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Corrosion of steel in reinforced concrete leads to several major defects. Firstly, a reduction in the cross-
sectional area of the reinforcement and in its ductility results in premature bar failure. Secondly, the
expansion of the corrosion products causes concrete cracking and steel–concrete bond deterioration
and also affects the bending stiffness of the reinforced concrete members, causing a reduction in the
overall load-bearing capacity of the reinforced concrete beams. This paper investigates the validity of a
repair technique using Near Surface Mounted (NSM) carbon-fibre-reinforced polymer (CFRP) rods to
restore the mechanical performance of corrosion-damaged RC beams. In the NSM technique, the CFRP
rods are placed inside pre-cut grooves and are bonded to the concrete with epoxy adhesive.

Experimental results were obtained on two beams: a corroded beam that had been exposed to natural
corrosion for 25 years and a control beam, (both are 3 m long) repaired in bending only. Each beam was
repaired with one 6-mm-diameter NSM CFRP rod. The beams were tested in a three-point bending test up
to failure. Overall stiffness and crack maps were studied before and after the repair. Ultimate capacity,
ductility and failure mode were also reviewed. Finally some comparisons were made between repaired
and non-repaired beams in order to assess the effectiveness of the NSM technique. The experimental
results showed that the NSM technique improved the overall characteristics (ultimate load capacity
and stiffness) of the control and corroded beams and allowed sufficient ductility to be restored to the
repaired corroded elements, thus restoring the safety margin, despite the non-classical mode of failure
that occurred in the corroded beam, with the separation of the concrete cover due to corrosion products.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Corrosion of reinforcing steel is still a very necessary area of
study for infrastructure built of reinforced concrete. The cost of
rehabilitating corroded RC structures world-wide exceeds $1.8 tril-
lion per year [1]. The corrosion of steel bars in the RC elements is
the underlying cause of many major defects. Firstly, it leads to a
reduction in the cross sectional area of the steel reinforcement
and a significant reduction in its ductility, which results in early
failure of the steel bars. Secondly, the corrosion products increase
the volume of the bars, setting up internal pressure that leads
to the cracking of the RC elements and to bonding problems
between the steel bars and the concrete. Corrosion also affects
the bending stiffness of the RC elements [2–4]. The damage due
to corrosion is difficult to evaluate and NDT methods do not permit
the loss of cross-section to be determined. In contrast, destructive
methods give information on the loss of cross-section but the
results are largely scattered due to the heterogeneity of the corro-
sion pattern [5].

The consequences of corrosion on the residual mechanical prop-
erties of RC elements have been widely studied in recent decades.
Experimental studies using electrically accelerated corrosion [6,7]
or climate accelerated processes [8–10] have shown that the loss
of load-bearing capacity is related to the maximum loss of cross-
section: from 0.7% to 1.1% of loss in load-bearing capacity for 1%
loss of cross-section. Corrosion of steel bars leads to a reduction
in ultimate elongation [5,10,11], which induces a change in the
failure mode of RC elements from classical ductile behaviour to
brittle behaviour with a large reduction of ultimate deflection.
For example, Khan et al. [8] recorded a total decrease of 53% in
the ultimate deflection of a long-term corroded beam compared
to a control beam, and a reduction of 17% in load bearing capacity
when the cross-sectional loss in the corroded beam was 21.5%.
Dang and François [9] found that the mechanical performance after
27 years of corrosion was reduced in terms of both ultimate load

http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2014.04.012&domain=pdf
http://dx.doi.org/10.1016/j.compositesb.2014.04.012
mailto:raoul.francois@insa-toulouse.fr
http://dx.doi.org/10.1016/j.compositesb.2014.04.012
http://www.sciencedirect.com/science/journal/13598368
http://www.elsevier.com/locate/compositesb


Fig. 1. The climate accelerated aggressive environment system.
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capacity (26% loss of ultimate capacity in the corroded beam
compared to the control beam) and ductility (47% loss of ductility
in the corroded beam compared to the control beam). Thus, ductil-
ity can be expected to pose the major problem in respecting the
rehabilitation standards for corroded RC members.

