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Abstract

Near Surface Mounted (NSM) is a recent strengthening technique based on bonding Carbon Fiber Reinforced Polymer
(CFRP) bars (rods or laminate strips) into pre-cut grooves on the concrete cover of the elements to strength. To assess
the effectiveness of the NSM technique, an experimental program is carried out involving reinforced concrete (RC)
columns, RC beams and masonry panels. In columns failing in bending the present work shows that the failure strain of
the (CFRP) laminates can be attained using the NSM technique. Beams failing in bending are also strengthened with
CFRP laminates in order to double their load carrying capacity. This goal was attained and maximum strain levels of
about 90% of the CFRP failure strain were recorded in this composite material, revealing that the NSM technique is also
very effective to increase the flexural resistance of RC beams.

The effectiveness of externally bonded reinforcing (EBR) and NSM techniques to increase the flexural resistance of
masonry panels is also assessed. In the EBR technique the CFRP laminates are externally bonded to the concrete joints
of the panel, while in the NSM technique the CFRP laminates are fixed into precut slits on the panel concrete joints. The
NSM technique provided a higher increase on the panel load carrying capacity, as well as, a larger deflection at the
failure of the panel.

The performance of EBR and NSM techniques for the strengthening of RC beams failing in shear is also analyzed. The
NMS technique was much more effective in terms of increasing the beam load carrying capacity, as well as, the beam

deformability at its failure. The NSM technique was easier and faster to apply than the EBR technique.
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1. INTRODUCTION

The use of fiber reinforced polymer (FRP) materials for structural repair and strengthening has continuously increased
during previous years, due to several advantages associated with these composites as compared to conventional
materials like steel. These benefits include low weight, easy installation, high durability and tensile strength,

electromagnetic neutrality and practically unlimited availability in size, geometry and dimension [1, 2].

FRP laminates and sheets are generally applied on the faces of the elements to be strengthened, using externally bonded
reinforcing (EBR) technique. The research carried out up to now has revealed that this technique cannot mobilize the
full tensile strength of FRP materials, due to premature debonding [3, 4]. Since FRP systems are directly exposed to
weathering conditions, negative influences of freeze/thaw cycles [5] and the effect of high and low temperatures [6]
should be taken into account in the reinforcing performance of these materials. In addition, EBR systems are susceptible

to fire and acts of vandalism.

In an attempt at overcoming these drawbacks, a recent strengthening technique designated by near surface mounted
(NSM) has been proposed, where FRP rods are fixed into pre-cut grooves on the concrete cover of the elements to be
strengthened [7]. The CFRP was bonded to concrete by epoxy adhesive. This technique has been used in some practical

applications [8, 9, 10] and several benefits have been pointed out.

Blaschko and Zilch [11] proposed a similar strengthening technique based on introducing laminate strips of CFRP into
pre-cut slits on the concrete cover. Despite the few number of tests carried out, their results revealed this to be a

promising technique.

In recent years, carbon and glass FRP sheets have been applied using the retrofitting technique to increase concrete
confinement [12, 13] and bending resistance [14] of reinforced concrete (RC) columns. This increase is dependent on
the thickness (number of layers) and on the material properties of the FRP system [13, 15], as well as on column cross-
sectional geometry [16]. Blaschko and Zilch [11] showed that the bending resistance of concrete elements can be
significantly increased using laminate strips bonded to concrete into slits. The effectiveness of this strengthening

technique, however, has not yet been appraised in concrete columns failing by bending and simultaneously submitted a



kind of seismic loading configuration (lateral cyclic loading and static axial compression load). One of the goals of the

present work is to assess the benefits of the NSM strengthening technique on this type of structural elements.

EBR techniques using CFRP materials have also been used to increase the shear resistance of RC beams [17, 18, 19].
Premature failures of these CFRP systems, however, inhibited the attainment of the desired strengthening efficacy level.
In an attempt at obtaining a more effective shear strengthening technique for concrete beams, De Lorenzis et al. [20]
used CFRP rods introduced into grooves made onto the vertical faces of concrete beams. This strengthening technique
provided a significant increase on the shear resistance of the strengthened beams. Following similar strengthening
technique procedures, but using laminate strips of CFRP bonded to concrete into thin slits, the effectiveness of this

technique for shear strengthening is also assessed in the present work.

