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This paper reports the results of an experimental program
designed to provide a realistic assessment of the potential of using
fiber-reinforced polymer (FRP) materials in the repair and
strengthening of reinforced concrete (RC) flexural members. The
experimental program included seven RC flexural beams 270 x 400
mm in cross section and 4350 mm in length. Four of the seven RC
beams were reinforced externally with one or two layers of carbon
fiber-reinforced polymer (CFRP) composite. Variables considered
in this experimental program included state of damage (damaged
versus undamaged) and loading condition during bonding (loaded
versus unloaded). Damage was introduced in four of the seven RC
beams using an accelerated corrosion technique developed at the
University of Toronto. Tests in the current study show that it is nec-
essary to consider the effects of corrosion- and load-induced dam-
age as well as sustained load on the load-carrying and deflection
capacities of externally reinforced flexural members. Furthermore,
it is concluded that it is possible to achieve adequate corrosion
repair with externally bonded CFRP and minimal intervention. In
particular, the current study shows that it is important to optimize
CFRP layout to balance strength recovery with control of faulting
and splitting, which could lead to premature member failure.
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INTRODUCTION
Externally bonded fiber-reinforced polymers (EB-FRP)

offer a viable alternative for service-life extension of rein-
forced concrete (RC) members.1-3 Common applications of
FRP bonded externally to existing RC construction include
column wraps, slab soffits, and combinations of the soffits
and webs of flexural members. The objectives for using EB-
FRP in a large number of such applications were summa-
rized in another article.4

To extend the service life of a RC structure, it may be nec-
essary to increase the load-carrying capacity, repair damage,
or both. In the literature, there are numerous articles report-
ing the behavior of beams reinforced externally with FRP for
the purpose of increasing the load-carrying capacity.3,5-20

The reported studies have shown that externally bonded FRP
can be effectively used to increase the strength and stiffness
of RC beams while maintaining an adequate level of deform-
ability. Several organizations in North America and
abroad—including ACI Committee 440,21 ISIS-Canada,*

and the Japanese Society of Civil Engineers22—are develop-
ing extensive design guidelines for the use of EB-FRP, indi-
cating that the process of standardization is underway. 

In contrast to the case for member strengthening, only a
relatively small number of studies have focused on the use of
EB-FRP for the repair of damage in RC members.23-25 This
article reports on a study using EB-FRP for service-life ex-

tension of corrosion-damaged RC flexural members, which
is an important practical aspect to be considered in standard-
ized repair techniques.

Key factors to be considered in any scheme for life exten-
sion include short- and long-term cost, ease of installation
and disruption to service, structural performance, and dura-
bility in relation to the time to functional obsolescence. This
paper reports on tests of corrosion-damaged beams repaired
with EB-FRP. The objective of this series of tests was to es-
tablish the structural performance of repaired beams in the
short-term as an indicator of the general effectiveness. These
beams were designed to be flexure-critical with a minimum
of intervention in the repair. Test results are reported from
the first phase of a larger, overall study that also includes
tests to evaluate performance of shear-critical corrosion-
damaged beams after repair as well as durability issues relat-
ed to the long-term structural performance of beams repaired
with EB-FRP.

RESEARCH SIGNIFICANCE 
Very often, field applications of EB-FRP involve RC

members that are, in varied degrees, damaged by corrosion
of steel reinforcement. This paper reports the results of a se-
ries of tests designed to study the effect of corrosion damage
on the short-term effectiveness of EB-FRP in the flexural re-
pair and strengthening of RC beams. Favorable findings
from this series of tests would warrant further studies on the
durability and fatigue performance of this repair and
strengthening technique.

SUMMARY OF RELATED STUDIES
The present work is geared toward evaluating the use of EB-

FRP to repair corrosion-damaged RC beams—a practical ap-
plication that has received little attention in experimental re-
search. In this regard, it is important to distinguish controlled
experimental research, involving structural tests to failure,
from field applications and demonstrations, where the effect
on structural performance cannot be fully established.