To increase the service life of corroded reinforced concrete
structures, it is necessary to repair them and then to increase both
their load bearing and deformation capacity. During recent years,
many researchers have studied how to strengthen reinforced con-
crete elements using externally bonded fibre-reinforced polymer
EBR (FRP) laminates [12–15]. A new strengthening technique
called Near Surface Mounted (NSM) FRP reinforcement has
attracted much research and practical applications. The NSM tech-
nique requires grooves to be cut in the concrete cover, in which the
FRP reinforcement is then bonded to the concrete. Finally, the
grooves are filled with epoxy or cement grout. Bilotta et al. [16]
showed that the tensile strength of FRP material used in the NSM
technique played a very beneficial role and that debonding was
delayed compared to the EBR technique. The NSM FRP rods tech-
nique is considered to have some other advantages over other
strengthening techniques such as EBR. De Lorenzis and Teng [17]
note that the NSM bars are protected by the concrete cover and
are thus less exposed to accidental damage like fire. They also point
out that much less time and work is needed to fix and install the
NSM FRP rods than externally bonded reinforcement (EBR).

In several cases, the strengthening of RC members by NSM CRFP
rods can lead to non-conventional failure modes. For ordinary
beams, the failure mode varies from rupture of the tensile rein-
forcement to compressive concrete crushing and it depends on
the ratio between the tensile strength of the reinforcement and
the compressive strength of the concrete. But, for strengthened
RC members, the failure mode varies from degradation of the
strengthening system to compressive concrete crushing and
depends on the ratio of a combination of CFRP cross-section and
CFRP length to the concrete compressive strength [18].

Ductility is an important structural design parameter in most
design codes. In RC members, ductility is defined as the ratio of
ultimate deformation to yield deformation and allows an indicator
to be obtained that could be used for warning before failure. Previ-
ous studies have observed a ductility reduction in RC beams as a
result of corrosion of the tensile steel bars [19,20].

Badawi and Soudki [21] showed a slight reduction in ductility
for RC beams strengthened with NSM CFRP rods. Their results also
showed that the ductility of the NSM CFRP strengthened beams
was reduced as the prestressing level of RC beams increased. The
NSM technique could have a small effect on the ultimate elonga-
tion of RC members when a classical failure mode is obtained
[18]. On the other hand, it could lead to a more brittle and less duc-
tile state in cases of non-classical failure such as peeling-off, which
was observed by Al Mahmoud et al. [22], De Lorenzis et al. [23] and
Radfar et al. [24], or pull-out of the CFRP rod, which was observed
by Al Mahmoud et al. [25], De Lorenzis and Nanni [26] and De
Lorenzis et al. [27].

The use of the NSM technique with FRP rods to repair and to
strengthen infrastructure damaged by steel corrosion is very recent
and few researchers have studied the subject. Kreit et al. [28]
showed that the NSM technique allowed the initial ultimate capac-
ity to be recovered for corroded beams with a 36% loss of cross-sec-
tion in the maximum bending area. Ductile or brittle failure and
the recovery of the ultimate elongation of corroded repaired RC
members with NSM FRP rods have not yet been studied.

To improve understanding of the failure modes and the
mechanical performance of repaired corroded beams, experimen-
tal work was undertaken to study the possibility of using a
6-mm-diameter NSM CFRP rod to repair a long-term naturally
corroded RC beam and it was compared with a repaired control
beam. The flexural capacity of the repaired beams was compared
with that of non-repaired corroded beams. In a three point bending
test, all beams were tested up to failure in order to study their
overall bending moment-deflection behaviour, failure modes, stiff-
ness properties and ultimate deflection. The corroded steel bars
were extracted from the beams in order to study the corrosion
and tensile tests were conducted to study the mechanical proper-
ties of the steel bars.
2. Experimental programme

An experimental programme was started at LMDC (Laboratory
of Materials and Durability of Constructions in Toulouse, France)
in 1984 with the aim of understanding the effects of steel corrosion
on the structural behaviour of RC elements. This long-term pro-
gramme consisted of casting a set of 72 RC beams of dimensions
3000 � 280 � 150 mm. Thirty-six of them were stored in a chloride
environment under service load to study the corrosion process.
Many experimental studies have been performed on these beams
to evaluate the development of corrosion cracking, measure the
chloride content of the beams and analyse changes in their
mechanical behaviour [19,29]. The other 36 beams were stored
under the same mechanical load but in a non-aggressive environ-
ment to be used later as control beams in studies of long-term
effects, such as creep and ageing of the concrete. The natural
aggressive environment system consisted of a salt fog spray
(35 g/l of NaCl) (see Fig. 1).