Sheets of FRP have also been used to increase the load carrying capacity of masonry walls but, when compared to the
tensile strength of the used FRP, the mobilized stress level was often too low due either to premature debonding of these
materials, or to local failures [21, 22]. If debonding is avoided, Triantafillou [23] showed the use of CFRP laminates is
very effective in increasing the out-of-plane flexural resistance of masonry structures. With the aim of assuring higher
resistance to debond, FRP rods, installed according to the NSM strengthening technique, have been recently used to
strengthen masonry walls. This technique provided significant increase on the load carrying capacity and on the pseudo-
ductility of the tested walls [10, 24]. In the present work the effectiveness of the NSM and the EBR strengthening
techniques was compared in terms of increasing the out-of-plane flexural resistance of masonry panels. However,
instead of FRP rods, the strengthening system is now composed by CFRP laminate strips that, in the NSM technique
were bonded into pre-cut slits on the concrete joints of the masonry panels, and in the EBR technique were externally

glued in these joints.

2. EXPERIMENTAL PROGRAM AND STRENGTHENING TECHNIQUE
Table 1 summarizes the experimental program and its main objectives. It includes two groups of tests: a group of series
of tests with RC columns, RC beams and masonry panels all failing in bending; and a group of RC beams failing in

shear. These two groups have the main purpose of assessing the effectiveness of the NSM technique on elements failing



in bending and on elements failing in shear, respectively. The percentage of the steel reinforcement ratio, o, (ratio

between the cross sectional area of longitudinal steel bars and the cross sectional area of the concrete element), has a

recognized influence on the effectiveness of FRP strengthening techniques. To assess this influence on the NSM
technique applied to RC elements failing in bending, tests with columns and beams of distinct p_, were carried out. The

effectiveness of EBS and NSM techniques were compared in the series of masonry panels failing in bending and in the

series of RC beams failing in shear.

The strengthening technique is made up of the following steps (see Figure 1):
e Using a diamond cutter, slits of 4 to 5 mm width and 12 to 15 mm depth are cut on the concrete surface of the
elements to be strengthened,;
e  Slits are cleaned by compressed air;
e Laminate strips of CFRP are cleaned by acetone;
e Epoxy adhesive is produced according to supplier recommendations;
e  Slits are filled with the epoxy adhesive;
e The epoxy adhesive is applied on the faces of the laminate strips of CFRP;

e Laminate strips of CFRP are introduced into the slits and the epoxy adhesive in excess is removed

The curing/hardening process of the epoxy adhesive lasted for, at least, five days prior to testing the strengthened

elements.

3. MATERIAL PROPERTIES

3.1 Concrete and steel bars

Table 2 includes the main properties of the concrete and steel bars used in the experimental program. The concrete
compression strength, f,,, was obtained from uniaxial compression tests with cylinder specimens of 150 mm diameter
and 300 mm height. The concrete tensile flexural strength, £, s, and the concrete fracture energy, G, were obtained
from three point bending tests with notched beams, performed according to the recommendations of RILEM [25]. Each

value is the average result of, at least, three tests. In the series of RC columns, low strength concrete and steel bars of



moderate strength and smooth surface were used to obtain representative specimens of concrete columns of Portuguese

buildings built before the 1980s.

Steel bars were tested according to the standard EN 10 002-1 [26], and each result is the average of at least five tests.

3.2 CFRP and epoxy adhesive

According to the supplier, the MBrace Sheet C5-30 used as shear reinforcement in beams failing in shear, has the
properties indicated in Table 3. Laminate strips of CFRP used in the NSM technique, with the designation of
CFK 150/2000 10x1.4, were delivered in rolls and had cross sectional dimensions of 9.594+0.09 mm width and
1.45+0.005 mm thickness (average values of fifteen measures). From three uniaxial tensile tests carried out according to
ISO 527-5 standard [27], it was verified that the tensile behavior of the CFRP roll delivered for the concrete column
group of tests was distinct from the tensile behavior registered in the rolls delivered for the beams and masonry panel
groups of tests, see Table 3 [28, 29]. This table also includes the Young’s modulus and the tensile strength range of the
epoxy adhesive used in the NSM technique, obtained from five uniaxial tensile tests carried out according to ISO 527-3

standard [30].