Two recently published articles26-27 focused on the effect
of reinforcement corrosion on the flexural behavior of unre-
paired RC beams. Corrosion damage was introduced in the
RC beams using electrochemical accelerated corrosion tech-
niques. The results of both of these works show that rein-
forcement corrosion leads to the loss of strength, stiffness,
and ductility of the RC beam. 
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A number of other studies considered the repair of beams
damaged by sources other than corrosion of reinforcement.
Sharif et al.23 studied the flexural behavior of initially loaded
RC beams repaired with epoxy-bonded glass FRP (GFRP).
The RC beams were initially loaded to develop a 10 mm cen-
tral deflection (0.85% of span), which corresponded to 85%
of the their ultimate load capacity. The beams were then un-
loaded, repaired using several different schemes, and loaded
to failure. The results indicated the effectiveness of the ex-
ternally bonded GFRP in repairing load-induced damage in
the RC beams. There were increases in both strength and stiff-
ness of the repaired beams over those of a control specimen. A
special anchoring system shifted the failure mode of the re-
paired beams from debonding of the GFRP to flexural compres-
sion and gave the specimen significant deformation capacity. 

Arduini and Nanni24 studied the behavior of precracked
beams strengthened with CFRP sheets. Their experimental
program included short- and medium-length RC beams that
were preloaded and cracked prior to the application of the
FRP. The preload level was equal to 30% of the nominal ca-
pacity of the beam and was selected to simulate a reasonable
service condition allowing the formation of three to four
cracks in the constant moment region. On some of the spec-
imens, load was maintained during the application and cur-
ing of the FRP. The results showed that specimens that were
precracked showed lower ultimate capacity and stiffness
than their virgin counterparts. For damaged specimens, those
repaired without sustained load had an average strength in-
crease of 24% (over the control), while a specimen repaired
under sustained vertical load had a strength increase of only
16% (over the control). 

Buyukozturk and Hearing25 reported a study on the retro-
fit of precracked RC beams using glass/nylon and carbon/
graphite EB-FRP. The beam specimens were precracked at a
maximum deflection of L/240 prior to being retrofitted with
the FRP laminates. An average strength increase of 23% was
reported for the retrofitted beams along with noticeable in-
creases in beam stiffnesses. Deformation capacities of the
retrofitted beams varied over a wide range and were associ-
ated with various modes of failure, which included concrete
flexural compression, beam shear failure, debonding of the
FRP, and concrete splitting failure at the flexural steel level.
The highest deflection capacity was reached with a flexural
compression mode of failure. 

Dimas, Ehsani, and Saadatmanesh28 conducted a study on
three corrosion-damaged RC beams removed from the roof of
a cooling tower in a nuclear power plant. Two beams were used
as control beams, and another was strengthened for flexure and
shear with epoxy-bonded E-glass fabric. The authors reported
a two-fold increase in beam moment capacity as a result of add-
ing GFRP reinforcement. At maximum load, the deflection of

the externally reinforced beam was comparable to the control
specimens.

While this single result from the study by Dimas, Ehsani,
and Saadatmanesh was encouraging, considerably more ex-
perimental evidence is required before the use of EB-FRP as
a means for extending the service life of corrosion-damaged
beams can be considered for widespread practical applica-
tion. The remainder of this article reports on the first phase
of an experimental study designed to investigate a range of
issues associated with repair of corrosion-damaged beams
using EB-FRP.

EXPERIMENTS
Experimental plan 

A total of seven RC beam specimens were included in this
phase of the study. All of the beams had identical cross sec-
tions and were tested in four-point bending over a simple
span (Fig. 1). Variables in the test plan included the extent of
corrosion, the external reinforcing scheme, and the loading-
repair history (Table 1). Table 2 and the last column of Table
1 illustrate the relative significance of each specimen in the
experimental plan. Beams in this test series were designed to
fail in flexure, and corrosion damage was purposely focused
on the flexural reinforcement in the constant moment region.
Details of the accelerated corrosion, CFRP application and
load histories, as introduced in Table 1, are presented in sec-
tions that follow.

