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Abstract:    Carbon fiber reinforced polymer (CFRP) bars were prestressed for the structural strengthening of 8 T-shaped rein-
forced concrete (RC) beams of a 21-year-old bridge in China. The ultimate bearing capacity of the existing bridge after retrofit was 
discussed on the basis of concrete structures theory. The flexural strengths of RC beams strengthened with CFRP bars were con-
trolled by the failure of concrete in compression and a prestressing method was applied in the retrofit. The field construction 
processes of strengthening with CFRP bars—including grouting cracks, cutting groove, grouting epoxy and embedding CFRP bars, 
surface treating, banding with the U-type CFRP sheets, releasing external prestressed steel tendons—were introduced in detail. In 
order to evaluate the effectiveness of this strengthening method, field tests using vehicles as live load were applied before and after 
the retrofit. The test results of deflection and concrete strain of the T-shaped beams with and without strengthening show that the 
capacity of the repaired bridge, including the bending strength and stiffness, is enhanced. The measurements of crack width also 
indicate that this strengthening method can enhance the durability of bridges. Therefore, the proposed strengthening technology is 
feasible and effective. 
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INTRODUCTION 
 

A number of structural members which are part 
of the concrete infrastructure are in serious need of 
strengthening or repair to restitute their service ca-
pacities in strength and ductility due to aging, damage 
from overloading, impact of over-height vehicles, 
corrosion of steel rebar, and deterioration of concrete, 
or as a result of the demand for higher design loads, 
improved serviceability requirements, or the correc-
tion of poor design or construction. Recent surveys 
suggested that the necessary strengthening or repair 

for bridges, especially those exposed to the aggressive 
environments and/or those on strategically important 
routes, had led to increasing maintenance costs in the 
past decades (GB 50367, 2006; Capozucca, 2007). 

To improve the overall capacity of concrete 
bridges, many techniques have been employed in the 
strengthening. Of these methods, externally post- 
tensioned steel tendons, bonding steel plates and at-
taching fiber reinforced polymers (FRP) sheet to the 
concrete surface are popular strengthening methods 
for in situ construction because of their advantages 
(Ross et al., 1999; Shahawy et al., 2001; GB 50367, 
2006). However, their shortcomings are also obvious, 
such as the corrosion of steel and interface, adding 
negative load especially in the long-span structures 
repaired with steel, premature local failures, and not 
taking full advantage of material strength. Recently a 
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potential solution to some of these problems with FRP 
bars has attracted attention because of its favorable 
weight-to-strength ratio, non-corrosion, high resis-
tance to chemicals, lighter, and more durable than 
alternative repair systems (Quantrill and Hollaway, 
1998). And some researchers investigated FRP bars 
as a promising alternative to conventional steel rein-
forcement in concrete structures (Abdalla, 2002; 
Rasheed et al., 2004; Nayal and Rasheed, 2006). 
Based on the present studies, several codes and design 
guidelines have been published in the past few years, 
such as ISIS-M03-01 by Intelligent Sensing for In-
novative Structures (ISIS) Canada, ACI 440.1R-03 by 
American Concrete Institute (ACI), to encourage the 
construction and design of concrete structures with 
FRP bars. For example, Engineers in Canada used 
glass FRP bars as reinforcement in the concrete deck 
slab of one full span to construct the Cookshire-Eaton 
Bridge (El-Salakawy et al., 2005). The use of FRP 
bars as reinforcement in the deck construction of 
Pierce Street Bridge and Ohio’s Salem Avenue 
Bridge in USA has been reported (ACI 440, 2003). 

