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Abstract

EE

This paper corresponds to the second part of a work intended to evaluate the design models of reinforced concrete structures strength-
ened with Carbon Fiber Reinforced Polymers (CFRP). The shear models analyzed correspond to the guidelines ACI 440 and fib-14, as
well as more recent formulations, available in the literature. Such models were applied to eight “T” beams strengthened to shear with
CFRP composites strips. Different types of carbon fiber composites (sheets and laminates), from different manufacturers, available in the
Brazilian market, were applied. The analyses indicate that anchorage mechanism helps increasing load capacity and ductility and that
none of the tested analytical models were capable of reproducing satisfactorily the observed behavior of the tested beams.
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Resumo

EE

Este artigo corresponde a segunda parte de trabalho visando a avaliagdo de modelos de projeto de estruturas de concreto armado
reforgadas com Polimeros Reforgados com Fibras de Carbono (PRFC). Sao avaliados modelos de cisalhamento correspondentes as
recomendagdes ACI-440 e fib-14, além de outros modelos mais recentes, disponiveis na literatura. Esses modelos foram aplicados na
analise de oito vigas “T” reforcadas ao cisalhamento com tiras de PRFC. Diferentes tipos de compdsitos de fibras de carbono (tecidos
e laminados) disponiveis no mercado brasileiro, de diferentes fabricantes, foram aplicados neste estudo. Os resultados obtidos indicam
um ganho de capacidade resistente e ductilidade das vigas reforgadas, a partir do mecanismo de ancoragem usado nas tiras de PRFC,
e que nenhum dos modelos analiticos testados foi capaz de reproduzir satisfatoriamente o comportamento estrutural observado nos
experimentos.
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1. Introduction

|

Reinforced concrete has been established, from the decade
of 1950, as the most used structural material in the world. In-
numerable researches on concrete technology, constructive
techniques and analytical and computational tools capable
to provide efficient projects are dedicated to this material.
As a result more slender and optimized structures, from the
safety and economical points of view, have been produced.
However, these structures are more vulnerable to the dete-
rioration processes (Canovas [1]).

In the recent years, research in reinforced concrete has
drawn attention on the knowledge of the application tech-
niques concerning its repair and strengthening. According
to Figueiras; Juvandes [2], the growing degradation of build-
ing structures, bridges and viaducts is due mainly to ag-
ing processes, deficiencies in design and construction pro-
cedures, lack of maintenance and accidental causes (e.g.,
.earthquakes .)

The incorporation of new materials to the reinforced con-
crete, as for instance composite materials, can improve the
performance of structural elements. Those materials have
already been used thousands of years ago: Egyptians used
to mix straw to the clay to improve structural performance of
bricks and, seven thousand years ago, boats were built by
using tar to glue pieces of juncus.

In addition, the development of new polymeric materials,
such as CFRP-Carbon Fiber Reinforced Polymer, GFRP-
Glass Fiber Reinforced Polymer and AFRP-Aramid Fi-
ber Reinforced Polymer has allowed a great flexibility for
the strengthening techniques in reinforced concrete struc-
tures. Strengthening with polymers aims at increasing stiff-
ness, tensile, compression, fatigue and impact strength
(Meier [3]).

The CFRP composites are the most indicated for strength-
ening of reinforced concrete structures since they present
characteristics that best fit to this structural type. Optimum
mechanical performance when compared with other fibers
can be highlighted: high tensile strength, high Young’s mod-
ulus in comparison with steel, high strength to fatigue and
alkaline resistance (Toutanji; Gomez [4]).

In general the composite materials are more durable than
the traditional materials. Furthermore, since they are of easy
handling and do not require heavy and expensive frame-
works, they can be used in adverse operational conditions.
Although fibers and resins used in the composite systems
are relatively expensive when compared with the tradition-
al strengthening materials (concrete and steel), labor and
equipment costs for FRP systems installation are always
less expensive (Figueiras; Juvandes [2]).

The objective of the this work is to investigate, from experi-
mental laboratory results, the ability of predicting the struc-
tural behavior of reinforced concrete beams strengthened
to shear with carbon fiber reinforced polymers (CFRP). This
work complements another publication entitled “R/C Struc-
tures Strengthened with CFRP Part I: Analysis of Flexural
Models” (Gamino; Bittencourt; Sousa [5]. More details on
this work are presented in Gamino [6].