The specific objectives of this series of tests were: 1) to
evaluate the effectiveness of using EB-FRP to restore the
structural performance of corrosion-damaged beams; 2) to
study the effects of sustained loading on the performance of
members reinforced with EB-FRP; 3) to compare perfor-
mances of undamaged/strengthened and damaged/repaired
beams; and 4) to investigate the most efficient use of FRP
material for repair of corrosion-damaged beams. 
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Table 1—Summary of experimental plan
Specimen 

designation
Corro-

sion CFRP Loading/CFRP history Identity

B1 None None Monotonic Control

B2 None 2 long. CFRP → monotonic Strength-
ened

B3 None 2 long. Cycle → sustain for CFRP
→ monotonic

Strength-
ened under 

load

B4 10% None Monotonic Heavily 
damaged

B5 10% 1 long. + 
U-straps

Cycle → sustain for CFRP
→ monotonic

Optimized 
repair under 

load

B6 10% 2 long.
Cycle → sustain for CFRP

→ monotonic Repaired 
under load

B7 5% None Monotonic Moderately 
damaged

Table 2—Summary of test plan objectives
Specimen subset Performance evaluation(s) to be made

B1, B2, B3 Effects of strengthening undamaged beams

B2, B3 Effects of load history and sustained load
on CFRP performance

B1, B4, B7 Effects of corrosion without CFRP

B1, B3, B6 Effects of corrosion with CFRP

B1, B4, B5, B6 Effects of repairing damaged beams—
for two CFRP schemes
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Design of specimen 
The RC beams were designed assuming 24 MPa compres-

sive strength concrete, representing typical concrete material
used several decades ago. The flexural reinforcement con-
sisted of three 20M (As = 900 mm2, db = 19.5 mm) deformed
bars in the tension zone and two No. 3 (As′  = 142 mm2, db =
9.5 mm) deformed bars in the compression zone, corre-
sponding to reinforcement ratios of 1 and 0.15% for tensile
and compressive, respectively. Shear reinforcement was pro-
vided in such a way that the stirrups would yield only after a
strengthened beam would start to fail by flexural compres-
sion. Shear reinforcement consisted of 180 x 310 mm stir-
rups made from No. 3 deformed bars spaced at 135 mm in
the shear span. With this design, the ratio of shear demand-
nominal shear strength (Vu/Vn) was found to be 0.6. A data-
base compiled by Bonacci6 revealed that for 64 tests of
beams strengthened with EB-FRP, the ratio Vu/Vn varied
from 0.08 to 1.24, with an average of 0.55. 

Materials 
The concrete material used was a ready-mix concrete with

20 mm maximum coarse aggregate size, 7% air content, and
140 mm slump. The measured average 28-day concrete
strength was 22.6 MPa. The measured yield strengths of the
20M and the No. 3 deformed bars were 485 and 507 MPa, re-
spectively. The CFRP material consisted of 250 mm wide
and 0.167 mm thick carbon sheets externally bonded to con-
crete using a two-part epoxy resin provided by the same
manufacturer. Tensile strength, modulus, and elongation of
the CFRP material reported by the manufacturer were 3400
MPa, 230 GPa, and 1.4%, respectively. A summary of all the
material properties is given in Table 3.

Specimen preparation 
Preparation of the reinforcement cage started by cutting all

the reinforcing steel to the desired lengths. The stirrups were
prepared using an electric bar-bending machine. For each
beam, four stirrups were instrumented at their midheight

with a total of eight electrical strain gages (two for each stir-
rup). In addition, each longitudinal steel bar was instrumented
with one electrical strain gage at the midspan location (Fig. 2).
Twelve 20M steel bars were drilled and threaded at one end,
where electrical wires were later connected. These 12 bars
were used in four beams (B4 to B7), which were subjected to
an accelerated corrosion regime. Prior to assembling the re-
inforcement cage, all strain gages were tested to ensure that
they were functioning properly. For Beams B4 to B7, a 300
mm long region at both ends of each cage was painted with
an epoxy coating in an effort to restrict corrosion to within
the beam span.

Subsequently, the reinforcement cages were placed in
their formwork. Plastic chairs, giving 40 mm clear concrete
cover, were used between the formwork and the reinforce-
ment. During the placement of concrete for Beams B4 to B7,
255 g of fine NaCl crystals were dispersed evenly in the con-
stant moment region at the level of the tension steel for each
beam. This amount of NaCl corresponded to approximately
2% chloride ion concentration by weight of cement for the
concrete surrounding the tension steel in the constant mo-
ment region. This was done to create a natural potential for
corrosion initiation and advancement at that particular re-
gion. After casting, the beams were covered with wet burlap
and plastic sheets and were cured in their formwork for a pe-
riod of 28 days. 

