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1. Introduction

Composite materials like CFRP (Carbon Fiber Reinforced
Polymer) have become very popular for the retrofitting of existing
structural members. The reason for this popularity is well known:
the technology combines the mechanical properties of this
composite material with the advantages related to the installation
process simplified by their easy handling.

Many studies [1–7] have been devoted to this strengthening
technique, outlining two different failure modes for the retrofitted
beams: tensile rupture of the FRP or debonding of the FRP from the
sides of the RC element. The failure mode in turn depends on the
strengthening configuration, which is (see Fig. 1): full wraps
(FW), U-jackets (UJ), or side strips (SS). The fully wrapped configu-
ration is the most efficient one, since FRP debonding from concrete,
even if present, does not significantly reduce the ultimate FRP
strength, differently from what happens with the U-jackets and
side strips configuration, whose efficiency rely only on the debond-
ing resistance. In the case of side strips crack-bridging mechanism
is evident, whereas the Mörsch truss resisting mechanisms applies
to full wraps [8–10].

Most of the proposed predictive expressions are tailored for
classical configurations where the FRP is directly applied to the
concrete surface and the FRP stress is strongly affected by the crack
evolution, which induces into the reinforcement a significant
transversal strain due to the relative displacement of the two faces
of the crack.

This strong and negative interaction between FRP transversal
strain and concrete crack evolution can be minimized (as here pro-
posed) by creating a gap between FRP and concrete: four steel
angles can be applied at the four section corners (glued to the con-
crete surface) and the FRP strips can be wrapped around the sec-
tion being in contact with the steel angles but not with the
concrete surface. The gap between the FRP and the concrete sur-
face can be eventually filled with mortar.

The proposed technology has been already analyzed in [11] in
order to evaluate its performance in terms of axial ductility and
increase in axial load capacity; its validation for shear increase
will be presented in the following, by describing the experimental
tests carried out, whose outcomes will be compared with the
design equations proposed in the ACI [12] code and Italian CNR
guidelines [13].

2. Shear design of RC elements

The shear behavior of reinforced concrete beams and columns is
often presented and explained by the truss mechanism derived
from the model by Ritter and Mörsch [8–10]. According to this
model a concrete strut angle (h) equal to 45� is assumed and the
element capacity is evaluated by means of the contribute (Vs) of
the steel shear reinforcement. Other approaches have been pro-
posed in the literature, recognizing the importance of considering
other resistant contributes, such as those due to aggregate
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Fig. 1. Cross section of FRP strengthened elements.

Fig. 2. CFRP shear resisting mechanism: (A) reference element; (B) CFRP strips and
(C) CFRP strips and steel angles.
interlocking, dowel effect of the longitudinal bars and axial load.
Additive expressions that combine Vs (steel contribute) and Vc

(concrete contribute) have been presented, such as the predictive
equation proposed in [14], where Vs is simply added to the con-
crete (Vc) and axial load (Vp) contributions. Other proposals [15]
include all contributions, without explicitly considering the con-
crete one, allowing to assume a variable concrete truss angle (h)
lower than (or equal to) 45� and greater than �22�.

Regarding FRP reinforced elements, traditional approaches
adopt the model proposed for steel reinforced concrete, recogniz-
ing that a crucial aspect is the evaluation of the effective strain dis-
tribution in the FRP stirrups, especially across the crack, where,
independently of the adopted configuration (FW, UJ, SS), stress
concentrations are present due to the debonding process. The
problem is solved assuming a reduced FRP strength or strain, either
Table 1
Geometry and shear strengthening configurations of the specimens.

ID Layers Number Wrapping spacing Steel profiles Bott

REF – – – 5 /

CW90/30 1 30 – 5 /

CW90-8.6/30 1 30 80 � 6 5 /

CW90-8.6/30⁄ 1 30 80 � 6 5 /

CW90-8.6/30D 2 30 80 � 6 5 /

M + CW90-8.6/30D 2 30 80 � 6 7 /

M + CW90-12.8/30D 2 30 120 � 8 7 /

CW90-8.6/30D* 2 30 80 � 6 5 /

CW90-8.6/60 2 60 80 � 6 5 /
empirically evaluated, such as in the American code [12], or based
on an analytical approach such as that proposed in [4] and
included in the Italian guidelines [13].