Nevertheless, most of the research projects were 
performed with laboratory-scale tests and corre-
sponding analyses. The corresponding codes and 
guidelines were published just for the design of con-
crete structures using FRP bars alone instead of 
alongside steel reinforcement in the tension zone, 
while reports of field applications of strengthening 
reinforced concrete (RC) structures with FRP bars are 
limited. Existing investigations showed that CFRP 
bar has excellent fatigue characteristics as it survived 
2×106 cycles when used in prestressed concrete 
beams and showed no reduction in the tensile capacity 
(Abdelrahman and Rizkalla, 1997). If it can be used in 
strengthening, a favorable effect can be achieved. Ha 
et al.(2008) developed a technique by embedding 
high-performance CFRP trapezoidal bars into 
grooves in the concrete to reinforce a beam in the 
laboratory. This proposed strengthening method was 
validated via a comparison with the performance of 
conventionally strengthened beams, showing that this 
method made significant improvements in ductility 
and load-carrying capacity of concrete beams (Ha et 
al., 2008). Recently, several attempts have deployed 
CFRP bar as external post-tensioning tendons to 
strengthen structures (Matta et al., 2007; Fang et al., 
 

2008), showing that external prestressed CFRP ten-
dons improved the bending capacity of beams and 
reduced the deformation and crack width. However, 
this challenge needed a special treatment to the CFRP 
bar and anchor systems. The transverse mechanical 
properties of CFRP are typically two orders of mag-
nitude smaller than those in the direction of the fiber 
(Matta et al., 2007). Without special treatment, the 
CFRP bar in the anchor will be crushed easily and 
also, the rupture of the CFRP bar often happens on the 
turning point (Fang et al., 2008).  

To overcome some difficulties in the external 
prestressed method, this study develops a novel 
strengthening method using prestressed CFRP bars 
embedded in the groove to repair a 21-year-old RC 
bridge in service. The design of the repair, field ap-
plication, in-situ tests, analytical investigations, and 
an assessment on the effectiveness of this strength-
ening method are also discussed. 
 
 
ANALYSIS AND DESIGN 
 
Bridge service condition 

The Erhutou Bridge, located in Huzhou City of 
Zhejiang Province, China, is a single span beam 
bridge with 8 main T-shaped RC beams. Note that the 
span of those RC beams is 16 m, and the width of the 
flanges of the T-shaped beams is 1.60 m (for the cross 
section of this bridge, refer to Fig.1). Since its con-
struction in 1986, this bridge has been in service for 
21 years. 

 
 
 
 
 
 

 
 

Concomitant with aging and the increasing traf-
fic, overload and environmental deterioration have 
caused different degrees of damage to this bridge 
(Fig.2). As shown in Fig.3, serious cracks appeared in 
the edge beams, and water seeping from cracks in the 
pavement brought further durability problems to the 
bridge beams. Corrosion of steel bars and 
 

   

50 185 130 185

Fig.1  Cross section of the strengthened bridge (unit: cm)
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Fig.4  10-mm diameter CFRP bar 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
plates in the diaphragm led to concrete cover spalling 
from the members, which in turn loosened the joint 
connection of two diaphragms to the main beams 
(Fig.2d). As a result, beams vibrated severely when 
vehicles passed through the bridge. Our inspection 
and evaluation of the results showed that the dete-
rioration in the bridge had a considerable impact on 
the security of structures, and retrofit was urgently 
required. 
 
Material characteristics 

CFRP bars at the diameter of 10 mm (Fig.4) 
were adopted to strengthen the T-shaped beams. 
When loaded in tension, these bars exhibit a linearly 
elastic stress-strain relationship until rupture. Their 
tensile properties, including ultimate tensile strength 
fp and elastic modulus Ep, are summarized in Table 1. 

The C-30 CFRP sheet was used in this retrofit to 
ensure the bonding property of CFRP bars and shear 
strength of the beam. The density of CFRP sheet is  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
300 g/mm3 with a thickness of 0.167 mm. The main 
mechanical properties of this material including the 
tensile strength fts, elastic modulus Eps, and elongation 
percentage Lp are also shown in Table 1. 

Epoxy resin was used as the adhesive material 
between concrete and CFRP bar. The tensile bond 
strength is above 3.5 MPa, larger than the tensile 
strength of concrete. 

