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Abstract.The near surface mounted reinforcement technique (NSM) is one of the promising techniques used
nowadays. In the NSM technique, the Carbon Fibre Reinforced Polymer (CFRP) rods are placed inside pre-cut
grooves and are bonded to the concrete with epoxy adhesive. Experimental results obtained on concrete short
beams taken from one beam exposed to a natural corrosion for 25 years then repaired only in flexion or in
flexion and shear are reported. Results were compared to control beams. One 6-mm-diameter NSM CFRP rod
is used to repair the beams. The beams were tested statically in three-point bending up to failure. Results
showed that the failure mode of all repaired RC beams in flexion was by shear failure after CFRP rods slip. But
the failure mode of the corroded RC beams repaired in both flexion and shear occurred due to concrete
crushing. An increase was noticed in the ultimate shear capacity of those repaired beams.

1 Introduction

The cost increase due to the rehabilitation of the
deteriorated RC structures reaches to millions of euros
each year. The corrosion of the steel bars in the RC
elements leads to 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, [1,
2]. The near surface mounted reinforcement technique
(NSM) is one of the promising techniques used
nowadays. In the NSM technique, the Carbon Fibre
Reinforced Polymer (CFRP) rods are placed inside pre-
cut grooves and are bonded to the concrete with epoxy
adhesive. [3] presented a testing program in order to
assess the increasing of the shear capacity can happen by
using the NSM FRP reinforcement technique, this test
program tested the beams in two regions. The increase of
the shear capacity was between 22% - 44% for beams
strengthened with NSM reinforcement,

Another research done by [4] used the Manually
Made FRP rods(MMFRP), the strong shear region was
reinforced with @8 every 50mm and the weak one was @6
every 150mm, in order to ensure high degree of
anchorage the MMFRP rods were fixed at an incline
angle 45 degrees to the beam axis and it was covered
with more dry fribre at the ends with wooden core to
wrap the fibres around it, the failure mode was a diagonal
cracking in the beam followed by splitting large parts of
the concrete cover and the increase in the shear capacity
was between 25% - 48%. [5]suggested some of
recommended methods that can increase the shear
capacity of the strengthened T-beams by decreasing the
spacing between the FRP rods and by increasing the
length of anchorage of the FRP rods in the T-beam to be
anchored also into the flange and finally it recommended
sort of inclination degrees by 45 degrees in the FRP rods

rather than to be vertical as this will increase the shear
capacity of the reinforced concrete elements.

[6]reported the test results of a single full-scale PC
girder taken from a bridge and shear- strengthened with
NSM CFRP strips. The beam failed in flexure at a shear
force close to the shear resistance predicted by the model
given in [7]this model which presented some results
prove that the use of NSM FRP rods improves the shear
capacity of reinforce concrete beams where in absence of
steel stirrups (shear reinforcement), an increase happened
in the shear capacity comes to 105.7% with respect to the
control beam while the strengthened beam showed an
increase in the shear capacity of 35% over the
unstrengthened one. The failure mode found by this
research to be splitting the FRP rods due to splitting the
epoxy cover. The aim of our paper is to investigate the
post-repair performance of corrosion-damaged RC
beams. Beams are repaired in flexion and shear with
NSM CFRP rod. The beams were tested statically in
three-point bending up to failure.

2 Experimental context

An experimental program was started at LMDC in
1984 aimed to understand the effects of the steel
corrosion on the structural behavior of the RC elements.
Many experimental studies were conducted on those
beams to evaluate the development of corrosion cracking,
to measure chloride content and to analyze the change of
the mechanical behavior [8, 9]. The natural aggressive
environment system is presented in[10].

The beams studied in this paper are one corroded
beam (called A1CL3) and one control beam (called
AI1T). A1CL3 beam was loaded in three-point flexure to
M.=14 kN.m.The control beam AIT was strengthened
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using the same method as the one used to repair the
corroded beam A1CL3. The layout of the reinforcement
is shown in Figure. 1. For these beams, M. represented
the maximum loading value versus the durability in an
aggressive  environment  (serviceability  limit-state
requirements in an aggressive environment) and to
maximum loading value versus resistance (ultimate load
limit state in a non-aggressive environment) for the type
B beam. M, represented 50% of the failure load, and the
maximum stress in the tensile steels o, which was 240
MPa. Limit State (SLS) in a chloride environment
according to French standards.
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Fig. 1.Reinforcement Layout for Beams type A.
2.1 Material properties
2.1.1 Concrete properties

One vibrated concrete was used to cast the control beam.
The average compression strength and the elastic
modulus obtained on cylindrical specimens (@11 x22cm)
were 45 MPa and 32 GPa respectively at 28 days. The
tensile strength, measured using the splitting test, was 4.7
MPa. Porosity was 15.2%. To measure -concrete
characteristics, cylindrical cores, 70 x 140 mm, were
drilled out of each beam and were tested in both
compression and tension. Table 1, gives the results of
those core tests.

Table 1.Mechanical characteristics of the concrete.