When dealing with the Italian guidelines, the shear strength
depends on the FRP reinforcement contribution (VRd,f) and on
design shear resistance provided by stirrups of the original ele-
ment, not yet retrofitted (VRd,s):

VRd ¼ minfVRd;s þ VRd;f ;VRd;cg ð1aÞ

where VRd,c is the design strength of the concrete compression strut.
The FRP shear resistance VRd,f may be assessed by Eq. (1b),

VRd;f ¼
1
cRd
� 0:9d � ffed � 2 � tf � coth � bf

pf
ð1bÞ

where:
� cRd is a partial factor, set equal to 1.2;
� d is the member effective depth;
� h the concrete truss angle;
� tf, bf and pf are FRP thickness, width and spacing, respectively;
� ffed is the effective FRP design strength that, taking into account

the debonding process, is lower than the FRP design strength
(ffd):

The value of the effective FRP design strength (ffed) is evaluated
according to the following expression:

ffed ¼ ffdd � 1� 1
6

le
0:9 � d

� �
þ 1

2
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Fig. 3. main cross sections of the tested elements: (A) REF; (B) CW90/30; (C) CW90-8.6/30, CW90-8.6/30D, CW90-8.6/60; (D) CW90-8.6/30*, CW90-8.6/30D*; (E) M + CW90-
8.6/30D, M + CW90-12.8/30D.

Fig. 4A. Test set-up with free core displacement transducers (LVDT 1,2,3).

Fig. 4B. Detail of the element support.

Fig. 5. Horizontal displacement transducers (LVDT A, B).
where:
� the section corner radius (rc) is normalized with respect to the

section width (bw);
� the effective bond length (le) is defined as the length value

beyond which there is no increase of the force transferred
between concrete and FRP:
le ¼ min
1

crdfbd

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2Ef tf CF

2

r
;200 mm

( )
ð2bÞ

where fbd = 2CFd/su (with su = 0.25 mm) and crd = 1.25.
According to the guideline the value of fracture energy CF is:

CFd ¼ kG

ffiffiffiffiffiffiffiffiffiffiffiffi
2� bf

pf

1þ bf

pf

vuuut �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fcm � fctm

p
with

bf

pf
P 0:25 ð2cÞ

where
– fcm and fctm are the mean value of the concrete cylindrical

compressive strength and the concrete tensile strength
respectively

– kG is a coefficient equal to 0.037 (dimensionally in mm) for the
CFRP strips adopted in the experimental tests.

� the ultimate design strength for debonding (ffdd) is computed
according to:

ffdd ¼
1
cfd�
�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � Ef � CFd

tf

s
ð2dÞ

where cfd = 1.0 was assumed.
According to the ACI code [12], the shear FRP resistance can be

evaluated by adding the FRP contribution (Vf) to the concrete (Vc)
and steel (Vs) (stirrups, ties or spirals) contributions (see Eq. (3)).



Fig. 6. Horizontal displacement transducers (LVDT C,D).

Fig. 7A. Element REF after collapse: crack path.

Fig. 8A. Force-displacement curves: LVDT 1 (continuous black line), LVDT 2 (dotted
black line), LVDT 3 (dotted gray line).

Fig. 8B. Force-displacement curves: LVDT A (dotted black line), LVDT B (continuous
black line).
Fig. 7B. Element REF after collapse: concrete punching at the support.
/Vn ¼ / � ðVc þ VS þ wf � Vf Þ ð3Þ

where / is a global strength reduction factor (to be assumed equal
to 0.75, according to ACI) and wf (equal to 0.95 for fully wrapped
sections) is a reduction factor that takes into account the contact
critical situation.

Vf can be evaluated by means of Eq. (4):

Vf ¼ �d � Ef � ef � 2 � tf �
bf

pf
ð4Þ

which assumes a concrete truss angle of 45� and an ultimate FRP
strain ef ¼ 0:004 6 0:75 efu. This is lower than the ultimate FRP axial
strain (efu) to take into account the loss of aggregate interlock in
concrete.

