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Abstract

Near surface mounted (NSM) and externally bonded reinforcement (EBR) strengthening techniques are based on the use of carbon
fiber reinforced polymer (CFRP) materials and have been used for the structural rehabilitation of concrete structures. In the present
work, the efficacies of the NSM and EBR techniques for the flexural and shear strengthening of reinforced concrete beams are compared
carrying out two experimental groups of tests. For the flexural strengthening, the efficacy of applying CFRP laminates according to NSM
is compared to those resulting from applying CFRP laminates and wet lay-up CFRP sheets according to EBR technique. The influences
of the equivalent reinforcement ratio (steel and laminates) and spacing of the laminates on the efficiency of the NSM technique for the
flexural strengthening is also investigated. A numerical strategy is implemented to analyze the applicability of the FRP effective strain
concept, proposed by ACI and fib in the design of FRP systems for the flexural strengthening. To assess the efficacy of the NSM tech-
nique for the shear strengthening of concrete beams, four beam series of distinct depth and longitudinal tensile steel reinforcement ratio
are tested. Each series is composed of one beam without any shear reinforcement and one beam using the following shear reinforcing
systems: conventional steel stirrups; strips of wet lay-up CFRP sheet of U configuration applied according to EBR technique; and
laminates of CFRP embedded into vertical or inclined (45°) pre-cut slits on the concrete cover of the beam lateral faces, according to
the NSM technique. Using the obtained experimental results, the performance of the analytical formulations proposed by ACI, fib
and Italian guidelines is appraised.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction ated with NSM is its ability to significantly reduce the

probability of harm resulting from acts of vandalism,

Near surface mounted (NSM) is one of the most recent
and promising strengthening techniques for reinforced con-
crete (RC) structures. NSM is based on the use of circular
[1] or rectangular cross section bars [2] of carbon or glass
fiber reinforced polymer (CFRP or GFRP) materials
installed into pre-cut slits opened on the concrete cover
of the elements to strengthen. NSM requires no surface
preparation work and, after cutting the slit, requires mini-
mal installation time compared to the externally bonded
reinforcing (EBR) technique. A further advantage associ-
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mechanical damages and aging effects. When NSM is used,
the appearance of a structural element is practically unaf-
fected by the strengthening intervention. Since both faces
of the laminate are bonded to concrete when using CFRP
laminates, high strengthening efficacy has been pointed to
the NSM technique on the flexural [3-7] and shear
strengthening [8,9] of concrete structures.

In the present work the effectiveness of the NSM and
EBR techniques for the flexural and shear strengthening
of reinforced concrete beams is compared. For this pur-
pose, two groups of four point beam bending experimental
tests were carried out, one for the flexural and the other for
the shear strengthening.
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For the flexural strengthening, the influence of the longi-
tudinal equivalent reinforcement ratio, picq, on the
strengthening effectiveness of both techniques is assessed.
For the NSM technique the influence of the distance
between two adjacent slits, ag, is also analyzed. To assess
the applicability of the effective strain concept proposed
by ACI [10] and fib [11] on the design of flexural strength-
ening systems, a numerical strategy was used, performing
back-fitting analysis supported on the force—deflection rela-
tionship obtained in the flexural experimental program car-
ried out in the present research program. The numerical
results were also used to propose a new approach for the
evaluation of the effective strain in the context of the
NSM flexural strengthening design.

For the shear strengthening, the influences of the longitu-
dinal steel reinforcement ratio, pg, and the beam depth on
the strengthening effectiveness of both NSM and EBR tech-
niques are evaluated. In the shear strengthening program,
the influence of the inclination of the CFRP laminates in
the NSM technique is also investigated. The recent Italian
Standard for FRP structural strengthening [12] includes an
analytical formulation for the design of EBR shear strength-
ening FRP systems for concrete beams. The performance of
this analytical formulation is assessed and compared to the
one obtained when using ACI and fib proposals.

2. Strengthening techniques

The NSM technique was made up of the following steps:
(1) using a diamond blade cutter, slits of 4-5 mm width and
12-15 mm depth were cut on the concrete surface of the
elements to strengthen; (2) slits were cleaned by compressed
air; (3) CFRP laminates were cleaned by acetone; (4) epoxy
adhesive was produced according to supplier recommenda-
tions; (5) slits were filled with the epoxy adhesive; (6) epoxy
adhesive was applied on the faces of the laminates; and (7)
laminates were introduced into the slits and epoxy adhesive
in excess was removed.

To apply the wet lay-up strips of CFRP sheet by EBR
technique, the following procedures were executed: (1) on

the zones of the beams surfaces where the strips of sheet
would be glued, an emery was applied to remove the super-
ficial cement paste (in the shear strengthening experimental
program the beam’s edges were also rounded); (2) the res-
idues were removed by compressed air; (3) a layer of primer
was applied to regularize the concrete surface and to
enhance the adherence capacity of the concrete substrate;
and (4) using epoxy resin, the strips of sheet were glued
on the faces of the beam. In cases that laminates were
applied according to EBR technique, identical procedures
to the ones adopted in EBR sheets were followed, but
instead of epoxy resin it was used adhesive epoxy to bond
the laminates to concrete.