Mechanical characteristics A1CL3 A1T

Compression strength (MPa) 62.15 58.90
Tensile strength (MPa) 6.85 5.98
Elastic modulus (MPa) 33725 29 705

2.1.2 Characterization 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 bars characteristics were
measured after extracting the corroded steel bars out of
the corroded beam A1CL3 and they were found as in
Table. 2.Table 3 shows the mechanical properties of the
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CFRP rods that found on that paper and the mechanical
properties given by the manufacturer and by Laboratory
test [11]. In order to increase the bond between the CFRP
rods and the filling material, the CFRP rods were coated
with 0.2/0.3 mm.

Table 2.Steel bars properties.

Specimen elasticity Yield Ultimate
pT o modulus Strength Strength
yp (GPa) (MPa) (MPa)
Corroded 200 578 710
specimen
Non-
corroded 214 600 645
specimen
Table 3.CFRP rods characteristics.
Type of test Ultimate Modulus of
yp strength (MPa) | Elasticity (MPa)
Manufacturer’s test 2300 150000
Laboratory test[11] 1875 145900

Table 4., shows the characteristics of the filling material
(epoxy resin) after 7 days [10].

Table 4.Filling material properties.

Compressive Tensile Elastic
Material Strength Strength Modulus
(MPa) (MPa) (MPa)
Epoxy 83 29.5 4900
Concrete lug
i | $15mm
IE SmmE Residual Root
a) Concrete is sawn b) Lug is removed
o Resin
6mm CFRP Rod

¢) Rod is embedded in the groove

Fig. 2.Installation of CFRP rod into concrete surface.

2.2 Repair technique with NSM against flexural
and shear forces

The NSM CFRP rod was installed in the corroded
beam AI1CL3 and in the control beam AIT 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. The groove was 15 mm deep
(only 20 mm of concrete cover for beams) and 15 mm
wide (around twice the rod diameter) [12]. The two
beams were tested after 1 week of installing the CFRP
rod in order to ensure the maximum degree of adhesion
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between the concrete surface and the epoxy resin
material. Figure 3 shows the final shape of the repaired
beams after levelling the surface.After the two full span
length for both beams A1CL3 and A1T were loaded up to
failure, the four edges (A1CL3-SB, A1CL3-B, A1T-SB
and A1T-B) in figure 4 were cut out of the full span for
both beam A1CL3 and A1T.

a. A1T Control.Beam

Fig. 3.Concrete surface after installing the CFRP rod.

AICL3-B Part 3

Part 2 - 40 Damaged Area
Part 3 - 100 Damaged Area
A1CL3-B Left 80 Repaired in bending

AlIT-B Left 80 Repaired in bending

b. A1CL3 Corroded. Beam

The two edges (AICL3-SB and AIT-SB) were re-
repaired in bending and in shear using the configuration
shown in figure 2. Four rods were installed on each side
of each edge spaced with 10cm. The same procedure and
technique followed for installing the rods shown in figure
4. Figures6a, 6b presentthe two edges (A1T-SB and
A1CL3-SB) after the repairing in shear.

Fig. 6.aA1T-SB after repairing in shear.

Part 2 A1CL3-SB

AlT-B Part 3

AlT-SB

Part 2 i

Fig. 4. Parts of corroded (A1CL3) and control beam (ALT) .

The two edges (AICL3-B and AIT-B) were re-
repaired in bending only by removing the cracked areas
of the epoxy resin material and install new material
instead as shown in figure 5.

a. Before Re-repairing. b. After Re-Repairing.

Fig. 5. Re-repairing with NSM in bending.

Table 5.Parts of corroded and control beams.

Part num'b.e r Position Length Notes
after repairing (cm)
. Repaired in shear
A1CL3-SB Right 80 and bending
. Repaired in shear
Al1T-SB Right 80 and bending

Fig. 6.bA1CL3-SB after repairing in shear.

2.3Effect of corrosion on residual strength of
steel bars

In order to remove the corrosion out of the steel bars
surface a clark’s solution ANSI/ASTM G1-72 was used
to clean the surface of the bars, then the effect of
corrosion on the diameter loss of the steel reinforcement
bars was measured using mass loss method [10].
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2.4 Beams Instrumentation

Ends slip during loading was measured using LVDT
fixed at the end of each steel bar from both faces as
shown in Figure 7.

Load

Lvdt 1

)

indt 2

Lvdti3

Lvdt i

Fig. 7 Beams Instrumentation.
3Experimental results

3.1 Corrosion results for steel bars and steel
stirrups for corroded beams A1CL3-B and
A1CL3-SB

The diameter loss percentage was measured along the
two corroded beams A1CL3-B and A1CL3-SB, the
maximum diameter loss was found 18 % at 28 cm away
of the mid-span of A1CL3-B while 9 % diameter loss
was found in A1CL3-SB at 20 cm away of the mid span.
Figure 8 presents the diameter loss percentage for tensile
steel bars at every location along the two corroded beams.
The maximum diameter loss found in beam A1CL3-B
was 86% at stirrup 4-4 while the maximum loss in
A1CL3-SB was 61% at stirrup 1-1, figures 8 and 10.