The A3 steel plates at a thickness of 10 mm and a  

(a) (b)

(c) (d)

Fig.2  Damages of RC bridge. (a) Leakage; (b) Cracking; (c) Corrosion of steel and spalling of concrete; (d) 
Leakage and cracking 
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Fig.3  Width and distribution of cracks in the edge beam (Beam 1) (unit: mm) 
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width of 200 mm were employed to strengthen the 
diaphragm. Their yield strength fyp and elastic 
modulus Esp are presented in Table 1. 

The compressive strength fcu and Young’s 
modulus Ec of structural concrete and the yield 
strength fy and elastic modulus Es of steel rebar are 
also given in Table 1. 
 
Strength analysis 

The inspection showed that the serviceability of 
this bridge was not adequate in terms of the cracks, 
corrosion and vibration; meanwhile, the owner sug-
gested improving the load-carrying capacity of the 
bridge to meet the increasing volume traffic. In order 
to enhance the durability and load-carrying capacity 
of the RC bridge, a strengthening solution was 
designed. 

The bending capacity of the T-shaped beams was 
analyzed by assuming that the plane sections remain 
plane until failure. Dimensions of the T-shaped beam 
cross section and meanings of the symbols are shown 
in Fig.5. The bearing strength of the beam Mu equals 
to 1708 kN·m. 

Due to the excellent bonding strength, the failure 
of the beam strengthened with CFRP bars will be 
flexural failure. The flexural capacity of a CFRP bar 
strengthened member is dependent on whether the 
failure is governed by concrete crushing or CFRP 
rupture. In terms of Fig.5 and the plane sections as-
sumption, the bending capacity of beams strength-
ened with CFRP bars were analyzed according to the 
two failure modes.  

In terms of the strain compatibility in Fig.5, the 
strain of steel bar εs can be expressed by 

 
s c

s p
p c

,h x
h x

ε ε−
=

−
                              (1) 

 
 
 
 
 
 
 
 
 
 
 
where hs denotes the depth from the top of the section 
to the centroid of tensile steel rebars, hp refers to the 
depth from the top of the section to the centroid of 
CFRP bars, xc is the neutral axis depth, and εp repre-
sents the strain of CFRP bars. When CFRP rupture 
failure happens, εs goes beyond the allowance strain of 
steel rebars, which is 0.01 according to China Design 
Code of Concrete Structure (GB 50010, 2002). 
Therefore, the failure is not governed by steel yielding. 

When concrete crushing failure happens, the ul-
timate value of strain for compressive concrete εcu is  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1  Mechanical properties of materials 
Material Parameter   Value Material Parameter    Value 

CFRP bar D (mm) 10 Concrete fcu (MPa) 30 
 fp (MPa) 2760  Ec (GPa) 30 
 Ep (GPa) 110 A3 steel plate fyp (MPa) 235 
C-30 CFRP sheet fts (MPa) 3430  Esp (GPa) 199 
 Eps (GPa) 230 Steel rebar fy (MPa) 335 
 Lp (%) 1.5  Es (GPa) 200 

D: diameter of CFRP bar;  fp: tensile strength of CFRP bar; Ep: elastic modulus of CFRP bar; fts: tensile strength of CFRP sheet; Eps: elastic 
modulus of CFRP sheet; Lp: elongation percentage of CFRP sheet; fcu: compressive strength of concrete;  Ec: Young’s modulus of concrete;  
fyp: yield strength of A3 steel plate; Esp: elastic modulus of  A3 steel plate; fy: yield strength of steel rebar; Es: elastic modulus of steel rebar

Fig.5  Typical stress and strain distributions along the 
section of the T-shaped beam with CFRP bars. (a) Cross 
section of the beam; (b) Strain distribution; (c) Stress 
distribution 
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assumed equal to 0.003, and εs is larger than the yield 
strain of steel rebar and smaller than 0.01 from the 
relationship of strains between concrete and steel 
rebar. The strain of CFRP bars can be obtained as 
follows in terms of the concrete strains: 

 
p c

p cu
c

.
h x

x
ε ε

−
=                            (2) 

 
Since CFRP is a linearly elastic material, the 

stress of CFRP bars σp can be calculated by: 
 

p p p pe ,Eσ ε σ= +                          (3) 

 
where σpe is the prestress in CFRP bars. 