3. Materials
3.1. Concrete and steel bars

Table 1 includes the values of the main properties of the
concrete and steel bars used in the experimental program.
The average values of the concrete compressive strength
at 28 days (f.m) and at the date of testing the beams (fom /)
were evaluated from uniaxial compression tests (three for
each series, at least) with cylinders of 150 mm diameter
and 300 mm height. Steel bars were tested according to
the recommendations of the European standard EN 10
002-1 [13] and each result is the average of at least three
tests.

3.2. CFRP systems

Two CFRP systems were used in the present work: uni-
directional wet lay-up sheets (80 mm width in the flexural
strengthening and 25 mm width in the shear strengthening)
and precured laminates (1.4 x 9.6 mm? cross sectional area
in the flexural strengthening and 1.4 x 10 mm? cross sec-
tional area in the shear strengthening). The values of the
properties of the CFRP systems are indicated in Table 2.
For the laminates, six tests were also carried out according
to the ISO 527-5 recommendations [14].

Table 1
Properties of the concrete and steel bars
Element type Concrete Steel
Jem (MPa) Jem,; (MPa) ¢s (mm) Jsym (MPa) Ssum (MPa)
Flexural strengthening program 44.2 52.2 (70 days) 5 788 890
6.5 627 765
Shear strengthening program 37.6* 49.2% (227 days) 6 (stirrups) 540 694
6 (long.) 622% 702
618° 691°
49.5° 56.2° (105 days) 10 464 581
12 574% 672%
571° 673

* A series.
® B series.
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Table 2
Properties of the CFRP materials
CFRP system Main properties
Type Material Tensile strength ~ Young’s modulus  Ultimate Thickness
(MPa) (GPa) strain (%)  (mm)

S&P C-Sheet Primer® 12 0.7 3.0 -
(wet lay-up Epoxy* 54 3.0 2.5 -
sheet) Sheet Flexural strengthening prog. C-Sheet 240% 3700 240.0 1.5 0.111

Shear strengthening prog. C-Sheet 530* 3000 390.0 0.8 0.167
CFK 150/2000 Adhesive® 16-22 5.0 - -
(precured Laminate Flexural strengthening prog.® 2740 158.8 1.7 1.4
laminate) Shear strengthening prog.” 2286 166.0 1.3 1.4

& According to the supplier.
® Evaluated from experimental tests.

4. Flexural strengthening
4.1. Experimental program

4.1.1. Geometry, reinforcement arrangements, loading
and supporting conditions of the beams

Fig. 1 represents the geometry of the beam type of the
experimental program, the distinct reinforcement arrange-
ments and the number and position of the CFRP strength-
ening systems of the different cross sections of the tested
beams. The experimental program was composed by 24
beams, with two beams for each reinforcement configura-
tion. The load configuration and the support conditions
are also schematized. The cross sectional area of the CFRP
systems was evaluated in order to impose a similar AEy/
AgE; ratio within the beams of the experimental program,

Reinforcement arrangement

where A; and E; are the CFRP cross sectional area and the
Young’s Modulus of the CFRP systems, and 4y and E;
(200 GPa) are the cross sectional area and the Young’s
Modulus of the longitudinal tensile steel bars. Shear rein-
forcement was selected to assure bending failure prior to
shear failure for all beams. The beams were tested at the
age of about 70days. A closed-loop servo-controlled
equipment was used, and the force applied by the servo-
actuator of 500 kN capacity was controlled by the displace-
ment registered in the LVDT placed at beam midspan,
imposing a displacement ratio of 20 um/s.

4.1.2. Results

The force—deflection relationships for the series of tested
beams are depicted in Fig. 2. Each curve represents the
average of the two tested beams. The strengthening efficacy
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Fig. 1. Beam series for the flexural strengthening (dimensions in mm).
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Fig. 2. Force-deflection relationships of the flexural strengthening beams
series: (a) S1; (b) S2; (c) S3.

is evaluated in terms of the service (Pg..,) and the maximum
(Pmax) load (see Table 3). P, is the load for a deflection of
L/400 = 2.25 mm, where L is the beam span. Pg.(S) and
Pax(S) are the service and maximum load of a strength-
ened beam, respectively, while Py (R) and P.x(R) are
the service and maximum load of the reference beam. In
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Fig. 3. Strengthening efficacy vs longitudinal equivalent reinforcement
ratio.

Table 3 the equivalent reinforcement ratio, pjeq = Aq/
(bdy) + (A:E{/ E)/(bdy), is also indicated, where b is the
beam width and d; and d; are the effective depth of the
longitudinal steel bars and CFRP systems, respectively.
The influence of the p; ¢4 on the strengthening efficacy index
is graphically represented in Fig. 3. In terms of the beam
load carrying capacity, the NSM technique was the most
effective one. The effectiveness, however, decreased with
the increase of pjcq. In terms of service load, the EBR
based on the use of wet lay-up CFRP sheets was the most
efficient, since Er and dr were the largest ones.

The typical failures modes are indicated in Table 4 and
photos of these representative failure modes are shown in
Fig. 4.

