
FRP sheet during the initial fatigue loading (Fig. 7b–d). The deﬂection difference between the zero cycle and one millionth cycle for
the beam FB30-1 at the zero load is 0.43 mm, which is 16%, 63%
and 86% higher than the corresponding differences for FB30-2
(0.36 mm), FB30-3 (0.16 mm) and FB30-4 (0.06 mm), respectively.
Table 4 gives the deﬂections at the beginning and the end of the fatigue tests. Compared to the preloading phase, deﬂections of FB301, FB30-2, FB30-3 and FB30-4 when subjected to one million fatigue cycles are reduced by 2%, 46%, 43% and 55%, respectively. Once
again, the main reason for beam strengthened with 45° GFRP
sheets to have the most reduction on the deﬂection after one million fatigue cycles might be that the stiffness of the beam FB30-4
was improved greatly by the diagonal reinforcing arrangement
that increases the effective strains on the GFRP sheets, as shown
in Fig. 8b. Therefore, this indicates that the beam strengthened
by the diagonal bonding of GFRP sheets (FB30-4) has the highest
stiffness and the diagonal strengthening arrangement of GFRP
sheets is the most effective way to enhance the strength of beam
when subjected to fatigue loading.
Strains on the concrete, FRP and steel were recorded to investigate how different strengthening materials (GFRP or CFRP) and
methods (vertical or diagonal bonding arrangements) inﬂuence
this parameter under the fatigue loading. For the non-strengthened
beam FB30-1, strains on the concrete were increased greatly up to
the 200,000th cycle, then gradually increased up to the 800,000th
cycle and increased signiﬁcantly again to the end of the test
(Fig. 8a). But such the strains on the steel were increased steadily
with the fatigue cycle number between the zero cycle and the
600,000th cycle and then were risen mildly to the one millionth cycle (Fig. 8c). However, the strains on the concrete and steel for the
FRP strengthened beams, FB30-2, FB30-3 and FB30-4, showed a
different trend. As it can be seen in Fig. 8a, strains on the concrete
for FB30-2 and FB30-4 were increased steadily with increasing fatigue cyclic number throughout the fatigue tests. However, such
the strains for the beam FB30-3 were initially increased up to the
200,000th cycle, then gradually decreased up to the 800,000th cycle and increased again to the end of the test. This might be caused
by possible slipping and engaging between the vertically bonded
GFRP sheets and concrete. The strains on the steel for the vertically
bonded FRP beams (FB30-2 and FB30-3) were changed a little after
the initial increasing during the ﬁrst 400,000 cycles (Fig. 8c). However, such the strains for the diagonally bonded GFRP beam (FB304) were only mildly increased for the ﬁrst 800,000 cycles, and then
decreased mildly. This was likely due to the strong diagonal reinforcement in the ﬁrst stage and subsequent partially losing load

1

0 cycle
20 cycle

30

200 cycle
2 000 cycle

20

20 000 cycle
200 000 cycle

10

1 000 000 cycle

0
0

0.5

1

1.5

2

Midspan deflection of FB30-4 (mm)

(d) FB30-4.
Fig. 7. Load–deﬂection curves of beams tested under fatigue.

carrying capacity of the reinforcement caused by gradual debonding. As can be seen in Fig. 8b, the strains on the diagonally bonded
GFRP sheets for the beam FB30-4 were ﬂuctuated throughout the
test, which was likely caused by such reinforcing pattern, i.e. some
relaxation and re-engaging occurring. Such the strains related to
the beam FB30-2 were increased in the ﬁrst 400,000 cycles and
then hardly changed afterwards, whilst such the strains for the
beam FB30-3 were increased up to the 200,000th cycle and then
into a mild down-up stage.
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Strains on concrete
(micro-strain)

1600
1200
800
FB30-1
FB30-2
FB30-3
FB30-4

400
0
0

0.2

0.4

0.6

0.8

1

Fatigue cycle number (×106)

(a) Strains on the concrete.
Strains on FRP (micro-strain)