2. Analytical Investigation
_—

211 ACI-440 [7]

The contribution in shear of fiber reinforced composites is given by:

_ Apfr (sin o + cos o) d; (1)
i

Vi

where:
Ol = inclination angle of FRP;
ilf = FRP strip spacing;
f = depth to center of gravity of FRP;
A, = total FRP area given by:

Ap =20ty Wy )

where:
N = total number of FRP strip;
¢ f = width of FRP strip;
f' = FRP thickness;
The effective stress in FRP is:

fr. =€g E¢ 3)

where Ef is the FRP Young’s modulus and €. is the effective strain:
with:

€ =k, €, 0,004 (4)

Sfu = ultimate deformation in FRP;
= strain reduction factor in FRP;

k

Thi\é factor depends on the strengthening scheme:
ki kp Le
= <0,75 (U-wraps
=g 5075 (U ®
ki ky L, .
=——= = <(,75 (two sides onl
" T90e, ( y) (6)
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where:
Le = effective length of the FRP strip given by;
2500
L, =——— (U-wraps)
" (BT M
L.= Loosg (two sides only) (8>
(@tr E¢)™

The remaining factors can be obtained from:

2
Fov
k= (4060 )3 (U-wraps) (9>

2

k= (;—‘37 ]3 (two sides only) (l 0)

The effective strain can be computed by:

5 1030
£, = 0,67 fom3 €g, (full section only) (] 5)
’ Eq pr
5 0,56
£re = 0,65 fem3 €q, (U-wraps) (]6)
Eg pr

221  Khalifa et al. [9]

The contribution in shear of fiber reinforced composites is the
same expression from the ACI design code but the effective strain
is given by:

ffe =R ffu

(17)

The reduction factor R is the smallest value from the three equations:

% (U-wraps)
2214 i (n
—£_=~¢ (two sides only)
f
212 fib-14[8]

The contribution in shear of fiber reinforced composites is given by:

Vfd =0,9 Efd,e Efu P bw d (COt 0+ cot (X)Sil’l o (]2)

where:
& = jnclination angle of FRP;
= shear crack angle;
f = FRP ratio computed by:

M (continuous sheet) (]3)
2t by

——= = (wraps

bw Sf ( p) (]4)

0,50
05622 (ps E+)?=1.2188 (0+ E; )+0,778
0.0042 (£, V3w,

(Er tp) > &g, dg

where:
W = effective width of the FRP;
Pf = FRP geometric ratio obtained by:

pe=2ts/by, (19

The effective width is:

W =dg =L, (U-wraps)

(20)

wg =dy =2 L, (two sides only)

1)
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Finally the effective length can be obtained by:

The distribution factor of the FRP is:

L :e6,134—0,581n(tf E;) (22) ll—?os—(n?»u) if A<1
e A sin(mh/2)
Dy = (29)
-2 .
222  Chen; Teng [10] 1- if A>1
T
The contribution in shear of fiber reinforced composites is given by: i
. 223 Nollet; Chaallal; Perraton [11]
V.22 f he, (cot 8 +cot B)sin B 23
£ =21 tp Wi (23) — :
S¢ The contribution in shear of fiber reinforced composites is given by:
where: v, = Ay s, dp(sin o+ cos o) (30)
B = inclination angle of FRP; S¢
The effective stress is:
The maximum shear stress in adhesive layer is:
ffe :Df Gf,max 24
5,4
Tuit = . 3]
1+k, tg 33° (31)
where:
D¢ = distribution factor of the FRP;
Gf,max = maximum tensile stress in the FRP; The factor k1 can be obtained by:
The equations for the determination of maximum tensile stress are:
K 0,25
4E¢ I¢
f The f k be obtained b
: e factor can be obtaine :
Of gy =0 (25) n y
2]
Bl e 2 E, b
0427 © o=, Th ; A= a _"a
478, B, i B sin— se A<l L, ky = (33)
a
The maximum anchorage length is given by: The average shear stress in adhesive layer is:
hfe Tult
Lo = —= (U-wraps) (26) Tove = — (34)
sin 3 2
The contribution in shear of composite fabrics is given by:
L, .. =—=t— (two sides only) 27 .
max 2 sin B ( ) V. = Af ffu df (sm o + CcoS (X) <35)
r =
S¢
The other factor can be obtained by:
The final contribution in shear of FRP will be the smaller Vf val-
- ue obtained between Equation (30) and Equation (35).
E; t¢ 2 —w¢/spsinfd
Le - o 9 BW = o (28)
Ni 1+ wg/sgsinf3
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Figure 1 - Test setup of “T” beams strengthened to shear with CFRP
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224  Tiljsten [12]