4.2. Appraisal of the ACI and fib analytical formulations

The load carrying capacity of EBR strengthened RC
beams can be estimated from the design resisting bending
moment of the cross section of these beams. ACI [10]
and fib [11] analytical formulations propose the following
equations:

Myyq = Agfsya(ds — 0.4x) + yeAefie(h — 0.4x)  ACI (1)
MRd = Aslfsyd (6[’5 — 04)(?) + Afﬁe(h — 04)(?) flb (2)

where /i is the height of the beam cross section, x is the
position of the neutral axis, ff is the effective tensile stress
at ultimate conditions in the FRP (fi. = Ewg), and
ye=0.85 is a safety factor. The meaning of the other vari-
ables was already presented. In Egs. (1) and (2) it was
assumed that the thickness of the CFRP laminates and
sheets, as well as the corresponding adhesive materials

Table 3
Main results of the flexural strengthening beam series
Beam designation Pleq (%0) Py (kN) 7&“‘([?3;(%‘('{) (%) Pax (KN) P'“:‘X(PS,:IZJIT)MR—) (%)
Series Series Series Series Series
S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3 S1 S2 S3
R - - - 22.1 40.5 51.5 - - - 36.6 48.5 71.8 - - -
NSM 0.28 0.49 0.73 37.5 56.3 71.5 70 39 39 79.9 93.3 96.6 118 92 35
EBR_L 0.28 0.48 0.73 31.9 57.6 74.1 44 42 44 38.6 83.5 86.5 5 72 20
EBR_M 0.28 0.48 0.73 40.3 59.5 73.4 82 47 43 43.0 79.5 87.3 17 64 22
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Table 4
Typical failure modes

Strengthening system Failure mode description

Without CFRP

The longitudinal steel yielded and the concrete crushed in the most compressed zone

NSM Yielding of the longitudinal steel reinforcement and delamination of the concrete cover

1 or 2 laminates
3 laminates

EBR laminates

Debonding of the laminate(s) at the concrete/laminate interface
Yielding of the longitudinal steel and debonding of the laminates at the concrete/laminate interface (one beam)

Yielding of the longitudinal steel and delamination of the concrete cover (one beam)

EBR sheets 1 layer
2 layers

3 layers

Rupture of the CFRP sheet in the beam failure cross section
Yielding of the longitudinal steel and rupture of the CFRP sheet in the beam failure cross section
Yielding of the longitudinal steel and delamination of the concrete cover

Reference beams

NSM with one laminate

EBR with one or two laminates

EBR with two layers of wet lay-up sheet

EBR with three layers of wet lay-up sheet

Fig. 4. Photos of the typical failure modes.

can be neglected for the evaluation of internal arm of the
FRP system.

In the ACI approach, the effective strain in the FRP
material, &g, is evaluated from the following equation:

h —
&fe = Ecu <—x> — & < kmén (3)
X

where &, 1s the maximum acceptable concrete compressive
strain (=0.003), & is the initial strain of the concrete sub-

strate, &, is the FRP design rupture strain and k,, is
bond-dependent coefficient that can be obtained from the
following equations:

1 (1 nEtp ) < 090 for nEftf < 180000

. 606, \© 360000 4)
" Lae () <os0 fornin > 150000

where 7 is the number of plies of FRP flexural reinforce-
ment at the cross section of the member where the resisting
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bending moment is being computed, and #; is the thickness
of the FRP material.

In the fib approach the effective strain may be calculated
according to the following equation:

.fclm

Efe = OCClk kb
¢ ¢ nkite

(5)

where o is a reduction factor, equal to 0.9, to account for
the influence of inclined cracks on the bond strength
(x=1 in beams with sufficient internal and external shear
reinforcement and in slabs), ¢; is an empirical factor as-
sumed to be 0.64 for CFRP, k. is a factor accounting
for the state of concrete compaction (k.= 1.0, but for
CFRP bonded to concrete faces with low compaction,

Table 5
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e.g. faces not in contact with the formwork during casting,
k. =0.67) and ky, is a geometry factor:

b¢ b¢
=1. - — ) > 1
ky = 1.06 (2 b>/<1+400> 1.0

where by is the width of the FRP system and b the width of
the beam cross section. Table 5 includes the values of the
parameters used in the analytical simulations. When the
design values of these parameters are used, the values of
the beam maximum load carrying capacity, P~ , estimated
by ACI and fib formulations are compared to the experi-
mental ones in Table 6, while Table 7 includes the values
obtained from the same exercise, but using the average

values for the material properties (all safety factors were

(6)

Values of the concrete, steel and CFRP properties for the analytical and numerical simulation

Materials Average values (experimental values) Design values

ACI formulation fib formulation
Concrete fom =522 MPa f! =42.9 MPa* feq =44.2 MPa®
Steel o5 Jsym = 788 MPa Joya =fy = 685.2 MPa® Joya = 685.2 MPa®

$6.5 Jsym = 627 MPa
CFRP laminate

CFRP sheet -

Er =150 GPa; &= 179,

Soya =f, = 545.2 MPa° Soya = 5452 MPa®
Er= 150 GPa; &= 14%¢
E; =240 GPa; &= 15%¢

L fl = (fun — 5)/1.1 [25].

