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This paper discusses the results of an experimental program designed to investigate the effect of repair-
ing the RC corroded shear-critical deep beams with near surface mounted (NSM) carbon fibre-reinforced
polymer (CFRP) rods. A 28-year-old RC beam corroded by exposure to a chloride environment was cut
into two small short-shear-span beams, along with a control beam of the same characteristics (age,
length and cross-section). One RC corroded deep beam was repaired in bending and the other one was
repaired in both bending and shear with NSM CFRP rods. Force-displacement curves were plotted for
the corroded and control beams. After the beams had been tested up to failure, the loss of mass was mea-
sured and plotted for both the longitudinal and transverse reinforcement. The slip of tensile reinforce-
ment at the end of the beams was also measured during the tests.

Experimental results show that both corroded and control deep beams repaired only in bending failed
due to shear mode of failure (diagonal tension failure), while corroded and control beams repaired in both
bending and shear failed due to concrete crushing. The test results also showed that the corrosion of both
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longitudinal and transversal reinforcement hardly modified the mechanical response of deep beams.
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1. Introduction

The cost of rehabilitating corroded RC structures worldwide
exceeds $1.8 trillion per year [1]. Corrosion of the steel bars in
the RC elements causes a reduction in the cross sectional area of
the steel reinforcement and a significant reduction in its ductility,
which leads to the early failure of steel bars [2,3]. Most of the
experimental research literature mainly focuses on the effect of
steel corrosion on the flexural behaviour of reinforced concrete ele-
ments [4-7] and, so far, little research has concerned the effect of
corrosion on the shear behaviour of corroded reinforced concrete
beams. Accelerated corrosion tests were conducted on RC beams
[8-10] in order to understand the effect of the corroded steel stir-
rups on the shear behaviour of RC beams. Instead of using
impressed current induced corrosion, some studies [11,12] have
aimed to assess the shear behaviour of naturally corroded RC
beams. This work was based on a long-term programme in which
the RC beams were stored in a chloride environment under service
loads in order to obtain results that were closer to the real state of
corroded structures.
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The near surface mounted reinforcement technique (NSM)
using carbon fibre reinforced polymer (CFRP) rods is a strengthen-
ing technique that has given encouraging results in repairing dete-
riorated RC beams that are likely to fail in a brittle shear failure
mode. De Lorenzis and Nanni, [13] showed that the use of NSM
FRP rods could improve the shear capacity of RC beams, a 106%
increase in the shear strength being recorded in the absence of
internal steel stirrups. A significant increase was also recorded
for limited shear reinforced beams. Islam [14] tested four concrete
beams: a control beam having typical shear steel reinforcement
and three other beams that were strengthened in shear with CFRP
bars using the NSM technique, for which a 17-25% increase in
shear strength was found.

Rizzo and De Lorenzis, [15] carried out a testing program in
order to assess the shear capacity increase that could be obtained
by using the NSM FRP reinforcement technique, and made a com-
parison between the externally bonded U-wrapped laminates and
the NSM technique. One side of each beam was reinforced strongly
in shear with 10 mm diameter stirrups every 50 mm, while the
other side was reinforced with a limited shear reinforcement using
6 mm diameter stirrups every 160 mm. The beams were simply
supported and were tested with a four-point loading test. The
beams strengthened with the NSM technique, both NSM round
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bars and NSM strips were used, an increase in the shear capacity of
16% was recorded for the beam strengthened with externally
bonded U-wrapped laminate, while 45 degrees inclination of
beams strengthened with NSM round bars and NSM strips gave
14% and 9.4% increase in the shear capacity over using the
90 degrees of U-wrapped laminate as strengthening technique
respectively. Dias and Barros, [16] also found that the NSM tech-
nique using CFRP laminates had advantages over the externally
bonded reinforcement (EBR) technique in terms of maximum
load-bearing capacity and load capacity after shear crack forma-
tion, and found much higher strain values in the CFRP rods, which
means that the NSM technique makes better use of the tensile
strength of the CFRP material.