1000
800
600
400

FB30-2
FB30-3
FB30-4

200

strengthened with diagonal GFRP sheets (FB30-4) had the lowest
compressive strains which was likely caused by the superior sheet
thickness and the strong diagonal arrangement of GFRP in shear
and fatigue performance in comparison to CFRP [1,12]. However,
such the strains for the beam FB30-3, strengthened with vertical
GFRP sheets, had similar values to the non-strengthened beam
FB30-1 up to the load of 70 kN and then were reduced slightly until
the failure. In addition, the measured strains on the concrete for
the beam FB30-1 were smaller than that of the beam FCB30 for a
given load between 55 kN and 102 kN, but then in a mild increasing trend. This might be caused by the accumulative damage on
beam FB30-1 during the one million fatigue cycles. As shown in
Fig. 9b, the strains recorded on the FRP sheets were in the descending order corresponding to FB30-2, FB30-3 and FB30-4, which is
understandably related to the strengthening materials and reinforcing arrangements. Initially the lowest strain was recorded on
the CFRP sheets for the beam FB30-2 up to 40 kN, since CFRP is stiffer than GFRP. However, for a load up to 90 kN the strains on the
diagonally bonded GFRP sheets (FB30-4) were greater than those
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Fig. 8. Strains recorded on the concrete, FRP and steel of beams tested at peak load.

Table 4
Comparisons of the mid-span deﬂection readings at the beginning and the end of the
fatigue tests.
Deﬂection at
midspan
(mm)

FB30-1
FB30-2
FB30-3
FB30-4

At the beginning of fatigue
cycles

After 1 million fatigue cycles

17.37 kN
(Pmin)

46.32 kN
(Pmax)

D

17.37 kN
(Pmin)

46.32 kN
(Pmax)

D

0.36
0.44
0.26
0.28

0.89
1.31
1.15
1.23

0.53
0.87
0.89
0.95

0.79
1.27
0.71
0.41

1.31
1.74
1.22
0.84

0.52
0.47
0.51
0.43

Load (kN)

90

60

FB30-2
FB30-3
FB30-4

30

0
0

1000

2000

3000

Strains on the FRP (micro-strain)

(b) Maximum strains on the FRP sheets.
120

Following the fatigue cyclic load, all beams were loaded monotonically to failure. Fig. 9 shows the load–strain relationships measured on the concrete (compression zone), FRP and steel during the
post-fatigue monotonous loading for all beams tested. As shown in
Fig. 9a, the initial stiffness related to strains on the concrete for all
beams tested, except for the beam FB30-2, were similar before
45 kN. After the load exceeded 45 kN, the maximum compressive
strains on the concrete for FB30-2 and FB30-4 were smaller than
those on the non-strengthened beam FB30-1 and the reference
beam FCB30 for a given load until failure. Also the beam

Load (kN)

90

3.4. Test results of the ultimate monotonic loading after fatigue cycles

FCB30

60

FB30-1
FB30-2
FB30-3

30

FB30-4
0
0

1000

2000

3000

Strains on the steel (micro-strain)

(c) Maximum strains on the steel bars.
Fig. 9. Load–strain curves of beams tested under the post-fatigue monotonous load.
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4. Estimate shear capacities of the reinforced beams tested
Generally, analysis of the shear capacity of the beams tested is
more complicated than that of the ﬂexural behaviour. The theoretical

Table 5
Data of cracks at failure for all beams tested.
Beam

Maximum
width (mm)

Crack end from the
bottom (mm)

Distance from
support (mm)

