JORNADA TECNICA EN HONOR A RAVINDRA GETTU. 5 DE OCTUBRE DE 2004

Near surface mounted CFRP-based technique for the strengthening of
concrete structures

Joaquim Barros, José Sena-Cruz, Salvador Dias, Débora Ferreira, Adriano Fortes
University of Minho
Department of Civil Engineering
Campus de Azurém, 4800-058 Guimaraes Portugal

Abstract: To assess the effectiveness of the Near Surface
Mounted (NSM) strengthening technique, an experimental
program was carried out involving reinforced concrete (RC)
columns and beams. In columns failing in bending the
present work shows that the failure strain of the Carbon
Fiber Reinforced Polymer (CFRP) laminates can be
attained using the NSM technique. Beams failing in
bending were 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. Performance of
externally bonded reinforcing (EBR) and NMS techniques
was compared for strengthening RC beams failing in shear.
NMS was much more effective, not only in terms of the
increase of the load carrying capacity and deformability at
beam failure, but also with respect to the time consuming
nature of the corresponding strengthening procedures. To
assess the bond behavior of CFRP to concrete, pullout-
bending tests were carried out. The influences of bond
length and concrete strength on the bond behavior were
analyzed.
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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
when 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].
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. The CFRP was bonded to concrete by
epoxy adhesive. Despite the few number of carried
out tests, the obtained 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 in 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 this 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 wvertical faces of concrete beams. This
strengthening technique provided a significant
increase on the shear resistance of the strengthened
beams. Following similar strengthening technique
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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.

Since bond behavior analysis is a requirement for
understanding the stress transfer process between
concrete and CFRP, the present work conducts a
pullout-bending test similar to the one proposed by
RILEM for assessing the bond characteristics of
conventional steel rods [21]. Using the same slit size
and epoxy adhesive, bond behavior was analyzed in
order to determine the influences of both bond length
and concrete strength.

2. Experimental program and
strengthening tecnhique

Table | summarizes the experimental program and
its main objectives. It includes a group of series of
tests with RC columns and RC beams, all failing in
bending, a group of series of tests with RC beams
failing in shear, and a group of series of pullout-
bending tests. The first 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, p, (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 RC beams failing in shear.
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Table | : Experimental program

Fig. 1 : NSM CFRP Technique

The strengthening technique is made up of the
following steps (see Figure 1):

- Using a diamond cutter, slits of 4 to 5 mm width
and 12 to 15 mm depth are executed on the
concrete surface of the elements to be
strengthened;

- Slits are cleaned by compressed air;

- Laminate strips of CFRP are cleaned by acetone;

- Epoxy adhesive is produced according to
supplier recommendations;

- Slits are filled with the epoxy adhesive;

- The epoxy adhesive is applied on the faces of
the laminate strips of CFRP;

- Laminate strips of CFRP are introduced into the
slits and the epoxy adhesive in excess is
removed.
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The curing/hardening process of the epoxy
adhesive lasted for, at least, five days prior to testing
the strengthened elements.

3. Materials properties
3.1. Concrete and steel bars

Table Il 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, f, 4,
and the concrete fracture energy, G, were obtained
from three point bending tests with notched beams,
performed according to the recommendations of
RILEM [22]. Each value was 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 [23], and each result was 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 III.
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 9.59+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 [24], it was verified that the
tensile behavior of the CFRP roll delivered for the
concrete column series of tests was distinct from the
tensile behavior registered in the rolls delivered for
the beam series of tests, see Table Il [25, 26]. 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 [27].

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 [28], 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 [29].
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1 - The values in brackets represent the age, in days, when the tests were
carried out.

Table 11 : Properties of the concrete and steel bars

CFRP system Main properties

Tensile [Young'slUltimate

Type | Material|strength|modulug| strain ||/ Ic<1eSY

(mm)

(MPa) | (GPa) | (%)
Primer 12 0.7 3.0 -
MBrace
Sheet C5-301-EPOXY | 54 3 | 25 -
Sheet | 3000 390 0.8 0.167
\IAdhesivel 16-22 5 - -
158;:2}300 (i) 1741 153 1.1
10x1.42 Laminate(ii) 2740, 158 1.7 9.6

(iii) 2286| 166 1.3

According to the supplier;  Evaluated from experimental tests
(i) Colums; (ii) Beams failing in bending and pullout-bending tests; (iii)
Beams failing in shear

Table 111 : Properties of the CFRP materials
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Fig. 2 : Strengthening technique in specimens of RC
column (Section A-A' in Figure 1a)



JORNADA TECNICA EN HONOR A RAVINDRA GETTU. 5 DE OCTUBRE DE 2004

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 1V, 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.