De Lorenzis et al. [17] suggested some methods for increasing
the shear capacity of the strengthened T-beams by decreasing
the space between the FRP rods and increasing the anchorage
length of the FRP rods in a T-beam that was also anchored to the
flange. They mentioned that decreasing the space between the
FRP rods which corresponds to an increase in the FRP material
inside the RC beam will lead to an important increase in the shear
capacity of the RC beam. They also mentioned that inclining the
FRP rods at 45 degrees increased the shear capacity of the rein-
forced concrete elements, in agreement with the findings of Barros
et al. [18] on inclined FRP laminates, which proved to be more
effective than vertical laminates.

De Lorenzis and Nanni [13] observed two failure modes for
beams repaired in shear with NSM FRP rods. The first was de-bond-
ing of the FRP rods and the second was splitting of the concrete
cover over the longitudinal steel bars. They concluded that, once
failure by FRP rod de-bonding was prevented by using inclined
rods rather than vertical ones, splitting of the concrete cover of
the longitudinal steel reinforcement was the most important factor
controlling the mode of failure. Another failure mode observed [15]
was the splitting of the concrete cover side of all of the internal
steel stirrups.

The present paper studies the post-repair performance of cor-
roded short-span reinforced concrete beams repaired with the
NSM FRP technique. Some of these beams were repaired in bending
only and the others were repaired in bending and shear. All were
tested statically in three-point loading up to failure. The failure
modes and the mechanical performance of all beams were studied,
and the shear capacity of the short-span corroded beams repaired
in shear and bending was compared to that of similar non-repaired
beams. The relationship between the shear strength of the RC
beam and its span to section depth ratio was also studied and
the slipping of the steel bars was measured for all beams during
the loading tests. Finally, the corroded steel bars were extracted
from the beams to study their corrosion and tensile tests were con-
ducted to study their mechanical properties.

2. Experimental program: specimens, test setup, monitoring
system and material properties

2.1. Experimental procedure

An experimental programme was started at LMDC (Laboratory
of Materials and Durability of Constructions) in 1984 with the
aim of understanding the effects of steel corrosion on the structural
behaviour of RC elements. This long-term programme consisted of
casting a set of 72 RC beams of dimensions 3000 x 280 x 150 mm.
Thirty-six of them were stored in a chloride environment under
service load to measure the flexural cracks occurring during the
corrosion process. Many experimental studies have been con-
ducted on these beams to evaluate the development of corrosion
cracking, to measure chloride content and to analyse the changes

in their mechanical behaviour [19,20]. The other 36 beams were
stored under the same mechanical load but in a non-aggressive
environment to be used later as control beams in the study of
long-term effects, such as creep and ageing of the concrete. The
natural aggressive environment system consisted of salt fog spray
(35 g/l of NaCl) (see Fig. 1).

For 9 years, the beams were under sustained loadings in chlo-
ride environment in the laboratory conditions so the temperature
was controlled (around 20 °C) while after 9years the salt fog
chamber was transferred outside so the temperature was not con-
trolled and the beams were exposed to the outside temperature
with monthly-average values ranging from 5.1 °C to 21.3 °C. The
beams have been stored in the saline fog for 6 years; the corroded
beams were transferred to wetting-drying cycles in order to accel-
erate the corrosion process (Table 1). The loading system was
allowed to monitor the decrease of the force applied due to con-
crete creep, and then the load was re-adjusted periodically during
the first years. Moreover, a spring system of the loading device was
allowed to accept some increase in beam deflection without affect-
ing the load. Nevertheless, the loading device was kept in the
aggressive environment and the monitoring system stopped giving
load information after 6 years. After 19 years of storage, it was
decided to perform mechanical tests on the beams, the loading sys-
tem was removed. However, because of the high chloride content
[21] and storage conditions, corrosion continued to propagate.

