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This research aimed to experimentally investigate the contribution of bonded
web carbon fiber reinforced polymer (CFRP) sheets to the shear strength of
reinforced concrete (RC) T-beams. Two strengthening techniques using CFRP
strips were applied along the shear-span zone: the first one is vertical U-jacket
and the later is vertical strips bonded to the beam sides only. Fibers of both U-
jacket and side sheets were vertically oriented (011 = 90°). Test results showed
that the strengthening technique with U-jacket CFRP sheets improved the
shear strength particularly. Three mechanisms of failure were recognized for
the tested beams depending upon the end condition of the bonded CFRP sheet.
Although the failure mode for the different beams was a brittle one, the
strengthened beams provided with U-jacket CFRP sheets showed more or less
a ductile behavior at a higher loading level up to a load level just before
failure. As a consequence, these beams approved an acceptable enhancement
in the structural ductility. Moreover, the obtained results concerning the
strains induced in the CFRP sheets are used to study the applicability of the
mathematical model suggested by the ACI code [1, 2].

Keywords: Carbon Fiber Reinforced polymer (CFRP); delamination;
strengthening; anchorage.

1. INTRODUCTION

The technique of externally bonding carbon fiber reinforced polymer (CFRP) is
applied more and more, and becomes an attractive solution for strengthening
[retrofitting the reinforced concrete (RC) structures. This due to the good properties
and characteristics of carbon fiber reinforced polymer (CFRP) sheets such as: non-
corrosiveness; easy to be bent and wrapped; lightweight; higher strength in comparison
to the traditional reinforcement (steel plates). Moreover, the simplicity of application in
a wide variety without any special precautions and conditions, which are considered so
necessary to apply the conventional strengthening technique, e.g. steel plate technique.
Also, under certain environmental condition, steel plating has been demonstrated to be
vulnerable to corrosion especially at steel plate-epoxy interface, as well as the limited
available length of steel plates may cause some problems in typical situations [3].
Hence, externally bonded CFRP sheets technique has been the adequate substitute for
that of steel plates and it can solve problems and difficulties, which obstruct the
application of steel plate technique in some situations.

1293



1294 Omar Ahmed Farghal

In multistory building, generally, the beams used in the lower floors resist high
shear forces during earthquakes. This results in close spacing of internal stirrups that
may violate spacing requirements given in codes for proper placing of concrete. By
using FRP reinforcement, especially CFRP sheets, bonded to the web of RC, the
designers can increase the spacing of internal stirrups, and both the shear capacity and
the cracking behavior can be improved. This technique can be used in repair and
retrofit of existing beams, as well as in designing new RC beams. Several studies [4-
15] have been conducted to study experimentally and analytically the behavior of RC
beams having a rectangular cross-section and strengthened in shear with FRP
reinforcements, and few is known about those dealing with the behavior of
strengthened beams having T- cross-section, e.g. [16, 17]. Moreover, the different
studies derived different expression to predict the effective strain induced in the
bonded web sheets; the contribution of the bonded web reinforcement to the shear
strength depends mainly on such effective strain.

In this paper, tests on six RC beams with T- cross-section and strengthened in shear
with externally bonded CFRP sheets were conducted to study the contribution of the
bonded sheets to the shear strength of RC T-beams. Also, the influence of the
examined strengthening technique on both the ductility and failure mode was defined.
Moreover, the induced strain values in the CFRP sheets were utilized to study the
applicability of the mathematical model suggested by the ACI code [1, 2] to predict the
effective strains induced in the CFRP sheets.