After 6 years of storage, the beams were subjected to wetting–
drying cycles in order to accelerate the corrosion process:

� 0–6 years: continuous spraying under laboratory conditions
(T = 20 �C).
� 6–9 years: cyclic spraying under laboratory conditions

(T = 20 �C), 1 week of spraying and 1 week of drying.
� 9–19 years: cyclic spraying, 1 week of spraying and 1 week of

drying, but the confined room was transferred outside, so the
beams were exposed to monthly-average temperatures ranging
from 5.1 �C to 21.3 �C.
� 19–27 years: cycles were stopped; the beams were still stored

in the controlled room and exposed to the outside temperature.
� 27-present: cyclic spraying, 2 days of spraying and 12 days of

drying.

The corrosion obtained in this climate-accelerated programme
was very close to the corrosion observed under natural conditions
in terms of corrosion distribution, corrosion type and oxides pro-
duced. It is very important for service life prediction of RC elements
to have access to such natural degradation [30], rather than that



Table 1
Concrete mix and cement chemical composition.

Mix component mm kg/m3

Rolled gravel (silica + limestone) 5/15 1220
Sand 0/5 820
Portland cement: OPC HP 400
Water 200

Table 2
Mechanical characteristics of the concrete at 27 years (average of 3 tests).

Mechanical characteristics (MPa) A1CL3-R A1T-R

Compression strength 62.2 58.9
Elastic modulus 33,700 29,700

Table 3
Effective mechanical properties of steel bars (calculated from the residual cross-
section).

Specimen number Yield
strength
(MPa)

Avg Ultimate
strength
(MPa)

Avg

Specimen 1 corroded 570 578 708 710
Specimen 2 corroded 585 711
Specimen 1 non-corroded 595 600 640 645
Specimen 2 non-corroded 605 649
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resulting from the use of an applied current or a CaCl2 admixture in
the concrete [31,32]. The beams were divided into two groups
named type A and type B, which had different reinforcement lay-
outs but the same reinforcing steel bars (yield strength = 500 MPa).
Beams A and B had 40 mm and 10 mm of concrete cover respec-
tively. According to French standards at the time of manufacturing
[33], 40 mm was the minimum concrete cover stipulated for very
aggressive environments (i.e. chloride aggression) and the 10 mm
was the minimum concrete cover in a non-aggressive environ-
ment. The beams were loaded in three-point flexure by coupling
a type A beam with a type B beam. Two loading values were
applied: Mser1 = 14 kN m for beams referred to as A1 (A1CL3-R
and A1T-R) and Mser2 = 21 kN m for beams referred to as A2
(A2CL1, A2CL3, A2T and A2TI), which had the same type and shape
of reinforcement but different values of service loading. The beams
studied in this paper were type A beams; one corroded beam
(A1CL3-R) and one control beam (A1T-R). Long-term corroded
beams A2CL1, A2CL3, A2TI and A2T tested previously [8,9] but
not repaired were also used here for comparison. The control beam
A1T-R was strengthened using the same method as the one used to
repair the corroded beam A1CL3-R. The layout of the reinforcement
is shown in Fig. 2. For these beams, Mser1 represented the maxi-
mum loading value for durability in an aggressive environment
for the type A beam (serviceability limit-state requirements in an
aggressive environment).

2.1. Material properties

2.1.1. Concrete properties
The concrete mix is given in Table 1. The Water/Cement ratio

was 0.5 but could be adjusted by changing the water quantity to
obtain a constant workability of 7 cm in the slump test (slump
class S2) in order to meet the most commonly specified consis-
tence according to European Standard EN 206-1 [34]. The average
compression stress and the elastic modulus obtained according to
the standard on three cylindrical specimens (diameter 11 cm,
height 22 cm) were 45 MPa and 32 GPa respectively at 28 days.
The tensile strength, measured using the splitting test, was
4.7 MPa. Water porosity was 15.2%. To measure concrete charac-
teristics, cylindrical cores, 70 mm � 140 mm, were drilled out of
both the corroded and control beams and tested in compression.
Table 2 gives the results of these core tests.