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. The corrosion distribution was largely stochastic with a
maximum corrosion pit to average corrosion ratio between 4 and
8. The hydroxyl-oxides played a significant role in the corrosion
products. While for the three forms of the hydroxyl-oxides,
Geothite was in considerable proportion, and then followed by
Akaganeite. Lepidocrocite was relatively weaker. The content of
Lepidocrocite was still higher than Magnetite [22,23]. To predict
the service life of RC elements, it is very important to have access
to such natural degradation [24] rather than that resulting from
the use of an applied current or a CaCl, admixture in the concrete
[25,26]. The beams were divided into two groups named type A
and type B, which had different reinforcement layouts but the
same reinforcing steel bar (yield strength =500 MPa). Beams A
and B had 40 mm and 10 mm of concrete cover respectively.
According to French standards at the time of manufacturing [27],
the 40 mm cover represents the minimum concrete cover in very
aggressive environments (i.e. chloride aggression) and the 10 mm
cover represents the minimum concrete cover in a non-aggressive
environment. The beams were loaded in three-point flexure by

Fig. 1. The climate accelerated aggressive environment system.
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Table 1

Wetting-drying cycles of the corroded beams.
Years Spraying Loading Conservation Temperature

state conditions conditions

0-6 Continuous Loaded Confined room 20 °C
6-9 WDC Loaded Confined room 20°C
9-19 WDC Loaded Open room CSWF
19-27 Stopped Unloaded Open room CSWF
27-present  WDC Unloaded Open room CSWF

" WDC: wetting-drying cycles for one week respectively.
" CSWF: climate of south-west of France, ranging from 5.1 to 21.3 °C average
value per month.

coupling a type A beam with a type B beam. Two loading values
were applied: Mserl=13.5kN m for beams referred to as Al
(A1CL3-R and A1T-R); The loading value for type A2 beam was
designed according to ultimate load limit state (ULS) in a non-
aggressive environment while the loading value for type A1 beam
was designed according to serviceability limit state (SLS) require-
ments for steel corrosion in an aggressive chloride environment
based on an indirect limitation of crack width using a tensile stress
limitations of the steel bars [27]. Mser2=21kNm for beams
referred to as A2 (A2CL1, A2CL3, A2T and A2TI), which had the
same type and shape of reinforcement but different values of ser-
vice loading. The beams studied in this paper are type A beams;
one corroded beam (A1CL3-R) and one control beam (A1T-R).
Long-term corroded beams A2CL1, A2CL3, A2TI and A2T tested
by [21,28] 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. The flexural and shear rein-
forcement ratios were equal to 1.2% and 0.2% respectively. Flexural
reinforcement ratio of 1.2% refers to an under reinforced beams
state as for this case it is guaranteed that the crushing of concrete
will not be reached “earlier” at smaller deformations. Fig. 2 shows
the steel distribution inside type A beams.

2.2. Material properties

2.2.1. Concrete properties

The concrete mix is given in Table 2. 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 [29]. The average
compressive strength and the elastic modulus obtained according
to European Standard NF EN 12390-2 [30] on three cylindrical
specimens (diameter 11 cm x height 22 cm) tested after 28 days
were 45 MPa and 32 GPa respectively. The tensile strength, mea-
sured using the splitting test, was 4.7 MPa. Water porosity was
15.2% according to [31]. To measure concrete characteristics, cylin-
drical cores 70 mm x 140 mm, were drilled out of both the

Table 2

Concrete mix.
Mix component mm kg/m>
Rolled gravel (silica + limestone) 5/15 1220
Sand 0/5 820
Portland cement: OPC HP 400
Water 200

Table 3

Mechanical characteristics of the concrete at 27 years (average of 3 tests).
Mechanical characteristics A1CL3-R A1T-R
Compressive strength (MPa) 62.2 58.9
Elastic modulus (MPa) 33,700 29,700

Table 4
Effective mechanical properties of steel bars (calculated from the residual cross-
section).

Specimen Yield strength Ultimate Yield Elastic

type (MPa) strength (MPa) strain (%) modulus (GPa)
Corroded 578 710 0.27 200
Non-corroded 600 645 0.28 214

corroded and control beams and tested in compression. Table 3
gives the results of these core tests.

2.2.2. Characteristics of steel bars, CFRP bars and filling material

The steel reinforcing bars were composed of natural S500 half-
hard steels and were ordinary ribbed bars. The steel bar character-
istics were measured after extracting the corroded bars from the
corroded beam A1CL3-R and the results are shown in Table 4.

Al-Mahmoud et al. [32] measured the mechanical properties of
CFRP rods through a test programme conducted on 3 specimens
tested in axial tension. The CFRP rods showed brittle failure that
started with splitting and ended with the failure of the rods as
shown in Fig. 3. Table 5 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 6 shows the characteristics of the filling material (epoxy
paste) after 7 days according to the manufacturer’s specifications.