Numbers

FCB30
FB30-1
FB30-2
FB30-3
FB30-4

8.3
6.0
4.5
7.5
8.0

216
264
247
240
286

600
615
560
295
740

8
9
7
6
6

120

90

Load (kN)

on the vertically bonded CFRP and GFRP sheets (FB30-2 and FB303) as the former reinforcing pattern provided a better bonding
strength than the latter due to a larger bonding area. As a result,
higher strains were recorded on the diagonal GFRP sheets which
were well bonded to the concrete and shared a higher loading than
the vertically bonded FRP sheets until debonding occurred eventually. The evolution of strains on the steel bar showed that such the
strains on all beams strengthened were increased more than those
on the non-strengthened beams. Moreover, the strains on the steel
for the beam FB30-3 were increased more than those for FB30-2
and FB30-4, since the beam strengthened by vertical GFRP sheets
was less stiff than the similarly strengthened beam by CFRP and
the beam strengthened by the diagonally bonded GFRP sheets.
For the concrete beams tested within this study, crack widths
were measured after every loading increment by the PTS-C10 crack
width measuring device. The detailed measurements on cracks and
the relationship between the load and the corresponding maximum crack width measured through monotonous load tests are
shown in Table 5 and Fig. 10, respectively. The crack widths shown
in Table 5 were measured after the beams failure, i.e. the ultimate
values, whilst those shown in Fig. 10 were obtained through manual measurements during the test. Once the crack growth rate becomes accelerated the subsequent measurements cannot be done
manually. It can be seen that the FRP strengthened beams have a
smaller crack width than that of the reference beam (FCB30), and
exhibit a fewer number of cracks in comparison to the beam
FB30-1 (Table 5). These results were similar to those obtained from
the experimental tests under static four-point bending loading
[1,3,12,13]. For the reference beam FCB30, the initial crack width
was increased mildly from zero load to 35 kN, then risen more to
42 kN, followed by a steady increase until failure. This was caused
by the yield of steel bars. The maximum crack widths measured
under monotonous loading for the beams, FB30-1, FB30-2, FB303 and FB30-4 were larger than that of the reference beam
(FCB30) before the load of 67 kN, due to accumulation of damage
throughout the one million fatigue cycles. After the load exceeded
the yield of steel, the crack growth on the FRP strengthened beams
was slowed down, which was overtaken by the non-strengthened
beam FB30-1 and the reference beam FCB30. This was likely contributed by the FRP sheets that limited the crack growth on the
FRP strengthened beams, which was also reﬂected by the rapid
increasing of the strains on the FRP sheets (Fig. 9b). However, up
to the load of 104 kN the maximum crack width on the beam
FB30-3, which was strengthened by the vertical GFRP sheets, had
a smaller crack width than that of the beam FB30-4 strengthened
with the diagonal GFRP sheets. This was related to the major crack
in FB30-3 close to the support but to the crack in FB30-4 close to
the midspan, as shown in Table 5. Beyond 104 kN, the crack in
the beam FB30-3 was developed more quickly than that on the
beam FB30-4, as shown in Fig. 10.

FCB30
FB30-1
FB30-2
FB30-3
FB30-4

60

30

0
0

0.2

0.4

0.6

0.8

Maximum crack width (mm)
Fig. 10. Measured crack width of beams tested during the post-fatigue monotonous
loading.

approach for analyzing the shear behaviour is based on developing
empirical formulas from the experimental results and simpliﬁed
assumptions. There are numbers of parameters that affect the
shear capacity, such as loading history, presence of cracks, nonlinearity and non-homogeneity of the concrete, etc. In general,
the shear capacity of a beam strengthened with FRP materials, Vana,
can be computed by summarising the shear strength contributions
from the concrete, steel reinforcement and FRP. Therefore, the
nominal shear strength of the RC beam reinforced by FRP can be
expressed as follows [27,28,33]

V ana ¼ V c þ V s þ V f

ð1Þ

where Vc, Vs, and Vf represent the shear strength provided by the
concrete, stirrups and FRP sheet, respectively.
In research of the behaviour and performance of RC beams
externally strengthened in shear with CFRP, Lee et al. [41] investigated the concrete contribution in shear strength through the comparative study of the ACI design model [42] and the CIRIA design
model [43]. They have indicated that the calculations for the concrete contribution based on the CIRIA the model correlates well to
the experimental results, which is shown as