2.1.2. Characteristics of steel bars, CFRP bars and filling material
The steel reinforcing bars were composed of natural S500 half-

hard steels; ordinary ribbed reinforcing steel bars were used. The
steel bar characteristics were measured after extracting the cor-
roded bars from the corroded beam A1CL3-R and the results are
shown in Table 3

Al Mahmoud et al. [35] measured the mechanical properties of
CFRP rods through a test programme conducted inn axial tension
on 3 specimens. The CFRP rods showed brittle failure that started
220 220 220 220 220 220 220 220
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Fig. 2. Reinforcement layout for type
with splitting and ended with the failure of the rods as shown in
Fig. 3. Table 4 shows the mechanical properties of the CFRP rods.
In order to increase the bonding between the CFRP rods and the
filling material, the rods were coated with 0.2/0.3 mm of surface
sanding material which was sprinkled onto an epoxy paste applied
to the surface of the rods.

Table 5 shows the characteristics of the filling material (epoxy
paste) after 7 days [28].
2.2. Repair technique

The NSM CFRP rod was installed in the corroded beam A1CL3-R
and in the control beam A1T-R by making two cuts in the concrete
cover in the longitudinal direction on the tension side. A special
concrete saw with a diamond blade was used.

The remaining concrete lug formed by the sawing was then
removed using a hammer and hand chisel so that the lower surface
became rough (Fig. 4). The groove was airbrushed to remove dust,
debris and fine particles so as to ensure proper bonding between
the paste and the concrete. Then, the groove was half filled and
the CFRP rod was placed inside it and pressed lightly. This forced
the paste to flow around the CFRP rod. More paste was applied
to fill the groove and the surface was levelled. Thus, the CFRP rod
was placed in the middle of the cross-section in the tension area.
0 220 220 220

40
28

0

Ribbed Φ16

Chloride Exposure

Casting Direction

Ribbed Φ8

Φ8

Sec 1-1
150

40

40

A beams. Dimensions are in mm.



Fig. 3. Stress–strain diagrams for steel and CFRP bars.

Table 4
Characteristics of CFRP rods.

Type of test Ultimate strength (MPa) Modulus of elasticity (MPa)

Manufacturer’s test 2300 150,000
Laboratory test 1875 145,900

Table 5
Filling material properties.

Material Compressive strength
(MPa)

Tensile strength
(MPa)

Elastic modulus
(MPa)

Epoxy 83 29.5 4900

(c) Rod is embedded in the groove

Resin

6 mm CFRP Rod

(b) Lug is removed

Residual Root

(a) Concrete is sawn

Concrete lug

15 mm

15 mm

Fig. 4. Installation of CFRP rod into concrete surface.
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The CFRP rod had a total length of 3000 mm and a diameter of
6 mm, which means that the repair was along the whole length
of the beam. The groove was 15 mm deep and 15 mm wide
(around twice the rod diameter). The two beams were tested
1 week after installation of the CFRP rod in order to ensure the
maximum degree of adhesion between the concrete surface and
the epoxy paste material.
2.3. Cracking maps of corroded beam A1CL3-R and control beam
A1T-R

Figs. 5 and 6 show the cracking maps of the beams A1CL3-R and
A1T-R after 26 years. All the corrosion cracks were concentrated in
the tension area of the concrete and their maximum width was
found to be 1.8 mm. Only the width of longitudinal cracks was
measured using a binocular lens. The transversal cracks were due
to the initial and sustained loading during beam storage. Despite
the cover being the same for tension and compression bars, long-
term storage in the chloride environment induced mainly corro-
sion and corrosion cracks along the tension reinforcement.
Dang and François [9] and Khan et al. [8] explained this result as
a consequence of:

1. The difference in exposure between the tensile and compres-
sion faces; the tensile face was the upper horizontal face exposed
directly to salt fog. 2. The casting direction: tension bars were also
top bars according to the casting direction and exhibited some
interface defects well known as top-bar effects. 3. The tensile face
was cracked and the cracks in the upper surface exposed to chlo-
ride indicated the most aggressive environment (CEB-FIP model
code).
3. Experimental results

3.1. Corrosion of steel bars

Clark’s solution ANSI/ASTM G1-72 was used to remove the cor-
rosion products from the surface of the steel bars, and then the
diameter loss of the steel reinforcement bars due to corrosion
was measured using two different methods. The first used a vernier
calliper just after the steel bars had been cleaned and dried and the
second used the weight loss of the steel bar to calculate the diam-
eter loss. The second method required the critical parts of corroded
steel bars to be cut into small pieces 1–2 cm long and then weighed
to an accuracy of 0.001 g. A reference mass was measured on bars
extracted from the control beam.

