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Abstract Strengthening/repair of existing rein-

forced concrete structures has become one of the

important issues in the field of civil engineering. In

reinforced concrete structures located in hot and

humid areas, steel reinforcement is generally vulner-

able to deterioration due to corrosion. Corrosion of

reinforcement in many cases is considered the main

cause of concrete structures deterioration which in

turn requires large budgets for repair and maintenance.

This paper presents the experimental results of dam-

aged/repaired reinforced concrete beams. The exper-

imental program consisted of testing 12 reinforced

concrete rectangular beam specimens with/without

shear reinforcement and exposed to accelerated cor-

rosion. The corrosion level was varied between 5 and

7.5 % which represents mass loss of the longitudinal

steel reinforcement on the tension side. Corroded

beams without shear reinforcement were repaired by

bonding longitudinal carbon fiber reinforced polymer

(CFRP) sheets to the tension side in addition to

external U-shaped CFRP sheets to restore the strength

loss due to corrosion. Corroded beams with stirrups

were repaired by bonding longitudinal CFRP sheets to

the tension side only. The test results showed that

using externally bonded U-shaped CFRP sheets

restored the ductility of corroded beams without

stirrups and prevented bond failure at the steel

concrete interface due to the absence of internal

stirrups. In addition, combining U-shaped and longi-

tudinal CFRP sheets enhanced the ultimate load by

37 % and the stiffness by 25 % in corroded beams

without stirrups. For corroded beams with stirrups

ductile failure was observed. Corroded beams with

stirrups strengthened with CFRP sustained higher

failure loads; however, the stiffness was unchanged.
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1 Introduction

The deterioration of reinforced concrete structures

resulting from corrosion of steel reinforcement is a

worldwide problem, and the cost of repairs is

substantial. A common case of reinforcement corro-

sion is induced by the ingress of chloride ions (Cl-),

water, and oxygen into uncontaminated concrete.

Fresh concrete protects the steel reinforcement from

corrosion by the formation of a passive layer in the

highly alkaline (pH[ 13) environment of fresh
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concrete. However, this passive layer will be

destroyed by Cl- ions which initiate the corrosion

process. While it is known that reinforcing steel

provides strength and ductility only through bond and

anchorage to the concrete, the effectiveness of such a

bond mechanism can be reduced through deterioration

of the steel, concrete or both. Numerous reported

studies [1–7] suggest that loss in the structural

performance of reinforced concrete members with

corroded reinforcements are caused by three factors:

losses in the effective cross-sectional area of concrete

due to cracking in the cover concrete, losses in the

mechanical performance of reinforcing bars due to the

losses in their cross-sectional area and losses in the

bond performance of concrete with reinforcements.

Hence, the serviceability as well as the ultimate

capacity of the damaged reinforced concrete member

is affected.

The major factors that affect the bond between

concrete and reinforcement in reinforced concrete are:

concrete strength, concrete cover, bar spacing, bar

geometry and surface conditions, and confinement [8].

Confinement can be either active by the reinforced

concrete beam being in direct contact with a support or

passive due to the presence of internal stirrups. Several

researchers have studied the effect of confinement on

the bond behaviour of steel in reinforced concrete

members. It was concluded that transverse reinforce-

ment improves the bond strength between the longi-

tudinal reinforcement and the concrete [9, 10]. Fang

et al. [11, 12] reported that for deformed bars without

confinement, bond strength was very sensitive to

corrosion levels and generally decreased with the

increase in corrosion level. Bond strength decreased

rapidly as the corrosion level increased; bond strength

at 9 % corrosion level (9 % mass loss) was only one

third of that of noncorroded specimens. For deformed

bars with confinement, corrosion had no substantial

influence on the bond strength. Al-Sulaimani et al.