V c ¼ 0:44  ð1  0:35  a=dÞ 

pﬃﬃﬃﬃﬃ
fcu  b  d

ð2Þ

where a is the effective clear shear span, d is the effective depth of
the cross section, fcu is the cube compressive strength of concrete, b
is the beam width.
The stirrups contribution was studied by Kim et al. [18], Rangan
[44] and Cladera and Marí [45], which is given in SI units as

Vs ¼

Av  fy  d
s  tan h

ð3Þ

where Av is the cross sectional area of the shear reinforcement, s is
the spacing of the stirrups, fy is the design yield strength of the
shear reinforcement and h is the critical shear crack angle with respect to the beam longitudinal axis.
For the reference beam FCB30 and the non-strengthened beam
FB30-1, the shear carrying capacities obtained by Eqs. (2) and (3),
and the ratios of those estimated values to the experimental ones
are shown in Table 6. It can be seen that the shear capacities of
the reference beam obtained by experiment and by the theoretical
estimation are correlated reasonably well, i.e. the ratio is close to 1.
However, for the non-strengthened beam FB30-1, which was subjected to one million fatigue cycles, its experimental value is lower
than that of the estimated one since the accumulated fatigue damage was not considered here. In order to take the fatigue damage
into account, damage factors ks and kf are introduced to take the fatigue effects on the steel and the FRP into account. Although such
factors consider the individual damage accumulations from the
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steel and the FRP, the highly-weighted contribution is from the FRP
as there are possible delamination, ﬁbre break and de-bonding
caused by fatigue. Therefore, the shear capacities of FRP strengthened beams subjected to one million fatigue cycles may be estimated as

V ana ¼ V c þ ks  V s þ kf  V f

ð4Þ

The shear strength contribution provided by the FRP sheets is
calculated according to the studies carried out by Lee et al. [41],
which is based on the studies of the ACI [46] and the combined
inﬂuence of the elastic modulus, the reinforcement ratio of FRP
and inclination of FRP sheets.

V If ¼ qf  ðsin b þ cos bÞ  Ef  R  efu  b  df

ð5Þ

To investigate shear carrying capacities of the textile reinforced
concrete beams, Larbi et al. [47] also proposed the FRP shear contribution as

V IIf ¼ 0:9  qf  ðcot h þ cot bÞ  sin b  Ef  R  efu  b  df

ð6Þ

In addition Perera et al. [48] proposed the following equation to
count in the FRP contribution and to represent more suitable
dependence on the reinforcement ratio of the beams strengthened.
c2
V III
f ¼ c 1  qf  ðsin b þ cos bÞ  Ef  R  efu  b  df

1:11
V III
 ðsin b þ cos bÞ  Ef  R  efu  b  df
f ¼ 1:97  qf

ð8Þ

According to the theoretical prediction of FCB30 and the experimental result of FB30-1, the value of ks can be set as 0.89, which is
the ratio of experimental reduction of FB30-1 due to the one million fatigue cycles to the theoretical prediction of FCB30. Based
on the previous research work [15,24,28,31,36], the fatigue damage factor of the FRP sheet (kf) is related to the fatigue load ratio
(F), the applied fatigue frequency (H), the FRP reinforcing arrangement angle (b) and the elongation of FRP applied (gf). In addition,
Gheorghiu et al. [21,26] have indicated that there is no clear inﬂuence of the fatigue cycles on the post-fatigue monotonic strength.
Therefore, in this study the fatigue damage factor is proposed as

1 1
b 1
  cos 
F H
2 gf

ð9Þ

In the above equations, qf is the FRP area fraction and equal to 2(tf/
b)(wf/sf), df is the effective depth of FRP sheets, tf is the thickness of
FRP sheets, wf is the width of FRP sheets, sf is the spacing of FRP
sheets, Ef is the elastic modulus of FRP sheets, efu is the ultimate
strain of FRP sheets. R is the reduction factor in relation to the
FRP failure mode, which can be determined as