2.3. Repair technique with NSM against bending and shear forces
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 at the tension side. A special
concrete saw with a diamond blade was used.

Chloride Exposure
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Fig. 2. Reinforcement layout of type A beams. Dimensions are in mm.
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Table 5
Characteristics of CFRP rods. Concrete lug
Type of test Ultimate strength (MPa) Modulus of elasticity (MPa) $15 mm
Manufacturer’s test 2300 150,000 <> .
Laboratory test 1875 145,900 15 mm Residual Root
(a) Concrete is sawn (b) Lug is removed
Resin

Table 6
Filling material properties.

Material Compressive strength Tensile strength Elastic modulus
(MPa) (MPa) (MPa)
Epoxy 83 29.5 4900

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 positioned 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. As a result,
the CFRP rod was placed in the middle of the cross-section in the
tension area. 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 2.5 times the rod diameter) [33]. Previous
study was done by Al-Mahmoud et al. [34]| showed that FRP below
supports and FRP away of the supports did not change the failure
mode which was due to the pull-out of the CFRP rod. The two
beams were tested one week after installation of the CFRP rod in
order to ensure that the filling material reached its full strength.

After the two full span lengths of the corroded beam A1CL3-R
and control beam A1T-R had been loaded up to failure, the four
end parts (A1CL3-SB, A1CL3-B, A1T-SB and A1T-B) shown in
Fig. 5 were extracted of the full span of the two beams. Fig. 6 pre-
sents the moment-deflection curves for both full span beams
A1CL3-R and A1T-R.

Fig. 7 illustrates the failure of mode for both beams, the cor-
roded A1CL3-R beam which failed due to separation of the concrete
cover at the middle of the beam, and the control A1T-R beam
which failed due to concrete crushing.

[ 2§
6 mm CFRP Rod
(c) Rod is embedded in thegroove

Fig. 4. Installation of CFRP rod in concrete surface.

The two left end parts (A1CL3-B and A1T-B) were re-repaired in
bending only by replacing the cracked areas of the epoxy paste
material with fresh epoxy paste of the same type while the two
right end parts (A1CL3-SB and A1T-SB) were re-repaired in bend-
ing and in shear using the configuration shown in Fig. 8: four rods
were installed 10 cm apart on each side of each end. In order to
obtain better repair, the CFRP rods were inclined at 45 degrees so
that they would be perpendicular to the shear cracks. The repair
plan for all beams is presented in Table 7.

2.4. Instrumentation of beams

In order to verify the anchorage between the longitudinal steel
bars and the concrete during the loading process, the slip of the
longitudinal steel bars was measured using linear variable
differential transducers (LVDT) fixed at either end of each steel
bar. One more LVDT was fixed at the mid-span to measure the
deflection of the beam as shown in Figs. 9 and 10.

Table 7
Repair plan for all beams.

Beams Dimensions Corrosion Repair with CFRP

h x b x L mm status NSM rods
A1CL3-B 280 x 150 x 800  Corroded Bending -
A1CL3-SB 280 x 150 x 800  Corroded Bending Shear
A1T-B 280 x 150 x 800  Non corroded  Bending -
A1T-SB 280 x 150 x 800  Non corroded  Bending Shear
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Repaired in bending only
AICL3-B/AIT-B

Damaged parts in both beams

Repaired in bending & shear
A1CL3-SB/AIT-SB

80 cm
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Fig. 5. Parts of corroded and control beam.
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Fig. 6. Moment-deflection curves for A1CL3-R and A1T-R.

As shown in Fig. 9, the LVDT in testing the full span beams
(A1CL3 and A1T) was installed at the middle of the beam-span
on the same steel support plates as in this case no settlement will

take place for both supports while the mid-span LVDT in testing
the short beams (A1CL3-B, A1CL3-SB, A1T-B and A1T-SB) was
installed on a separate steel plate which takes into account the
supports settlement. LVDT at the end of steel bars were fixed on
the concrete surface as shown in Fig. 10.