Al1CL3-B

Pasition (cm)

60

A1CL3-SB

220 230 240 250 260 270 280 290 300

Position {cm)

Fig. 8 Diameter loss percentage in corroded beams.
The steel stirrups were numbered regarding to their

parts as shown in figure 9

Al1CI3-B Ptd

A1CL3-5B Ptl

Fig. 9 Stirrups numbering of beams A1CL3.

Figure 10, shows the locations of corrosion in steel

stirrups and the diameter values. No corrosion was found
in stirrups 4-1 and 4-2
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Fig. 10 Locations of corrosion in steel stirrups.

3.2Ultimate load capacity and failure modes

Figure 11 shows the ultimate load capacity of the four
beams versus the deflection values.



Chemistry and Materials Research, VVol.5 2013

Special Issue for International Congress on Materials & Structural Stability, Rabat, Morocco, 27-30 November 2013

Load (KN}

4 f H i1}
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Fig. 11 Load capacity vs deflection for beams.

Non shear repaired beams A1T-B and A1CL3-B
failed by diagonal tension failure. The shear repaired
control and corroded beams A1T-SB and A1CL3-SB
respectively failed by crushing of compressed concrete
(figures 12, 13). The shear repaired control beam A1T-
SB failed at 414.6 KN which was higher than the ultimate
load capacity of non shear repaired control beam A1T-B
which failed at 337.4 KN. The ultimate load capacities of
shear repaired corroded beam A1CL3-SB and the non-
repaired one A1CL3-B were close to each other (367.8
KN and 373.3 KN respectively) and higher than the
ultimate load for of non shear repaired control beam
AIT-B (337.4 KN). Figure 11 shows that the shear
repaired beams A1T-SB and A1CL3-SB showed a higher
rigidity than the non shear repaired beams A1T-B and
A1CL3-B.

Fig. 12 Failure modes for four beams.
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3.3Slip measurement

Figure 14 shows the slip measurements for tensile
steel bars of the four tested beams.
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Fig. 14 Slip measurements for four tested beams.

The slipping of the steel bars in repaired corroded
beam in bending only (A1CL3-B) started at 250 kN and
200 kN for the control beam (A1T-B). Beams tested by
[13]showed that slipping started at 100 kN and 150 kN.
The maximum slip value found in control beam A1T-B
was larger than the slip value in corroded beam A1CL3-B
(Imm and 0.23 mm respectively) which agrees with [14]
that showed an enhancement in the anchorage capacity
between steel and concrete in the corroded beams due to
the increased radial stresses on the bar-concrete interface
of the end points of beams. If the repaired beams in shear
A1T-SB and A1CL3-SB are compared to non-repaired
beams, it is very clear that repairing in shear with NSM
decreased significantly the maximum slip values (from
0.23mm to 0.05mm for A1CL3 and from 0.92 to 0.09).
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3.3.1Effect of corrosion

The first arch crack happened in beam A1CL3-B was
at 10 cm of the support where at this point there was no
corrosion as shown in figure 8 so there is no relationship
between the corrosion percentage and the arch failure
effect.

3.3.2Effect of NSM FRP rods in increasing the shear
capacity

Table 6 presents a comparison between all beams
(corroded and control) in terms of steel loss and load
capacity. Table 6 shows that the repaired beam in shear
and bending in this paper (A1CL3-SB) gave an increase
percentage of 30% and 38% in the ultimate load capacity
than in the non-repaired corroded beams (A2CL3-B,
A2CL3-A respectively) tested by [13].

Table 6.Comparison between all beams.

Load
capacity
Max. Ma).;. Load increase
Beam loss in loss in capacit | compare
o stirrups
bars % % y (kN) d to
A1CL3-
SB %
Al1T-B 0 0% 337 -
AIT-SB 0 0% 415 -
AICL3-B 18 86% 373 -
A1CL3-SB 9 61% 368 -
A2T[9] 0 0% 261 29
A2CL3-A[9] 25 36% 230 38
A2CL3-B [9] 21 60% 256 30

3.3.3Arch phenomena

In order to calculate the yielding force capacity P, the
following conventional equilibrium equation was used:

f},xzz

f},><224

@2 2
T = —— %402 X 600% 224 = 308 &N

PH_SEEI

Fig. 15 Calculation of Py

The calculated yielding force Py agrees with the
experimental results for non-repaired beams in shear
A1T-B and A1CL3-B as shown in figure 11.

4 Conclusions

The following conclusions can be drawn: The failure of
all repaired RC beams (corroded and control) in flexion
only was by shear failure after CFRP rods slip, the failure
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of all RC beams (corroded and control) repaired in both
flexion and shear occurred due to concrete crushing
While the Repairing against shear using NSM FRP rods
increases the ultimate shear capacity of beams (30% and
38%) for corroded and control beams respectively. The
corrosion didn’t affect the ultimate shear capacity of
beams.Repairing against shear using NSM FRP rods
decreases significantly the maximum slip of the steel
bars.
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