The process of applying CFRP to concrete involved sur-
face preparation, priming, resin undercoating, carbon fiber
sheet application, and resin overcoating. The bottom con-
crete surface was prepared by sanding until the fine aggre-
gates were exposed and then cleaned with a high-pressure air
jet. After that, a two-part primer was applied to the prepared
concrete surface and left to dry overnight. Next, a two-part
epoxy resin was applied to the primed concrete surface, fol-
lowed by application of the carbon fiber sheets. Finally, a resin
overcoating was applied over the carbon fiber sheets. Com-
plete curing took a period of 1 week at room temperature.

Fig. 1—Specimen geometry.

Fig. 2—Strain locations on stirrups and CFRP.
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Accelerated corrosion 
Four beams (B4 to B7) were subjected to an accelerated

corrosion environment for a period of up to 140 days. Accel-
erated corrosion was achieved by placing the bottom third of
each specimen in a separate corrosion tank with 3% NaCl
water. In addition, a current was impressed using a 12-volt
fixed potential applied across the internal anode (the steel re-
inforcement) and an external cathode. The external cathode
was built from a 3 mm diameter wire mesh (25 mm average
spacing) and was placed in a small gap below the constant
moment region of each specimen. A small pump was used to
supply oxygen (from air) to the external cathode region to pro-
mote the formation of hydroxyl ions (OH-), necessary for the
corrosion reaction. The applied voltage and resulting current
values were automatically recorded using a data acquisition
system and a personal computer. The measured current was
used to calculate estimated steel loss using Faraday’s law.

Initially, the specimens were subjected to cyclic wetting
and drying (3.5 days wet/3.5 days dry) for a period of 56
days. During that period, mixtures of relatively soluble
(green-black) and insoluble (red rust) corrosion products
were leaching out from the bottom third of the specimen. A
single longitudinal crack formed in the bottom-center of
each of the four specimens. Around each crack, a white line
of NaCl deposit also formed. During the wet phase, the cur-
rent measured between the anode and cathode was about 1.7
amps on average. During the dry phase, the measured current
was about 0.3 amps on average. The active anodic surface
area could not be determined with absolute certainty. Steel
loss percentages were computed assuming the exposed por-
tion of the three 20M bottom longitudinal bars plus the bot-
tom third of the stirrups. The corresponding anodic surface
area was be 9250 cm2. 

In an attempt to increase the availability of oxygen at the
anode and thus promote the formation of more insoluble cor-
rosion products, the water level was lowered to cover only
the bottom 12 mm of the specimens. To further accelerate the
rate of reinforcement corrosion, the dry phase was omitted,
and the specimens were subjected to continuous wetting of
the bottom surface while the beam at the level of the flexural
reinforcement was exposed to room air. Visual inspection
suggested that this approach resulted in the bottom longitu-
dinal bars having access to both moisture and air in the sur-
rounding concrete pore structure.

Testing procedure
Figure 3 shows a photograph of the general test setup. All

seven specimens were tested using an MTS universal testing

machine with a 1000 kN load capacity and 150 mm total
stroke. The machine was tied to the floor with a very stiff
steel beam, which straddled its base. The specimen supports
consisted of a pin support at the beam west end, and a roller
support at the beam east end. A total of six linear variable
displacement transducers (LVDTs) were used to measure, in
duplicate, the load-line and midspan deflections of the beam
during testing. Specimens with CFRP external reinforce-
ment were instrumented with long-gage (60 mm) electrical
strain gages, as shown in Fig. 2. 

As indicated in Table 1, Specimen B1 was a control spec-
imen, Specimen B2 was strengthened with two longitudinal
layers of CFRP at zero load, and Specimen B3 was similarly
strengthened, but under a 45 kN sustained load. For Speci-
men B3, three cycles of load between 45 and 90 kN were ap-
plied, after which the load was held constant at 45 kN for a
period of 1 week to allow for application and curing of the
CFRP layers. The sustained load of 45 kN was selected to
simulate permanent dead load effects, while the additional
45 kN cycles simulated service live load fluctuations. Load-
ing for Specimens B1 and B2 was monotonic to failure.