A simple form for the determination of Vf is giving by:

Ve =2t & E; 0,9d (cot B+cot o) sin® o cos’ 8 (36)

where:
[3 = angle between beam axis and a perpendicular line to the FRP orientation;

3. Experimental Procedure

N

The experimental program included eight “T” beams strengthened to
shear with carbon fiber reinforced polymer (CFRP) with S¢ equal to
15 cm (Figure 1-b) and St equal to 17.5 mm (Figure 1-c).

The midspan displacements were evaluated using a LVDT; defor-
mations in concrete, reinforcement steel bars and CFRP compos-

Figure 2 - Anchorage mechanism
used in beams VTC2 and VIC4

Incision in Concrete

(% Detail "A”

Detail"A": Anchorage
= CFRP Bar: Diameter 10 mm

=
5\
Grout/ﬁ/% ]
/

/ -
ites were evaluated using electric strain-gages (KYOWA KFG-5- CFRP Fabric =

120-C1-11). The beams RTC1 and RTC2, without CFRP (Figure
1-a), were used as reference for “T” beams strengthened to shear.
The remaining beams were strengthened with one CFRP layer.
The beams VTC1 and VTC3 were strengthened with U-wraps
(CFRP fabric) without anchorage, VTC2 and VTC4 with U-wraps
(CFRP fabric) with anchorage (Figure 2) and VTC5 with two sides
only (CFRP sheet) without anchorage.

The strain-gages distribution in the reinforcement steel bars (bot- l

Figure 3 - Positions of sfrain-gages
in stirrups rebars of “T” beams

70 cm

tom steel or stirrups) for the “T” beams can be observed in Figure
3. The data acquisition system ADS 2000 of the Lynx [13] was
used together with the programs AgDados [14] and AqDAnalysis
[15], responsible for control and configuration of the equipment,
data reading, writing, visualization and processing.

29 cm

sg-4 sg-5 sg-6 sg-7 sg-8 sg-9

——t—
——
———
—_—

Details of the beams tested in the experimental procedure is illus- A
trated in Table 1, concrete/reinforcement steel materials properties
are presented in Table 2, CFRP and epoxy adhesive properties are
indicate respectively in Table 3 e 4.

The characterization tests of CFRP were evaluated in agreement

with ASTM D3039-95 [16] and epoxy adhesive in agreement with
ASTM D638-96 [17].

Table 1 - Detail of the beams tested in experimental setup

RTC1 2n°6 n°l c/ 29 -—- - - -
RTC2 2n°6 n°l c/ 29 - -— -— -—
VTICI 2n°6 n°l c/ 29 shear CFRP2 50 150
VTIC2 2n°6 n°1 c/ 29 shear CFRP3 60 150
VTC3 2n°6 n°l c/ 29 shear CFRP4 50 175
VTC4 2n°6 n°1 c/ 29 shear CFRP4 50 175
VTC5 2n°6 n°l c/ 29 shear CFRP5 50 150

CFRP2 with Triepox adhesive, CFRP3 with MBrace Saturant adhesive and CFRP4 with Nitobond CF 55 adhesive and CFRPS with
Sikadur 30 adhesive.

IBRACON Structures and Materials Journal * 2010 * vol. 3 +n°1
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Figure 4 - Rupture mechanisms found in tested beams

Rupture of CFRP - VTIC4

. @ oS y
Debonding - VIC3

S
Shear crack - VIC5

Table 2 - Concrete and rebars mechanical properties used in tested beams

Rebars
Barsize  Dometer L eammy  f, (MPa) f, (MPa) E, (GPa)
(mm)

n°é 20 314 555 734 198
n° 3 10 78.5 525 756 199
n° 2 6,3 31.2 640 800 180
n° 1 5.0 19.6 517 764 188

Beam f. (MPa) f, (MPa)

RTCI1 59 53

RTC2 60 53

VTCI 60 54

VTIC2 59 53

VTC3 60 52

VTC4 57 55

VTC5S 55 5.1

30
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4. Experimental Results and Discussion
T

The results obtained from the experimental tests are summarized
in Table 5 (reference beams) and Table 6 (strengthened beams
with CFRP wraps).