3. Experimental results

3.1. Losses of diameter due to corrosion for tensile steel bars and steel
stirrups in corroded beams A1CL3-B and A1CL3-SB

Clark’s solution ANSI/ASTM G1-72 was used to remove the cor-
rosion from the surface of the steel reinforcement bars and then
the diameter loss of the bars due to corrosion was measured using
two different methods: direct measurement with a vernier calliper
just after the steel bars had been cleaned and dried, and measure-
ment of the weight loss of the steel bar to calculate the diameter
loss. The second method required the critical parts of corroded
steel bars to be cut into small pieces 1-2 cm long, which were 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

(a) A1CL3-R Corroded Beam

(b) A1T-R Control Beam

Fig. 7. Modes of failure and damages of two full span beams A1CL3-R and A1T-R.
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Fig. 8. Shear repair configuration for A1CL3-SB and A1T-SB (Dimensions in mm).

previous papers [35] had shown that the shape of corrosion dam-
age was too complex to be measured only by the vernier calliper.

The maximum diameter loss was found to be 18% at 28 cm
away from the mid-span position of A1CL3-B, while 9% diameter
loss was found in A1CL3-SB at 20cm away from mid span.
Fig. 11 presents the diameter loss percentage for tensile steel bars
at all locations along the two corroded beams.

The steel stirrups were numbered to indicate the part of the
beam they came from and their position in that part (the first

Loading probe

number represents the part of the beam and the second number
represents the number of the stirrup) as shown in Fig. 12.

Fig. 13 shows the locations of corrosion in the steel stirrups and
the diameter values. No corrosion was found at stirrups 1-1 and
1-2, the maximum diameter loss found in beam A1CL3-B was
63% at stirrup 1-4 while the maximum loss in A1CL3-SB was 38%
at stirrup 3-1.

3.2. Ultimate load capacity and failure modes

Fig. 14 shows the load-deflection curves at the mid-span point
for all beams.

The shear repaired control beam A1T-SB failed at 414.6 kN. This
was larger than the ultimate load capacity of control beam A1T-B
not repaired for shear, which failed at 337.4 kN. The ultimate load
capacities of shear repaired corroded beam A1CL3-SB and the non-
shear-repaired beam A1CL3-B were close to each other (367.8 kN
and 373.3 kN respectively). Fig. 14 also shows that the stiffness
of shear-repaired beams A1T-SB and A1CL3-SB was different from
that of the non-shear-repaired beams A1T-B and A1CL3-B. The dif-
ferent cracking pattern, shown in Fig. 15, can explain this differ-
ence in stiffness. Fig. 14 also presents the load-deflection curves
for two similar non-repaired short span beams (75 cm), one control
and one corroded A2CL2-A, tested by Dang [36]. Fig. 14 also shows
that both the control non-repaired beam tested by Dang [36] and

(a)

Loading steel plate Loading rod

. ® T 48
280
Steel bars .o i
L@ | 18
FRP bar }
Ball support LVDT 150
L/
.J Lﬂ Rollers Pin
. e
f 1
Loading probe
(b)

Loading steel plate Loading rod

=3 T 48
Steel b 280
LVDT 1,2 eel bars LVDT 3,4
13 Pl 1
Steel _— FRP bar ~Steel —F—M’
Plate Ball support LVDT Plate

i

Pin
Steel plate ‘
] 50
1

Fig. 9. Beams instrumentation for (a) full span beams and (b) short beams.
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Fig. 10. Short span beams instrumentation.

20%

15% r

10%

5%

Diameter Loss %

0 20 40 60 80
Position (cm)

AICL3-SB

Diameter Loss %

Position (cm)

Fig. 11. Diameter loss percentages of longitudinal tensile steel bars.

the beam repaired in bending A1T-B have almost the same yielding
capacity which reflects that the strengthening with NSM FRP rod in
bending did not increase the anchorage capacity for both beams as
they failed with diagonal tension failure with slipping of tensile
steel bars.

The same ultimate load capacity values were obtained for both
beams A1T-B and A1CL3-B as there was no steel corrosion found at
the end of beam A1CL3-B where diagonal crack appears (Fig. 11),
the post-yielding deflection difference between both beams can
be explained by the difference of the tensile steel bars slipping of
both beams (Fig. 18) as in case of A1CL3-B, the maximum slipping
was only between 10% and 20% of the maximum slipping of A1T-B.