[13] studied the effect of corrosion and concrete

cracking on the bond strength of reinforcing steel. In

concentric pull-out tests of 10, 14, 20 mm bars

embedded in 150 mm concrete cubes, bond strength

increased by a maximum of 50, 33 and 55 %

respectively at about 1 % mass loss. Beyond 1 %

mass loss, bond strength decreased, dropping below

the bond strength of the uncorroded bars only when the

first crack were detected. Based on linear interpola-

tions of the pull-out data, it was found that bond

strength was negligible for the 10, 14, and 20 mm bars

at 6.5, 7.5 and 8.5 % mass loss respectively. It was

concluded that the critical point in strength degrada-

tion occurs at the formation of cracks along the

reinforcing bar. This confirms the conclusions of the

study by Uomoto et al. [1]. The initial increase in bond

strength of a corroded rebar was attributed to increased

roughness provided by the firm layer of corrosion

products. As the degree of corrosion increased and the

longitudinal cracks were formed, the decrease in bond

strength was attributed to severely deteriorated rein-

forcing bar ribs and reduced concrete confinement due

to longitudinal crack widening.

The effect of corrosion of the longitudinal rein-

forcing steel on the strength and ductility of reinforced

concrete beams is more critical if combined with

corrosion of stirrups or if the beam is without stirrups.

Researchers reported that the shear strength of mem-

bers designed two to three decades ago was overes-

timated and the code conditions at that time for

provisions of stirrups were not as stringent as codes

today. As a result, a large number of structures in

service are without stirrups, with minor margin of

safety [14, 15]. A case of partial collapse of an

overpass in 2006 in Quebec, Canada as a result of

shear failure was reported by Jonson et al. [16]. It

turned out that the collapsed portion of the overpass

was a thick cantilever slab that was constructed

without stirrups that lead to shear failure. In addition,

the top reinforcement were not anchored at the ends

due to detailing flaw. A study by Jeppsson and

Thelandersson [17] found that shear strength

decreases with loss of bond between longitudinal

reinforcement and concrete. Xia et al. [18] examined

the influence of reinforcing steel corrosion on the

shear strength of reinforced concrete beams with

different corrosion levels in both longitudinal rein-

forcing steel bars and stirrups. The study concluded

that both the stiffness and shear strength of the beam

decrease as the corrosion level increases. However,

the decrease of the stiffness is insignificant when the

applied load is relatively low. It is only when the

applied load exceeds 20–30 % of its ultimate load, the

stiffness loss caused due to the reinforcing steel

corrosion becomes significant. Juarez et al. [19]

reported that beam ductility was affected by levels

of moderate and severe deterioration of stirrups, and

this was evident due to the brittleness and sudden

failure observed during beam testing. In a recent study,
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Azam and Soudki [20] presented the behavior of

reinforced concrete slender beamswithout stirrups and

with corroded longitudinal reinforcement anchored at

the end with standard 90� hooks. They found that the

absence of stirrups combined with loss of bond along

the longitudinal reinforcement due to corrosion

changed the mode of failure from beam action to arch

action. There was an increase in failure load and

deflections compared to the control uncorroded

beams. The findings by Azam and Soudki [20] are

valid for properly anchored longitudinal reinforce-

ment; but what if the corroded longitudinal reinforce-

ment are not anchored. With such contradictory

findings, more research is needed in this area.

Repair or strengthening with fiber reinforced poly-

mers (FRP) has gained attention in recent years. It

involves the external bonding of FRP sheets or plates

to reinforced concrete beams and slabs, or confine-

ment of reinforced concrete columns. FRP systems

can also be used in areas with limited access where

traditional techniques would be difficult to implement.

Extensive research was done in the strengthening of

concrete beams; however, limited number of work was

directed towards strengthening of concrete elements

damaged by corrosion of reinforcement. Available

studies have shown that repair and strengthening of

corrosion damaged reinforced concrete beams with

externally bonded FRP sheets is efficient in restoring

the strength of concrete members [21–26].

This paper presents the research findings of an

experimental study involving damage due to chloride

induced corrosion in the flexural reinforcement of

concrete beams without shear reinforcement and

concrete beams with minimum shear reinforcement.