Longitudinal steel Series
reinforcement NON!? PRE? POS?
4410 P10a_NON | P10a_PRE | P10a_POS
(44=314mm’) [P10b_ NON| P10b_PRE | P10b_POS
4912 P12a_NON| P12a_PRE | P12a POS
(44 =452mm? P12b_NON| P12b_PRE | P12b_POS

 Non-strengthened; 2 Strengthened before testing;
3 Columns of NON series after have been tested and strengthened.

Table IV : Denominations for the RC column specimens
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
3.75N/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 [29].

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
executed 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 grooves 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 [29].
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Fig. 3 : Test set-up (dimensions in mm)
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4.4. Results

Representative results are presented in this
section. Detailed results and analysis can be found
elsewhere [30].

4.4.1 Load carrying capacity

The maximum compressive and tensile forces
obtained in the tests are given in Tables V and V1.

Series PRE
Force |P10a_PRE|P10b_PRE|P12a_PRE|P12b_PRE|
(111) (113) (110) (115)
Tensile
[kN] 37.14 40.63 44.13 39.81
ICompressive
[kN] -38.54 -37.96 -43.66 -36.64

Note: Values inside parenthesis indicate the age of the columns at testing,
in days.

Table V : Maximum forces obtained in the columns of
series PRE

P10a_| P10b_| P12a | P12b_

Force Series
16.67| 21.78] 26.35| 29.31
NON[KNT | “g6) | (85) | (85) | (85)

Tensile 37.96] 41.38] 34.11] 4554
POSIKNT | (146)| (130)| (150)| (154)
Increase [9] | 127.70] 89.99] 29.45] 55.37

19.76| -24.07 3052 -32.27
NONTKNI | “g6) | (s5) | (85) | (85)
"34.11] -43.1]-37.03 -41.58
POSTKNI | (146 | (130)| (150)| (154)
Increase [9]| 72.62] 79.06| 21.33] 28.85

Compressive

Note: Values inside parenthesis indicate the age of the columns at testing,
in days.

Table VI : Maximum forces obtained in the columns of
NON and POS series

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 was 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 LVDTL1 (see
Figure 3). Since this strengthening technique does not
provide significant concrete confinement, the increase
on the dissipated energy was marginal.

50 T
40 +

30

Force (kN)

10 15 20 25

— P10a_NON

— P10a_PRE

Displacement (mm)

Fig. 5 : Cyclic force-deflection (at LVDT1) relationship for
column P10a

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.
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Fig. 6 : Force-deflection (at LVDT1) envelop of all load
cycles for column P10b
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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.

50

40 +

Tension

3000 6000 9000 12000

Force (kN)

50 -
Strain (um/m)

Fig. 7 : Relationship between the force and the strain on the
strain gauge SG6 (see Figure 4) for the column P10a_POS

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,
Ay, applied in the beam of each series, was designed
to achieve twice the wultimate 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.
The beams were tested at the age of about 90 days.
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T T T
Hﬁ
N
c)

Fig. 8: Series of beams failing in bending: (a) load
configuration and  arrangement of  longitudinal
reinforcement, (b) cross section of series of beams, (c)
strengthening details

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
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the LVDTs used for measuring the deflections of the
beams.

250 250 250 250 250 250
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173
©
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Fig. 9 : Measuring devices (LVDT - Linear Variable
Displacement Transducer; SG — Strain Gauge)

5.3. Results

The failure modes and the interpretation of the
reinforcing mechanisms provided by laminate strips
of CFRP have been presented elsewhere [30].

5.3.1 Force-Deflection relationship

The force-deflection relationships for the series of
tested beams are depicted in Figure 10, and the main
results are presented in TableVII. It is observed that
the purpose of doubling the ultimate load (F,,,, ) of
the corresponding reference beam was practically
achieved. The increase on the load at the onset of
yielding the steel reinforcement (7, - yielding load)

was also significant, varying from 32% to 47%. The
displacement corresponding to £, increased, as well
as the cracking load, F,,, and the serviceability load,
F.,.,, (the load for a deflection of L/400=3.75 mm,
where L is the beam span). A maximum increase of
45% and 47% on F,, and F,, respectively, was

serv

recorded.
Series| Beam For | Fren | For | Foax | €/ max
[kN]| [kN] | [kN] | [kN] (%)
g | V1 85 | 186 | 245 | 282
VIR1 [ 10.7| 227 | 3231 | 50.3% | 1.55
- V2 | 81| 217 | 375 | 41.0
V2R2 [12.3| 314 | 5228 | 785 1.28
3 V3 | 79| 238 | 40.0 | 413
V3R2 [11.9| 32.8 | 5452 | 819 1.28
4 V4 | 81| 323 | 469 | 485
V4R3 [14.1| 404 | 69.11 | 94.9 1.06

@ The test was canceled at a load of 50.3 kN, when the deflection at mid

span was greater than 25mm.