EXPERIMENTAL STUDIES
Layout of Experiments and Materials

The behavior of RC T-beams deficient in shear strength and strengthened with

externally bonded web CFRP sheets was investigated by conducting two-point loading
bending test on six beams over a simple span of 2000 mm, in which the effective depth
(d ) is 280-mm and shear-span to depth ratio (a/d) equals 2.5. All the tested models
(CS.0O, CS.1, CS.2, DS.0, DS.1 and DS.2) have an identical T-cross-section: flange
width and thickness are 450 and 70-mm, respectively, web width is 150-mm, and total
section height is 320-mm. Main reinforcement of all tested beams were 4 ®[ 118
mm(Steel 360/520) in the tension side; in addition, four rebars of 8-mm-diameter
(Steel 240/350)are used as compression reinforcement. Young’s modulus of the
tension and compression rebars is 215 GPa and 208 GPa, respectively. No internal
stirrups was provided along the shear-span of the samples CS.O, CS.1 and CS.2; on the
other hand, internal stirrups of 6-mm-diameter and 140-mm spacing (Steel 240/350 and
Young’s modulus = 205 GPa) were provided along the shear-span in case of DS.O,
DS.1 and DS.2, see Figs. 1 and 2 as well as Table 1.
CS.0 and DS.0 were tested in their original condition to serve as control samples
(without strengthening). These beams were designed to fail mainly due to shear. Beams
CS.1 and DS.1 were strengthened with twelve CFRP strips of 100-mm width and 200-
mm spacing (six strips per shear-span). These strips of CFRP sheets were bonded to
the two sides of the beam. However, Beams CS.2 and DS.2 were strengthened with the
same effective cross-sectional area of fiber sheets of 78 mm? per shear-span (three U-
jacket strips each of 100 mm in width). Both the U-jacket and strips were with the
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fibers oriented vertically (& = 90°) and distributed uniformly along the shear-span of
the beam, Figs. 3 and 4.

The tested beams were cast using a concrete mix achieving mean splitting strength
and Young’s modulus of 2.85 and 23000 N/mm?, respectively. The mean compressive
strength for the standard cylinder (f,) and cube (f.) after 28 days for the tested beams

were listed in Table 1.

Table 1: Data of tested beams

Beam Data .
Beam : Shear Strengthening
No. fc fc A Internal per Shear Span
(N/mm?) | (N/mm?) s Stirrups
CS.0 31.0 26.7 Control Beam 1
No stirrups | 6 strips, each of 100 mm
sl 30.5 26.2 4 ® 18 mm | along shear- width, see Fig.3
span ; :

3 U-jacket strips, each of
€S2 305 26.2 100 mm width, see Fig.4
DS.0 31.0 26.7 Control Beam 2

Stirrups -
6 strips, each of 100 mm
bs1 315 2t 4 ® 18 mm ¢ 6-mm width, see Fig.3
of 140-mm
spacing 3 U-jacket strips, each of
DS2 315 271 100 mm width, see Fig.4
Stirrups ®6mm 408mm 15 15 15
1A 408 |
i Lo q . |\|
“ - 4018mm J’
! N
| ~N
A |
15 70 cm 60 cm 70 cm 15 Sec. A-A

Fig. 1: Details of internal reinforcement for tested beams: CS.0, CS.1 & CS.2.

Stirrups

omin 166mm@140mm 15,15 15
(A 408 ‘
i F v~
4018mm "
('}
. i |
A .
15 70 60 70 15 Sec. A-A

Fig. 2: Details of internal reinforcement for tested beams: DS.0, DS.1 & DS.2
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Fig. 3: Details and arrangements of bonded CFRP sheets for tested beam CS.1 & DS.1

P
U-Jacket ‘ 1 Strain Gauge Strain Gauge 15 | 15i.15 J
CFRP Sheets 1A (5.G. No.2) (S.G. No.1) 1 1
| ~ r
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o

15 ,10 110,10,10,10,10 10, 60 cm ‘ 70 cm Sec. A-A

Fig. 4: Details and arrangements of bonded CFRP sheets for tested beam CS.2 & DS.2

The external reinforcement was a CFRP sheet [18]. Such CFRP sheet is available in
rolled sheet of 0.13-mm effective thickness, 300-mm width and 50-m length. The
effective thickness gives the section of the fibres in each single ply. The rupture
strength, ultimate (= failure) strain and Young’s modulus of such CFRP sheet are 3500
N/mm?, 15.2 mm/m (= 15.2%o) and 230000 N/mm?, respectively.

An epoxy mortar layer of about 2-mm thickness was applied to all the strengthened
beams as a substratum to the CFRP sheets [18]. This epoxy mortar is completely cured
within a period of 24 hours after application. The compressive, bending and tensile
strengths of this mortar are 80, 20 and 6.5 N/mm? respectively.

The beams were prepared for bonding after a period of three weeks from casting.
The surfaces to be strengthened were roughened using a grinding technique. Moreover,
in case of strengthened beams provided with U-jacket sheets, the corners where the U-
jacket sheets were applied had been rounded in a curved shape of about 50-mm-
diameter. Before the application of epoxy mortar layer, the roughened surfaces were
cleaned by brushing and compressed air to remove any attached fine materials.

