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a b s t r a c t

Existing experimental studies showed that the reinforced concrete (RC) beams strengthened with pre-
stressed carbon fiber-reinforced polymer (CFRP) plates had three possible flexural failure modes (includ-
ing the compression failure, tension failure and debonding failure) according to the CFRP reinforcement
ratio. Theoretical formulas based on the compatibility of strains and equilibrium of forces were presented
to predict the nominal flexural strength of strengthened beams under the three failure modes, respec-
tively, and a limitation on the tensile strain level developed in the prestressed CFRP plate was proposed
as the debonding failure occurred. In addition, the calculation methods for cracking moment, crack width
and deflection of strengthened beams were provided with taking into account the contribution of pre-
stressed CFRP plates. Experimental studies on five RC beams strengthened with prestressed CFRP plates
and a nonlinear finite element parametric analysis were carried out to verify the proposed theoretical for-
mulas. The available test results conducted by other researchers were also compared with the predicted
values.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The application of bonded fiber-reinforced polymer (FRP) lami-
nates to the exposed faces of concrete members provides an effi-
cient, light-weight, non-corrosive alternative to the other
rehabilitative methods [1]. Common FRP laminate forms suitable
for the strengthening of structural members are sheets and plates.
FRP sheets with small nominal thickness could be employed to
strengthen the members with irregular surfaces, like seismic
strengthening of concrete columns. However, multiple plies of
FRP sheets are usually needed to meet the requirements of flexural
strengthening of the concrete beams or slabs, which should corre-
spondingly consume extensive labors, and a reduction factor
would be introduced for evaluating the effective thickness of mul-
tiple FRP plies. Compared with the FRP sheets, FRP plates with rel-
atively large cross-sectional areas could achieve the more effective
strengthening effects. And the FRP plate has some stiffness itself
which is convenient to the construction in field applications [2].

It was found that premature debonding of FRP laminate was the
most popular brittle failure mode observed in flexure tests of
strengthened beams, and the tensile stresses in FRP laminates were
only 10–20% of their ultimate tensile strength as the beams failed
[3]. So the FRP laminates usually could not be utilized efficiently in
non-prestressed strengthening applications. In the 1990s, some

researchers claimed that prestressing the CFRP laminates prior to
bonding could be an innovative way to use a higher percentage
of the material’s tensile strength [4–6]. Several prestressing/anchor
systems were developed [5–9], and a series of experimental stud-
ies on RC beams strengthened with prestressed CFRP sheets or
glass fiber-reinforced polymer (GFRP) plates were conducted dur-
ing the past two decades [4,5,7,10–14]. While studies on RC beams
strengthened with prestressed CFRP plates are relatively limited.
Garden and Hollaway’s research work found that the possible fail-
ure modes of RC beams strengthened with prestressed CFRP plates
included the compression failure, tension failure, debonding failure
and concrete shear failure [15]. And the prestressing technique
could efficiently utilize the high strength of CFRP plates by delay-
ing or avoiding the premature debonding, but bring a reduction
in ductility simultaneously. Quantrill and Hollaway conducted
tests on four RC beams strengthened with CFRP plates that were
prestressed to the levels between 17.5% and 41.7% of their tensile
strength, which indicated that the technique of prestressing the
CFRP plates prior to bonding provided a more efficient solution
to improve the serviceability and increase the flexural capacity of
strengthened beams [6].

Theoretical studies on flexural strengthening of RC beams with
prestressed FRP laminates have been carried out by some research-
ers since the early 1990s. Triantafillou et al. addressed that the
proper design of a singly reinforced section of strengthened beam
would require that steel reinforcements yield precede concrete
crushing, while the prestressed CFRP sheets do not rupture or
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debond from concrete at ultimate [4]. Under the mentioned pre-
condition, the calculation formulas for nominal flexural strength
of FRP prestressed section was provided. Wang and Zhou also dis-
cussed the calculation method for nominal flexural strength of sin-
gly reinforced concrete beams strengthened with prestressed FRP
laminates based on the traditional flexural theory, but the influ-
ence of FRP debonding was not taken into account in their analyt-
ical work [16]. Yu et al. developed an innovative mechanical device
for prestressing CFRP sheets and studied the strain distributions in
sections of strengthened beams at the prestressing transfer pro-
cess, decompression and ultimate stage, respectively. It should be
noted that the iterative method was applied in the calculation of
nominal flexural strength under the FRP rupture failure [13].
Although a comprehensive set of recommendations or guidelines
for concrete structures externally bonded with FRP laminates have
been developed by several organizations, including ACI, CSA, fib,
ISIS, JSCE, CECS, etc. [17–21], no specific regulations for flexural
strengthening with prestressed FRP laminates are involved in the
current codes.

In summary, calculation method for the nominal flexural
strength of strengthened beams prestressed with FRP laminates un-
der debonding failure was not proposed in the existing analytical
studies. In addition, studies on the calculation of cracking moment,
crack width and deflection of strengthened beams have not been re-
ported by researchers. This paper presents the investigations for
predicting the nominal flexural strength, cracking moment, crack
width and deflection of RC beams with prestressed CFRP plates.
An experimental program and a finite element (FE) parametric
analysis are conducted to verify the theoretical formulas.