The standard equations of equilibrium are listed 
in Eqs.(4) and (5), and from a combination of 
Eqs.(3)~(5) the bending capacity of the beams after 
strengthening can be calculated. 

 

1 c f y s p p ,f b x f A Aα σ= +                      (4) 

u p p p y s s ,
2 2
x xM A h f A hσ ⎛ ⎞ ⎛ ⎞= − + −⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
         (5) 

 
where x=0.8xc, α1=1.0, As is the area of tensile steel 
reinforcement, Ap is the area of CFRP bars, and Mu is 
the flexural strength of the T-shaped beams 
strengthened with CFRP bars. 

According to the above analysis, the ultimate 
bending strength was controlled by the failure of 
concrete crushing when the beam was strengthened 
with CFRP bars. The bending strength of the 
T-shaped beam is 1961.2 kN·m when reinforced with  
2 CFRP bars, which satisfies the requirement of de-
sign loading. 
 
 
STRENGTHENING PROCEDURE WITH CFRP 
BARS 
 

The construction procedure of RC beams 
strengthened with CFRP bars was performed as 
follows:  

(1) Grouting cracks: Cracks in the T-shaped 
beams were sealed by a chemical grouting method. 

 
 

(2) Cutting Grooves in the concrete cover: In 
order to obtain a good interface between concrete and 
the CFRP U-shaped plate, the concrete surface was 
removed. Then, longitudinal grooves were formed in 
the concrete cover. The surfaces of the grooves were 
prepared with a wire brush to remove the loose con-
crete and dirt; four grooves formed in each edge beam 
and two grooves in every interior beam. Before the 
installation, compressed air at more than 0.2 MPa 
pressure was adopted to blow the dirt from the 
grooves, and the concrete surface was scrubbed 
cleanly with acetone. 

(3) Prestressing the beams: Counterforce piers 
and anchors were prefabricated and fixed at the end of 
each side of the T-shaped beams. External steel ten-
dons, at a diameter of 15.2 mm, were prestressed with 
150 kN tension using a hydraulic jack. 

(4) Grouting with epoxy adhesive: the epoxy 
adhesive material was mixed and then the epoxy resin 
was grouted into the rebates after the application of 
the primer in the concrete. Before the in situ applica-
tion, bond performance was tested in the laboratory.  

(5) Embedding CFRP bars: The surfaces of the 
CFRP bars were made rough, cleaned and coated with 
sand. Then these CFRP bars were embedded into the 
epoxy filled rebates, and surplus adhesive epoxy resin 
was removed.  

(6) Fixing the CFRP sheet: To protect and 
strengthen the interface, the U-shaped sheet of CFRP 
with a thickness of 0.167 mm was bonded on the 
concrete surface of the strengthened beam. The con-
tribution of this sheet was deemed as a safety stock 
and not taken into account in the strength calcula-
tions. 

(7) Releasing the external prestressing tendons: 
The prestress in the external steel tendon was released 
when the bond strength between the CFRP bar and 
concrete achieved a satisfactory result with reference 
to the laboratory test. In this way, the CFRP bar 
would be stressed before live loading. 

The main strengthening steps are shown in Fig.6. 
After the above strengthening procedure, steel plates 
were bonded on the diaphragms, and deck slab top-
ping was recast to enhance the transverse interaction 
between the beams. The steel plates were also pro-
tected with special paint to ensure their durability. 
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LIVE LOAD TEST IN SITU 
 
Field test program 

Before retrofit and after 5 months before re-
opening to the traffic, the service performance of this 
bridge was tested using calibrated vehicles as live 
loads (for the detail of the vehicles, refer to Fig.7). To 
guarantee the security of this bridge, the vehicular 
loads were applied and removed from the bridge deck 
according to different stages shown in Table 2. And 
four vehicle stations were distributed in the deck 
(Fig.8). 