As shown in Fig. 15, repairing against shear changed the mode
of failure for the beams from diagonal tension failure to compres-
sion crushing of concrete, the shear repaired control and corroded
beams (A1T-SB and A1CL3-SB) failed due to compression crushing
of concrete while the non-shear-repaired corroded beam A1CL3-B,

A1CL3-B - part 1

Damaged - part 2

failed due to a combination of diagonal tension failure and com-
pression crushing of the concrete. This was not the case for the
non-shear-repaired control beam A1T-B, which failed due to diag-
onal tension failure induced by slipping of the tensile steel bars.

Shear strengthening leads to a change in failure mode from
diagonal crack failure close to support due to slipping of re-bars
at anchorage, to large flexural crack at mid span followed by con-
crete crushing. As a result, yielding of tension steel bars which
occurred close to support for beams without shear strengthening
move to mid-span for shear strengthening beams.

Fig. 16(a) shows the yielding load capacity values for beams
non-repaired in shear with NSM FRP rods, all of the beams were
failed due to diagonal tension crack failure with the slipping of ten-
sile steel bars, the decrease in yielding capacity for A2CL2-A beam
compared with the others refer to the 10% loss in cross section due
to corrosion which found in tensile steel bars at the edge of the
beam (the same edge of diagonal tension failure) [36], while
Fig. 16(b) shows the difference in yielding capacity for the two
beams repaired in shear with NSM FRP rods, the difference also
happened due to the 6% loss in tensile steel bar diameter
(Fig. 11) which meets 12% loss in cross section at mid span.

Diagonal shear failure occurred always on the same side of the
short beams whatever the corrosion damage because of the differ-
ence in anchorage length between both beam edges. Indeed, Fig. 17
presents the steel layout inside the four beams A1T-B, A1T-SB,
A1CL3-B and A1CL3-SB, the load was located at the middle of each
beam while the steel geometry is not symmetrical inside the
beams as there is 2 cm at the edge of each full beam, the diagonal
tension crack failure and the tensile steel bar slip happened in the
NC edge as shown in Fig. 15.

3.3. Slip measurements

Fig. 18 shows the slip measured for tensile steel bar ends in all
tested beams.

The steel bars started to slip at 170 kN and 150 kN in the non-
shear-repaired corroded beam (A1CL3-B) and control beam (A1T-
B) respectively, while for beams A2CL3-A and A2CL3-B tested by
Khan et al. [12], slipping started at 100 kN and 150 kN respectively.

A1CL3-SB — part 3

[

80 cm

D8 stirrups every 22 cm

R et R
)
w
I~

80 cm

Fig. 12. Parts of corroded beam A1CL3-R.
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Fig. 14. Load-deflection curves for all beams.

Fig. 18 shows that, without shear repair, slipping of the tensile
steel bars was greater in the case of non-corroded beam (A1T-B)
than in the case of corroded beam (A1CL3-B), Fig. 18 also shows
the slipping of the tensile steel bars for one control beam and
one corroded beam A2CL2-A (non-repaired neither in bending
nor in shear with NSM) tested by Dang [36]. Moreover, failure of
control beam (A1T-B) was a consequence of the re-bar slipping
on the support. This result may appear surprising, as it is usually
accepted that corrosion reduces the bond stress [37], it must be
borne in mind that the natural corrosion process [38] confinement
due to both the corroded stirrups [39] and the reactive force on the
support modify the bond capacity as shown by Cairns et al. [40].
Moreover, natural corrosion of beam A1CL3-B did not lead to cor-
rosion all around the perimeter of the re-bars and so did not result
in the same change in bond strength as the accelerated corrosion

induced by impressed current that is usually described in
literature.

As shown in Fig. 18, which compares the shear-repaired beams
A1T-SB and A1CL3-SB with beams A1T-B and A1CL3-B not repaired
in shear and beams not repaired neither in bending nor in shear
with NSM Dang [36], it is clear that repairing for shear with NSM
CFRP rods significantly increased the anchorage capacity.