3. The strengthening system

The confinement of RC columns is usually obtained through the
application of FRP sheets wrapped directly on the concrete surface,
using resins.

In the case of elements subjected to combined flexural and axial
loads, a load carrying capacity increase can be achieved by means
of a combined confinement: four rounded corners, L-shaped steel
profiles are placed in the corners of the columns and are mutually
connected by means of FRP strips. Construction stages are the
following:

� concrete corners rounding;
� concrete surface preparation;
� steel profiles application;
� application of mortars in order to fill the space in between the

steel profiles;
� FRP discrete wrapping application.



Fig. 9. Element CW90/30 after collapse: (A) Crack path, (B) Concrete detachment at the extrados and (C) Concrete detachment at the intrados.

Fig. 10A. Force-displacement curves: LVDT 1 (continuous black line), LVDT 2
(dotted black line), LVDT 3 (dotted gray line).

Fig. 10B. Force-displacement curves: LVDT A (dotted black line), LVDT B (contin-
uous black line).

Fig. 11. Element CW90-8.6/30 after collapse: crack path.
The wrapping layouts adopted for the tested elements are
reported in Fig. 2.

The previously described technology gives rise to both axial
[11] and shear strength increases.

In order to better understand the behavior of reinforced
concrete structural elements strengthened by means of the above
technology an experimental campaign was carried out on 9
specimens. The first specimen is a reference element without
external reinforcements, whereas the other eight differ from one
another in:

� wrapping configuration (traditional wrapping without steel
profiles or CFRP discrete wrapping and steel profiles, with or
without filling mortar);
� FRP distribution in terms of wrapping spacing and number of

layers.



Fig. 12A. Force-displacement curves: LVDT 1 (continuous black line), LVDT 2
(dotted black line), LVDT 3 (dotted gray line).

Fig. 12B. Force-displacement curves: LVDT A (dotted black line), LVDT B (contin-
uous black line).

Fig. 14A. Force-displacement curves: LVDT 1 (continuous black line), LVDT 2
(dotted black line), LVDT 3 (dotted gray line).

Fig. 14B. Force-displacement curves: LVDT A (dotted black line), LVDT B (contin-
uous black line).
4. Specimen geometry

The nine specimens were designed in order to induce shear fail-
ure. To this purpose high strength steel longitudinal reinforcement
was adopted. In order to clearly identify the FRP shear contribu-
tion, no steel stirrups were included in the concrete elements.
Moreover, with the aim of emphasizing the FRP shear contribution,
Fig. 13. Element CW90-8.6/30*
no axial force was applied during the tests, since it is well estab-
lished that the axial force markedly increases the effect of aggre-
gate interlock inside the shear cracks. The main objective was to
reproduce the stress distribution in a vertical segment of an RC
frame, that is characterized by a constant shear force and a linear
bending moment. This was induced by imposing a vertical force
at the midspan by restraining the element on two hinge supports
with 3250 mm span length.
after collapse: crack path.



Fig. 15. Element CW90-8.6/30D after collapse: crack path.

Fig. 16A. Force-displacement curves: LVDT 1 (continuous black line), LVDT 2
(dotted black line), LVDT 3 (dotted gray line).

Fig. 16B. Force-strain curves: SG 1 (continuous black line), SG 2 (dotted black line),
SG 3 (dotted gray line), SG 4 (continuous gray line).
All the specimens are characterized by the same geometry and
steel reinforcement, namely:

� cross section 250 � 450 mm;
� length 3450 cm;
� longitudinal steel reinforcement constituted by 3 / 20 mm bars

placed at the top and 5 or 7 / 20 mm bars placed at the bottom
of the element.
� some steel stirrups (6 mm diameter bars and 50 mm spacing)
were placed only at the supports and at the midspan of the ele-
ments (where the load is applied);
� three additional CFRP double layer wrappings were placed at

the supports and six at midspan.