® fia = (fom — 8)/1.5 [20].

¢ f‘syd :f‘sym/lls

d According to the supplier.

Table 6

Experimental versus analytical values, using design values for the material properties (EBR)

Beam designation Experimental ACI formulation fib formulation
Prane (KN) - MR (RNm) e (%) M (RN m)* PRg (kN) - PRl /P e (oo)  Mina (kN'm) PR (KN) - PR /P

S1 seriess EBR_L  38.6 5.79 7.14 5.24 35.0 1.10 3.93 5.07 33.8 1.14
EBR_ M 43.0 6.45 13.50 6.98 46.6 0.92 8.48 6.67 44.4 0.97

S2 series EBR L 83.5 12.53 7.14 8.09 54.0 1.55 3.80 7.45 49.6 1.68
EBR_ M 79.5 11.93 13.50 11.42 76.1 1.04 6.00 9.0 60.0 1.33

S3 seriess EBR L  86.5 12.98 7.14 11.84 78.9 1.10 3.67 10.73 71.5 1.21
EBR M 873 13.10 11.19 14.95 99.7 0.88 4.90 12.03 80.2 1.09

% The value obtained using Eq. (1) was multiplied by the ¢(= 0.9) strength-reduction factor to attend the ductility level of the cross section [10].

Table 7

Experimental versus analytical values, using average values for the material properties (EBR)

Beam designation Experimental ACI formulation fib formulation
Prd (KN) - MEh (kN m) e (o) Migs (RN m) P (kN) - PRb /P ére (Joo) M (KN'm) — PRS (KN) - PRd /P

Sl seriess EBR L  38.6 5.79 6.75 6.80 454 0.85 3.82 5.78 38.5 1.00
EBR M 43.0 6.45 13.5 9.12 60.8 0.71 8.48 7.40 493 0.87

S2 seriess EBR_L  83.5 12.53 6.75 10.58 70.5 1.18 3.69 8.49 56.6 1.48
EBR M 79.5 11.93 13.5 15.07 100.5 0.79 6.00 10.06 67.1 1.18

S3 seriess  EBR L  86.5 12.98 6.75 15.57 103.8 0.83 3.57 12.42 82.8 1.04
EBR M 873 13.10 1297  21.52 143.5 0.61 4.90 13.74 91.6 0.95
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considered as unitary values). From the analysis of the val-
ues included in these two tables it can be concluded that, £
even when using design values for the material parameters, ;% o oo
both ACI and fib formulations provide unsafe results for e as
some EBR strengthening arrangements, mainly ACI for
the EBR_M strengthening configuration. Independently _
of using design or average values for the material parame- Z
ters, fib formulation provides larger Pi> /P values than ;; o o
ACI approach. AIERES
For the NSM technique, both ACI and fib are not yet
recommending a strategy to evaluate the FRP effective —
strain. The analysis of the available research indicates that ;
ére/€ry decreases with the increase of pj¢q, With the decrease 2
. . <% o n
of the distance between FRP elements, ar, and, in case of EH RO
RC beams, with the decrease of the distance of the FRP § = -
elements to the edges of the beam [15]. The concrete resis- =
tance, the geometry of the slit, the thickness of the adhesive g 3w o
layers and the properties of the adhesive materials should ’é 2| an
also have some influence on the value of the &g/ep, ratio, -
however, insufficient research results are available to per-
form a quantitative estimate of the influence of these last £
variables on the variation of the &g/epn, ratio. The influence ; o oo
of the p; ¢q on the variation of the g/ep, ratio is represented BT
in Fig. 5, from which a clear tendency for the decrease of
ére/ery With the increase of poq can be recognized, repre- _
sented by the following equation: Z
Efe 32 648 gé : : g
; = — . . pl,eq + 0.9606 (7) o X
fu
The collected values refer to RC beams [4,16,17] and slabs z
[6,7,18] that failed in bending. If the linear relationship be- Z
tween é&p/ery and peq, indicated in this figure, is used to E oo
estimate &g, the ACI and fib analytical formulations (Egs. z|§ %E NS §
(1) and (2)) lead to the values indicated in Tables 8 and 9 8 %
(if design and average values are used for the materials 5| E
properties, respectively). The analysis of the values of the- 2 f ;§ a0
ses tables indicates that, the decrease of the PSP /P4 with s3] 2ld=2
the increase of the p;.q was much more pronounced from 2
S1 to S3 tested series than was in the experimental f _
= =
5 |2
] 5l 2o
1.0 T—/——= ‘ = 5|23 T
SN 03 g 3 3 ; ?:732.648-;),”‘/4-0.96(]6 g S| =23
! ! i 8|
' o —
< 1 i % & a2kl oy en o
< | | g|dlaf| 88
5 | | | 2
‘ : ‘ ] ] s
| | b : ' Ve el =
1 1 ! ' oA m 4%
02 L A L F— em £ Sss
1 | : ! ‘om = ZRZR7%)
! ‘ ‘ ‘ L o S, |Z2ZzZ
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. . : - . . 25| g 555
Fig. 5. Strengthening efficacy index vs longitudinal equivalent reinforce- 2gls @2 DD
ment ratio for the NSM. Ewlm R
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Table 9