3.4. Effect of corrosion

The effect of corrosion on the shear resistance is a complicated
area of study due to the variability in failure modes. In this section,
the data of maximum corrosion damage was used for comparison
in terms of load bearing capacity. Khan et al. [12] tested two beams
(A2CL3-A and A2CL3-B) of the same type as those tested in this
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Fig. 15. Failure modes for all beams tested.
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Fig. 16. Yielding capacity values for all beams.

study but which were 1.15 m long without any repair either in
bending or in shear. The maximum loss in the cross sectional area
of the steel was found to be 25% and 21% in longitudinal tensile
steel bars, and 36% and 60% in the steel stirrups for A2CL3-A and
A2CL3-B respectively. The re-bar diameter loss was not reflected
by a significant change in the ultimate load capacity compared to
the control beam (values shown in Table 8). This agrees with the
results found here, as the maximum load capacities for corroded

beam A1CL3-B and control beam A1T-B were 373.3 kN and
337.4 kN respectively. The maximum diameter loss of longitudinal
steel bars was 18% for beam A1CL3-B and 9% for A1CL3-SB. The
diameter loss of the longitudinal steel bars at the middle of beam
A1CL3-SB was 6%, which corresponds to 12% loss of cross section
and matches the theoretical 46.2 kN (0.12 x 385) loss in the yield-
ing capacity in comparison with A1T-SB. The loss in yielding capac-
ity was found to be 50 kN experimentally, as shown in Fig. 19.
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Fig. 18. Slip measurements for all beams.

Summary of NSM CFRP repair effect for repaired and non-repaired beams.

Slip (mm)

-0.1 0

Beam Type of repair Max. diameter loss in steel bars (%) Ultimate load (kN) Failure mode

A1T-B Bending 0 337 Diagonal tension failure & slip of tensile steel bars
A1T-SB Bending & shear 0 415 Compression crushing of the concrete

A1CL3-B Bending 18 373 Diagonal tension failure & slip of tensile steel bars
A1CL3-SB Bending & shear 9 368 Compression crushing of the concrete

A2T [12] Non 0 261 Diagonal tension failure

A2CL3A [12] Non 25 230 Diagonal tension failure

A2CL3B [12] Non 21 256 Diagonal tension failure

It is also noteworthy that the slipping of the steel bars that
occurred in the corroded beam A1CL3-B was on the left side (not
corroded) while, on the other side (corroded with 18% of diameter
loss), no slip was recorded, which agrees with findings on the

found by Khan et al. 1

control beam A1T-B as a great deal of slip was recorded in that
beam despite the fact that it was not corroded. The same result

2| who recorded more steel bar slip in the

control beam than in the corroded one.
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Fig. 19. Effect of corrosion on yielding load capacity of beams repaired in shear.

3.5. Effect of NSM CFRP repair on the ultimate load capacity

A summary of test results for the CFRP repair on tested beams is
presented in Tables 8-10. In order to compare the ratio of shear
span “a” to effective depth “d” (a/d ratio) for all beams, a dimen-
sionless parameter k is introduced; it corresponds to the a/d ratio
divided by the load capacity ratio assuming that for short span
beams, the ultimate capacity is proportional to the span.

It is clear that the NSM repair in shear has a crucial effect on the
load capacity of RC control beams, as the slip of tensile steel bars
was reduced in this case. As shown in Table 9, the non-repaired
control beams gave a value of k less than 1 in comparison with con-
trol beam repaired in shear and bending with NSM (A1T-SB) which
denotes the increase percentage in load capacity over the non-
repaired control beams tested in [12] and [36]. For corroded beams
(Table 10), the shear repair with NSM had no effect on load capac-
ity for a/d greater than 2.7. On the other hand, there was no
marked increase in the load capacity due to repair with NSM for
corroded beams which that had a/d values less than 2, which could
be explained by the reduced importance of the bending effect of RC
beams as the a/d values decreased.

