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Abstract

Near surface mounted (NSM) strengthening technique using carbon fibre reinforced polymer (CFRP) laminate strips was applied
for doubling the load carrying capacity of concrete beams failing in bending. This objective was attained and the deformational
capacity of the strengthened beams was similar to the corresponding reference beams. The NSM technique has provided a significant
increment of the load at serviceability limit state, as well as, the stiffness after concrete cracking. The maximum strain in the CFRP
laminates has attained values between 62% and 91% of its ultimate strain. A numerical strategy was developed to simulate the defor-
mational behaviour of RC beams strengthened by NSM technique. Not only the load carrying capacity of the tested beams was well

predicted, but also the corresponding deflection.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last decade, conventional materials, like steel
and concrete are being replaced by fibre reinforced poly-
mer (FRP) materials for the strengthening of concrete
structures. These materials are available in the form of
unidirectional strips made by pultrusion, in the form
of sheets or fabrics made by fibres in one or two different
directions, respectively, and in the form of bars. Carbon,
(O)FRP, and glass, (G)FRP, are the main fibres com-
posing the fibrous phase of these materials, while epoxy
is generally used on the matrix phase. Wet lay-up (sheets
and fabrics) and prefabricated elements (laminates and
bars) are the main types of FRP strengthening systems
available in the market. The increasing demand of
FRP for structural repair and strengthening is due to
the following main advantages of these composites:
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low weight, easy installation, high durability and tensile
strength, large deformation capacity, electromagnetic
permeability and practically unlimited availability in
FRP sizes, geometry and dimensions [1].

The FRP laminates and sheets are generally applied
on the faces of the elements to be strengthened, desig-
nated by externally bonded reinforcing technique
(EBR). The research carried out up to now has revealed
that this technique cannot mobilize the full tensile
strength of the FRP materials, due to their premature
debonding [1,2]. To improve the efficacy of the EBR
technique, some anchorage systems have been proposed
[3]- Since in EBR technique the FRP materials are exter-
nally exposed, the reinforcing performance of these
composites can be negatively affected by the effect of
freeze/thaw cycles [4] and decreases significantly when
submitted to high and low temperatures [5]. EBR sys-
tems are also susceptible to vandalism acts.

To overcome these drawbacks some attempts have
been made, a promising one is the near surface mounted
(NSM) strengthening technique, based on the concept of
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embedding glass or carbon FRP bars into grooves made
on the concrete cover of the elements to be strengthened
[6]. The bond performance of this technique has been
extensively analyzed in the last years [7]. This technique
was used in some practical applications [8—11] and sev-
eral benefits were pointed out.

With the same purpose, Blaschko and Zilch [12], and
Barros and Fortes [13] applied the NSM technique
where CFRP laminate strips were bonded into slits
made on the concrete cover. The obtained results have
shown that this is a promising technique. Tests with con-
crete columns strengthened by this technique have
shown that the peeling can be prevented and the tensile
strain of the CFRP can attain values near its ultimate
strain [14].

To assess the efficacy of this strengthening technique
in beams failing in bending, four series of beams were
tested under four point loads. The increase of the load
at serviceability and at ultimate limit states, the beam
stiffness, the maximum strain of the CFRP, and the
beam deflection capacity (an indicator of ductility) pro-
vided by this strengthening technique were the main
aims of the experimental program. To verify whether
the proposed strengthening process could double
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the load capacity of the reference beams was a further
aim.

Material nonlinear finite elements models can be used
to simulate the behaviour of RC beams strengthened by
NSM technique [13,15]. These types of model are, how-
ever, very time consuming and require expert users. A
simpler numerical strategy was developed to evaluate
the load—deflection response of these types of structural
elements.

The present work describes the carried out tests and
presents the main results. The developed numerical
strategy is presented and its performance was compared
with the results of the tested beams.

2. Beams and strengthening technique
2.1. Beams

Fig. 1 represents the geometry of the beams, the rein-
forcement arrangement and the number and position of
the CFRP laminates. The loading and the support con-
ditions are also shown. Due to the process of casting,
small differences in the height of the beams have oc-
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Fig. 1. Series of tested beams.
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curred. The cross sectional area of the CFRP laminates
(Ag) applied in the beam of each series (each series is
composed of two beams) was evaluated for doubling
the ultimate load of the corresponding reference beam.
To perform this task, a cross section layer model de-
scribed elsewhere [16] was used. The number of CFRP
laminates was chosen to obtain the cross sectional area,
as close as possible, to the value determined from the
numerical analysis. The percentage of stirrups was deter-
mined to ensure bending failure modes for all beams. In
Fig. 1 A is the cross sectional area of the tensile longi-
tudinal steel bars.
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2.2. Strengthening technique

The strengthening technique consists of the following
procedures [13]:

slits of about 4.0 mm width and 12mm depth were cut
in the concrete cover on the tension face of the beam,
using a diamond cutter (see Fig. 1);

the slits were cleaned by compressed air;

the CFRP laminates were cleaned by acetone;

the epoxy adhesive was prepared according to the
supplier recommendations;
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o the slits were filled with the epoxy adhesive;

o the epoxy adhesive was applied on the faces of the
CFRP laminates;

e the CFRP laminates were introduced into the slits
and the excess epoxy adhesive was removed.