Experimental versus analytical values, using average values for the material properties (NSM)

Beam designation Experimental ACI and fib formulations

Prx (KN) MY (kN m) gte (Joo) M (KN m) Phiax (KN) Prax/ Praax
S1 series NSM 79.9 11.99 14.79 [17.00] 9.41 62.8 1.27 [1.18]
S2 series NSM 93.3 14.00 13.63 [10.19] 14.88 99.2 0.94 [1.10]
S3 series NSM 96.6 14.49 12.28 [5.55] 20.50 136.7 0.71 [1.02]

programs of the data included in Fig. 5. The main reason is
related to the ar values that are lower in S3 series than in
the major part of the series indicated in Fig. 5. Fig. 6 shows
a clear tendency of the increase of the &g/en, With the ag/b
ratio for some of the available NSM flexural strengthened
RC beams [4,16,17].

4.3. Numerical simulation

Previous works [3,19] 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 deformational behavior of
structural elements failing in bending can be predicted from
the moment—curvature relation, M-y, of the representative
cross sections of these elements, using the algorithm
described elsewhere [3]. To evaluate the M—y relationship,
the beam cross section was discretized in layers of 1 mm
thickness. The beam was discretized in 60 Euler—Bernoulli
beam elements of two nodes per element. The tangential
stiffness matrix of the beam was obtained by assembling
the tangential stiffness matrix of these elements. The
updated flexural rigidity taking part in the tangential stiff-
ness matrix of each element was obtained from the M-y
relationship corresponding to the cross section of this ele-
ment. To simulate the concrete compression behavior, the
stress—strain relationship recommended by model code
CEB-FIP 1993 was used [3,20]. Up to the concrete tensile
strength, f, the concrete was assumed as behaving linearly.
The behavior of the concrete layers in softening and in stiff-
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Fig. 6. Influence of the ay/b ratio on the &q/en,.
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™ €t
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Fig. 7. Trilinear stress-strain diagram for modeling the concrete post-
cracking behavior.

ening [21] was simulated by the trilinear diagram repre-
sented in Fig. 7. The data adopted for defining the
softening and the stiffening trilinear diagram of the post-
cracking behavior of concrete layers, used in the numerical
simulation, is indicated in Table 10. The values included in
Tables 1 and 2 were used to define the linear parabola and
the linear stress—strain diagrams used to model the steel
bars and CFRP systems, respectively.

The experimental and the numerical force-midspan
deflection of each of the beams of S2 series are compared
in Fig. 8, from which it can be concluded that the applied
numerical strategy is able of fitting, with enough accu-
racy, the deformational behaviour of the tested beams.
Similar accuracy was obtained for the beams of the other
two series. The values of the maximum strain in the CFRP
systems for the peak load of the tested strengthened beams,
obtained from numerical analysis, are compared in Fig. 9,
to the effective strain proposed by ACI and fib recommen-
dations. From the analysis of this figure, and taking for
the basis of comparison the values obtained from the
numerical simulation, it is verified that ACI predicts too
high eg./eq, values for the EBR technique, mainly when
using wet lay-up CFRP sheets. For the EBR_M beams,
fib estimates too high eg./ep, values for the lowest value of
Pleq-

For the NSM technique, Fig. 9 also shows that, when
Pieq s greater than of about 0.35%, Eq. (7) predicted
higher eg/er, values than the ones obtained from the
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Table 10
Values used to define the softening and the stiffening trilinear stress—strain diagram on the numerical simulation
Beam designation Compression Tension Softnening Stiffening
fcm (Mpa) Ec (GPa) fct (MPa) o [} ﬁl BZ &y (%o) o [£%) ﬁl ﬁZ &y (%0)
S1 series NSM 52.2 36.1 3.16 0.4 2.0 0.2 10.0 5.19 0.7 10.0 0.3 20 27.2
EBR_L 52.2 36.1 3.16 0.4 2.0 0.2 10.0 5.19 0.7 10.0 0.3 20 27.2
EBR_M 52.2 36.1 3.16 0.4 2.0 0.2 10.0 5.19 0.7 10.0 0.3 20 27.2
S2 series R 52.2 36.1 2.56 0.4 2.0 0.2 10.0 5.19 0.6 5.0 0.4 15 2.5
NSM 52.2 36.1 3.16 0.4 2.0 0.2 10.0 5.19 0.7 10.0 0.4 15 14.3
EBR_L 52.2 36.1 3.16 0.4 2.0 0.2 10.0 5.19 0.7 10.0 0.4 15 14.3
EBR_M 52.2 36.1 3.16 0.4 2.0 0.2 10.0 5.19 0.7 10.0 0.4 15 14.3
S3 series R 52.2 36.1 2.56 0.4 2.0 0.2 10.0 5.19 0.6 5.0 0.4 15 2.5
NSM 52.2 36.1 3.16 0.4 2.0 0.2 10.0 5.19 0.7 10.0 0.3 20 2.3
EBR_L 52.2 36.1 3.16 0.4 2.0 0.2 10.0 5.19 0.7 10.0 0.3 20 2.3
EBR_M 52.2 36.1 3.16 0.4 2.0 0.2 10.0 5.19 0.7 10.0 0.3 20 2.3
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Fig. 8. Experimental vs numerical force-deflection curves for the S2 series: (a) reference beam; (b) NSM; (c) EBR_L; (d) EBR_M.