Both methods were used to evaluate the diameter loss of the
corroded steel bars as some previous papers [5] had shown that
the shape of corrosion damage was too complex to be measured
only by the vernier calliper, which would give very conservative
values of the diameter loss since the residual cross section varied
considerably around the disk, as shown in Fig. 7.

3.2. Yielding moment and ultimate strength

Both the repaired corroded beam A1CL3-R and the repaired
control beam A1T-R were tested using 3-point loading up to fail-
ure. Fig. 8 shows the bending moment vs. the deflection for the
two beams. The yielding moment values for A1CL3-R and A1T-R
were 41 kN m and 53 kN m, respectively, while the ultimate
moment values were 52 kN m and 66 kN m respectively.

3.3. Failure modes

The classical failure of RC beams occurs either by concrete
crushing or by the failure of the tensile steel bars. In the case of
Type A beams, the failure of the control beam is normally due to
steel bar yielding followed by concrete crushing [8]. After strength-
ening, the failure mode of RC beams can be concrete crushing, pull-
out of the FRP rods or peeling off as shown by Al Mahmoud et al.
[18]. The failure mode observed for A1CL3-R was different from
both the conventional and non-conventional failure modes found
on repaired non-corroded beams. The failure mode of the repaired
corroded beam A1CL3-R was the separation of the concrete cover
as shown in Fig. 9. The failure of the repaired control beam A1T-
R occurred by the crushing of compressed concrete.

It should be noted that the failure plane corresponding to the
separation of the concrete cover was the plane of corrosion cracks
as shown in Fig. 10.

3.4. Losses of diameter due to corrosion for tensile steel bars and steel
stirrups in corroded beam A1CL3-R

The values of the diameter losses were measured for both the
Back Side (BS) and Front Side (FS) tensile steel bars, which were
extracted from the corroded beam A1CL3-R just after the bending



FS (Front Side), TS (Tensile Side), BS (Back Side)
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Fig. 5. A1CL3-R cracking map after 20 kN loading.
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Fig. 6. A1T-R cracking map after 20 kN loading.
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Fig. 8. Bending moment vs. deflection.
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test. Figs. 11 and 12 show the diameter losses according to position
along the whole length of the beam for BS and FS tensile steel bars.
There is corrosion at the top of the bars close to the surface cover,
which reflects the classical result for natural corrosion [31] and
also at the bottom of the bars because of the effect of casting direc-
tion and bar location at the top of the beam, both of which induce
poor interface quality [36,37].

The steel stirrups were numbered with respect to their parts
(the first number represents the number of the part and the second
number represents the number of the stirrup) as shown in Fig. 13.

Fig. 14 shows the locations of corrosion in the steel stirrups and
the diameter values.

It can be seen from Fig. 14 that the stirrup corrosion map is in
good agreement with the corrosion map for the longitudinal bars:
parts of the stirrups in contact with compressive steel bars located
at the bottom of the beam (according to casting direction) are not
corroded, which agrees with the absence of corrosion in compres-
sive longitudinal steel bars. On the other hand, parts of the stirrups
in contact with tensile steel bars are corroded and, in some places,
highly corroded, with 50% of cross-section loss. It should also be
noted that there is no evidence of a difference in long-term corro-
sion damage of stirrups between those located near flexural cracks
and those located in the non-cracked parts near the supports. This
confirms that there is no relation between mechanical cracks and
long-term natural corrosion as described by Beeby [38] and Franç-
ois et al. [39].

There was no corrosion along the vertical parts of stirrups
located near the flexural cracks or even in the non-cracked area,



(a) A1CL3-R Corroded Beam (b) A1T-R Control Beam 

Fig. 9. Beams after failure.