At least five days were spent on the curing/hardening
process of the epoxy adhesive, before testing the beam.
3. Materials
3.1. Concrete

The compression strength of the concrete was deter-

mined from uniaxial compression tests carried out on
cylinders of 150mm diameter and 300mm height, at
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the age of about 90days, when the beams were tested.
The concrete average compressive strength was
46.1 MPa, with a standard deviation of 2.6 MPa and a
coefficient of variation of 5.7%.

3.2. Steel bars

The longitudinal reinforcement consisted of steel bars
of 6mm and 8 mm diameter. For shear, stirrups of 6mm
and 3mm diameter were used. The properties of these
bars are included in Table 5.

3.3. CFRP laminates
The CFRP laminate strips were provided in rolls,

and had a cross section of 9.59 + 0.09mm width x
1.45 £ 0.005mm thickness. To evaluate the correspond-
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Fig. 4. Force—deflection relationships.

Table 1

Main results obtained in the series of tested beams

Series Beam Per (kN) S Pserv (kN) B O Psy (kKN) P;:;)K(VVR)) Pu (kN) Lo

S1 Vi 8.5 1.26 18.6 1.22 24.5 1.32 28.2 1.78
VIRI1 10.7 22.7 32.31 50.3°

S2 V2 8.1 1.52 21.7 1.45 37.5 1.39 41.0 1.91
V2R2 12.3 314 52.28 78.5

S3 V3 7.9 1.51 23.8 1.38 40.0 1.36 41.3 1.98
V3R2 11.9 32.8 54.52 81.9

S4 V4 8.1 1.74 32.3 1.25 46.9 1.47 48.5 1.96
V4R3 14.1 40.4 69.11 94.9

# VR—strengthened beam; V—reference beam.

® The test was interrupted when the deflection at mid span was about 27 mm.
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Table 2 ing tensile strength and Young’s modulus, uniaxial
Maximum strains in CFRP laminates tensile tests were carried out in a servocontrolled test
Series Beam e (%o) machine, according to the recommendations in ISO
S1 VIR1 15.5 5275 [17]. From these tests a Young’s modulus
S2 V2R2 12.8 of 158.8 £2.6GPa, a tensile strength of 2739.5%
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S4 V4R3 10.6 obtained.
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3.4. Epoxy adhesive

An epoxy adhesive was used to bond the CFRP lam-
inates to the concrete. From the uniaxial tensile tests
carried out according to the recommendations in ISO
527-3 [18], a Young’s modulus of 5.0 GPa and a tensile
strength of 16-22 MPa were obtained [19].

4. Test configuration and measuring devices

LVDTs with *12.5mm and *25mm of nominal
stroke and with linearity greater than +0.1% of the full
stroke were used as illustrated in Fig. 2. The LVDTs
were supported on a Japanese Yok system to avoid
any anomalous readings [20]. The strain gauges (SG)

Table 3

were mounted on the sides of the CFRP laminates and
were positioned according to Fig. 2. The tests were car-
ried out under the displacement control, imposing a dis-
placement ratio of 20 um/s in the LVDT at mid span.
The forces were evaluated from a load cell of 200kN
capacity with £0.05% accuracy.

5. Results
5.1. Failure modes

Fig. 3 includes the views of the beams after failure.
The crack patterns on the reference beams basically con-
sist of flexural cracks. The longitudinal steel bars in ten-
sion have yielded and the tests were interrupted when

Increase of stiffness provided by NSM strengthening technique at two load levels

Series Beam At service load of the strengthened beam At 90% of the maximum load of the reference
beam
Deflection (x, mm) i M (%) Deflection (z, mm) w (%)
0.9pY
S1 Vi 4.55 1.21 (18%) 7.25 1.57 (36%)
VIRI 3.75 4.62
S2 V2 5.75 1.53 (35%) 7.02 1.49 (33%)
V2R2 3.75 4.72
S3 V3 5.48 1.46 (32%) 6.40 1.47 (32%)
V3R2 3.75 4.34
S4 V4 5.05 1.35 (26%) 5.69 1.35 (26%)
V4R3 3.75 4.22
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—| Loop of load increments, AF? £q £q
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Fig. 7. Numerical approach to simulate the deformational behaviour of structural elements failing in bending.
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the deflection at mid span was greater than 20mm.
Therefore, the reference beams have failed in a ductile
flexural mode.