The main objective is to evaluate the effect of

corrosion of longitudinal reinforcement without

anchorage on the structural behavior and the effec-

tiveness of carbon fiber reinforced polymers (CFRP)

in repair of corroded beams.

2 Test program

2.1 Specimen details

The experimental program consisted of testing 12

rectangular reinforced concrete beams of 2.7 m long,

100 mm wide and 150 mm deep. The beams are

divided into two groups. In Group A, a total of 7

reinforced concrete beams were tested as summarized

in Table 1. The first group was constructed as

reinforced concrete section without stirrups and rein-

forced by two straight 10-mm diameter bars tension

reinforcement as shown in Fig. 1. Shear strength was

calculated according to ACI 318 code [27] as per the

shear strength equations shown in Table 1. Beam AC0

was a control beam with no corrosion, while beams

AC5 and AC7.5 were subjected to accelerated corro-

sion with theoretical 5 and 7.5 % corrosion (mass loss

in reinforcement). Beams ARU5 and ARU7.5 were

corroded beams with corrosion of 5 and 7.5 %,

respectively and then were repaired by applying six

U-shaped CFRP sheets spaced 350 mm c/c approxi-

mately equivalent to the spacing of the stirrups used in

beams of Group B. The remaining two beams, beams

ASUL5 and ASUL7.5 were damaged with corrosion

of 5 and 7.5 %; then were strengthened by bonding

one layer of CFRP sheet along the tension side of the

beam followed by adding U-shaped CFRP sheets.

The second group (Group B) consisted of 5

reinforced concrete beams with stirrups as summa-

rized in Table 1. All beams were reinforced with two

straight 10 mm diameter bottom bars (tensile rein-

forcement) and two 8 mm diameter top bars to hold

the stirrups as shown in Fig. 2. The clear concrete

cover was 20 mm on all sides of the cross section. For

stirrups, 6-mm diameter epoxy coated plain bars

spaced at 300 mm c/c were used within the shear span.

The stirrups were epoxy coated to insure they will not

get corroded during accelerated corrosion process of

the tensile reinforcement. In Group B, Beam BC0 was

a control beam with no corrosion, while beams BC5

and BC7.5 were subjected to accelerated corrosion

with 5 and 7.5 % corrosion (mass loss in tensile

reinforcement). Beams BS5 and BS7.5 were strength-

ened by applying CFRP sheet at the bottom of the

beam only.

2.2 Material properties

Ordinary Portland cement was used for the concrete

mix along with a maximum aggregate size of 10 mm.

The concrete mix was proportioned by weight as

follows, aggregate: sand: water: cement = 60: 67: 16:

25, with a water to cement ratio of 0.64. The concrete

had an average 28-day compressive strength of

35 ± 1.5 MPa. The average yield strength of the

10 mm diameter reinforcing bars was measured as
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420 MPa with Modulus of Elasticity of 200 GPa. The

yield strength of the 6 mm diameter plain reinforcing

stirrups was 250 MPa.

Unidirectional carbon fiber sheets were used for the

bottom longitudinal sheets and the U-Shaped CFRP

strips. The CFRP sheets had a thickness of 0.11 mm

(dry fibers), tensile strength of 3800 MPa, Modulus of

Elasticity of 240 GPa, and ultimate elongation of

1.55 % as indicated in the data sheets provided by the

manufacturer. A two part epoxy was used to bond the

CFRP sheet to the concrete surface. One coat of epoxy

was first applied to the concrete surface, then the

CFRP sheet was attached to the epoxy coated concrete

and a second coat of epoxy was applied to the CFRP

sheet. The composite laminate (fiber ? epoxy) had an

average thickness of 1 mm.