The reference specimen, named REF, had no shear FRP rein-
forcement while the others were characterized by different config-
urations of FRP strips (200 mm width) placed with different
spacing. The geometries of the reinforcement in the nine speci-
mens are reported in Table 1. Each specimen had an identifying
name that characterizes the adopted strengthening strategy, given
by combining the following abbreviations:

� CW90: Carbon Wrapping placed with a 90� angle;
� 8.6: L shaped steel profiles 6 mm thick and 80 mm wide;
� 12.8: L shaped steel profiles 8 mm thick and 120 mm wide;
� /N: wrapping spacing (/30 = 300 mm; /60 = 600 mm);
� D: double FRP layers;
� *: absence of thixotropic mortar filling;
� M+: extra longitudinal reinforcement designed in order to pre-

vent flexural collapse.

The shear strengthening configurations adopted for the tested
elements are summarized in Table 1 where the single layer of CFRP
wrapping is represented in gray, while black color was used for
double layers. In Fig. 3, some significant cross sections are
visualized.

The mechanical properties of the materials were evaluated by
means of specific tests. Six tests on cubic concrete specimens were
performed and a mean cubic compressive strength (Rcm) of
22.67 MPa was obtained, which corresponds to a mean cylindrical
compressive strength (fcm) of 18.82 MPa. Note that the low value of
the concrete strength matches the assumption that the tested ele-
ments simulate old RC structural elements. Furthermore, the fol-
lowing derived quantities were evaluated according to the Italian
code NTC2008 [16]:

� Young Modulus Ecm:

Ecm ¼ 22000 � fcm

10

� �0:3

¼ 26595 MPa ð5Þ



Fig. 17. Element M + CW90-8.6/30D after collapse.

Fig. 18A. Force-displacement curves: LVDT 1 (continuous black line), LVDT 2
(dotted black line), LVDT 3 (dotted gray line).

Fig. 18B. Force-displacement curves: LVDT A (dotted black line), LVDT B (contin-
uous black line).
� mean tensile strength fctm:
fctm ¼ 0:3 � ðfcm � 8Þð2=3Þ ¼ 1:467 MPa ð6Þ

Two different types of steel were used for the reinforcement. Tensile
tests were performed to determine steel properties (see Fig. 4) and
the following mechanical characteristics were determined:

(1) 6 mm diameter stirrups: yielding stress and strength larger
than 450 MPa and 540 MPa respectively, elastic modulus of
205 GPa and ultimate strain greater than 16.0%;
(2) Longitudinal reinforcement (threaded bars of the quality
ASTM A193/B7): yielding stress and strength greater than
600 MPa and 850 MPa, respectively, elastic modulus of
188 GPa and ultimate strain greater than 3%, tested in labo-
ratory according to UNI EN ISO 15630-1.

Unidirectional carbon fiber wraps (mass per unit area equal to
400 g/m2) with nominal thickness of 0.225 mm were used as CFRP
reinforcement. Tensile strength and Young modulus of the CFRP
sheets were evaluated by means of standard ‘‘coupon test’’, per-
formed on three specimens 20 mm wide and 300 mm long. The
mean values of the Young modulus Efib and of the tensile strength
ffib (both estimated with respect to the area of fibers only, as indi-
cated in the Italian guidelines [13]) were 392.7 GPa and 2824 MPa,
respectively.
5. Experimental set-up

The specimens were tested by adopting a three point bending
configuration (see Fig. 4A), by means of an hydraulic jack
(1000 kN maximum load) with displacement control at 1 mm/min
velocity. The load was applied at midspan by means of a steel plate
located between the jack and the RC element. A rubber layer was
placed under the distribution plate in order to ensure flatness of
the contact surface and a steel plate with a Teflon layer were placed
over the two cylindrical supports in order to reduce friction (Fig. 4B).

The displacements during the test were measured by means of:

� three core free vertical transducers (LVDT 1,2,3) to measure the
vertical displacement of three points, namely at midspan and at
1/4 of the total length, from the nearest support (see Fig. 4A);
� two horizontal displacement transducers (LVDT A, B) positioned

at midspan to measure the axial shortening of the top fiber and
the elongation of the bottom fiber (see Fig. 5);
� two horizontal displacement transducers (LVDT C, D) located at

the two extreme sections of the element to measure possible
rotations of the section (see Fig. 6);
� Strain Gauges (I, II, III and IV), positioned on the CFRP strips to

measure their deformation during the experiments. This last
instrumentation was used only for the tests CW90-8.6/30D
and CW90-8.6/30D*.