2. Calculation of nominal flexural strength

2.1. Basic assumptions

The following assumptions are made in calculating the nominal
flexural strength of RC beams strengthened with prestressed CFRP
plates:

� The strains in the reinforcement and concrete are directly pro-
portional to the distance from the neutral axis, that is, a plane
section before loading remains plane after loading.

� Compressive stresses in concrete, fc, are given by [22]

fc ¼
f 0c

2ec
e0
� ec

e0

� �2
� �

if 0 6 ec 6 e0

f 0c 1� 0:15
0:004�e0

ðec � e0Þ
h i

if e0 < ec 6 0:003

8><
>: ð1Þ

where f 0c is the cylinder compressive strength of concrete; ec the
compressive concrete strain and e0 the compressive strain in con-
crete at the peak stress. As the ultimate compressive strain in con-
crete reaches 0.003, concrete stress of 0.85 f 0c shall be assumed
uniformly distributed over an equivalent compression zone
bounded by edges of the cross section and a straight line located
parallel to the neutral axis at a distance a = b1c from the fiber of
maximum compressive strain, where c is the actual depth of the
compression zone, and the parameter b1 can be determined accord-
ing to ACI 318-08 [23].

� Reinforcing steel is assumed to behave elastic-perfectly plastic
response, and the FRP plate has a linear elastic stress–strain
relationship up to failure.

� The shear deformation within the adhesive layer is neglected
since the adhesive layer is very thin with slight variations in
its thickness.

� The tensile strength of concrete is ignored.

2.2. Observed failure modes

Several flexural failure modes controlling the ultimate strength
in RC beams strengthened with prestressed CFRP plates have been
reported in the literatures by researchers [6,15]. It was observed
that the possible flexural failure modes of strengthened beams in-
cluded the compression failure (i.e. crushing of concrete in com-
pression prior to the rupture or debonding of CFRP plate),
tension failure (i.e. rupture of CFRP plate prior to the crushing of
concrete in compression) and debonding failure (i.e. force in the
prestressed CFRP plate could not be sustained by the concrete sub-
strate, which results in the CFRP plate debonding prior to the con-
crete crushing).

2.3. Tensile strain limitation for prestressed CFRP plate under
debonding failure

For strengthened beams prestressed with CFRP plates, the deb-
onding failure was mainly caused by the difference of strain in-
crease between the bonded concrete surface and CFRP plates.
Similar to the tensile strains developed in the steel tendons at ulti-
mate for a prestressed concrete beam, the total strain capacity of
the prestressed CFRP plates for strengthened beams under debond-
ing failure can be expressed as:

epf ¼ epe þ ed þ Depf ð2Þ

where epe is the effective strain in the CFRP plate after all losses; ed

the additional strain in the prestressed CFRP plate that causes the
extreme precompressed fiber to reach zero strain, which refers to
the state of decompression and Depf the ultimate strain increase be-
yond (epe + ed) under debonding failure.

It is known that after the decompression state, a prestressed
concrete beam could be treaded as the corresponding nonpre-
stressed beam in the analytical work [24]. Thus, the ultimate strain
increase in the prestressed CFRP plate after decompression was
comparable to the tensile strain limitation for the nonprestressed
CFRP plate. Herein, a tensile strain limitation [epfu] could be pro-
posed for predicting the maximum tensile strain level in the pre-
stressed CFRP plate under the debonding failure or tension failure.

½epfu� ¼

epe þ ed þ jmepfu if epe þ ed þ jmepfu < epfu

ðdebonding failureÞ
epfu if epe þ ed þ jmepfu P epfu

ðtension failureÞ

8>>><
>>>:

ð3Þ

In Eq. (3), the item of jmepfu represents the strain increase limitation
for the prestressed CFRP plate, which can be determined by Eq. (4)
proposed for preventing the debonding failure of nonprestressed
CFRP plate in ACI 440.2R-02 [17].

jmepfu ¼
1

60 1� nEf tf
360;000

� �
6 0:90epfu for nEf tf 6 180; 000

1
60

90;000
nEf tf

� �
6 0:90epfu for nEf tf > 180;000

8><
>: ð4Þ

where epfu is the nominal ultimate tensile strain of the prestressed
CFRP plate; jm the reduction factor; n the number of plies of CFRP
plate at the location along the length of the member where the mo-
ment strength is being computed; Ef the tensile modulus of elastic-
ity of CFRP plate (MPa) and tf the thickness of CFRP plate (mm).

In addition, seen from Eq. (3), the tensile strain limitation [epfu]
is related the jacking stress applied to the CFRP plate. FRP materials
subjected to a constant load over time can suddenly fail after a
time period referred to as the endurance time. This type of failure
is known as creep-rupture. To avoid the creep-rupture of the FRP
reinforcement under sustained loads, the stress level limit for non-
prestressed CFRP reinforcement was proposed as 0.55 times of its
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