Fig. 10. Corrosion cracks appear in the concrete cover from the steel part closest to
the tensile surface exposed to chloride.

Fig. 12. Diameter loss percentages vs. position along the corroded beam A1CL3-R.
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which agrees with the long-term results presented by François
et al. [39] and shows the beneficial effect of interface quality even
in presence of cracks. The vertical surface here had a good interface
quality and there was no mechanical damage or defects due to
casting, such as bleeding.
3.4.1. Ultimate capacity
Table 6 and Fig. 15 present the ultimate bending moment

capacity for repaired corroded and control beams, in comparison
with non-repaired corroded and control beams. For non-repaired
corroded beams, the residual ultimate load capacity is correlated
with the maximum loss of cross-section: beam A2CL3, with 33%
max. diameter loss in its tensile steel bars, shows a higher capacity
than beam A2CL1 with 44% max. diameter loss in its tensile steel
bars. The results also show that the repaired corroded beam
FS  bar 
BS  bar  

Top View

Bottom V

FS  bar 
BS  bar  

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.

CorCorrosion

Fig. 11. Corrosion damage along re-bars according
A1CL3-R (38% max. diameter loss in tensile steel bars) has a higher
ultimate bending moment capacity than either A2CL1 or A2CL3
with17 kN m and 11 kN m respectively.

Fig. 15 also shows that both ultimate bending moment capacity
and ultimate deflection of the control beam A1T-R (repaired using
the NSM technique) ware higher than the ultimate capacity of non-
repaired control beams A2T or A2TI.

3.4.2. Ultimate deflection
Fig. 16 presents the ultimate deflection values for corroded and

control beams at failure points. The ultimate deflection value
(93 mm) for repaired control beam A1T-R at the failure point was
more than the ultimate deflection value for non-repaired control
beams A2T (64 mm) and A2TI (64 mm). Results showed that the
ultimate deflection value for repaired corroded beam A1CL3-R
(63 mm) was higher than the ultimate deflection values for the
corroded non-repaired beams A2CL3 and A2CL1 (28 mm and
30 mm respectively). On the other hand, the ultimate deflection
for A1CL3 was almost the same as the ultimate deflection for
non-repaired control beams A2T and A2TI. Thus, repairing the
iew 

4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Non-corrodedrosion pits  

to the location in the beams (top or bottom).



Part 1 Part 2 Part 3 Part 4 

100 cm 80 cm 80 cm 40 cm 

1 1 1 2 3 4 1 2 3 4 2 2 3 4 

Fig. 13. Parts of beam A1CL3-R.

Fig. 14. Corrosion in steel stirrups of A1CL3-R.
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corroded beam with the NSM technique doubles the ultimate
deflection value compared to that of non-repaired corroded beams
while the NSM repair increases the ultimate deflection for control
beams 1.5 times relative to the non-repaired beams.
3.4.3. Percentage increase in the yielding capacity for beams repaired
with NSM FRP rods

Fig. 17 presents the theoretical percentage increase in the
repaired beams (shown in Appendix) over the non-repaired beams



Table 6
Experimental results for all beams.

Beam Description Max diameter
loss % (1)

Failure mode Ultimate moment
(kN m)

Ultimate
deflection (mm)

Ultimate Deflection
loss % (2)

Ratio
(2)/(1)

A1T-R Repaired control
beam

0 Concrete crushing 65.5 93 – 0

A1CL3-R Repaired corroded
beam

38 Separation of
concrete cover

52.1 63 32a 0.84

A2T (Dang and
François (9))

Non-repaired
control beam

0 Concrete crushing 50.9 64 – 0

A2TI (Khan et al. (8)) Non-repaired
control beam

0 Concrete crushing 49.7 63.8 – 0

A2CL3 (Khan et al.
(8))

Non-repaired
corroded beam

33 Failure of corroded
steel bar

40.9 28 56b 1.7

A2CL1 (Dang and
François (9))

Non-repaired
corroded beam

44 Failure of corroded
steel bar

35.6 29.9 53b 1.2

a Compared to repaired control beam A1T-R.
b Compared to non-repaired control beam A2T.

Fig. 15. Comparisons of moment capacity [A2T, A2TI, A1T-R, A2CL3, A1CL3-R and
A2CL1 (8, 9)].