Fig. 19. Element M + CW90-12.8/30D after collapse.

Fig. 20A. Force-displacement curves: LVDT 1 (continuous black line), LVDT 2
(dotted black line), LVDT 3 (dotted gray line).

Fig. 20B. Force-displacement curves: LVDT A (dotted black line), LVDT B (contin-
uous black line.
6. Tests results

The nine tests performed are described in the following.

6.1. REF

Failure occurred at a total load value of 162.74 kN (see Fig. 8),
with a vertical displacement at midspan of 7.16 mm. A typical brit-
tle shear failure was observed due to the absence of any transversal
reinforcement: a diagonal crack (see Fig. 7A) started near midspan,
propagated along 1=4 of the total length, and finally extended along
the intrados of the element to the support. The test was then
extended beyond the peak load because of the activation of an arch
resisting mechanism that vanished due to the slipping of the three
(not anchored) lower longitudinal bars (Fig. 7B).

6.2. CW90/30

The global failure can be attributed to the breaking of one CFRP
strip, followed by the rupture of the others strips on the same side
of the element. Due to this phenomenon, failure in concrete is
characterized by diagonal cracks with a truss angle value h of
ffi 45

�
(Fig. 9A). The concrete cover detachment can be observed,

at the intrados and extrados of the element (Fig. 9B and C). Failure
occurred at a load value of 400.59 kN, with a vertical displacement
at midspan of 35.14 mm (see Fig. 10A).

6.3. CW90-8.6/30

The crack path shows the classical strut and tie mechanism,
characterized by a truss angle value h of ffi 36

�
(Fig. 11). Failure

occurred at 468.83 kN (see Fig. 12), with a vertical displacement
at midspan of 23.41 mm. The shear failure of the element was
induced by the rupture of one strip of CFRP (single layer).

If compared with the test on specimen CW90/30 (that does not
hold the steel profiles) a shear strength increment of 35 kN and a
reduced truss angle value (h) can be observed. This small incre-
ment in the shear strength is therefore explained in view of the dif-
ferent strut angle rather than for the contribution of the steel
profiles.

6.4. CW90-8.6/30*

A brittle failure was caused by the rupture of a strip of CFRP
(followed by the rupture of the others), with consequent deep
diagonal cracks in concrete. Cracks across the element outlined a
strut mechanism with a truss angle value h of ffi 30

�
(Fig. 13). Fail-

ure occurred at a load value of 523.67 kN (Fig. 14), with a vertical
displacement at midspan of 53.73 mm. Comparing this test with
the previous one (i.e. CW90-8.6/30), which differs only for the
presence of thixotropic mortar between FRP and the concrete



Fig. 21. Element CW90-8.6/30D* after collapse.

Fig. 22A. Force-displacement curves: LVDT 1 (continuous black line), LVDT 2
(dotted black line), LVDT 3 (dotted gray line).

Fig. 22B. Force-strain curves: SG I (continuous black line), SG 2 (dotted black line),
SG 3 (dotted gray line), SG 4 (continuous gray line).
surface, a load increase of 55 kN can be observed. This phenome-
non can be attributed to the gap between the FRP and the concrete
surface that induces smaller transversal strain into the CFRP strip.
During the test, the vertical displacement transducer placed at
midspan (named LVDT 2) malfunctioned because of a diagonal
crack that opened on the contact surface; therefore the force-
displacement curve of LVDT 2 visualized in Fig. 14 at high load
levels comes from the output of the jack instrumentation.
6.5. CW90-8.6/30D

The experiment was carried out in three phases:

(1) the first test was interrupted due to a yielding of the longi-
tudinal reinforcement. The maximum load achieved was
455.33 kN, with a vertical displacement at midspan of
26.37 mm. Although the element was not interested by a
shear failure, the crack path outlined a strut mechanism in
concrete;