2.3 Preparing the specimens

Casting of each beam was done in two layers; the first

layer of concrete contained salt approximately 1 % by

weight of cement in the mix which covered up to one

third of the section height (above the tensile steel

bars). This was done to simulate chloride ions (Cl-)

contamination and to accelerate corrosion. The first

layer was compacted using a vibrator and then left for

30 min to partially set before the second layer of

concrete was cast. The second layer of concrete was

poured up to the top of the beam and compacted with a

vibrator to insure no segregation takes place at the top

of the first layer. No salt was used in the second layer.

However, beams AC0 and BC0 were cast without the

addition of salt to concrete as these beams were control

specimens with no corrosion. After 28 days curing in

room conditions at 25 �C temperature and 60 %

humidity, the beams to be subjected to accelerated

corrosion were placed inside a tank which has salted

water with a concentration of about 3 % by weight of

water (see Fig. 3). To induce corrosion in the

reinforcement, the rebars were connected to a power

(voltage) source where a current was applied to

accelerate the corrosion process as shown in Fig. 3.

Accelerated corrosion was carried out by impressing

an electric current through the main longitudinal

bottom reinforcing bars of about 488 mA, which

corresponds to approximate current density of

281 lA/cm2. This current density was obtained by

dividing the total impressed current by the surface area

of the steel reinforcement that is in the salt contam-

inated concrete (specimen’s bottom third). The

Table 1 Details of test specimens

Beam

designation

Theoretical mass loss

(%)

Stirrups CFRP

U-strips

CFRP longitudinal

sheet

f 0c
(MPa)

fy
(MPa)

q Vn

(kN)

AC0 0.0 – – – 35 420 0.013 11.9

AC5 5.0 – – – 35 420 0.013 11.9

AC7.5 7.5 – – – 35 420 0.013 11.9

ARU5 5.0 – H – 35 420 0.013 11.9

ARU7.5 7.5 – H – 35 420 0.013 11.9

ASUL 5 5.0 – H H 35 420 0.013 11.9

ASUL7.5 7.5 – H H 35 420 0.013 11.9

BC0 0.0 H – – 35 420 0.013 17.6

BC5 5.0 H – – 35 420 0.013 17.6

BC7.5 7.5 H – – 35 420 0.013 17.6

BS5 5.0 H – H 35 420 0.013 17.6

BS7.5 7.5 H – H 35 420 0.013 17.6

Vn ¼ Vc þ Vs . . .. . .. . .ACI - 318 [Ref:27�

Vn ¼ 2
ffiffiffiffi

f 0c
p

bw d þ Avfy
d

s

Vc ¼ Shear strength provided by concrete

Vs ¼ Shear strength provided by stirrups

f 0c = Concrete compressive strength

fy = Steel yield strength

q = As/b.d (Reinforcement ratio)

qmin = 0.003 & qmax = 0.024 (ACI-318 [Ref. 27])
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stainless steel bar with the length of 2700 mm located

at the side of each specimen acted as the cathode for

this corrosion process, whereas the tension reinforcing

bars acted as the anode. A DC power supply was used

to provide the current desired. The corrosion current

was kept constant and monitored daily; and any drift

was corrected accordingly. During construction of the

specimens, the tension reinforcing bars were extended

about 60 mm out of each specimen from one end to

facilitate connection to the power supply. The spec-

imens and stainless steel bars were connected in

parallel to the power supply to induce equal current in

each beam. Specimens were placed in a fiberglass tank

with size of 3000 mm long, 2500 mm wide and

1000 mm high which contained salted water (3 % of

salt). Specimens were placed on 100 mm high square

wooden section. The level of salted water was

110 mm, which submerged 10 mm of the bottom of

the beam specimen. In order to achieve the desired

mass loss of tensile steel, the corrosion time was

estimated using Faraday’s law expressed by Eq. (1)

below [28, 29]:

m ¼ atI

nF
ð1Þ

where m = mass loss (g); I = corrosion current

(Amp); t = time of the corrosion process (hr);

a = atomic mass of iron; n = valence of the reacting

electrode for the material; F = Faraday’s constant.