3.3 Epoxy mortar

To anchor the laminate strips of CFRP to the column foundation in the RC column test series, an epoxy mortar was used
(see Figure 2). This epoxy mortar was composed of one part epoxy and three parts of previously washed and dried fine
sand (parts measured in weight). Following the European standard EN 196-1 [31], an average compressive strength of

51.7 N/mm? and an average flexural tensile strength of 35.4 N/mm® was obtained at 28 days [32].

3.4 Clay bricks

The clay units used in the masonry panels had a length of 215mm, a width of 100mm, a height of 65mm and two holes
with a cross section of 25x25mm” Due to the anisotropy associated with the extrusion process and firing, the
compressive strength of the brick units was evaluated in the two orthogonal directions of length and unit height [33].
Data obtained from eight tests showed an average compression strength of 71.8 N/mm?® in the length and 31.8 N/mm® in

the height of the unit. The (direct) tensile strength of masonry units were obtained carrying out direct tension tests with



notched specimens [34]. In the unit length direction, a tensile strength of 3.5 N/mm’® was obtained, while a tensile
strength of 1.76 N/mm® was recorded in the unit height direction. These values represent the average of at least ten

specimens.

4. CONCRETE COLUMNS FAILING IN BENDING

4.1 Series of tests

Columns of reinforced concrete framed structures are the most vulnerable elements since their failure leads to the
collapse of the structure. To assess the effectiveness of the NSM strengthening technique for concrete columns
submitted to static axial compression load and cyclic horizontal increasing load, the three series of reinforced concrete
columns, indicated in Table 4, were tested. Series NON consisted of non-strengthened columns, series PRE was
composed of concrete columns strengthened with CFRP laminate strips before testing, and series POS consisted of
previously tested columns of series NON which were post-strengthened with CFRP. The designation Pnm_s was
attributed to tests of series s (NON, PRE or POS), where n represents the diameter of the longitudinal steel bars, in mm,
(10 or 12), and m can be a or b, since there are two specimens for each series of distinct longitudinal steel reinforcement

ratio.

4.2 Test set-up and procedure

The test set-up is illustrated in Figure 3, where it can be seen that each specimen is composed of a column
monolithically connected to a footing fixed to a foundation block by four steel bars. A constant vertical load of
approximately 150 kN was applied to the column, inducing an axial compression stress of 3.75 N/mm’. Linear variable
displacement transducers (LVDTs) were used to record the horizontal displacements of the column as well as any
vertical movement of the footing, see Figure 4. The position of the strain-gauges (SG) glued on the CFRP is also
indicated in this figure. The tests were carried out with closed loop servo-controlled equipment. A history of
displacements was imposed for LVDT1, located at the same height as the horizontal actuator, see Figures 3 and 4. The
history of horizontal displacements included eight load cycles between +2.5 mm and £20.0 mm, in increments of

+2.5 mm, with a displacement rate of 150 zm/s [32].



4.3 Specific strengthening procedures

Figure 2 illustrates the strengthening technique adopted for the concrete columns. To anchor the CFRP laminate strips to
the footing and to maintain their vertical position, the concrete cover of a region having a height of 100 to 150 mm from
the bottom of the column (denoted here by “non-linear hinge region”) was removed. Afterwards, slits were cut along the
faces subjected to tensile stress. In the alignment of the slits, perforations of about 100 mm depth were made in the
footing to anchor the CFRP laminate strips. The slits and the holes were cleaned using steel brushes and compressed air.
After filling the slits with the epoxy adhesive, laminate strips of CFRP were inserted into the slits, and the “non-linear
hinge region” and the holes in the footing were filled with epoxy mortar. A more detailed description of the

strengthening technique is provided elsewhere [32].

4.4 Results

Representative results are presented in this section. Detailed results and analysis can be found elsewhere [32].