EXPERIMENTAL RESULTS AND DISCUSSIONS

Table 2 includes a summary of the observed behavior for the tested models at
cracking and maximum conditions. For instance, load at which the flexural crack
initiated (P¢rsex), l0ad corresponding to the commencement of a significant inclined
crack (Pcren), and the increase in the service load (Rer) over the counterpart in the
control beams are listed in Table 2. The service load Ps (=P sn) IS expressed by the
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load at which the significant inclined crack initiated. Moreover, Table 2 contains
other results concerning the ultimate condition such as: maximum load  (Pmay);
increase in the maximum load over that of the control beam (Ryax); ductility index
based on the service load (Mp); mid-span strain in the bottom fiber (at tension
reinforcement's level) corresponding to the maximum load (&smax); Maximum strain
induced in the bonded CFRP strips corresponding to the maximum load (&;max); mean
strain in the bonded CFRP strips corresponding to the maximum load (&fmean); and
failure mode.

Table 2: Cracking and maximum load conditions of the tested beams

Cracking Load Maximum Load
Condition Condition il
Beam 5 Duf}'“ty Failure
D
No. Perfiex | — cPr,sh Reer Prmax Rmax | &max | &max | Ermean (41/4,) Mode
KN) | ey | 00) | (KN) | (%) | (ho) | (%) | (%)
CS.0| 80 90 --- 160 - | 227 | --- --- 2.16 Mech.1

CS1| 90 100 |[11.1| 190 | 188 | 2.81 | 2.81 | 2.65 2.45 | Mech.2

CS.2| 90 110 |22.2| 201 | 256 | 3.31 | 485 | 4.21 2.86 | Mech.3

DS.0| 80 110 -—- 215 - 1301 | - m-- 2.94 | Mech.1

DS.1| 80 120 | 9.1 | 254 | 18.1 | 3.58 | 2.34 | 2.27 3.58 | Mech.2

DS.2| 90 130 |18.2| 278 | 29.3 | 3.95 | 6.60 | 4.15 4.06 | Mech.3

Note: A; £ 4, = deflections corresponding to peak and service loads respectively,
Mech.1, Mech.1, and Mech.1 = the first, second, and third failure Mechanism
respectively, see the following section.

Failure Behavior and Strength

For each group of the tested beams, both the control and strengthened beams

showed, at first, a linear elastic behavior. Afterward, commencement of cracks was
only within the shear-span (shear crack) of the control beam CS.0; however in case of
the other tested beams (DS.0, CS.1, CS.2, DS.1, and DS.2) the first crack initiated as a
flexural one within the central region of the constant moment. Thereafter, a non-linear
stage was recorded with the development of numerous flexural cracks along the middle
region of a constant moment. Also, as the applied load increased, a number of flexural
shear and shear cracks was developed along the shear spans of the examined models.
As a matter of fact, at the same loading levels, the number of shear cracks was fewer in
case of the strengthened beams in comparison to the corresponding control one, see
Figs. 5 and 6.
Three failure mechanisms were recognized for the tested beams. The first one was the
traditional brittle shear failure in case of the control samples (CS.0 & DS.0). The
second mechanism was noticed in the samples CS.1& DS.1 where shear failure was
accompanied with a partial cover delamination of the outer and middle CFRP sheets.
The third mechanism was a shear one accompanied with cut off the outer CFRP sheet
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as well as crushing of concrete in the shear crack path's region. Such a failure
mechanism was observed in U-jacketed beams (CS.2 & DS.2), see Figs. 5 and 6.

All the strengthened beams CS.1, CS.2, DS.1 and DS.2 exhibited the first flexural
crack approximately at the same load level and shared the same flexural stiffness as
their corresponding control beams CS.0 & DS.0. Results showed that the behavior of
the strengthened beams were quite comparable to that of the corresponding control
beam up to a load level approximately corresponding to the shear cracking load level,
see Figs. 7 and 8. In other words, the flexural stiffness was not influenced significantly
by the applied strengthening technique, particularly at lower loading levels. This could
be attributed to the fact that the applied strengthening system, either U-jackets sheets or
that bonded to the sides only, was not only have a small flexural stiffness but was
applied not continuously along the beam length as well. As a result, the flexural
stiffness in terms of the mid-span deflection was not affected reasonably. But, at
higher loading levels, since the applied strengthening technique decreased the number
of cracks and constrained their propagations, the strengthened beams showed a slight
enhancement in the flexural stiffness, particularly in case of beams provided with U-
jackets CFRP sheets, see Figs. 7 and 8.