R ¼ 0:39  ðqf  Ef Þ2  0:85  qf  Ef þ 0:55

ð10Þ

Table 6
Comparisons between the experimental results and the theoretical predictions of
the shear capacities at failure.
Beam

FCB30
FB30-1
FB30-2
FB30-3
FB30-4

Vexp
(kN)

57.91
54.70
60.53
56.97
59.44

5. Conclusions

ð7Þ

where c1 and c2 are unknown parameters to be determined by solving a minimization problem of the objective function deﬁned from
the difference between the experimental results and the estimated
values by Eqs. (5) and (6). The ﬁnal form is shown as

kf ¼

The maximum value of R recommended by Sundarraja and Rajamohan [1] is 0.006/efu for the FRP-strengthened beams failed by
fracturing of the FRP sheets. However, Jayaprakash et al. [49] and
El-Ghandour [50] indicated the maximum value of 0.004/efu should
be appropriate to estimate the shear capacity of beams strengthened. Larbi et al. [47] suggested that the maximum value of R should
be equal to 0.5 in Eq. (6). For the FRP strengthened beams in this
study, the values obtained by Eqs. (5)–(8), and the ratio of Vexp/Vana
are also shown in Table 6. Here the value of h is taken as the default
value of 45°. It can be seen that the analytical predictions to evaluate
the shear capacities of beams strengthened with FRP sheets is intricate. Although the predictions shown in Table 6 are quite promising,
extensive experimental and numerical work need to be carried out
to develop comprehensive analytical formulation.
The results show that the external FRP reinforcement improves
the fatigue bahaviour of the RC beams, however the fatigue loading
induces the reduction of the ultimate load carrying capacity of the
RC beams. Although the slippage between the FRP and the concrete
reduces the strain on the FRP at the early fatigue stage, the behaviour of the FRP – concrete interface does not challenge the overall
post-fatigue behaviour of the FRP retroﬁtted RC beams.

Lee et al. [36]

Larbi et al. [42]

Perera et al. [43]

Vana
(kN)

Vexp/
Vana

Vana
(kN)

Vexp/
Vana

Vana
(kN)

Vexp/
Vana

57.21
54.57
60.89
57.52
60.02

1.01
1.00
0.99
0.99
0.99

57.21
54.57
60.26
57.23
59.48

1.01
1.00
1.00
1.00
1.00

57.21
54.57
60.20
57.48
59.94

1.01
1.00
1.01
0.99
0.99

Experimental work has been undertaken to study the fatigue related structural behaviour of RC beams strengthened with FRP
sheets. The outcomes of the experimental work on RC beams
strengthened with FRP sheets (CFRP and GFRP) have proved the
efﬁciency of strengthening arrangements when subjected to fatigue loading. The test results have shown that externally bonded
CFRP or GFRP to the lateral and bottom faces of a beam can increase the ﬁrst crack load and ultimate strength greatly, arrest concrete crack extension, and enhance the rigidity of strengthened
beams. The FRP strengthened beams have exhibited more widely
spaced and a fewer number of cracks in comparison to the reference beam. The CFRP strengthened beam has the highest ultimate
strength but the lowest deﬂection, and the diagonal GFRP reinforcing arrangement is more effective than the vertical arrangement in
enhancing the shear strength and stiffness. Moreover, the FRP
strengthened beams show the lower ultimate deﬂection than the
non-strengthened beam by 18–70% when subjected to 1000,000
cycles of fatigue loading. Post-fatigue monotonic tests have
showed that load–deﬂection responses of the beams with and
without previous fatigue loading are very similar until the ﬁnal
failure stage. However, the stiffness of CFRP-strengthened beam
is degraded more greatly than GFRP-strengthened beam after one
million fatigue cycles. The beam which reinforced by bonding diagonal GFRP sheets has the highest ﬁrst crack load, which is 24.7%
higher than that of the reference beam. In addition shear capacities
of the beams tested are estimated quite well.
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