Fig. 17. Yielding capacity increase.

Table 7
Calculated values of (yielding moment) My.

Beam My, repaired
(kN m)

My, non-repaired
(kN m)

Percentage
increase

A1CL3-R 43.5 36.5 19
A1T-R 51.7 43.7 18
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of type A in terms of yielding capacity in comparison with experi-
mental results. An increase of 19% (Table 7) was recorded in the
repaired corroded beam A1CL3-R compared to the non-repaired
one while an increase of 18% was found in the repaired control
beam A1T-R compared to A2T (non-repaired control beam tested
by Khan et al. [8]). The percentage of difference between the
repaired corroded beam A1CL3-R and the repaired control beam
A1T-R was 20.7% due to the loss of steel diameter in the corroded
beam (20%) assumed at the middle of the beam. Table 7 presents
the details of the increase in yielding capacity for the beams
A1CL3-R and A1T-R.

Fig. 17 also shows the percentage increase in My of the cor-
roded (non-repaired) beams (A2CL3 and A2CL1). If they were
repaired with the same process they would have shown increases
Fig. 16. Ultimate deflection (mm) for beams at failure.
of 18.9% and 18.8% respectively (almost the same increase for both
beams as shown by the parallel lines in Fig. 17). This percentage
increase falls as the percentage of steel diameter loss decreases.
3.4.4. Effect of corrosion on both yielding and ultimate capacity
Table 8 shows that every 1% loss of cross section corresponds to

1% loss of yielding capacity, while there is more scatter in the case
of the ultimate capacity as the failure mode varies for each beam
(e.g. 1% loss of cross section corresponds to 0.7% loss of ultimate
capacity for A2CL3 while it corresponds to 1.1% for A2CL1 and 1%
for A1CL3-R).
3.4.5. Stiffness of beams
The two beams A1CL3-R and A1T-R were loaded with a 20 kN

service load before starting the repair process. They were also
tested with 20 kN after the repair with NSM. Fig. 18 shows the val-
ues of the stiffness (the slope value before the yielding point is
reached) for both beams before and after the repair process (stiff-
ness ratio).



Table 8
Comparison of loss of cross sections against the loss of ultimate capacity and yielding capacity experimental values.

Beam Avg loss of cross section
% at the middle (1)

Yielding capacity
(kN m)

Ultimate capacity
(kN m)

Loss of yielding
capacity % (2)

Loss of ultimate
capacity % (3)

(3)/(1) ratio (2)/(1) ratio

A2T 0 45 50.9 0 0 0 0
A2CL3 21.5 32.5 40.9 27.8 19.6 0.7 1
A2CL1 30 31.3 35.6 30.4 34 1.1 1
A1T-R 0 53 65.5 0 0 0 0
A1CL3-R 20a 42.3 52.1 20.6 20.5 1 1

a Note: My = 42.3 kN m occurs with 20% loss of cross section at the middle of the beam.

Fig. 18. Stiffness ratio for repaired beams.

Table 9
Ductility index values.

Beam Ultimate deflection value
(Du) mm

Yielding deflection value
(Dy) mm

Ductility
index

A1T-R 93 15 6.2
A1CL3-

R
63 9 7.0

A2T 64 14.5 4.4
A2TI 63.8 14.5 4.4
A2CL1 29.9 12.5 2.4
A2CL3 28 11.2 2.5 Fig. 19. Ductility index chart.
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The stiffness of cracked beams depends on the number of cracks
and the crack spacing, and could be affected by the degree of cor-
rosion. The repair process using 6-mm-diameter rods increased the
stiffness of the two beams (A1CL3-R and A1T-R) before the yielding
point with almost the same ratio: 12% and 18% respectively.
3.4.6. Ductility
Ductility is the ability of the structures to sustain large defor-

mations without a decrease in load resistance and it is necessary
for RC beams to provide early warning of failure. Ductility has gen-
erally been measured by a ratio called the ductility factor or index
(Du/Dy) corresponding to a deformation (such as curvature, deflec-
tion, rotation) at failure (Du) divided by the corresponding value at
yielding (Dy) (Classical definition by Badawi and Soudki [21]). Duc-
tility index values were calculated and are presented in Table 9 and
Fig. 19.