numerical analysis. If &g is estimated using the &g/en—p1eq
relationship derived from the values obtained in the numer-
ical simulation of the tested NSM beams (dashed line in

7 Xp ana 1
Fig. 9), the PP /P values were much more uniform

(see values inside square brackets of Table 9) than those
determined from the use of Eq. (7), since the dashed line
predicts with higher accuracy the FRP effective strain in
the NSM tested beams. The values inside square brackets
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Fig. 9. Experimental vs numerical g/r—p1eq relationship.
of Table 9 were obtained from Eq. (1), which is equal to

Eq. (2), since y; = 1.0 when average values for the material
properties are used.
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5. Shear strengthening
5.1. Experimental program

5.1.1. Geometry, reinforcement arrangements, loading and
supporting conditions of the beams

The experimental program was composed by four series
of tests. The geometry, reinforcement arrangement and
support conditions of the beams of these series are indi-
cated in Fig. 10. Each series was constituted by a beam
without any shear reinforcement (R) and a beam for each
of the following shear reinforcing systems: steel stirrups
(S), strips of CFRP sheet (M), laminate strips of CFRP
at 90° with the beam axis (VL), and laminate strips of
CFRP at 45° with the beam axis (IL). The shear span, a,
on the series of beams was two times the depth of the
corresponding beams. The concrete clear cover for the
top, bottom and lateral faces of the beams was 15 mm.
The amount of shear reinforcement applied on the four
reinforcing systems was evaluated in order to assure that

P P a
— ] | 2056 ] | 206
{ 300 ﬂ{}oo
= =, T = T, g1
50 1500 50 150 50 1500 50 150
Al0_R Cross section Al2 R Cross section
P P P P 25 P P P P 25
300 300 300 300 300 90 190 190 300 190 190 190 150 150 150 150 300 150 150 150 150 Teds T a0 ¢ ees
Al10_S A10 M Al12_ S Al2_ M
P P lp lp P P lP lf’
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Fig. 10. Beam series for the shear strengthening (dimensions in mm).
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Table 11
Beam series for the shear strengthening

Beam designation Shear strengthening systems

Material Quantity Spacing (mm) Angle (°)
A Series A10 Series Al10_R - - - -
Al10_S Steel stirrups 6¢6 of two branches 300 90
Al0_M Strips of S&P C-Sheet 530 8 x 2 layers of 25 mm (U shape) 190 90
Al10_VL S&P laminates of CFK 150/2000 16 CFRP laminates 200 90
A10_IL S&P laminates of CFK 150/2000 12 CFRP laminates 300 45
A12 Series Al2 R — — — —
Al2 S Steel stirrups 1046 of two branches 150 90
Al2 M Strips of S&P C-Sheet 530 14 x 2 layers of 25 mm (U shape) 95 90
Al2 VL S&P laminates of CFK 150/2000 28 CFRP laminates 100 90
Al12 1L S&P laminates of CFK 150/2000 24 CFRP laminates 150 45
B Series B10 Series B10 R - - - -
B10_S Steel stirrups 6¢6 of two branches 150 90
B10_M Strips of S&P C-Sheet 530 10 x 2 layers of 25 mm (U shape) 80 90
B10_VL S&P laminates of CFK 150/2000 16 CFRP laminates 100 90
B10 IL S&P laminates of CFK 150/2000 12 CFRP laminates 150 45
B12 Series B12 R - - — —
B12 S Steel stirrups 10¢6 of two branches 75 90
BI12. M Strips of S&P C-Sheet 530 16 x 2 layers of 25 mm (U shape) 40 90
B12_VL S&P laminates of CFK 150/2000 28 CFRP laminates 50 90
B12 1L S&P laminates of CFK 150/2000 24 CFRP laminates 75 45

all beams would fail in shear, at a similar load carrying
capacity [10,20]. Table 11 includes general information of
the beams composing the four series. Further information
can be found elsewhere [8].

5.1.2. Results

The relationship between the force and the deflection at
midspan of the tested beams is represented in Fig. 11. Table
12 includes the main results obtained in the four series.
Adopting the designation of Fyaxx_r and Fpx x_s for refer-
ring the maximum load of a beam without shear reinforce-
ment and a beam reinforced with steel stirrups, respectively,
(K represents the series of tests) the ratios Foax /Fmaxx_r and
Fnax/Fmax x_s Were determined for assessing the efficacy of
the shear strengthening techniques, in terms of increasing
the beam load carrying capacity.