Specimens B4 to B7 were corroded using a galvanostatic
accelerated corrosion technique. Except for Specimen B7,
the beam specimens lost about 10% of their internal steel
reinforcement after 140 days of accelerated corrosion.
Specimen B4 was a corroded control specimen, Specimen
B6 was repaired with two longitudinal layers of CFRP ex-
ternal reinforcement, and Specimen B5 was repaired using
an optimized repair scheme, consisting of one layer of
CFRP that was externally bonded to the soffit of the beam
and a second layer that was cut into U-shaped straps bond-
ed transversely on the beam sides and soffit, as shown in
Fig. 4. Repairs for Specimens B5 and B6 were done under
a sustained loading of 45 kN after cycling identical to that
for Specimen B3.

RESULTS
Load-deflection responses for the beams are shown in Fig. 5

and summarized in Table 4. For all specimens, there was an
increase in the load-carrying capacity when CFRP external
reinforcement was added. The increase ranged between 11
and 35% of the load-carrying capacity of the control speci-
men (B1). The increase in the load-carrying capacity was as-
sociated with a reduction in the deflection capacities ranging
between 9.7 and 31% of the deflection capacity of the control
specimen. Deflection capacity is shown in Table 4 as a per-
centage of the beam span length. Four types of primary fail-
ure modes were observed in the tested specimens: flexural
compression (B1 and B7), steel rupture (B4), CFRP debond-
ing (B2, B3, and B6), and CFRP rupture (B5). Further details
regarding each test are discussed in the following subsection.

Table 3—Material properties
Property/material 20M bar No. 3 bar CFRP Concrete

Yield stress, MPa 484 507 — —

Yield strain 0.0024 0.0026 — —

Strain hardening strain 0.011 0.00095 — —

Ultimate stress, MPa 666 778 3400 22.6*, 29.3†

Ultimate strain 0.13 0.12 1.4 —

Modulus, GPa 201 199 230 —
* 28-day strength.
† 170-day strength.Fig. 3—General test setup.
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EVALUATION OF PERFORMANCE 
Effects of strengthening and sustained load 
(specimen Subset B1, B2, B3) 

Figure 6 shows the load-deflection curves for Specimens
B1, B2, and B3. The two layers of CFRP external reinforce-
ment gave Beams B2 and B3 strength gains of 35 and 28%,
respectively, over the control. As can be observed from da-
tabase results5 in Fig. 7, strength gains of this order are in
line with those achieved in numerous other studies for beams
with similar steel reinforcement ratios. As a result of
strengthening, there was reduction in beam deflection capac-
ities associated with a change in the primary failure mode
(Table 4). The deflection capacities of Beams B2 and B3
were 81 and 83%, respectively, of that for control Specimen
B1. More pronounced, but still well-controlled, diagonal
cracking occurred in the strengthened beams relative to the
control. Strain readings for stirrups located in the most criti-
cal region for shear showed that stirrup strain was only 39
and 49% of the yield at peak load for Specimens B2 and B3,
respectively. It was interesting to note that both strengthened
beams had similar deflection capacities and failure modes,
which suggests that the debonding of CFRP took place once

the beam reached a certain deformation level. At that level,
stress concentrations at the location of cracks became critical
and local debonding was observed. For Specimen B2, deb-
onding of the CFRP layer started near the middle of the con-
stant moment region and abruptly propagated outward towards
one of the beam supports. For Specimen B3, debonding started
from the end of the constant moment region and also progressed
outward towards a beam support.

It is clear from the previous section that the load history and
sustained load during repair, to which Specimen B3 was subject-
ed, affected the load-carrying capacity of the repaired beam,
lowering it by approximately 5% (in comparison to that of Spec-
imen B2). This finding is consistent with that of Arduini and
Nanni,24 who concluded that strengthening of precracked beam
specimens with or without sustained vertical load is different,
but not significantly so, than strengthening of virgin specimens.

Fig. 6—Effects of strengthening and sustained load on load-
deflection response.

Fig. 5—Summary of load versus midspan deflection curves
for all specimens.

Fig. 4—CFRP layout for Specimen B5.

Fig. 7—Strengthening ratio versus steel reinforcement
ratio data.