Philip [30] based on Faraday’s equation calculated

the corrosion rate and the rate of metal penetration that

provided a direct estimate of the mass loss against

time-corrosion current. It was shown that 1 Amp-hr

consumes 1.04 g of iron. Therefore, to obtain a

70 
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All dimensions in mm 

CFRP sheet U-shaped CFRP  

Hydraulic Actuator 

Spreader Beam 
Bearing Plate 

150 

Strain Gauge 

(a)

150 mm

100 mm

U-Shaped 
CFRP

125 mm

(10 mm bars)

Strain Gauge

(b)

Fig. 1 a Test setup for

beams without stirrups,

b cross section details
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theoretical 5 % corrosion (or 5 % mass loss in

reinforcing bar) it was found that the time required

to produce this mass loss was 14 days of continuous

application of 488 mA current in each beam (see

Appendix).

Following the experimental tests of the beams, the

actual mass loss due to steel reinforcement corrosion

was measured using bars that were extracted from the

corroded beams (see Fig. 4). The procedure given in

ASTM standard G1, designation C.3.5, was used for

the mass loss analysis [31]. Six bar coupons 250 mm

in length were taken from the corroded bottom bars of

each corroded beam. The coupons were taken at

random from both of the corroded bars in each beam

since the corrosion was assumed to be uniform along

the entire length of the beam. Bar coupons from the

control beams were used as a reference. Table 2

summarizes the mass loss results. Faraday’s law tends

to overestimate the mass loss for medium to high

corrosion rates (5 and 7.5 %). Al-Hammoud et al. [32]

reported similar finding and one explanation is that

after sometime of the acceleration process, the corro-

sion products built up around the bar and filled the

cracks, thus reducing the concentration of oxygen and

water around the bar, which slows down the corrosion

rate.

Following the accelerated corrosion phase, the beams

were left for 2 days to dry. The beamswere then repaired

with CFRP andwere left for a week for the CFRP to cure

under room temperature. Bonding of the CFRP to the

concrete was achieved by using epoxy adhesive. Prior to

applying the epoxy and CFRP, the surface of the

concrete was prepared by grinding the concrete with a

disc grinder in the area to receive the CFRP.

100 mm

CFRP

6 mm stirrups @ 
300 mm 

(8 mm bars)

(10 mm bars)

20 mm

Hydraulic Actuator 

150 950 500 150 950 

2700 

All dimensions in mm 

Spreader Beam 
Bearing Plate 

CFRP sheet 

Extensometer 

Strain Gauge 

75 

30 

150 mm

(a)

(b)

Fig. 2 a Test setup for

beams with stirrups, b cross

section details
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2.4 Test setup and instrumentation

All specimens were loaded in four-point loading (see

Figs. 1 and 2). The load was applied using a 250 kN

hydraulic actuator through a spreader steel beam to the

specimen. Four linear variable displacement trans-

ducers (LVDTs) with a range capacity of 100 mm

were used to measure the quarter lines and mid-span

deflections of the beam during testing; two electrical

strain gauges (60 mm long) at the top of the beam to

measure the concrete strain and two extensometer of

gauge length of 200 mm and range capacity of

±5 mm was used to measure the side strain of

concrete. For beams strengthened with longitudinal

CFRP sheets four electrical strain gauges (6 mm long)

were installed along the centerline of CFRP sheet.

Stainless –steel 
Bar (Cathode)

Rebar (Anode) 
Water Tank

Square Wood
100 mm thick 

3% Salted Water 

890 mm 

100 mm

50 mm

Power Supply 

150 mm

(a)

(b) (c)

Fig. 3 a Schematic of accelerated corrosion setup; b Beams in the conditioning tank; c Connection of the tension reinforcement

(anode) and the stainless steel bar (cathode)

Fig. 4 Extracting the corroded bars after the test for evaluation

of the actual mass loss
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Strain gauges were also installed at the mid-height of

the U-shaped CFRP sheets along the vertical direction

(i.e. transverse to the beam axis). All beams were

tested to failure using displacement control with a rate

of 0.3 mm/min.