In the first stage of the test, vehicle 1 (V1) and 
vehicle 2 (V2) stopped on the marked station. In the 
second stage, vehicle 3 (V3) was added and subse-
quently vehicle 4 (V4) was added (the third stage). 
After the third stage, vehicular loads were removed 
according to the sequence described in Table 2. The 
gross rail loads on axles of vehicles before and after 
strengthening are listed in Table 3. The readings of  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 3  Gross rail loads on axles of vehicles before 
and after strengthening 

Vehicle Fore 
axle t1 (t) 

Back 
axle t2 (t) 

Back 
axle t3 (t)

V1 57.80 128.39 128.39 
V2 49.22 132.19 132.19 
V3 53.33 130.63 130.63 

Before 
strengthening

V4 57.22 126.57 126.57 
V1 65.53 114.53 114.53 
V2 39.20 128.19 128.19 
V3 59.12 117.49 117.49 

After 
strengthening

V4 57.18 118.21 118.21 

Table 2  Stage and sequence of loading and unloading 
calibrated vehicles 

Stage Sequence Stage Sequence 
0 0 4 V1+V2+V3 
1 V1+V2 5 V1+V2 
2 V1+V2+V3 6 0 
3 V1+V2+V3+V4   

Note: stages 0~3: loading calibrated vehicles; stages 4~6: unloading 
calibrated vehicles 

Fig.6  Main construction steps in the 
strengthening site. (a) Cutting the 
groove; (b) Prestressing the beam; 
(c) Grouting and embedding; (d) 
Closing the groove; (e) Hooping 
with the U-type CFRP sheet 
 

(a) (b) (c) 

(d) (e)

1.35 3.50 1.85 

Fig.7  Vehicle (unit: m). (a) Side view; (b) Back view. 
 

(a) (b)
Fig.8  Distribution of vehicular loads on the bridge deck 
(unit: m) 
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instrumentations were collected when the data were 
steady for 30 min after the vehicles stopped at the 
prescribed stations. 

 
Deflection measurement 

Dial indicators were installed on the bottom of 
the T-shaped beams to measure the deflection. The 
midspan deflection at each test load stage is shown in 
Figs.9a and 9b for 4 beams before and after structural 
strengthening, respectively. 

It can be seen from the curves between deflec-
tion and loads in Fig.9a, the vehicular loads on the 
deck do not distribute to every beam according to 
theoretical model because of the weak transverse 
interaction between the beams. Before strengthening, 
the maximum deflection of the edge beam (Beam 1)  
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

under the 3rd stage load was 1.24 cm. After 
strengthening, the maximum deflection of Beam 1 at 
the same stage was 0.95 cm. 
 
Strain measurement 

Foil gauges were attached to the bottom concrete 
surface and to the CFRP bars at the midspan section to 
monitor their strains. The strains were collected with 
an acquisition system at a rate of two readings per 
second. Unfortunately, the foil gauges on the CFRP 
bars were destroyed in the strengthening construction, 
and some interesting data were not collected. 

Figs.10a and 10b show the concrete strains under 
vehicular loads before and after strengthening, re-
spectively. Compared with other beams, the strain is 
the greatest in the edge beams. The maximum strain  
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Fig.10  Concrete strain vs load stage curves (a) before and (b) after strengthening 
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of the edge beam under the 3rd stage load before 
strengthening was 508 microstrain due to the damage 
and the weak interaction between the beams. Here, 
the width of some cracks is much larger than that is 
desirable for durability of concrete structures. After 
strengthening, the strain was reduced; the maximum 
strain of edge beam under the 3rd stage load now was 
379 microstrain. 
 
Cracks 

In the load test of the bridge before retrofitting 
the width of the cracks in the concrete increased with 
the loading, but no new cracks appeared. These cracks 
had affected the durability of the structure and would 
have further decreased the performance of the bridge 
if no action were taken. In order to monitor the de-
velopment of cracks after retrofit, a repaired crack in 
the midspan of Beam 2, with a width of 0.2 mm be-
fore retrofit, was selected as a monitoring object in the 
field test. Its width was unchanged under the first 
stage load, 0.03 mm under the second stage load, 0.05 
mm under the third stage load, and closed when the 
live loads were removed from the bridge deck. Fur-
thermore, after reopening to the traffic, periodical 
inspections were carried out on three occasions to 
observe the development of surface cracks on the 
sides of the beams. The cracking was found to be 
stable. 