3.6. Effect of a/d ratio on the shear strength

Kani [41,42] was one of the first to study the effect of size for slen-
der, deep beams. One important parameter having a crucial effect on
the shear strength value is the span to section depth (effective) ratio
(a/d) of the beam, for which Kani [41] found a transitional point of a/
d ratio around 2.5-3. Below this point, the beams developed an arch
action and had a considerable reserve of strength beyond the first
cracking point. In this paper the a/d effect was studied for the beams
repaired with NSM by plotting the experimental values of shear
strength for beams having different values of a/d, some of which
were repaired with NSM in bending and shear, while others were

Table 9

Effect of shear repair with NSM for control beams.
Beam a/d™  Ultimate Load capacity a/d ratio k:

Load (kN) ratio (R1) (4/5) (R2)(3/2) (R2)/(R1)

A1T-SB 1.4 415% - - -
A2T [12] 23 2610 1.59 1.43 0.90
Control 1[36] 3.125%) 1192 348 2.23 0.64
Control 2 [36] 2.7 155®) 2.68 1.93 0.72

Table 10

Effect of shear repair with NSM for corroded beams.
Beam a/d™  Ultimate Load capacity  a/d ratio  k:

load (kN) ratio (R1) (4/5) (R2)(3/2) (R2)/(R1)

A1CL3-SB 1.4 3684 - - -
A2CL3A [12] 2O 230 1.60 1.43 0.89
A2CL3B [12] 2O 256 1.44 1.43 0.99
A2CL1-A [36] 3.125®) 110 335 2.23 0.67
A2CL2-B [36] 2.7 120 3.07 1.93 0.63
A2CL2-A [36] 1.67® 310 1.19 1.19 1

300 a P ’
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5]
2 *
=
3
% 100 *
X
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Fig. 20. a/d ratio effect on the shear strength of beams.

repaired in bending only and the rest were non-repaired beams.
The analytical load capacities using the classical bending theory
have also been added to the graph as a reference (Fig. 20).

Fig. 20 shows two general trends for the shear strength values;
the first trend represent the deep beams (a/d less than 3) and the
second represents the slender beams (a/d greater than 3). It is clear
that the shear strength decreases for increasing a/d ratios and the
reduction in shear strength is steeper than in the slender beams, in
agreement with the result found by Higgins and Farrow [43]. The
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a/d ratio is considered to be an important parameter for deep
beams as the general trend found for such beams is far from the
classical bending theory effect. By adding FRP in shear, not only
the bonding anchorage but also the yielding capacity of the whole
beam was increased. As also shown in Fig. 20, the control beam
repaired in shear gave a higher value of shear strength than the
non-repaired ones.

Shear resistance mechanism of non-strengthened and non-cor-
roded elements is not totally clarified [44], shear is one of a few areas
of research into fundamentals of the behaviour of concrete struc-
tures where contention remains amongst researchers. There is a
continuing debate between researchers from a structures perspec-
tive and those from a materials or fracture mechanics perspective
about the mechanisms that enable the force flow through a concrete
member and across cracks)and so with corrosion and NSM strength-
ening, the complexity of the problems will increase significantly.

4. Conclusion

According to the results found in this paper, the following con-
clusions can be drawn:

1. The failure mode of all non-shear-repaired RC beams (corroded
and control) was due to shear cracking while, for shear-repaired
beams the failure mode changed to concrete crushing with a
large flexural crack at the middle.

2. Corrosion reduced the slip of the tensile steel bars on the sup-
port as the pressure induced by the support closed the corro-
sion induced cracks. As a result, loss of anchorage which was
the cause of failure for non-repaired control beams was not
involved in the failure of non-repaired corroded beams.

3. Depending on the location of cracks induced by the load during
the mechanical testing, the corrosion found in the vicinity of
cracks led to a reduction in the yielding capacity of the corroded
RC beam.

4, Repairing against shear using NSM FRP rods significantly
decreased the maximum slip of the tensile steel bars for control
RC beams.

5. No marked effect of shear repair with NSM was recorded on the
load capacity of corroded beams having shear span to effective
depth ratio values less than 2.

6. Even with reinforcement corrosion and use of repair CFRP rods
in both bending and shear, there was still a change in mechan-
ical response in bending for a/d ratios around 2.5-3, which is a
transition zone between bending response and shear response.

7. Non-linear numerical models which are able to consider both
corrosion damage and strengthening interventions with NSM
are required in the future.
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