The failure mode of the strengthened beams, except-
ing beam V1R1, was characterized by the detachment of
a layer of concrete at bottom of the beam. The detached
layer was not uniform in thickness, and attained 60 mm
in some parts. This reveals that, not only the concrete
cover was detached, but also parts of concrete above
the longitudinal reinforcement. The test of beam V1RI1
was interrupted when the deflection at mid span was
about 27mm. Up to this deflection this beam had only
developed flexural cracks.

5.2. Force—deflection relationship
The force—deflection relationship for the series of

tested beams are depicted in Fig. 4, and the main results
are included in Table 1. It is observed that the purpose
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of doubling the ultimate load (P,) of the corresponding
reference beam was practically attained. The increase on
the load at the onset of yielding the conventional rein-
forcement (Pg—yielding load) was also significant,
varying from 32% to 47%. The increase on the cracking
load (P.;) was also considerable. Between the cracking
load and the yielding load, the strengthened beams
showed higher stiffness than their corresponding refer-
ence beams. The service load, Py, (the load for a
deflection of L/400 = 3.75mm, where L is the beam
span) for the strengthened beams was also increased,
having been attained a maximum increase of 45%. The
sliding of the CFRP laminates started to be visible
before the collapse of the beam.

5.3. Force—strain relationship

The relationships between the applied load and the
recorded strains in the CFRP laminates (see Fig. 2)
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Fig. 8. Concrete laws used in the numerical simulation: (a) in compression; (b) in tension—softening; (c) in tension-stiffening of reference beams;

(d) in tension-stiffening of strengthened beams.
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Table 4
Concrete properties used in the numerical simulation (see Fig. 8)
Beam Compression Tension Softening Stiffening

fcm (MPa) Ec (GPa) fctm (MPa) o 125 ﬂl ﬁZ &y (%3) o 2% Cl CZ Eu (‘y‘))
Vi 45.33 33.35 3.37 3.2 0.55 0.13 0.05 0.85 3.6
VIR1 0.55 - 11.0 - 15.5
V2 48.90 36.50 3.58 3.0 0.55 0.13 0.05 0.85 3.5
V2R2 0.6 - 8.4 - 12.8
V3 42.75 34.89 3.21 0.4 0.2 2.0 10.0 3.4 0.55 0.13 0.05 0.85 3.7
V3R2 0.6 - 7.5 - 12.8
V4 46.40 35.86 3.43 3.2 0.55 0.13 0.05 0.85 3.6
V4R3 0.6 - 4.0 - 10.6

are shown in Fig. 5. The maximum strains registered in
the CFRP have ranged from 62% to 91% of its ultimate
strain (see Table 2).

Fig. 5 shows that the force—strain relationship is com-
posed of three quasi-linear branches, the first one up to
cracking load, the second one up to the yielding of the
conventional reinforcement and the last one up to the
point when CFRP begins sliding. From the first to last
branch the strain ratio increases due to a decrease of
the beam stiffness. In the first branch all the intervening
materials behave linearly; in the second branch the con-
crete is cracked, the conventional reinforcement is
behaving linearly and the sliding of the CFRP is mar-
ginal; in the third branch the conventional reinforce-
ment is yielded and the sliding of the CFRP is
increasing up to the development of the failure surface.
As expected, in general, the strains registered in the
gauges SG2 and SG3 (see Fig. 2) were similar, since they
are placed in the “pure” bending region of the beam.

5.4. Stiffness

To estimate the increment on the beam stiffness pro-
vided by the proposed strengthening technique, the
beam deflection was plotted for the two following load
levels (see Fig. 6): 90% of the maximum load of the ref-
erence beam; service load of the strengthened beam. In
Fig. 6, 0.9Pu Vi and 0.9Pu Vi (ViR)) indicate the deflec-
tion of the Vi reference beam and the corresponding
strengthened beam, respectively, at a load level of 90%
of the maximum load of Vi beam. In its turn, Py, ViRj
and Py, ViRj(Vi) represent the deflection of ViRj
strengthened beam and the corresponding reference
beam, respectively, at service load level of ViR; beam.
Fig. 6 shows that the deflection of the strengthened
beams was significantly lower than the deflection regis-
tered on their corresponding reference beams, revealing
that the strengthening technique has increased the beam
stiffness. For the serviceability limit state analysis this is
an important consideration. Using the displacement at
mid span for the two aforementioned load Ilevels
(upy —reference beam; upvk —strengthened beam), the
increase in the beam stiffness was determined. These val-

ues are indicated in Table 3. For the service load, the
average increase was 28%, while for 90% of the maxi-
mum load of the reference beam the average increase
was 32%.