It is interesting to mention that the strengthened beams with U-jacket showed a
slight ductile behavior before failure. As a consequence, the strain induced in tension
bars was approaching considerably to the yielding value, especially in case of beams
provided with internal stirrups (DS.2), see Fig. 8.

Fig. 5: Cracks pattern of beams CS.0, CS.1 & CS.2.
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Fig. 6: Cracks pattern of beams DS.0, DS.1 & DS.2.
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Fig. 7: Load mid-span deflection for beams: CS.0, CS.1 & CS.2.

With respect to service load condition, the strengthened beams showed an
improvement in the service load P, values. For instance, the service loads of the
beams CS.1, CS.2, DS.1 and DS.2 are higher than that of the corresponding control
samples by 11.1, 22.2, 9.1 and 18.2 %, respectively, see Table 2. On the other hand,
when considering the maximum load condition, the strengthened beams achieved
maximum load (Pna) higher than the corresponding control one by 18.8, 25.6, 18.1

and 29.3 % in case of beams CS.1, CS.2, DS.1 and DS.2 respectively, see Table 2 and
Fig. 9.
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Fig. 8: Load mid-span deflection for beams: DS.0, DS.1 & DS.2
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Fig. 9: Increase in both service and maximum loads for strengthened beams.

Strains in CFRP Sheets and Strengthening Efficiency

By means of strain gauges fixed on CFRP sheets at the positions of the shear crack
occurred in case of the corresponding control one, the values of the strains induced in
the CFRP sheets, either U-jacket sheets or that bonded to the sides only, were
measured for the different CFRP strips (strain gauge No.1 (SG.1) for the outer strips,
strain gauge No.2 (SG.2) for the neighbored strips), see Figs. 3 and 4. The results of
these measurements are shown in Figs. 10 and 11. These figures clearly illustrate the
variation of the strain induced in CFRP strips from zero loading up to failure. It is clear
that SG.1 recorded the highest strain values, because the main shear crack initiated and
propagated close to the location of the gauge; on the other side, lower values were
recorded in SG.2, particularly for beams provided with U-jacket sheets "CS.2 & DS.2".
It is worthwhile to notice that the CS.2 & DS.2 showed higher CFRP strains in
comparison to that provided with CFRP sheets bonded to the sides of the samples CS.1
& DS.1. The outer strips in case of beams provided with U-jacket sheets showed a
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maximum efficiency where a cut-off in CFRP sheets occurred just before failure;
however, for CS.1 & DS.1, a local cover delamination was occurred in the outer strips.
This result could be attributed to the anchorage length of the bonded strips, where U-
jacket provided a reasonable anchorage length for the bonded strips in comparison with
the strips bonded to the beam sides only. It is worth mentioning that, for the models
CS.2 & DS.2, the records of SG.1 did not measure the maximum strain values induced
in the CFRP sheets because the location of such strain gauges was a way from the main
shear crack's path where a cut-off in CFRP sheet occurred.

From Table 2, it is clear that the strengthened beams provided with internal stirrups
showed an increase in the maximum load higher than that provided with no internal
stirrups. For instance, the maximum load of the strengthened beams CS.1 & CS.2, with
no internal stirrups, was higher than that of the reference beam by 30 and 41 kN,
respectively. However, 39 and 63 kN were the difference in maximum load between
the strengthened beams and provided with internal stirrups and the corresponding
control beam, respectively. From the author's point of view, this effect is related to the
existing internal stirrups which insure a good performance and contribution for the
applied strengthening technique through controlling both the shear crack width and the
loss of the aggregate interlock.

300
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— —— CS.2
5 200 —o—= =--DS.1 [
= e
= DS.2
©
© 150
—
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o
2 100
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Fig.10: Load versus strain induced in the outer CFRP strips (SG. No.1)
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Fig. 11: Load versus strain induced in the middle CFRP strips (SG. No.2)
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The real contribution of the bonded CFRP strips to the total load P; (= 2V;) may
be calculated according to Eq. (1), by considering that the effective CFRP strains &
equals the measured mean CFRP strain & nean recorded in Table 2, where & mean i the
mean CFRP strain for all strips located along the main shear crack at failure. The mean
strain of the bonded CFRP strips can be estimated from the measured CFRP strains by
taking into account the mean value of the maximum recorded strain of the CFRP strips
located in the path of the main shear crack "the outer two CFRP sheet strips”. It is
interesting to mention here that, due to the fact that the anchorage length of CFRP
strips bonded to the sides only (CS.1 & DS.1) was not enough, the maximum strains of
the CFRP sheets did not reach its maximum value "15.2 mm/m (= 15.2%o)" and thus
the contribution of the externally bonded CFRP sheets did not fulfill the maximum
possible efficiency of the strengthening technique used.