Based on the experimental results of the “T” beams strengthened to
shear using CFRP composites, the following observations can be
drawn: the smaller strengthened ratio has been obtained for VTC5

(CFRP sheet without anchorage, see Figure 5-a) and the largest ratio
has been obtained for beams with anchorage mechanism (see Figure
2),VTC2(110.3%)and VTC4 (89.6%) —in these beams the failure mode
found was rupture of CFRP; the stirrup strains were larger in VTC5 and
VTCH1, as shown in Figure 6-a — in these beams the observed rupture
was the shear mode; the behavior of the beams strengthened without
anchorage was more fragile in comparison to the reference beams
(RTC1 and RTC2, see Figure 5-b); on the other hand, for the beams

Figure 5 - Structural responses (load capacity and ductility)
of the “T” beams strengthened to shear with CFRP

320
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—VTC3
—=VTC4
—+=VTC5
——RTCl1
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0= T T
0 1 2
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a)Load-displacement curves

3 4 5

320

Load (kN)
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——VTC2
==VTC3
—+—VTC4
—=VTC5
—+—RTC1
—=RTC2

O y T T
0 0.5 1
Strain (103)

ad)Load-strain curves in concrete compression region

1.5 2
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strengthened with anchorage the observed behavior was more ductile
in comparison to the reference beams.

Similar results regarding load capacity and ductility can be obtained
using an anchorage system more viable economically, replacing
the CFRP bar by a rebar of conventional steel CA-50, and using a
cement based instead of a polymeric based grout.

Figure 7 presents the strain evolutions in the CFRP wraps for the
beam VTC3. Observe that the strains in CFRP wraps intercept-

ing the critical shear crack are slightly higher than the strains in
the wraps out of the crack nucleation zone. In Figure 7 one can
observe that the CFRP strip with the strain gage sg-2 was the one
intercepting the critical crack, debonding from the substract ear-
lier than the remaining strips. These results served as a compara-
tive basis for computational simulations performed by the authors
(Gamino; Sousa; Bittencourt [18]).

Figure 6 -Strain evolution in rebars and CFRP

250
200
2 1501 veor
< = VTC3
=
g —=VTC5
- 100 ~—RIC1
50 1
O 2 T T T T T T
0 1 2 3 4 5 6 7
Axial Strain (10 -3)
a)Load-strain curves in stirrups rebars (strain-gage sg-4)
350
300 A -
250
—_ VTC1
é 200 -=VTC2
g r —=VTC3
3 150 —-=VTC4
o / —+=VTC5
100 /
50
0 + T T T T T T T T T T
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5 5.5

Strain (10-3)

b)Load-strain curves in CFRP (strain-gage sg-2)

32 s
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Table 3 - CFRP mechanical properties

Type Thickness (mm) E, (GPa) f., (MPa) €4, (%o)
CFRPT' 0.13 230 3500 15.00
CFRP2' 0.11 221 2728 12.44
CFRP3" 0.165 218 2730 12.40
CFRP4" 0.11 235 3550 15.00
CFRP5" 1.4 310 1250 4.0

Sika Wrap Hex. 'TEI 300, "MBrace, “Fosfiber C and “Sika Carbodur H514.

Some safeguards are required at this point: the mechanical prop-
Table 4 - Epoxy adhesive erties of the CFRP strips used in the calculation were obtained
A . from characterization tests (average values); the experimental
mechanical properties values of “V;” were obtained from the shear capacity increase
quota of the CFRP strengthened beams; Khalifa et al. [9], Chen;

Type fpu (MPa) Teng [10] e Taljsten [12] models are applicable only to beams

strengthened to shear in “U” or in two sides; the computed val-

Triepox 58.9 ues of “V;" for beams VTC2 and VTC4 were performed under

MBrace Saturant 55.8 the assumption that the strengthening wraps the whole section in

Nitobond CF 55 62.2 order to simulate the anchorage system in the junction slab/web
Sikadur 30 28.4 adopted in this work.

From the comparison between experimental and analytical results

. T the following observations can be drawn:

5. Com arlsqn of Predictions a) for the beam VC 01 strengthened with CFRP fabric the V, value

Mmental Results found with the Nollet; Chaallal; Perraton [11] model is closer to the
] ) ) ) experimental result;

The comparison of the theoretical results using the analytical mod- b) for the beams strengthened with CFRP with anchorage mecha-

els described in this paper and the experimental results are shown nism (VTC2 and VTCA4), the theoretical values predicted by ACI-
in Table 7 and 8. These results are illustrated in Figure 8.