Table 4—Summary of test results

Specimen 
identification

Pyield, 

kN*

Load at failure Deflection at failure

∆fail/L, % εCFRP
fail Failure modePfail, kN % of control ∆fail, mm % of control

B1 202 219 100 51 100 1.4 — Flexural
compression

B2 245 296 135 41 81 1.1 0.0080 Debonding

B3 231 280 128 42 83 1.2 0.0064 Debonding

B4 155 181 83 29 58 0.8 — Steel rupture

B5 179 242 111 46 90 1.3 0.0098 CFRP rupture

B6 194 246 112 35 69 1.0 0.0061 Debonding

B7 183 200 91 67 133 1.8 — Flexural
compression

*Defined as load at which average strain in tension steel reached yield strain.
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Figure 8 shows load for Specimen B2 plotted as a function
of the strain profile at midspan, as established from readings
at three points along the depth—the top steel, the bottom
steel, and the CFRP layer. The relative values of strain for
each load level suggest sectional strain compatibility up to
yielding of the bottom steel, after which an increase in CFRP
strain is markedly less proportional. This observation is fur-
ther supported by Fig. 9, which shows the sectional strain
profile at the midspan of Specimen B2. The concrete layer
between the steel and the CFRP is responsible for maintain-
ing the usual straight-line compatibility. The loss of propor-
tionality indicates a progressive breakup of the concrete
between the steel and the CFRP (which is consistent with the
observed evolution of crack patterns). As this layer breaks
up, bond for both steel and CFRP deteriorates. As peak load
is approached, steel strain becomes almost constant, which
indicates a transition from sectional bending behavior to an
incipient failure mode in which the CFRP functions as a ten-
sion tie spanning the central region of the beam where bond
damage and cracking were most severe. Just prior to failure,
the strain in the CFRP layer was 0.008 (57% of rupture
strain). The load-strain curves and sectional strain profiles for
Specimen B3 (Fig. 10 and 11) show a similar trend in behav-
ior, except that the strain in the CFRP started to increase from
zero at the preload of 45 kN on the beam. Strain in the CFRP
layer before debonding was 0.0064 (45% of rupture strain).

Effect of corrosion without CFRP (specimen 
Subset B1, B4, B7)

Specimen B4 was subjected to 140 days of accelerated
corrosion, during which it lost about 10% of internal steel
reinforcement. During the first 60 days of accelerated corro-
sion, a longitudinal crack formed directly below the middle
longitudinal 20M bar. In addition, a deposit of crystalline
NaCl particles formed along and through that crack. There

were also large spots of corrosion staining both near the bot-
tom of vertical faces and on the soffit of the beam. Specimen
B7 was tested after 60 days of accelerated corrosion (5%
steel loss), and its concrete cover was later removed. Results
of this internal examination showed that the large spots of
corrosion staining were associated with areas of concentrat-
ed corrosion damage that included pitting corrosion and cov-
er delamination. Towards the end of the 140-day accelerated
corrosion period for Specimen B4, longitudinal cracks
formed on both sides of the beam at the level of the bottom
reinforcement. There was evidence of solid corrosion prod-
ucts being forced out through these cracks. Figure 12 com-
pares the load-deflection curves of the corroded Specimen
B4 and the control Specimen B1. As the figure shows, Spec-
imen B4 lost approximately 17% of its load-carrying capac-
ity and 42% of it deflection capacity due to corrosion
damage. Specimen B4 failed by rupture of one of its longitu-
dinal 20M bars near the midspan section of the specimen
where a large flexural crack had formed (Fig. 13). Prior to
failure, the cracks initiated during the accelerated corrosion
continued to increase in width as the load increased. Those
cracks led to complete delamination of the concrete cover in
the constant moment region as the specimen reached its fail-
ure load. In addition, flexural cracking in the corroded spec-
imen was not as uniformly distributed over the length of the
beam as in the control specimen. The overall behavior of B4
was very much indicative of strain localization at a point of
severe pitting corrosion in one of the bottom 20M bars.

From the response of Specimen B7 in Fig. 12, it can be ob-
served that moderate steel loss due to corrosion may reduce
flexural capacity somewhat. In the case of Specimen B7, pit-
ting corrosion was not so severe as to cause premature rupture
of reinforcement. With a slightly reduced but fully functional

Fig. 8—Load-versus-strain curves for Specimen B2.

Fig. 9—Strain profiles at midspan for Specimen B2. Fig. 11—Strain profiles at midspan for Specimen B3.