 
 

EVALUATION AND DISCUSSION 
 
Live load distribution factor 

The live load distribution factor (DF) is by 
definition the fraction of the total load that anyone of 
the T-beams receives. By measuring the deflection of 
every beam in the bridge under static loading, the DF 
can be determined. Since all of the T-shaped beams 
have nearly the same dimensions, the stiffness of 
these beams can be considered approximately as the 
equal value. The following equation can thus be 
adopted to calculate the DFs in the test (Eom and 
Novak, 2001): 

 
/ ,i i iDF f f= ∑                            (7) 

 
where fi is the deflection of the ith beam, i=1~8. 
 

The DFs from Beam 1 to Beam 4 are shown in 
Fig.11. Through the comparison, the theoretical 
rigid-diaphragm method (JTGD60, 2004) is valid to 
evaluate the DFs of the T-shaped beam bridge after 
retrofit.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Effectiveness of the strengthening 

Because the test loads at the same stage before 
and after strengthening are slightly different, the 
relative ratio of fi/f′ was put forward to evaluate the 
effectiveness of this strengthening. In the above ratio 
fi is the deflection of the ith beam observed from the 
test and f′ is the deflection calculated from the equa-
tion adopted by ACI 318 (2002). When cracking oc-
curs, the moment of inertia or the stiffness of the 
beam decreases. For cracked concrete, an effective 
moment of inertia Ie used for the calculation of de-
flection can be expressed as (ACI, 2002) 

 
3 3

cr cr
e g cr g

a a

1 ,
M M

I I I I
M M

⎡ ⎤⎛ ⎞ ⎛ ⎞
⎢ ⎥= + − ≤⎜ ⎟ ⎜ ⎟
⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

        (8) 

 
where Ig is the gross (uncracked) moment of inertia, 
Icr represents the cracked transformed moment of 
inertia, Mcr denotes the cracking moment of the beam, 
and Ma refers to the applied service load moment at 
the critical section. 

The values of fi/f′ before and after strengthening 
are shown together in Fig.12. It can be seen that the 
bridge structure has been stiffened by using CFRP 
bars and retrofitting the deck slab. All of the fi/f′ val-
ues after strengthening are less than 0.73, so the 
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Fig.11  Live load distribution factors calculated from test 
results and rigid-diaphragm method 
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bridge performance is better than what the design 
code assumes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSION 

 
An innovative strengthening technology is de-

scribed to improve the flexural strength and ser-
viceability of a 20-year-old RC bridge with 
prestressed CFRP bars. The detailed construction 
procedure on site is also reported. Field tests were 
carried out to evaluate the performance of this RC 
bridge in its existing state and the effectiveness of our 
repair method. Based on the analysis and the results 
of a field test, some conclusions can be drawn as 
follows: 

(1) The flexural strength of RC members 
strengthened with CFRP bars can be determined 
based on strain compatibility, internal force equilib-
rium, and the controlling mode of failure. It has been 
shown that the flexural strength of the T-shaped 
beams strengthened with CFRP bars is governed by 
concrete crushing; 

(2) The bending capacity of the damaged bridge 
was improved by embedding the prestressed CFRP 
bars in the tensile zone of beams. The deflection and 
crack width was reduced after the retrofit, and thereby 
the durability of the concrete beams has been im-
proved; 

(3) The transverse interaction between bridge 
beams has been improved by the retrofit of dia-
phragms and deck slab. The live load distribution 
factors of the strengthened bridge calculated from 
experimental results were in good agreement with the 
rigid-diaphragm method; 

(4) The construction work on site has demon-
strated that the proposed strengthening method is 
feasible and effective. 
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