Table 5 - Experimental values found to the reference beams

Beam  f (MPa) f(MPa) P, (kN) & 594 . (%o) Rupture Mode

(%o)
RTCI1 59.9 5.3 147 1.95 Shear
RTC2 60.1 5.3 143 6.1 1.74 Shear
Average 60.0 5.3 145 6.1 1.84 -

Table 6 - Experimental values found to the beams strengthened to shear with CFRP

& & (59-2) & (5g-1) & (59-3) v Rupture
(%o) (%o) (%o) (%o) - Mode
VICl 220 388 167 4,98 ol.7 Shear
VIC2 305 - 196 433 110.3  Break of CFRP
VIC3 243 273 130 4,90 0.11 0.20 67.6 Debonding
VIC4 275 - 200 4,34 0.35 89.6  Break of CFRP
VICS 207 601 134 031 0.08 42.8 Shear

IBRACON Structures and Materials Journal * 2010 * vol. 3 +n°1 L Tesssee—— 33
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Figure 7 - Strain evolution of CFRP in three strain-gages (beam VIC3)
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440 [7] is closer to the experimental V, than those predicted by
fib-14 [8];

c) for the beam VTCS5 strengthened with laminate glued externally
the values of “V,” computed according to Chen; Teng [10] e Khalifa
et al. [9] were higher than the experimental value due to the higher
fiber area; in other words, these models seem not applicable to
structures strengthened with externally glued laminates since they
increase too much the “V” values, tendency that should be inves-
tigated with a larger number of tests; in this beam the values ob-
tained from fib-14 [8] and ACI-440 [7] were below the experimental
value, and the value obtained from Nollet; Chaallal; Perraton [11]
has shown more appropriated; Khalifa et al. [9] and Taljsten [12]
models are not applicable to beams strengthened with laminates.
d) the predictions of fib-14 [8] have shown more conservative, fol-
lowed by Khalifa et al. [9] model;

6. Conclusions
[

Based on the results from the experimental investigations, the fol-

lowing conclusions can be drawn:

m The technique of strengthening to shear with carbon fiber
reinforced polymer revealed to be very effective, especially
when anchorage system of the CFRP wraps was used. For
these cases the shear capacity has been substantially
improved without significant changes of ductility in comparison
with the original beams, not strengthened with CFRP.

m Predictions of ACI-440 [7] is suggested instead of fib-14 [8],
which has shown too conservative when compared to the
experimental values.

m Although conservative in most analyses, the analytical models,
including those from international recommendations and
design codes, were not capable of properly simulating the
behavior of all beams tested in the experimental program.
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L T(e]’(‘)? al. (9)
VICI 375 305 1004 29.76 19.93
VIC2 80 364 21.33 3397 23.68
VIC3 49 221 945 2442 18.30
VIC4 65 221 1642 2442 18.30
VIC5 31 126 1066  44.83 154.6

Table 7 - Comparison between analytical and experimental results

Chen;

Khalifa ef . Khalifa et

al. (9)

+22.95 42735 +26.0 +88.15
+119.8 +275.1 +135.5 +237.8
+121.7 +4185 +100.6 +167.76
+194.1 +2958 +166.2 +255.2
+146.1 +190.8  -44.61 -398.71
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Table 8 - Other comparative results from analytical models and experimental tests

Nollet; Nollet;
Beams Experimental Chaallal; Taljsten (12) Chaallal; Taljsten (12)
Perraton (11) Perraton (11)

VTCI 37.5 34.62 31.02 +8.32 +20.89

VIC2 80 41.55 29.58 +92.54 +170.5

VTC3 49 29.68 28..41 +65.09 +72.47

VIC4 65 29.68 28.41 +119.00 +128.8

VTCS 31 33.94 - -9.48 -
State (Processes 06/05843-2, 04/03049-1 and 03/01608-0) and to Composites Sheets. Cement and Concrete
CNPq - Scientific and Technological Development National Board Composites, V. 19, No. 4, pp. 315-358, 1997.
(Processes 307051/2006-4, 303735/2008-2 and 306678/2006-3) [05] GAMINO, A.L., BITTENCOURT, T.N., SOUSA, J.L.A.O.
for financing this research work. Estruturas de Concreto Reforcadas com PRFC |I.
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