Fig. 10—Load-versus-strain curves for Specimen B3.
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tensile steel layer, flexural compressive stress was reduced,
and a slightly higher deflection capacity was obtained. It is im-
portant to realize that the corrosion damage to Specimens B4,
B5, and B6—in addition to being nominally double the steel
loss—had more pronounced and localized pitting, resulting in
markedly different behavior than was observed in Specimen
B7. This is one of several important reasons why it is not
considered realistic to simulate corrosion damage by simply
omitting bars from the total steel area provided.

Effect of corrosion with FRP (specimen Subset B1, 
B3, B6)

Once a beam is loaded, the concrete cover starts to play a
important role in transferring the stresses from the RC mem-

ber to the CFRP layer. The efficiency of this stress transfer
depends on the integrity of the concrete cover. Since corro-
sion of the steel reinforcement results in deterioration of the
concrete cover, it is expected that the efficiency of CFRP ex-
ternal reinforcement of corrosion-damaged RC members
would depend on the extent of corrosion damage. Figure 14
compares the load-deflection curves of the control Specimen
B1, undamaged Specimen B3, which was strengthened un-
der sustained loading, and Specimen B6, which had corro-
sion damage comparable to Specimen B4 and was repaired
under sustained loading. Note that prior to repairing Speci-
men B6, three cycles of load between 45 and 90 kN were ap-
plied, after which the load was held constant at 45 kN. It was
observed that the simulated service-level loading aggravated
the corrosion damage; the width of longitudinal cracks on the
sides of the beam and at the level of the 20M reinforcing bars
increased while the beam was subjected to these load cycles
prior to repair. Such increases in crack width must be associ-
ated with further crack propagation in the plane of the 20M
reinforcing bars. When the load-deflection response of Spec-
imen B6 is compared with that of Specimen B3, it is apparent
that the efficiency of CFRP external reinforcement was re-
duced in two ways as a result of corrosion damage. First, the
peak load was reduced by 12%, and second, the deflection ca-
pacity was reduced by 17%. Despite the corrosion damage,
however, the load-carrying capacity of the repaired specimen
was still 13% higher than that of the control specimen (B1). 

Failure of Specimen B6 was through debonding of the
CFRP layer in the east-side shear span (Fig. 15). Debonding
of the CFRP layer was triggered by a faulting crack at about
a distance d outside of the loading point, and it progressed
towards the east-side support. Just prior to debonding, the
strain in the CFRP at midspan reached 0.0061 (43% of the
rupture strain). Debonding was immediately followed by
separation of the concrete cover on the west side of the fault-
ing crack. Examination of the fallen concrete cover showed
delaminated concrete areas as large as 700 cm2 covered with
red and black corrosion stains.

Fig. 12—Effect of corrosion on load-deflection response.

(a)

(b)
Fig. 13—Failure of corroded/control specimen (B4) showing
bar rupture, concrete cracking and delamination: (a) overall
view; and (b) close-up of highlighted region of Fig. 13(a).

Fig. 14—Effect of corrosion repair with longitudinal FRP
on load-deflection response.

Fig. 15—Failure of corroded specimen repaired with two
longitudinal CFRP layers (Specimen B6).
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Effect of optimized repair (specimen Subset B1, 
B4, B5, B6)

It is evident from the foregoing that the sudden failures of
Specimens B2, B3, and B6 were premature, as the two CFRP
layers developed only a fraction of their tensile strain capac-
ity before debonding took place. The observed failure mech-
anisms suggest the efficiency of CFRP external
reinforcement can be improved in three ways: first, by sup-
pressing the opening of faulting cracks; second, by delaying
the opening and propagation of splitting cracks; and third, by
stabilizing the propagation of debonding cracks between the
CFRP and concrete.  All of these can be achieved by the use
of U-shaped transverse CFRP straps, which help to anchor
the longitudinal CFRP layer to the bottom of the RC beam
(Fig. 4). In this manner, the longitudinal CFRP layer is likely
to be able to develop a significant portion of its tensile strain
capacity, and therefore, the original load-carrying capacity of
the undamaged beam might be restored with only one layer of
CFRP reinforcement. Furthermore, the use of only one layer
of CFRP reinforcement instead of two will reduce stress con-
centration in the bond between the CFRP and concrete at the
location of faulting cracks, hence delaying the onset of deb-
onding.  This so-called optimized repair technique was ap-
plied on Specimen B5, which was subjected to the same
accelerated corrosion environment as Specimens B4 and B6.
The width and locations of the transverse straps were estab-
lished on the basis of a damage survey conducted under sus-
tained loading after some service-load cycling (described
previously). The total quantity of CFRP material used for the
transverse straps was approximately equal to the quantity re-
quired for the single longitudinal layer, which they replaced.
Straps were placed in a discontinuous U-shape rather than
wrapping the entire section, as this is most often not possible
in practical applications. The strap height was established by
extending a minimum of 100 mm (the manufacturer-sug-
gested lap length), at strap centers, above the location of
identified potential faulting cracks in the shear span.