4.4.1 Load carrying capacity

The maximum compressive and tensile forces obtained in the tests are given in Tables 5 and 6. The differences recorded
in the maximum forces of the columns from the same series were due to the compression strength variability of the
concrete of these columns (two batches were required to build a specimen), as well as differences in the positioning of
the steel bars and their properties. Taking into account the results obtained from the non-strengthened columns (series
NON), a significant increase in the maximum load of the columns of series PRE (strengthened before testing) and POS
(strengthened after NON series had been tested) was observed. The comparison between series NON and PRE should be
made with caution, because the concrete compression strength of the columns of these two series were not the same. As
the CFRP reinforcement ratio was the same for all the column specimens tested, the increase of the ultimate load was
larger in columns of a lower steel reinforcement ratio. The increase of the load carrying capacity in PRE and POS series

was similar.

4.4.2 Force-deflection relationship
Figure 5 depicts a typical relationship between the horizontal force and the deflection at LVDTI1 (see Figure 3). Since

this strengthening technique does not provide significant concrete confinement, the increase on the dissipated energy



was marginal [35]. The increment on the load carrying capacity, however, was significant as can be seen in Figure 6,
where a typical envelope of the maximum values of the relationship between the maximum force registered in the load

cycles and its corresponding deflection in the LVDT1 is represented.

4.4.3 Force-strain relationship

In the majority of the strengthened columns some laminate strips of CFRP reached tensile strain values close to the
ultimate rupture strain of the CFRP (1.0 %). Some CFRP laminate strips even failed at the main fracture surface of the
concrete column. As an example, Figure 7 illustrates the relationship between the horizontal force applied to the column
and the strain in the strain-gauge SG6, for the column P10a_POS. In strain-gauges located at the concrete failure region,

similar relationships to that depicted in Figure 7 were obtained in the remaining columns.

5. CONCRETE BEAMS FAILING IN BENDING

5.1 Series of beams

Figure 8 represents the geometry of the beams, the reinforcement arrangement and the number and position of the
laminate strips of CFRP. The load configuration and the support conditions are also schematized. The cross sectional
area of the CFRP, 4, applied in the beam of each series, was designed to achieve twice the ultimate load of the
corresponding reference beam. Shear reinforcement was selected to assure bending failure prior to shear failure for all
beams. The cross sectional area of the tensile longitudinal steel bars is also indicated in Figure 8, 4;. The longitudinal
steel reinforcement was composed of bars of 6 mm and 8§ mm diameters, while stirrups were made of bars of 6 mm

diameter (in shear spans) and 3 mm diameter (in pure bending span). The beams were tested at the age of about 90 days.

5.2 Test configuration and measuring devices
To evaluate the strain evolution of the CFRP laminate strips, strain gauges were glued on one of their lateral faces,
according to the scheme shown in Figure 9. This figure also represents the position of the LVDTs used for measuring

the deflections of the beams.



5.3 Results
Figure 10 represents the typical failure mode of the strengthened beams. The detached concrete layer at bottom of the
beam has not uniform 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. More details can be found elsewhere [36].

5.3.1 Force-deflection relationship

The force-deflection relationships for the series of beams tested are depicted in Figure 11, and the main results are

presented in Table 7. It is observed that the purpose of doubling the ultimate load ( F

max ) Of the corresponding reference

beam was practically achieved. The increase on the load at the onset of yielding the steel reinforcement (FW - yielding

load) was also significant, varying from 32% to 47%. The displacement corresponding to FW increased, as well as the

cracking load, £, and the serviceability load, F,

serv ?

(the load for a deflection of L/400=3.75 mm, where L is the beam

span). A maximum increase of 45% on F__ was recorded. The sliding of the laminate strips of CFRP started to be

serv

visible before the collapse of the beam, at a load level after which the load increase was marginal.

5.3.2 Force-strain relationship
The relationships between the applied load and the strains recorded in the strain gauges glued onto the laminate strips of
CFRP (see Figure 9) are depicted in Figure 12. The maximum strains obtained from the strengthened beams, and

presented in Table 7 (& ¢ max ), ranged from 62% to 91% of the CFRP ultimate rupture strain (& e = 1.7%), showing this

strengthening technique has high level of effectiveness.