3 Test results and discussion

3.1 Effect of corrosion

The beams subjected to accelerated corrosion were

cracked along the beam parallel to the steel reinforce-

ment. Beams without stirrups, the corrosion cracks

were mainly on the side of the beams, while beams

with stirrups the cracks were on the soffit of the beam

and in some cases on the sides of the beam as well.

The test results of all tested beams are summarized

it Table 3. The load versus mid-span deflections are

shown in Fig. 5. Figure 5a shows that the behavior of

beamAC0 (without stirrups and with 0 % corrosion) is

of a typical under-reinforced beam exhibiting large

deformation beyond the yield point before it failed by

crushing of concrete. However, corroded beams

without stirrups (AC5 and AC7.5) failed in a brittle

manner due to debonding between reinforcement and

concrete (see Fig. 6). The beam literally split into two

pieces longitudinally at the level of the corroded

rebars. The maximum deflections at failure were 66,

23 and 25 mm for beams AC0, AC5 and AC7.5,

respectively. The ultimate deflection was reduced due

to corrosion by approximately 63 % compared to the

control uncorroded beam (beam AC0). On the other

hand, beams with stirrups (Fig. 5b) lost some strength

due to corrosion, but failed in a ductile manner. The

maximum deflections were 43, 40 and 32 mm for

beams BC0, BC5 and BC7.5, respectively. This

indicates a reduction in deflection of 1 and 25 % in

beams BC5 and BC7.5 relative to the control uncor-

roded beam (beam BC0). All beams with stirrups

failed by crushing of concrete after steel has yielded.

3.2 Effect of stirrups on load deflection behavior

The effect of stirrups on the load deflection behavior

of the control and corroded beams is presented in

Fig. 7. Beams with stirrups showed higher stiffness

and resisted slightly higher loads. Stiffness is approx-

imated as the slope of the load deflection curve in the

elastic range before yielding. In other words, stiffness

is defined as the ratio of the yielding load, Py, divided

by the yielding deflection, Dy. The control beam

without stirrups failed at a load of 15.8 kN and a

deflection of 66 mm, while the control beam with

stirrups failed at a load of 17 kN and a deflection of

43 mm. The control beams with/without stirrups

showed a ductile behavior. However, the presence

of stirrups increased the stiffness by approximately

17 %. The effect of stirrups is more prominent in the

corroded beams as shown in Fig. 7b. The corroded

beam without stirrups failed at a load of 12 kN and a

deflection of 25 mm, while the corroded beam with

stirrups failed at a load of 14 kN and a deflection of

32 mm. It is also noted that the existence of stirrups

increased the deflection at ultimate load by 22 % and

stiffness by 32 % of the corroded beams. The

increase in stiffness was mainly due to the confine-

ment provided by the stirrups. When corrosion takes

Table 2 Theoretical and

experimental mass loss
Beam designation Theoretical mass loss (%) Experimental mass loss (%)

AC5 5.0 4.2

AC7.5 7.5 7.0

ARU5 5.0 4.7

ARU7.5 7.5 6.7

ASUL 5 5.0 5.2

ASUL7.5 7.5 6.5

BC5 5.0 3.8

BC7.5 7.5 6.4

BS5 5.0 5.1

BS7.5 7.5 6.2
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Table 3 Summary of test

results
Specimen Experimental Mode of failure

Py (kN) Dy (mm) Pu (kN) Du (mm) Vu (kN) Vn (kN)