Pr=2Vi =2 Ef X &eft ¥ Ateft 1)
where Aserr=As (ds/Sp)=nxbs xt; X (ds/Sp)

in which V; is the contribution of the bonded CFRP strips to the shear strength, ds is the
effective depth of the beam, s; is the spacing between bonded strips, A¢err, N, Ef and t;
are the effective cross-section area, number of layers, modulus of elasticity and the
effective thickness of the CFRP strip, respectively.

The real contribution of the bonded CFRP strips P; to the total load calculated
according to the Eq.(1) were 45, 71, 39 and 70 kN for strengthened beams CS.1, CS.2,
DS.1 and DS.2 respectively. However, the corresponding results obtained
experimentally were 39, 57, 39 and 63 kN respectively. What was mentioned confirms
that Eq. (1) generally overestimates the contribution of the bonded CFRP strips to the
shear strength of RC strengthened beams. This is due to the fact that, the concrete
reaches its full contribution before the bonded CFRP sheets maintains their effective
contribution. As a result, when CFRP sheets reached their effective contribution, the
concrete lost a part of its contribution (lost a part of aggregate interlock). And this
interprets the local concrete crushing along the path of the main shear cracks: the
concrete reached its ultimate strain before the failure occurred. As a result, a local
crushing in concrete along the path of main shear crack was observed in case of
strengthened beams provided with U-jacket sheets. Consequently, the different codes
take that into considerations. Whereas, ACI code [2] limits the effective strain of the
CFRP sheets (& ) With the value 0.004 (&te < 0.004) in order to control shear crack
width and loss of aggregate interlock.

Structural Ductility

Ductility of R.C. beams strengthened externally by means of bonded reinforcement
could be measured based on structural characteristics [19] such as: mid-span
deflection, curvature, or energy absorption capacity as represented by the area under
the load-deflection curve. The different codes don't mention any ductility requirements
for beams failed mainly due to shear. Although the control beams failed mainly due to
shear (traditional shear) don't provide any ductile behaviour, the beams strengthened
with U-jacket CFRP sheets showed an acceptable ductile behaviour, especially for
beams provided with internal stirrups.
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Based on the service load, the ductility index pp could be measured as the mid-span
deflection at peak load A; over that corresponding to the service load 4,. Table 2 shows
the ductility index pp for the different tested beams based on the service load. From
Table 2, it is concluded that the strengthened beams provided with U-jacket CFRP
sheets showed a reasonable improvement in the measured ductility in comparison with
the corresponding control beam, particularly in case of beam provided with internal
stirrups.

Calculated Effective CFRP Strain

The shear capacity of the strengthened beam may be calculated in a similar way as
the control beam (without strengthening). As it is known that, according to ACI code
[1, 2], the shear capacity of the control beam is estimated based on truss analogy. As a
consequence, the nominal shear strength of a RC beam strengthened in shear by means
of externally bonded CFRP side strips, v,, can be predicted as a sum of the shear
resisting contributions of the concrete (v.), the steel stirrups (vs) and the bonded fiber
(vf) according to Eq. (2):

Vhn = Vet Vgt Vg @)
where: v, :0.1578\/f7+17'm/'\;—sﬁds @)
f
12 Z%(cou%cotas)sin a, @)
A E d
v, =“”S—fbg”“(cot¢9+ cote, )sin e, xS (5)