6. CONCRETE BEAMS FAILING IN SHEAR

6.1 Series of tests

A series of four point bending tests was carried out to assess the effectiveness of EBR and NSM strengthening
techniques to increase the shear resistance of RC beams. The tested series of beams (see Figure 13) contain a reference
beam without any shear reinforcement (VB10); a beam with steel stirrups of 6 mm diameter spaced at 150 mm in the
shear spans (VBE-15); a beam with strips of CFRP MBrace C5-30 sheet (properties in Table 3) of two layers of 25 mm

width and spaced at 80 mm in the shear spans (VBM-8); a beam with vertical laminate strips of CFRP bonded into pre-



cut slits on the concrete cover of the vertical faces of the beam (see Figure 1¢) and spaced at 100 mm (VBCV-10); and a
beam with inclined (45 degrees) laminate strips of CFRP fixed onto the beam like the previous one (VBCI-15). The
strips of the CFRP sheet in VBM-8 beam had a “U” shape (embracing the bottom and vertical faces of the beam). The
amount of shear reinforcement applied in the beams was designed to provide similar shear resistance [1] and to assure

that they would fail in shear. The beams were tested at the age of 105 days.

6.2 Results

Figure 14 represents the relationship between the load and the displacement at mid span of the tested beams. The main
results are presented in Table 8. F,..rpi0 and F.. ype.;s represent the maximum load registered on the beam without
shear reinforcement (VB10) and on the beam reinforced with steel stirrups (VBE-15), respectively. When compared to
the reference beam (VB10), the beams strengthened with CFRP materials attained an increase in the maximum load,
Foax, ranging from 50% to 77%. Taking F,...ype;5 as a basis of comparison, it was verified that the maximum load of
VBM-8, VBCV-10 and VBCI-15 beams was 92%, 109% and 100% of the F,. yse.;5, respectively. The highest and the
lowest increase of F),.x occurred in the beam strengthened with vertical laminate strips of CFRP (VBCV-10) and in the
beam strengthened with strips of CFRP sheet (VBM-8), respectively. The lowest effectiveness of the EBR technique (in
the VBM-8 beam) can be justified by the failure modes of the strengthened beams, see Figure 15. In VBM-8 beam a
very fragile rupture occurred after the formation of the failure shear crack. The strips of CFRP sheet crossing the failure
shear crack were ruptured at beam edges. Delamination between these strips of CFRP and concrete was also observed.
The failure mode of the beams VBCV-10 and VBCI-15 was not as fragile as the failure mode of VBM-8 beam. Beam
VBI0 failed by the occurrence of one shear crack at one of the beam shear spans. In VBE-15 beam two shear cracks
occurred, one in each beam shear spans. During the deflection process of this beam, the crack width of one of these
cracks increased continuously up to the moment when a stirrup crossing this crack has ruptured, fixing the moment of
the failure of the beam. For deflections larger than the deflection corresponding to peak load (5,), the beams reinforced
with laminate strips of CFRP sustained appreciable residual force, which was not the case of beam VBM-§8 and beam
VBE-15 after the rupture of the stirrup crossing the shear failure crack. In VBCV-10 beam the cracks in the shear spans
were almost enclosed between the two first laminate strips, from point load to support (see Figure 15). Due to the high
inclination of these cracks, some plastic flow has occurred on the longitudinal steel bars, responsible for the "plateau" on

the force-deflection relationship after peak load (see Figure 14).
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When compared to the deflection at maximum load of the reference beam (5,,vg10), the deflection at maximum load of
beams VBE-15, VBCV-10, VBCI-15 and VBM-8 was, respectively, 294%, 232%, 119% and 118% larger. Therefore,
the deflection of the VBCV-10 beam, 8, vgcy-10, was 84% of the deflection of the VBE-15 beam, §, vgg.15, showing that
this strengthening technique was not only effective in terms of increasing the ultimate load, but also in assuring a high

level of deformability at beam failure.