Figure 16 compares the load-deflection response of Spec-
imen B5 with those of Specimens B1, B4, and B6. The fol-
lowing observations can be made regarding the behavior of
Specimen B5:
• Transverse straps stabilized the splitting cracks formed

during corrosion and prevented spalling of the concrete
cover at failure;

• Debonding of the longitudinal CFRP layer was con-
strained to the portion of the beam between transverse
straps (that is, debonding did not propagate to the ends
of the longitudinal CFRP layer);

• The beam failed by rupture of the longitudinal CFRP

layer just outside the constant moment region in the
west-side shear span (Fig. 17). Rupture of the longitu-
dinal CFRP layer was accompanied by debonding of a
transverse U-strap that was, by choice of the strap lay-
out, bridging a faulting shear crack;

• Just prior to failure, the strain in the longitudinal CFRP
at midspan was about 0.0098, though it was obviously
larger in the vicinity of the CFRP rupture.

• The optimized repair technique gave Specimen B5 a
larger deflection capacity compared with the standard
repair technique used on Specimen B6. The deflection
capacity of Specimen B5 was approximately 90% that
of the control Specimen B1 and approximately 132%
that of Specimen B6. The load-carrying capacity of
Specimen B5 was about 11% higher than that of the
control and only 2% lower than that of Specimen B6,
which is a testimony to the more effective use of a sin-
gle longitudinal CFRP layer; and

• The optimized repair technique increased the load-
carrying and deflection capacities of the corroded spec-
imen by approximately 34 and 56%, respectively.

CONCLUDING REMARKS
Tests conducted in the current study demonstrated that

corrosion- and load-induced damage, as well as sustained
load, affect the load-carrying and deflection capacities of
CFRP externally reinforced concrete flexural members. Al-
though the beam deflection capacities were reduced some-
what (with respect to the control beam) due to CFRP external
reinforcement, overall, the strengthened/repaired RC beams
still showed considerable deformation capacity (ranging be-
tween 0.80 and 1.25% of the beam span) before failure oc-
curred. Deformation capacity of this order is within the usual
range for flexural failure of undereinforced beams. Addition-
al findings are as follows:
• CFRP external reinforcement increased beam load car-

rying capacities by 10 to 35% and reduced deflection
capacities by 10 to 32% with respect to the control
specimen;

• Just prior to debonding failures, local debonding of the
CFRP reinforcement initiated in the midspan region of
the beam and progressed outward towards the support;

• The corroded/unrepaired beam exhibited losses of 17%
of its load-carrying capacity and 42% of its deflection
capacity as a result of 10% steel loss;

• It is at least as important to estimate the distribution of
steel loss as it is the total amount;

• The simulated service-level loading aggravated the cor-
rosion damage;

Fig. 16—Effect of optimized CFRP repair on load-deflection
response. Fig. 17—Failure mode of Specimen B5.
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• The efficiency of CFRP external reinforcement was
reduced as a result of corrosion damage;

• In terms of performance, the layout of CFRP reinforce-
ment was more important than the total amount used.
The use of transverse straps made it possible for a
reduced amount of longitudinal CFRP reinforcement to
function more effectively; and

• Measured strain in the CFRP at beam midspan ranged
between 43 and 70% of the CFRP rupture strain at the
failure load for the different beam specimens, depend-
ing on the layout of the CFRP.
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NOTATIONS
As = area of compression steel reinforcement
As′  = area of tension steel reinforcement
d = effective depth for bending
db = diameter of reinforcing bar
L = clear span length
Pfail = failure load 
Pyield = yield load
Vu = shear demand
∆fail = deflection at failure
εCFRPfail = strain in CFRP at failure
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