(2) the same specimen previously tested was reloaded with a
new strip of CFRP added at midspan. The element did not fail
due to a ductile mechanism activated during the test (yield
strength of the bars). Also this test was interrupted, after
reaching a maximum load of 455.14 kN and a vertical
displacement at midspan of 22.21 mm;

(3) the damaged element was tested again after reducing the
span length to 2.35 m. Four strain gauges were placed on
the CFRP strips in order to measure its strain during the test.
In this last case shear failure occurred because of the rupture
of the CFRP wrappings at a peak load of 815.21 kN, with a
vertical displacement at midspan of 26.99 mm. The truss
angle value h was ffi 45

�
(Fig. 15). The data acquired during

the test are drawn in Fig. 16.

6.6. M+CW90-8.6/30D

The maximum measured load was 615.31 kN, with a vertical
displacement at midspan of 68.51 mm. In the final part of the
experiment, an unloading-reloading cycle of 150 kN, was carried
out. Failure occurred because of breaking of the longitudinal rebars
and debonding of the additional bars placed in the middle of the
element (Fig. 17). The experimental results are shown in Fig. 18.

6.7. M+CW90-12.8/30D

This test was carried out up to a load of 750.8 with a vertical dis-
placement of 58.69 mm. At such ultimate load the activation of a
flexural mechanism was observed with the pull-out of the addi-
tional steel bars placed in the middle of the element (see Fig. 19).

The data acquired during the test are visualized in Fig. 20.



Fig. 23. Element CW 90-8.6/60 after collapse: crack path.

Fig. 24A. Force-displacement curves: LVDT 1 (continuous black line), LVDT 2
(dotted black line), LVDT 3 (dotted gray line).

Fig. 24B. Force-displacement curves: LVDT A (dotted black line), LVDT B (contin-
uous black line).
6.8. CW90-8.6/30D*

Similarly to specimen CW90-8.6/30D, this test was performed
in three stages:
(1) The specimen was firstly loaded up to 540.5 kN, when the
vertical displacement measured at midspan was 61.30 mm.
During the test the vertical displacement transducer at mid-
span did not work correctly, so the force-displacement curve
was obtained from the jack instrumentation;

(2) the same element, previously tested, was reloaded without
any instrumentation. The shear failure was not reached
because of yielding of the longitudinal bars;

(3) a new test configuration was adopted on the same damaged
element, by reducing the span length to 2.35 m. Four strain
gauges were placed on the CFRP strips in order to measure
its strain during the test. In this last case flexural failure
occurred because of breaking of the longitudinal reinforce-
ment, at a load value of 835.98 kN, corresponding to a verti-
cal displacement at midspan of 27.8 mm (Fig. 21). The data
acquired during the test are reported in Fig. 22.

6.9. CW90-8.6/60

Failure occurred at a load value of 470.30 kN, with a vertical dis-
placement at midspan of 27.93 mm. The shear failure of the ele-
ment was induced by breaking of one strip of CFRP (single layer),
with consequent deep diagonal cracks growth along the element.
The crack path shows the classical strut and tie mechanism devel-
oped in concrete, with a truss angle value h of ffi 33

�
. This phenom-

enon is underlined by the steel corner deformation (on the upper
side) following the explosive collapse of the CFRP strips (Fig. 23).
The data acquired during the test are visualized in Fig. 24.
7. Discussion of the results

A summary of the experimental results in terms of: maximum
shear and bending moment, vertical displacement at midspan
and type of failure, is shown in Table 2. A comparison between
all load-displacement curves obtained from the tests is shown in
Fig. 25.



Fig. 25. Force-displacement curves for all tested elements.
First of all the high resistance of each specimen with respect to
the reference one can be pointed out: the minimum strength is
2.45 times the reference value. Furthermore it has to be underlined
the improved performance of the elements strengthened with steel
profiles, especially when the CFRP strips are not attached to the
concrete surface. Comparing the peak strengths of the three
specimens CW90/30, CW90-8.6/30and CW90-8.6/30* it is possible
to observe a gradual increase that, starting from the value of
440.6 kN (CW90/30 specimen without steel profiles) becomes
468.8 kN for the specimen CW90-8.6/30 with steel profiles and fill-
ing mortar-, and 523.7 kN for the specimen CW90-8.6/30* with
steel profiles and without mortar, i.e. CFRP strips detached from
concrete surface. The strength increase with respect to the unrein-
forced element, is respectively equal to 145%, 188% and 222%. This
trend depends on both a better performance of the FRP strips,
whose load carrying capacity is less affected by the cracks evolu-
tion and by stress localizations and on the decrease of the strut
angle h at the ultimate limit state. This outcome points out the
importance of including a reduction factor related to the debond-
ing across the cracks in the evaluation of the FRP strip strength.