The unreinforced shear R beams failed by the formation
of one shear failure crack and the longitudinal tensile rein-
forcement did not yield. In the beams reinforced with steel
stirrups (S beams) a shear failure crack occurred. The sud-
den loss of the load carrying capacity in the S beams corre-
sponds to the moment when a stirrup crossing the shear
failure crack ruptured. In general, M beams failed by the
formation of a shear crack. In these beams, immediately
after the CFRP strips crossing the shear failure crack have
peeled-off, the CFRP strips crossing the horizontal path of
the shear crack ruptured due to an abrupt increment of ten-
sile and shear stresses in the CFRP, as a result of the crack
opening and crack sliding. B12_M beam had a distinct fail-
ure mode. This beam failed by the formation of two “con-
crete lateral walls” that have separated from the interior
concrete volume. A shear crack formed in this interior con-

crete volume, and finally the “lateral walls” ruptured. This
complex type of failure also occurred in B10_VL, B10_IL,
B12 VL and B12 IL beams. In A10_VL beam, after the
longitudinal tensile reinforcement has yielded, a shear fail-
ure crack formed and the shorter bond length of the CFRP
laminate, crossing this crack, debonded. A12_VL beam
failed in shear and the CFRP laminate crossing this crack
debonded by its shorter bond length. Finally, A10_IL
and A12_IL beams ruptured by the formation of a flexural
failure crack.

From the results obtained, the following main conclu-
sions can be pointed out:

e The CFRP shear strengthening systems applied in the
present work increased significantly the shear resistance
of concrete beams.

e The NSM shear strengthening technique was the most
effective of the CFRP systems. This efficacy was not only
in terms of the beam load carrying capacity, but also in
terms of deformation capacity at beam failure. Using the
load carrying capacity of the unreinforced beams for
comparison purposes, the beams strengthened by EBR
and NSM techniques presented an average increase of
54% and 83%, respectively.

e Increasing the beam depth, laminates at 45° became
more effective than vertical laminates.

o [ .x of the beams reinforced with steel stirrups and F,«
of the beams strengthened by NSM technique were
almost similar.

e Failure modes of the beams strengthened by the NSM
technique were not as fragile as the ones observed in
the beams strengthened by the EBR technique.
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Table 12

Main results of the shear strengthening beam series

Beam Shear reinforcing Frax.x Frnaxx Fmaxx
designation system (kN) Fraxk R Fmaxk_s
Al10_R - 100.40 1.00 0.59
Al10_S Steel stirrups 169.35 1.69 1.00
Al0_M Strips of sheet 122.06 1.22 0.72
Al10_VL Vertical laminates 158.64 1.58 0.94
A10_IL Inclined laminates 157.90 1.57 0.93
Al2 R - 116.50 1.00 0.54
Al2 S Steel stirrups 215.04 1.85 1.00
Al2 M Strips of sheet 179.54 1.54 0.83
Al2 VL Vertical laminates 235.11 2.02 1.09
Al12_ 1L Inclined laminates 262.38 2.25 1.22
BI10_R - 74.02 1.00 0.61
B10_ S Steel stirrups 120.64 1.63 1.00
B10_M Strips of sheet 111.14 1.50 0.92
B10 VL Vertical laminates 131.22 1.77 1.09
B10_IL Inclined laminates 120.44 1.63 1.00
BI2 R - 75.70 1.00 0.48
B12 S Steel stirrups 159.10 2.10 1.00
B12 M Strips of sheet 143.00 1.89 0.90
B12 VL Vertical laminates 139.20 1.84 0.87
B12_IL Inclined laminates 148.50 1.96 0.93
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Fig. 11. Force—deflection relationships of the shear strengthening beams:
(a) A10 Series; (b) A12 Series; (c) B10 Series; (d) B12 Series.

5.2. Appraisal of the ACI, fib and CNR analytical
formulations

In a previous work, the performance of the ACI and fib
formulations was assessed for the EBR shear strengthening
of concrete beams [22]. Therefore, the main purpose of the
present section is to assess the applicability of the recent
Italian design guideline, CNR, [12,23] for the EBR shear
strengthening, and compare its performance with the one
of ACI and fib formulations.

According to the CNR formulation, the shear capacity
carried by the FRP in case of U jacketed reinforcement,
can be expressed as

Vfd:i~0.9'd5-ffe'2'tf'(COtH"f‘COtﬂ)'ﬁ (8)
VRd St

where yrgq 1s a partial safety factor covering the uncertainty
of the model, taken equal to 1.2, f is the effective design
stress of the FRP shear reinforcement, f is the angle
formed by the FRP shear reinforcement with the beam
axis, 0 is the critical shear crack angle, s and w¢ are the
strip spacing and width, respectively, measured orthogo-
nally to the fiber direction (see Fig. 12).

In (8), the effective design stress of the FRP shear rein-
forcement, fr,, can be evaluated as

ffeszdd-<1——-27>7 Z =min{0.9-d,h}  (9)

where L, is the effective bond length defined as

(10)
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Fig. 12. Data for the externally bonded shear strengthening technique.