7. MASONRY PANELS

7.1 Panel geometry, panel series, test set-up and strengthening techniques

Masonry is a common construction practice in several countries, not only in walls and roofs but also in shells of
sophisticated shapes. It has been used in the majority of their architectural heritage, with several masonry components
needing strengthening intervention to increase their load carrying capacity to out-of-plane loadings. To compare the
effectiveness of EBR and NSM strengthening techniques on achieving this goal for this type of construction, masonry
panels strengthened by these two types of techniques were tested.

A panel specimen was made of ceramic units bonded by concrete joints and covered by a concrete compression layer
(see Figure 1d). The laminate strips were installed in the longitudinal concrete joints of the panel using two
strengthening techniques: externally bonded and bonded into slits made on the concrete joints. The geometry of the
panel is represented in Figure 1d, and the three-line load out-of-plane bending test set-up is shown in Figure 16. Three
series of masonry panels were tested, each one consisting of three specimens. One series, designated by reference series
(panels P1, P2 and P3), had no reinforcement, while the other two series were strengthened with laminate strips of
CFRP: one where the laminates were externally glued (panels P4, P5 and P6), and the other where the laminates were
installed according to the NSM technique schematically described in Figure 1d (panels P7, P8 and P9). The laminate

strips of CFRP were fixed to concrete using the epoxy adhesive described in section 3.2.

7.2 Results

Figure 17 represents the points of the maximum load and its corresponding deflection for the tested masonry panels. The
obtained results are included in Table 9. In comparison with reference series, the CFRP externally and internally bonded
to concrete joints had an increase in the maximum load of 92.2% and 103.6%, respectively. In terms of deflection at

maximum load, the series with CFRP externally and internally bonded to concrete joints attained average values of
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37.5% and 173.7% larger than the average value of the reference series. The NSM technique was not only more
effective in terms of increasing the load carrying capacity and the deformability at panel failure, but also in assuring

higher uniformity in the behavior of the panel.

8. SUMMARY AND CONCLUSIONS

To appraise the effectiveness of a Near Surface Mounted (NSM) strengthening technique for elements failing in bending
and elements failing in shear, series of tests with concrete columns, concrete beams and masonry panels were carried
out. The NSM technique was based on bonding laminate strips of Carbon Fiber Reinforced Polymer (CFRP) into slits
made onto the concrete cover of the elements to be strengthened. Data obtained from the carried out tests point out the

following main observations.

Concrete columns failing in bending

A CFRP cross sectional area, 4, of 0.2% of the column cross sectional area, 4., provided an average increase of 92%
and 34% on the load carrying capacity of columns reinforced with 4¢10 and 4¢12 longitudinal steel bars (cross sectional
area, A,, of 314 mm? and 452 mm>, respectively, corresponding to a reinforcement ratio, o, = A,/ A., of 0.79% and
1.13%). The premature debonding, generally occurring in the externally bonded reinforcing (EBR) technique, was
avoided and strain values close to the CFRP ultimate rupture strain were measured on this composite material. Some
CFRP laminates have even failed at the failure crack of the concrete columns. These results indicate that the proposed
strengthening technique is very promising for increasing the load carrying capacity of concrete columns failing in

bending.

Concrete beams failing in bending

The NSM strengthening technique was applied for doubling the load carrying capacity of concrete beams failing in
bending. This purpose was practically attained since an average increase of 91% on the maximum load was obtained. In
addition, high deformability at the failure of the strengthened beams was assured. The NSM technique provided an
average increase of: 51% on the load corresponding to concrete cracking; 32% on the load corresponding to the
deflection of the serviceability limit state analysis and 28% on the rigidity at this load level, which are important benefits

for design purposes; and 39% on the load at the onset of yielding the steel reinforcement. Maximum strain values

12



ranging from 62% to 91% of the CFRP ultimate rupture strain were registered, revealing that this technique can mobilize

stress levels close to the tensile strength of this composite material.

Concrete beams failing in shear

The performance of EBR and NSM techniques on increasing the shear resistance of concrete beams failing in shear was
compared. The NSM technique was based on bonding laminate strips of CFRP onto slits pre-cut onto the concrete cover
of the vertical beam faces, which proved to be the most effective. The maximum load and the corresponding deflection
of the beam strengthened with this technique were 9% larger and 16% smaller than the comparable values registered in
the beam reinforced with steel stirrups of the equivalent shear reinforcement ratio. Beyond these structural benefits, it
was verified that this technique was easier and faster to apply than the one based on embracing the beam with strips of

CFRP sheet, which is a technique currently used for shear strengthening of concrete beams.