In view of the experimental results described above, it can be
also stated that:

(1) With reference to specimens CW90-8.6/30 and CW90-8.6/60
we observe that the wrapping spacing increase (from 300 to
600 mm) did not reduce the element strength. This can be
explained in view of the fact that, when three strips are pres-
ent, the truss mechanism developed involves primarily the
CFRP strip positioned in the middle, whereas the peripherals
are almost unstressed, see Figs. 9–23.

(2) The increase of the CFRP strip thickness (i.e. 2 layers are
adopted instead of one) gave rise to a significant strength
increase. This is evident comparing for instance specimens
CW90-8.6/30D and CW90-8.6/30. This outcome is obvious
since collapse occurs because of a CFRP strip breaking. Nev-
ertheless, the span length reduction adopted in order to
avoid flexural collapse might have affected somehow the
test result for specimen CW90-8.6/30D.

8. Code predictions

In Table 3, the experimental results for the elements that col-
lapsed because of shear failure are compared with the results
obtainable by means of the Italian guidelines [13] and American
code [12]. In these computations, in order to use predictive equa-
tions, both the partial safety factor cRd (see Eq. (1)) and the reduc-
tion factor / (see Eq. (3)) were assumed equal to 1.0, and in Eq. (2d)
the characteristic compressive strength fck was replaced by the
mean compressive strength fcm.
Table 2
Summary of all the experimental results.

Test Experimental tests

Fmax (kN) Vmax (kN)

REF 162.74 81.37
CW90/30 400.59 200.30
CW90-8.6/30 468.83 234.42
CW90-8.6/30* 523.67 261.84
CW90-8.6/30D A 455.33 227.67
CW90-8.6/30D B 455.14 227.57
CW90-8.6/30D C 815.21 407.61
M + CW90-8.6/30D 615.31 307.66
M + CW90-12.8/30D 750.80 375.40
CW90-8.6/30D* A 540.50 270.25
CW90-8.6/30D* B 541.60 270.80
CW90-8.6/30D* C 835.98 417.99
CW90-8.6/60 470.30 235.15
Regarding the concrete contribution Vc in Eq. (3) (lack of stir-
rups means Vs = 0) it has to be specified that the ACI FRP code
[12] has to be applied together with the ACI concrete code [17],
that is:

Vc ¼ 2k �
ffiffiffiffi
f 0c

q
� bw � d ¼ 71:9 kN ð7Þ

where:
� f 0c is the compressive strength of concrete in [psi] (in Table 3 the

mean compressive strength fcm was adopted);
� bw and d are width and depth of effective cross section,

respectively.

Table 3 shows that predictions made by using the ACI code
underestimates the shear load carrying capacity of a traditional
RC element. This outcome is frequent (see for instance [18]), but
nevertheless is similar to the forecast made in both European
and American codes when dealing with a traditional reinforced
concrete element equipped with steel stirrups.

It is well known that the classical shear analysis of Ritter and
Mörsch ([8–10]) explains the shear strength in the cracked state
by a truss analogy. The bottom chord of the truss is formed by
the longitudinal reinforcement, the top chord by the concrete in
the compression zone, the tension web members by the stirrups,
and the compression web members by concrete struts in the web
of the element. However, laboratory tests indicated that the stres-
ses developed in the web reinforcement (the stirrups) were less
than those calculated by means of this assumption [19]. This is
the reason why in previous editions of the Italian Technical
Standards for Construction [16] shear strength was computed as
the sum of a term related to the web reinforcement (Vwd) and a
term related to the shear strength of the uncracked concrete in
the compression chord (Vcd).
Mmax (kNm) umax (mm) Failure mode

132.23 7.16 Shear
325.48 53.73 Shear
380.92 36.43 Shear
425.48 26.37 Shear
369.96 27.90 Bending
369.80 68.51 Bending
662.36 58.69 Shear
499.94 27.93 Bending
610.03 23.41 Bending
439.16 22.21 Bending
440.05 26.99 Bending
679.23 35.14 Bending
382.12 61.30 Shear



Table 3
Comparison between experimental results and codes previsions.