AC0 14.2 20 15.8 66 7.9 11.9 CC

AC5 14.4 18 14.6 23 7.3 11.9 BF

ARU5 13.2 20 14.8 56 7.4 11.9 CC

ASUL 5 17.2 19.3 21.8 60 10.9 11.9 CC

AC7.5 12 22 12 25 6 11.9 BF

ARU7.5 13 22 14 48 7.0 11.9 CC

ASUL7.5 14 16 14 16 7.0 11.9 DU ? BF ? S

BC0 15.5 18 17 43 8.5 17.6 CC

BC5 14 16 16.3 40 8.15 17.6 CC

BS5 16 20 20 48 10 17.6 RT

BC7.5 13 16 14 32 7 17.6 CC

BS7.5 16 18 20 46 10 17.6 DB ? RT

Py = Yielding load

Pu = Ultimate load

Dy = Yielding deflection

Du = Max. deflection

Vu = Ultimate shear force = Pu/2

Vn = Nominal shear strength(analytical)

CC = Concrete crushing

BF = Bond failure at steel concrete interface

S = Shear

DU = Debonding of U-shaped strip

RT = CFRP rupture

DB = Debonding of CFRP longitudinal sheet
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Fig. 5 Effect of corrosion a Group A beams, without stirrups,
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Fig. 6 Bond failure of beam AC5&AC7.5
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place in beams without stirrups, the bond is affected

and only depends on the interlocking forces between

the ribs of the bars and the surrounding concrete keys

[33]. Corroded beams without stirrups seems to lose

some stiffness due to formation of transverse as well

as longitudinal cracks along the steel bars. This can

be attributed to the weakened bond along the

interface of the steel bar and the concrete that renders

the beam to behave in a similar way as partially

composite beam and hence larger deformations or

loss of stiffness compared to beams with stirrups that

maintain the composite action between concrete and

flexural steel. The presence of stirrups provides the

confinement needed such that the flexural steel will

act compositely with concrete in compression as one

unit.

3.3 Effect of U-shaped CFRP strips repair

Attaching U-shaped CFRP strips on corroded beams

without stirrups changed the mode of failure of the

repaired beams. Figure 8 illustrates the effect of

U-shaped CFRP repair on the corroded beams without

stirrups. Adding U-shaped sheets improved the

strength by attaining higher ultimate load and

improved ductility indicated by higher maximum

deflection at failure. This is observed from the

response of beams ARU5 and ARU7.5 which failed

by crushing of concrete compared to a brittle failure

observed in beams AC5 and AC7.5. The maximum

deflections were increased by 59 % and by 48 % in

beams ARU5 and ARU7.5 compared to beams AC5

and AC7.5, respectively due to the CFRP repair.

Figure 9 shows locations of U-shaped CFRP sheets

and corresponding locations of strain gauges. Strain

was measured along the U-shaped CFRP sheet (i.e.

transvers the beam axis). The change of strain in the

U-shaped CFRP sheets in beam ARU5 is shown in

Fig. 10; strain in FRP2 is higher than in FRP1 since

FRP2 sheet is located in the shear span where stirrups

are needed most. FRP2 sheet provided the anchoring

force as observed from the increase in the strain at

higher applied loads indicating the effectiveness of

externally attached CFRP U-shaped strips. FRP3 was

located next to the support and as such was subjected

to minor strain since the deformations are small near
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Fig. 8 Effect of CFRPU-wrap strips on beams without stirrups.

a Beams with 5 % corrosion. b Beams with 7.5 % corrosion
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the support and also the compressive force provided

by the support reaction provided an anchoring action

which reduced the stress from the U-shaped CFRP

sheet near the supports.

3.4 Effect of CFRP sheet strengthening

The load deflection curves for strengthened beams

without stirrups are shown in Fig. 11a, b, while

strengthened beams with stirrups results are shown

in Fig. 11c, d. Adding CFRP sheet and U-shaped

sheets to strengthened corroded beams without

stirrups increased both ultimate load and stiffness

of the repaired beam. The ultimate load of beam

ASUL5 was increased by about 37 and 47 %

compared to the uncorroded control beam AC0 and

the corroded beam ARU5, respectively. Adding the

CFRP sheet delayed the cracking of the concrete

and enhanced the stiffness of the beam as may be

observed from the load vs. deflection curve shown

in Fig. 11a. An increase in stiffness by about 25 %

in beam ASUL5 compared to the control uncor-

roded beam AC0. Beam ASUL5 failed by crushing

of concrete after a large deflection beyond the

yielding load.