4=t

—
P

and frqq is the design debonding strength given as
0.80 /2-E¢- G

Jia=—\|————
Vrd A

(11)

In the previous equations, 4, is the beam web depth (=4 in
the tested beams of the present work), f.., 1s the concrete
average tensile strength, obtained from the average com-
pressive strength, f.n,, according to CEB-FIP Model Code
recommendations [20], yrq is a partial safety factor depend-
ing on the application accuracy, taken equal to 1.2, and Gg
is the specific rupture energy of the concrete-FRP bonded
joint evaluated as

G = 0.03 - ky - /(fek - fem)

where f¢ is the characteristic value of the concrete com-
pressive strength, and kg is a covering/scale coefficient
defined as

2—Wf/Sf
ko = |- > 1
b 1 + we /400

The length and force units of the variables in Egs. (8)—(13)
are millimeter and Newton, respectively. A critical shear
crack angle used in the analytical formulation, 67, was
determined for each tested beam according to the major
shear crack angle measured after the failure of the beam.
In Table 13, the values obtained with this formulation
are compared to those registered experimentally, and a F
factor corresponding to the V{P/Viy* ratio is evaluated.
Fig. 13 compares the values of the CRFP contribution
for different critical shear crack angles according to CNR
analytical model. In general, the contributions of the

(12)

(13)

Table 13
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Fig. 13. Appraisal of the CNR analytical model for CFRP shear
contribution.

CFRP strengthening system predicted with this model are
below the values obtained by experimental testing for all
considered critical shear crack angles, with the exception
of A10_M beam when 6 = 40° and 6 = 35°, where the esti-
mated values were slightly larger than the experimental
ones (there is the suspicious that the strip crossing the shear
failure crack was deficiently bonded [22]). The performance
of the CNR, ACI and fib formulations is appraised in
Fig. 14. When the value of 0 is taken equal to the default
value of 45° or equal to 6", the analytical results obtained
from CNR formulation are always smaller than those
experimentally recorded, and the F factor follows a trend
close to 1.5, as represented in Fig. 15. From the analysis
of Figs. 14 and 15 it can be concluded that CNR analytical
model shows a better performance for the prediction of the
CFRP shear strengthening contribution rather than ACI
and fib models. This is due to an overestimation of the
effective strain derived from the ACI and fib formulations,
as Fig. 16 shows.

In a previous work [22], the performance of the formu-
lation by De Lorenzis [24] for the NSM shear strengthening
of RC beams was appraised, and it was concluded that
more experimental and numerical research needs to be
done to develop a more confident analytical formulation,
which is out of the scope of the present work.

Analytical vs experimental results (CNR, ACI and fib analytical formulations)

Beam designation Experimental CNR formulation

ACI formulation fib formulation

0 VP (KN) 0=45° 0 = 40° 0=35° 0 exp yum (kN) F*  pEa (kN) F°
© PN VR RN) P R GN) FU VR RN R
Al10.M 45 10.8 10.3 1.05 123 0.88 14.7 0.74 103 1.05 17.0 0.64 24.0 0.45
Al2 M 40 31.5 20.2 1.56 24.1 1.31 28.9 1.09 24.1 1.31 33.8 0.93 389 0.81
B10.M 38 18.6 8.9 2.09 10.6 1.75 12.7 146 114 1.63 17.7 1.05 20.5 0.91
Bi2. M 42,5 33.7 16.9 1.99 20.1 1.67 24.1 1.39 184 1.82 35.0 0.96 309 1.09

ap_ V;XP /Vdnd.
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Fig. 14. Analytical and experimental results (CNR, ACI and fib
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Fig. 16. Effective strain in shear reinforcement (CNR, ACI and fib
formulations).

6. Conclusions

The effectiveness of the near surface mounted (NSM)
and externally bonded reinforcing (EBR) techniques for

the flexural and shear strengthening of reinforced concrete
(RC) beams was compared. For this purpose, two groups
of four point bending experimental tests were carried out,
one for the flexural and the other for the shear strengthen-
ing, using carbon fiber reinforced polymer (CFRP) materi-
als according to NSM and EBR techniques. For the
flexural strengthening, the NSM technique was the most
effective, but the difference between the efficacy of NSM
and EBR techniques decreased with the increase of the
longitudinal equivalent reinforcement ratio, pjq, (steel
and CFRP converted into equivalent steel). The perfor-
mance of the ACI and fib formulations for the EBR
flexural strengthening was appraised. In general, unsafe
contributions of the CFRP systems were predicted, espe-
cially ACI approach for the EBR technique using wet
lay-up sheets. This is caused by an overestimation of the
CFRP effective strain (eg), as a numerical model has also
demonstrated, indicating that a new approach is needed
to evaluate this concept. Since ACI and fib have not yet
a dedicated formulation for the NSM technique, the car-
ried out bending tests and the data collected from other
NSM flexural strengthening experimental programs were
used to show that the CFRP effective strain tends to
decrease with the increase of p;.q and with the decrease
of the spacing between consecutive laminates. A numerical
strategy was also used to demonstrate the decrease ten-
dency of &g with the increase of pj ¢q in the NSM technique.

For the shear strengthening, the NSM was the most
effective of the CFRP systems and was also the easiest
and the fastest to apply. This efficacy was not only in terms
of the beam load carrying capacity, but also in terms of
deformation capacity at beam failure. Failure modes of
the beams strengthened by the NSM technique were not
as brittle as the ones observed in the beams strengthened
by the EBR technique. The performance of the Italian
design guideline (CNR) was appraised using the experi-
mental results and the values estimated by ACI and fib for-
mulations. CNR approach provided safer values than ACI
and fib formulations.
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