Experiment CNR DT200/2012 ACI 440.2R-02

Vexp (kN) h (�) Vrd,f (kN) Vrd,1 (kN) Vrd,2 (kN) Vf (kN) Vn (kN)

1 REFT 81.37 n n 91.2 n n n
2 CW90/30 200.30 45 40.3 131.5 152.5 94.2 166.2
3 CW90-8.6/30 234.42 36 55.4 146.6 209.9 94.2 166.2
4 CW90-8.6/30* 261.84 30 69.8 161.0 264.1 94.2 166.2
5 CW90-8.6/30D 407.61 45 61.8 153.0 305.0 188.5 260.4
6 CW90-8.6/60 235.15 33 48.4 139.6 234.8 94.2 166.2
Currently the Italian Technical Standards for Construction [16]
and the CNR guidelines [13] require, in accordance with the Euro-
pean Code [15], that the shear force is fully carried by the web
members (i.e. VRd,s = Vwd). As a consequence the CFRP strengthened
element load bearing capacity, in case of fully wrapped configura-
tion, is drastically underestimated (see column VRd,f in Table 3). To
overcome this inconsistency two proposals are here outlined:

1. No updating is needed in the definition of the FRP shear resis-
tance (i.e. Eq. (1b) remains unchanged), but the shear strength
of the element should be computed by taking into account
the term Vcd (i.e. VRd,s = Vwd + Vcd), according to the previous edi-
tion of the CNR guidelines [20]. This solution gives rise to the
outcomes written in column VRd,1 of Table 3.

2. In the case of completely wrapped members collapse occurs
because of breaking of the carbon strips, especially when these
wrappings are detached from concrete, and therefore bond
length (and fracture energy too) become meaningless. In view
of this circumstance in Eq. (1b) the material strength ffd (equal
to 2824 MPa according to experimental tensile tests) should be
used instead of ffed (solution that gives rise to the outcomes
written in column VRd,2 of Table 3).

9. Conclusions

The validation of a new strengthening technology that com-
bines L shaped steel profiles and discrete CFRP wrapped sheets
has been performed by means of the outputs of nine experimental
tests. These test show that the longitudinal steel profiles placed
along the section corners indirectly increase the shear capacity of
an RC element since they allow to create a gap between the con-
crete surface and the FRP: this gap avoids stress concentration in
the FRP strips where they cross the concrete cracks.

The shear load carrying capacity of the strengthened elements
turned out to be more than doubled (with respect to that of the
non-strengthened one). Nevertheless, it has to be stated that, in
order to show the enhancement due to CFRP external reinforcement,
the test configurations adopted are the most favorable: no stirrup
was placed inside the concrete specimens in the critical zones and
the axial force (usually very important in a column) was not applied
(so as to reduce the aggregate interlock in the cracks).

When adopting this technology (FRP is detached from the con-
crete surface) an external jacketing is needed to protect the CFRP
wrapping from accidental impacts and acts of vandalism. Never-
theless, a jacketing (that in this case could be for instance made
of timber panels) is usually needed for fire protection, indepen-
dently of the technology adopted for the FRP wrapping.

The results of the experimental tests have been then compared
with the predictive equations suggested by the American and Ital-
ian code. The peculiarities of the unconventional strengthening
method proposed are not taken into account by the ACI code,
whose prediction is nevertheless on the safe side and the error
gathered is of the same extent than the one that can be made when
dealing with a traditional reinforced concrete element equipped
with steel stirrups. On the contrary the chapter of the Italian code
that deals with the case of shear strength of completely wrapped
members (i.e. columns) needs revision.
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