Following the accelerated corrosion phase, Beam

ASUL7.5 was severely cracked along the reinforce-

ment on the side where the rebars were connected to

the voltage source. It is believed that more moisture

penetrated the beam through the cracks from the

partially immersed bar ends. This produced higher

concentration of corrosion on one side of the beam.

This beam failed prematurely in a brittle manner as

one of U-shaped sheets debonded, the crack along the

beam opened up and finally failed in bond-shear mode

as shown in Fig. 12. Even though beam ASUL7.5

failed prematurely, it is observed that within the elastic

range the stiffness was improved compared to beams

AC0 and ARU7.5.

Strengthened beams with stirrups (Fig. 11c, d)

attained higher ultimate loads compared to the

corroded and control beams, but the stiffness was

almost unchanged. Beam BS5 strengthened by

CFRP sheet at the tension side was able to sustain

load higher than beam BC0 and beam BC5 by 3 and

9.5 %, respectively. The yield load was also higher

in the strengthened beam BS5 than both control

beams (BC0 & BC5). Beam BS5 failed by CFRP

rupture at mid-span which was mainly due to the

opening of the horizontal corrosion crack that

pushed the cover concrete against the CFRP sheet

creating concentration of stresses on the CFRP

FRP1
FRP2 FRP3

Fig. 9 Locations of strain guages in the U-shaped CFRP sheets

Fig. 10 Strain in the U-shaped CFRP sheets in beam ARU5
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Fig. 12 Bond-shear failure of beam ASUL7.5
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sheets. The ultimate load of beam BS7.5 reached 20

kN which is 18 and 43 % higher than ultimate loads

of beams BC0 and BC7.5, respectively. Failure of

beam BS7.5 was initiated by the separation of

concrete cover where flexural cracks (vertical)

crossed the corrosion cracks (horizontal) along the

reinforcing bars. The CFRP sheet was pushed away

from the beam surface (partial debonding), but

finally failed by rupture at the tip of the cracked

area (see Fig. 13).

4 Conclusions

This study presented the results of an experimental

investigation of the structural behavior of reinforced

concrete beams with corroded longitudinal rein-

forcement not anchored at their ends. Two groups of

beams were tested; one group had corroded longi-

tudinal reinforcement without stirrups and the sec-

ond group consisted of beams with corroded

longitudinal reinforcement with stirrups. Based on

the experimental results, the following conclusions

are drawn:

• Corroded beams without stirrups failed in a brittle

manner with drop in maximum deflection at failure

of approximately 60 % compared to the uncor-

roded beam.

• Corroded beams with stirrups lost some strength,

but failed in ductile manner. The reduction in

maximumdeflection due corrosion ranged between

1 and 25 % for 5 %mass loss and 7.5 %mass loss,

respectively compared to the uncorroded beam.

• Corroded beams without stirrups repaired by

U-shape CFRP strips effectively confined the

corroded beams and changed the mode of failure

to a ductile failure. The maximum deflection of

repaired beams increased by 59 % in beam with

5 % mass loss and by 48 % in beam with 7.5 %

mass loss compared to the unrepaired corroded

beams with the same mass loss.

• Strengthening corroded beams without stirrups

with CFRP sheet and U-shaped CFRP strips

enhanced the ultimate load by 37 % and the

stiffness by 25 % for beams with 5 % corrosion.

• Strengthening corroded beams with stirrups

increased the ultimate load in the range of

9–43 %, but no change in the beam stiffness.

Appendix

See Table 4.

Fig. 13 Separation of concrete cover and CFRP in beam BS7.5
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