f “w s

in which Ay and Ay are the cross-sectional area of the internal and external web
reinforcement respectively, f, is the yield strength of internal web reinforcement, i
is the concrete compressive strength for cylinder, M, /F, represents the shear span (a),
ds & by, are the effective depth and web width of the beam respectively, s; & s; are the
spacing between internal and external web reinforcement respectively, E; & & are
the modulus of elasticity and effective strain of the bonded fibre strips, o & o
are inclination of major diagonal shear crack, steel stirrups and bonded fibers strips
respectively, ds is the depth of the FRP sheet [= the effective depth ds incase of
rectangular section and = (d; - t5) in case of T-section] and t; is the thickness of the slab.
As it is mentioned before, the shear strength contribution of the externally bonded
web FRP reinforcement (vi) depends mainly on its effective strain &, see Eq. (5). As
a matter of fact, there are several factors affect the induced effective strain of the
bonded web FRP reinforcement, such as: the configuration of the formed main shear
crack along its length, the bond strength between the FRP strips and the concrete
surface, and the anchorage length. The last two parameters, i.e. the bond strength and
the anchorage length, represent the anchoring force of the bonded web FRP
reinforcement. Also, the local debonding of the bonded FRP web reinforcement at both
sides of the main shear crack plays a significant role on the induced effective strain
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&ref. BONded U-wraps or bonded face plies — FRP systems that don't enclose the entire
section (two- and three- sided wraps) have been observed to delaminate from the
concrete before the loss of aggregate interlock of the section. For this reason, bond
stresses should be analyzed to determine the usefulness of theses systems and the
effective strain level that can be achieved [20]. An upper limit of the effective strain
&reff IS recommended (g;er = 0.004) in order to control shear crack width and loss of
aggregate interlock [22]. Based on the extensive and specific research data by
Triantafillou [20] and Khalifa [21], ACI code [2] proposed a more deterministic
approach to predict the effective strain & as a function of the bond-reduction
coefficient k, and the ultimate strain of the bonded fibre strips ¢;,, see Eq. (6). As a
consequence, the effective strain of the bonded fibre strips is calculated using a bond-
reduction coefficient k, applicable to shear as follows:-

& = K, x&;, <0.004 (6)

in which &, is the ultimate strain of the bonded fibre strips.

The bond-reduction coefficient k, is a function of the concrete strength, the type of
wrapping scheme used, and the stiffness of the bonded fibre sheet. The bond-reduction
coefficient k, can be computed from Egs.(7) through (10) [21]. The active bond length
L. obtained according to Eq.(8) is defined as the length over which the majority of the
bond stresses is maintained. The bond-reduction coefficient k, also depends on two
modification factors, k; and k,, that account for the concrete strength and the type of
wrapping scheme used, respectively, see Egs. (9) and (10). The obtained expressions
were derived based on the fact that the contributions of the bonded web FRP
reinforcement equal to the difference between the maximum load of the strengthened
beam and that of the control beam, and assuming diagonal shear crack with 0= 45",

= ﬂksl(;%; <0.75 )
2
k, = d‘d_ L, ..(forU - Jacket sheets) (10-a)
;
=& ;2 L, (for sheets bonded to sides only) (10-b)
;

in which n is the number of layers the bonded fibre strips, t; is the effective thickness
of the bonded fibre sheet, and &, is ultimate strain of the bonded fibre strips.

The effective strain of the CFRP bonded sheets required to estimate the shear
strength of the strengthened beams was calculated according to the proposed ACI
model [2], see Eq. (6). The predicted results showed a considerable approach to the
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obtained experimental results "mean strain of CFRP sheets & mean', Se€ Fig. 12. As
a consequence, the predicted results approved the applicability of the proposed
expressions suggested to predict the effective strain of the bonded CFRP sheets.

7

6 O Experimental Mean CFRP strain
< s W Predicted Effective CFRP Strain
=2
E 4 —

»
& 3
L
© 2
o : : :
cs.1 cs.2 DS.1 DS.2
Beam No.

Fig. 12: Predicted effective CFRP strain and experimental mean CFRP strain

CONCLUSIONS AND RECOMMENDATIONS

From the analysis of both the experimental and the analytical results, the following
conclusions and recommendations can be stated:

* The strengthening technique applied to enhance the shear strength of R.C. beams
showed an acceptable efficiency, especially in case of beams strengthened by
means of U-jacket CFRP sheets.

* Although the failure mode for the different beams was a brittle one, the
strengthened beams provided with U-jacket CFRP sheets showed more or less a
ductile behavior at a higher loading level up to a load level just before failure. As a
consequence, these beams approved an acceptable enhancement in the structural
ductility.

* Three mechanisms of failure were recognized for the tested beams. The first one
was the traditional brittle shear and occurred in the control beams. The second
mechanism was a shear one accompanied with a partial delamination of the outer
CFRP sheets and occurred in case of the strengthened beams with sheets bonded to
their sides only. The third mechanism was a shear one accompanied with cut off
the outer CFRP sheet as well as crushing of concrete in the shear crack path's
region. Such a failure mechanism was recorded in case of the U-jacketed beams.

* The suggested model by ACI code to predict the effective strain of the bonded side
CFRP sheets, which is necessary to estimate the shear strength of strengthened
beams, showed a considerable approach to the obtained experimental results.
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