The ductility of corroded beams decreases 5 times for each 1%
loss of cross section but this could be unacceptable for the safety
of a corroded structure. The NSM technique allows the initial duc-
tility of the beam before corrosion to be recovered as shown in
Fig. 19.
3.4.7. Failure modes
The failure mode observed on repaired corroded beam A1CL3-R

was different from those on non-repaired corroded beams A2CL1
and A2CL3, which failed by brittle failure of the tension steel bar
at deep corrosion pits. Failure of repaired corroded beam A1CL3-
R occurred by a non-conventional mode due to the existence of a
rupture plane induced by corrosion cracks. This plane was parallel
to the concrete tensile surface but located at steel bar level so it
was easy to remove the concrete cover from the reinforcing skele-
ton. This failure mode was observed by Kreit et al. [28] for a cor-
roded beam of type B with 1 cm of concrete cover repaired with
a 6-mm NSM CFRP rod. On the other hand, the failure mode of
repaired control beam A1T-R was classical: yielding of the steel
bars occured, followed by crushing of the compressive concrete.
The use of transversal strengthening could be an option to avoid
the specific failure mode of separation of concrete cover (or spall-
ing) induced by corrosion of the tensile reinforcement.



Table 10
Summary of calculated values of moment.

Beam Yielding bending moment My
(kN m)

Ultimate bending moment My
(kN m)

Calculated Experimental Calculated Experimental

A1CL3-R 43.5 42.3 63.4 52.1
A1T-R 51.7 53 68.4 65.5
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4. Conclusions

According to the experimental results found in this paper, the
following conclusions can be drawn:

1. The NSM technique is able to increase the ultimate load capac-
ity of a corroded beam that has suffered considerable damage
and can allow it to reach to the ultimate capacity of the control
beam.

2. The efficiency of the NSM technique in repairing corroded
beams could be limited by the separation of the concrete cover
due to corrosion induced cracks.

3. The NSM technique slightly increases the stiffness of both
repaired corroded and repaired control beams.

4. The NSM technique increases the ultimate deflection value for
repaired control and corroded beams.

5. The NSM technique restores sufficient ductility (2.8 times that
of the non-repaired corroded beams) after ductility loss due
to the brittle behaviour of corroded RC beams because of steel
corrosion.

6. If there is 1% cross-section loss due to steel corrosion it will be
reflected as a 1% loss in the yielding capacity value. The percent-
age is different for ultimate capacity as the mode of failure is
not the same in each case: 1% increase due to NSM corresponds
to 1% (dc/ds) increase in yielding moment.

7. Because of its efficiency, the NSM technique could be a promis-
ing way to repair RC structures damaged by corrosion. Never-
theless, the appearance of a new non-conventional failure
mode needs more investigation to propose a relevant method
of design that provides safe design margins.
Appendix A. Classical RC calculations

Table 10 presents the values calculated for the moment of the
corroded beam A1CL3-R and the control beam A1T-R based on
the classical mode of failure for RC beams by concrete crushing
(Equations used in Al Mahmoud et al. [18] as shown in figure 20,
with b: width of beam; ds: effective depth of beam; h: height of
beam; fy: yielding stress of steel bars; Es: modulus of elasticity
of steel bars; Ef: modulus of elasticity of FRP bars; As: cross sec-
tional area of steel bars; Af: cross sectional area of FRP bars.

The values used for the calculations were, for A1CL3-R:
b = 15 cm, h = 28 cm, ds = 22.4 cm, Es = 200 GPa, Ef = 150 GPa,
As = 3.42 cm2, Af = 0.28 cm2, fy = 578 MPa and, for A1T-R:
b = 15 cm, h = 28 cm, ds = 22.4 cm, Es = 214 GPa, Ef = 150 GPa,
As = 4.02 cm2, Af = 0.28 cm2, fy = 600 MPa. As mentioned before,
the high degree of corrosion and the increase in shear stresses in
the concrete cover prevented the beam from reaching the maxi-
mum theoretical value of the classical failure mode and it failed
Fig. 20. Forces equilibrium and str
by the separation of the concrete cover. More studies need to be
conducted on this new mode of failure in order to understand its
mechanism.
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