Table VII : Main results obtained in the series of beams
failing in bending
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Fig. 10 : Force-deflection relationships of series: (a) S1, (b)
S2,(c) S3 and (d) S4

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 11. The maximum strains obtained
from the strengthened beams, and presented in
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Table VII (gfymax), ranged from 62% to 91% of the
CFRP ultimate rupture strain (gﬁ{ =~ 1.7%), showing

this strengthening technique has high level of
effectiveness.
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Fig. 11 : Force-strain relationships of series: (a) V1R1, (b)
V2R2, (c) V3R2 and (d) V4R3

6. Concrete beams failing in shear

6.1. Series of tests

Three types of strengthening techniques using
CFRP materials were applied to evaluate the most
effective one for shear strengthening of RC beams.
The series of beams tested (see Figure 12) 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 I11) 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 1c) 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 mode. The beams were tested at the age of 105
days.

l P P 206
—= 7 =
= i v 4210
5 900 5 150
Cross section
P P P

InnEzaiii

“]l | VBE-15

T

150 150 300 150 150 60808080 300 8080 80 60
P P P P
, o
“” | | VBCV-10 | | H” N\ VBCI-15 /m
= o = o
100100100 300 100 100 100 150 80 300 80 150

Fig. 12 : Series of beams failing in shear (unities: mm)

6.2. Results

Figure 13 represents the relationship between the
load and the displacement at mid span of the tested
beams. The main results are presented in Table VIII.
When compared to the reference beam (VB10), the
beams strengthened with CFRP materials attained an
increase in the maximum load, Fi., ranging from
50% to 77%. The highest and the lowest increase of
Fmax 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).
The lowest effectiveness of the EBR technique (in the
VBM-8 beam) can be justified by the failure modes
of the strengthened beams. 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.
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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. For deflections
larger than the deflection corresponding to peak load,
the beams reinforced with laminate strips of CFRP
sustained appreciable residual force, which was not
the case of beam VBM-8. When compared to the
beam reinforced with steel stirrups (VBE-15), the
beam strengthened with vertical laminate strips of
CFRP had an increase of 9% in the maximum load.
When compared to the deflection at maximum load of
the reference beam (5,vei0), the deflection at
maximum load of beams VBE-15, VBCV-10, VBCI-
15 and VBM-8 was 294%, 232%, 119% and 118%
larger. Therefore, 3,vecv-10 Was 84% of 8,vee-1s
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.

140 4 VBCV-10

120 VBE-15
100 A
80
60 VBM-8

40 1 # vB10 M”é
20 A

0 T T T T T T 1
0 2 4 6 8 10 12 14

VBCI-1

Force (kN)

Deflection at mid span (mm)

Fig. 13 : Relationship between the force and the deflection
at mid span of the beams failing in shear

qux mec Fmax 6}, 51’ 5.”

Beam
KN | Foaxrpio| Fuaxye-1s|[mm] 0,810 |0, ypE-15

VB10 [74.02| 1.00 061 [1.92| 1.00 | 0.25

VBE-15 [120.64 1.63 1.00 |757| 394 | 1.00

VBM-8 [111.14] 1.50 092 [4.18) 218 | 0.55

VBCV-10131.22] 1.77 1.09 |6.37] 332 | 0.84

VBCI-15(120.44/ 1.63 1.00 [4.21] 219 | 0.56

Table VIII : Main results obtained in the series of beams
failing in shear

A more extensive research about the effectiveness
of EBR and NSM techniques for increasing the shear
resistance of RC beams can be found elsewhere [31].

7. Bond behaviour

7.1. Specimen configuration and test set up

The pullout-bending test is schematically
represented in Fig. 14. The specimen is composed of

two blocks: block B where the CFRP is fixed to
concrete along a bonded length of 325 mm; block A
where the CFRP is bonded to concrete using distinct
bond lengths (test region). This configuration assures

that the bond failure will occur in block A.
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Fig. 14 : Specimen of the pullout-bending test
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The slit where the CFRP is inserted had a 15 mm
depth and a 3.3 mm width (see Fig. 14). The
displacement transducer LVVDT2 was used to control
the test, at 5 um/s, and to measure the slip at the
loaded end, s;, while LVDT1 records the slip at the
free end, s, . The strain gauge glued to the CFRP at

the symmetry axis of the specimen was used to
estimate the pullout force on the CFRP at the loaded
end. The applied forces were measured using two
load cells (LC1 and LC2) placed at the supports of
the specimen. The characteristics of the displacement
transducers, strain gauge and load cells are described
elsewhere [27]. Bond lengths of 40, 60 and 80 mm
were considered for assessing its influence on bond
behavior. To appraise the influence of concrete
quality on CFRP bond behavior, three concrete mixes
were designed with the average compression strength
of 35 MPa, 45 MPa and 70 MPa. The experimental
program, therefore, consisted of nine series, each one
composed of three specimens. A generic series has
the designation of fcmXX LbYY, where XX
represents the concrete compression strength class, in
MPa, and YY the CFRP bond length, in millimeters.
The specimen preparation is described in detail
elsewhere [32].