Masonry panels

Out-of-plane bending tests with masonry panels reinforced with laminate strips of CFRP showed that the technique
based on introducing the CFRP into slits pre-cut onto panel concrete longitudinal joints can assure larger deformations at
the failure of the masonry panels and larger maximum loads than the technique based on the external bonding of the
CFRP. The former technique has also assured larger uniformity in the behavior of the panels tested, which is an

important aspect in terms of safety.
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Table 1. Experimental program

Group of tests Elements failing in bending Elements failing in shear
Type of element RC columns RC beams Masonry panels RC beams
(Fig. 1a and Figs. 2, 3) (Fig. 1b and Fig. 8) (Fig. 1d and Fig. 16) (Fig. 1c and Fig. 13)
Type of test Cyclic tests Monotonic tests
Load configuration Constant axial compression Four point bending tests Three line bending tests Four point
load and cyclic horizontal bending tests

increasing load

Aim Assess the influence of 0 | Compare the performance of EBR and NSM techniques
Variables of the . . Laminate strips glued Strips of wet lay-up
experimental program Two distinct. O Four distinct O, externally and embedded CFRP; CFRP laminates
into slits embedded into slits

! P, = Ratio between the cross sectional area of tensile longitudinal steel bars (4;) and the concrete cross sectional area (4.)

Table 2. Properties of the concrete and steel bars

Concrete Steel
Jem Jemp Gy & Sy Jsu
[MPa] [MPa] [N/mm] [mm] [MPa] [MPa]
6 3524 532.8
0 RC columns 16.7 (28)" 2.62 (28) 0.08 (28) 10 3233 456.5
£
8 12 364.8 518.8
el
g
2 6 750
E
@ RC beams 46.1 (90) - - 8 500
g
=)
2
[sa)
Masonry panels 45 (28) - - - - -
(stirrups)

—
B
& 6 540 694
g
on B T
5 49.5 (28) (longitudinal)
&
*g RC beams 56.2 (105) - - 6 618 691
;
= 10 464 581

1 — The values in brackets represent the age, in days, when the tests were carried out.
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Table 3. Properties of the CFRP materials

CFRP system Main properties
) Tensile strength Young's modulus Ultimate strain | Thickness
Type Material
(MPa) (GPa) (%) (mm)
Primer 12 0.7 3.0 -
MBrace Sheet C5-30' Epoxy 54 3 25 -
Sheet 3000 390 0.8 0.167
Adhesive 16-22 5 -
CFK Columns 1741 153 1.1 9.6
150/2000 10x1.4* | &
- Beams and masonry
g 2740 158 1.7 9.6
— panels

' According to the supplier
? Evaluated from experimental tests

Table 4. Denominations for the RC column specimens

Longitudinal steel Series
reinforcement NON! PRE’ POS’
4610 P10a NON P10a PRE P10a POS
(Ay =314 mm?®) P10b_NON P10b_PRE P10b_POS
412 P12a NON P12a PRE P12a POS
(Ay =452 mm?) P12b  NON P12b PRE P12b POS

! Non-strengthened; ? Strengthened before testing;
* Columns of NON series after have been tested and strengthened.

Table 5. Maximum forces obtained in the columns of series PRE

Series PRE
Force Pl0a pRE | P10b_PRE [ P12a PRE [ Pi2b_PRE
(111) (113) (110) (115)
Tensile [kN] 37.14 40.63 44.13 39.81
Compressive [kN] -38.54 -37.96 -43.66 -36.64

Note: Values inside brackets represent the age of the columns at testing, in days.
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Table 6. Maximum forces obtained in the columns of NON and POS series