6. Numerical strategy

Previous works [20,21] have shown that, using a
cross-section layered model that takes into account the
constitutive laws of the intervening materials and the
kinematic and the equilibrium conditions, the deforma-
tional behaviour of structural elements failing in bend-
ing can be predicted from the moment—curvature
relation, M-y, of the representative sections of these ele-
ments, using the algorithm described in Fig. 7. To eval-
uate the M-y relationship, the beam cross-section was
discretized in layers of 1 mm thick. The beam tangential
stiffness was determined evaluating the tangential stiff-
ness matrix of the two nodes Euler—Bernoulli beam ele-
ments discretizing the beam (a mesh of 60 elements). To
simulate the concrete compression behaviour, the stress—
strain relationship recommended by model code CEB-
FIP 1993 [22] was used (see Fig. 8a). Up to concrete
tensile strength, f..,, the concrete was assumed behaving
linearly. After peak load, the behaviour of the concrete

Os = Og3 + (055~ Og) - [ (€55 €s) / (€57 €sp) | P

- g

Fig. 9. Stress—strain relationship for the steel bars.
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Table 5

Properties of the steel bars used in the numerical simulation (see Fig. 9)

479

Bar diameter (mm) E; (GPa) &1 (mm/mm) as1 (MPa) &5 (mMm/mm) o5 (MPa) &3 (mm/mm) 053 (MPa) P
6 200.0 0.00365 730.0 0.004 730.0 0.045 800.0 3.70
8 200.0 0.00262 524.2 0.03 554.2 0.150 613.5 2.63
100 100
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Fig. 10. Experimental versus numerical load—central deflection curves.

layers in softening [16,22] was simulated by the trilinear
diagram [21] represented in Fig. 8b. The trilinear ten-
sion—stiffening diagram depicted in Fig. 8c was used to
model the post-cracking behaviour of the concrete layers
under the influence of the steel bars [16,22], in the case of
the reference beams. For the strengthened beams, the
bilinear tension-stiffening diagram represented in Fig.
8d was used, where the ultimate strain is equal to the
CFRP maximum strain registered in the tested beams.
The concrete data used in the numerical simulation is
indicated in Table 4. Fig. 9 shows the stress—strain rela-
tionship used to model the tension and the compression
behaviour of steel bars. The data defining this relation-
ship is indicated in Table 5. A linear elastic stress—strain
diagram was taken to model the tensile behaviour of the
CFRP laminates.

As Fig. 10 shows, the developed numerical strategy
fits with enough accuracy the registered experimental
load—central deflection curves of the tested beams. This
simple model can be useful to evaluate the stress and the
strain levels of each intervening material during the
beam loading process.

7. Conclusions

A strengthening technique based on applying carbon
fibre reinforced polymer (CFRP) laminate strips into
slits cut on the concrete cover was used with the aim of
doubling the load carrying capacity of concrete beams
failing in bending. This strengthening technique is desig-
nated by near surface mounted (NSM) and assured an
average increase of 91% on the ultimate load of the tested
RC beams. The deflection of the strengthened beams was
similar to their corresponding reference beams.

Taking the results obtained it was observed that the
proposed strengthening technique provided an average
increase of 32% on the load corresponding to the deflec-
tion of the serviceability limit state (service load), 39%
on the load corresponding to the yielding of conven-
tional reinforcement, 28% on the stiffness for a load level
corresponding to the service load of the strengthened
beams, and 32% on the stiffness for a load level of
90% of the maximum load of the reference beams. The
load corresponding to concrete cracking has also in-
creased significantly. The maximum strains in the CFRP
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laminates ranged from 62% to 91% of its ultimate strain,
indicating that this strengthening technique can mobilize
stress levels in the CFRP reinforcing elements close to
the tensile strength of this composite material.

To simulate the deflection for any load level of beams
failed in bending, a numerical strategy involving a cross-
section layer model and the matrix stiffness method was
developed. Using the properties of the intervening mate-
rials in the tested beams, obtained from experimental
tests, the relationship between the force and the mid-
span deflection recorded in the tested beams was pre-
dicted with high accuracy, revealing that this numerical
strategy is appropriate to simulate the behaviour of RC
beams strengthened by NSM technique.
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