7.2. Results
7.2.1 Pullout Force versus Slip

Fig. 15 depicts the relationship between the
pullout force and the slip at the loaded end for the
series of distinct concrete strength classes. Each curve
is the average response of three specimens. As is
expected, the pullout force increased with the bond
length, Lb. Since epoxy adhesive has a remarkably
nonlinear behavior [25] and its volume increases with
Lb, the nonlinear branch before peak pullout force
also increased with Lb. As Tab. IX reveals, the
influence of the concrete strength is marginal,
especially in the maximum pullout force, F,

max *
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7.2.2 Bond Stress Versus Slip

Bond stress is obtained through dividing the
pullout force by the contact area between CFRP and

epoxy adhesive, F,/(Z(w/.+t/.)Lb), where F, is the
pullout force, and w, and ¢, are the width and the

thickness of the CFRP. Fig. 16 illustrates the
relationship between the bond stress and the slip at
the loaded end for the series of distinct bond lengths.
Peak bond stress, 7, , decreases with bond length
and is practically insensitive to concrete strength, (see
Tab. IX).
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Fig. 15: Pullout force-loaded end slip relationship for
series of 35 MPa (a), 45 MPa (b) and 70 MPa (c) concrete
compression strength classes

7.2.3 CFRP Stress at Peak Pullout Force

The influences of bond length and concrete
strength on the stress of CFRP at peak pullout force,
Omax» are represented in Figs. 17 (a) and (b),

respectively, where o, is normalized by the CFRP
tensile strength, f,, =2740MPa . This influence can
also be assessed from the results included in Tab. IX.
Fig. 17 reveals that, in general, o,.,/f, increases

with the bond length and is independent of the
concrete strength.
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7.2.4 Loaded End Slip at Peak Pullout Force

The influences of bond length and concrete
strength on the loaded end slip at peak pullout force,

Slmax ’

are represented in Figs. 18 (a) and (b),
respectively. A linear increasing trend of

with

Sl max

the bond length is observed in Fig. 18 (a), while an
independence of the s, on the concrete strength is

shown in Fig. 18 (b) (see Tab. IX).
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Fig. 17 : Influences of bond length (a) and concrete strength
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Series (kN)  |(MPa)| (%) (mm)

@ 6] ©) “) (5)
fcm35_Lb40[15.0 (5.8%) | 175 | 421  [0.29 (21.5%)
fcm35_Lb60|15.5 (2.0%) | 18.1 | 435  |0.27 (26.8%)
fcm35_Lb80|15.7 (8.8%) | 18.3 | 44.0  |0.32 (10.5%)
fcm45_Lb40|22.8 (8.7%) | 17.7 | 640 | 0.49 (5.8%)
fcm45_Lb60(19.9 (3.7%) | 155 | 55.8 | 0.46 (8.8%)
fcm45_Lb80|18.9 (5.8%) | 14.7 | 529  |0.40 (10.0%)
fcm70_Lb40|22.4 (5.0%) | 13.0 | 621  |0.65 (16.0%)
fcm70_Lb60|26.4 (4.2%) | 154 | 73.9  |0.84 (30.6%)
fcm70_Lb80|25.6 (6.2%) | 14.9 | 716 | 0.74 (3.0%)

Table IX : Average values of the main parameters evaluated
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Fig. 18 : Influences of bond length (a) and concrete strength
(b) on the loaded end slip at peak pullout force

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
grooves 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, p,= 4,/ 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
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composite material. Some CFRP laminates have even
failed at the failure crack of the concrete column.
These results indicate that the strengthening
technique proposed is very promising for increasing
the load carrying capacity of concrete columns failing
in bending.

Concrete beams failing in bending

This strengthening technique was used 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 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.

Pullout bending tests

From the results obtained in the pullout bending tests,

the following conclusions can be pointed out:

e The nonlinear branch before peak pullout force
increased with Lb;

e The peak pullout force increased with Lb;

e The influence of the concrete strength on the
pullout behavior was marginal;

e The bond strength ranged from 13 MPa to
18 MPa, revealed a tendency to decrease with the

12

increase of Lb and was practically insensitive to
concrete strength;

e The ratio between the maximum tensile stress
recorded on CFRP and its tensile strength
increased with Lb and was independent of
concrete strength;

e The loaded end slip at peak pullout force revealed
a linear increasing trend with Lb and an
independence of concrete strength.
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