Force Series P10a_ P10b_ Pl2a_ P12b_
NON [kN] 16.67 (86) 21.78 (85) 26.35 (85) 29.31 (85)
Tensile POS[KN] | 37.96(146) | 41.38 (130) | 34.11 (150) | 45.54 (154)
Increase [%0] 127.70 89.99 29.45 55.37
NON [kN] -19.76 (86) | -24.07 (85) | -30.52(85) -32.27 (85)
Compressive | POS[kN] | 3411 (146) | -43.1(130) | -37.03 (150) | -41.58 (154)
Increase [%0] 72.62 79.06 2133 28.85
Note: Values inside brackets represent the age of the columns at testing, in days.
Table 7. Main results obtained in the series of beams failing in bending
(€]
S . F;r Fvcr ( VR) Fjrerv F;erv ( VR ) F;y F;y ( VR) Fmax Fmax (VR) (c"f,max
eries | Beam —_— —_— —_— —_—
N | Er 7)oy | Fn () vy | B (P) | vy | B (V) | 00)
Vi 8.5 18.6 24.5 28.2
S INRT [ 107 126 22.7 1.22 3231 2% 5030 178 1.55
V2 8.1 21.7 37.5 41.0
S2 1.52 1.45 1.39 1.91 -
V2R2 | 123 314 52.28 785 1.28
V3 7.9 23.8 40.0 413
S3 1.51 1.38 1.36 1.98 -
V3R2 | 11.9 32.8 54.52 81.9 1.28
V4 8.1 323 46.9 48.5
S4 1.74 1.25 1.47 1.96 -
V4R3 | 14.1 40.4 69.11 94.9 1.06
MVR - Strengthened beam; V - Reference beam.
@ The test was canceled at a load of 50.3 kN, when the deflection at mid span was greater than 25mm.
Table 8. Main results obtained in the series of beams failing in shear
Beamn F,.. F... F... o » o » o »
Strengthening system
£ & [kN] F max,VB10 F maxVBE-15 | [mm] 5p,VBlo o p.VBE-15
VBI10 - 74.02 1.00 0.61 1.92 1.00 0.25
VBE-15 Steel stirrups 120.64 1.63 1.00 7.57 3.94 1.00
VBM-8 Strips of CFRP sheets 111.14 1.50 0.92 4.18 2.18 0.55
VBCV-10 | Vertical CFRP laminates | 131.22 1.77 1.09 6.37 3.32 0.84
VBCI-15 | Inclined CFRP laminates | 120.44 1.63 1.00 4.21 2.19 0.56
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Table 9. Main results of series of masonry panels

. Panel F max Fmax 517 gp
Series o
designation [kN] [kN] [mm] | [mm]
Pl 13.01 1.16
Reference P2 17.73 16.90 134 | 152
P3 19.97 2.05
P4 30.29 2.36
CFRP fixed
P5 29.94 | 3249 1.69 | 2.09
externally
P6 37.25 2.21
P7 36.12 4.60
CFRP fixed
) P8 34.55 344 396 | 4.16
internally
P9 32.53 3.93

Fmax : maximum load; F'nax : average of the maximum load of the series.

é'p : displacement at maximum load; 5 » - average of the displacement at maximum load of the series.
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Figure 1. NSM CFRP strengthening technique for: (a) concrete columns failing in bending; (b) concrete beams failing in

bending; (c) concrete beams failing in shear; (d) masonry failing in bending (dimensions in mm)
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Figure 2. Strengthening technique in specimens of RC column (Section A-A' in Figure 1a; dimensions in mm)
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Figure 3. Test set-up (dimensions in mm)
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Figure 4. Location of the displacement transducers (LVDT) and strain gauges (SG) in test set-up (dimensions in mm)
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Figure 5. Cyclic force-deflection (at LVDT1) relationship for column P10a
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Figure 8. Series of beams failing in bending: (a) load configuration and arrangement of longitudinal reinforcement, (b)

cross section of series of beams, (¢) details of the positioning of the CFRP laminates (dimensions in mm)
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Figure 9. Measuring devices (LVDT - Linear Variable Displacement Transducer; SG — Strain Gauge; dimensions in

mm)

Figure 10. Typical failure mode of a strengthened beam after its failure (beam V4R3)
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Figure 11. Force-deflection relationships of series: (a) S1, (b) S2, (c) S3 and (d) S4
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Figure 16. Test set-up of masonry panels
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