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BOND-SLIP BEHAVIOR OF LONGITUDINAL REINFORCING BARS CONFINED
WITH FRP SHEETS

Susumu KONO?, Kazunari MATSUNO? And Tetsuzo KAK U®

SUMMARY

Forty cantilever type specimens were tested with and without fiber reinforced polymer (FRP) sheet
confinement in order to study the improvement in bond-slip behaviors of longitudinal reinforcing
bars. The FRP sheets used were carbon and aramid with the elastic modulus of 230 GPa and 118
GPa, respectively. Other variables were the amount of FRP sheet (up to 0.32%), the number (2 or
4 bars) and the diameter (19 mm or 25 mm) of longitudinal bars, and the cover depth (40mm, 57
mm, or 72 mm). Concrete strength used in the test was under 30 MPa so that the test results can
be applied when retrofitting existing ordinary structures. In previous work which used the test
results of twenty cantilever type specimens conducted in 1998, it was shown that the confinement
greatly enhanced the bond strength and ductility, and the bond strength contribution from FRP
sheet increased linearly with the elastic modulus of FRP sheet. Based on these findings, an
equation was proposed to predict the bond strength for members confined with FRP sheet [5].
Test results of additional twenty specimens in 1999 showed that effectiveness of the confinement
on the bond strength did not stay constant but decreased as the amount of FRP sheet increased. To
take into account this new finding, a previously proposed equation was modified to make a better
prediction for the bond strength. The proposed equation was validated using test results of beam
and column specimens.

INTRODUCTION

It is well known that the confinement by FRP sheets greatly increases the shear capacity of reinforced concrete
beams and columns. The increase in shear capacity due to FRP sheets has been experimentally evaluated and
incorporated in design equations [1] in 1990's. According to a truss analogy, the increase in shear capacity also
increases the demand on bond stress. However, the increase in bond strength for members confined with FRP
sheets has not been quantified. In 1998, twenty cantilever type specimens and four beam specimens were tested
in Toyohashi University of Technology to study the increase in bond strength for members confined with FRP
sheets [5]. It was reported that the bond strength increased linearly with the elastic modulus and the amount of
FRP sheets but was independent of the depth and number of longitudinal bars. Based on those observations, a
design equation was proposed to predict the increase in bond strength due to FRP sheets confinement. 1n 1999,
additional twenty cantilever type speicmens were tested in order to investigate the effects of the amount and
elastic modulus of FRP sheets on the bond behavior. Similar to the test results in 1998, the bond strength
increased linearly with the elastic mudulus of FRP sheets. In addition, it was found that the effectiveness of FRP
sheet on the bond strength did not stay constant but decreased as the amount of FRP sheet increased. In this
study, the test results of total forty cantilever type specimens are summerized and a modified design

equation for the bond strenth is proposed. The proposed equation is validated using test results of beam and
column specimens.

Dept. of Architecuture, Kyoto University, Kyoto, Japan Email: Kono@ar chi.kyoto-u.ac.jp
Kure National College of Technology, Hiroshima, Japan Email: Matuno@kure-nct.ac.jp

3 Dept. of Civil Eng., Toyohashi University of Technology, Toyohashi, Japan Email:Kaku@jughead.tutrp.tut.ac.jp



EXPERIMENTAL PROGRAM Table1l: Mechanical Propertiesof Concrete
f'c ft Ec

Test Spec|mens Batch Number
(MPa) | (MPa) | (GPa)

Shown in Fig. 1(a) is the cantilever type specimen used

in this study. The specimen shown in a solid line is gzgﬂg 2491:31 igg gg;
considered to be a half of a fictitious simply supported Baich3 570 513 201

beam specimen shown in a break line. The term
‘cantilever' came from the fact that the half of the
simply support beam is equivalent to a cantilever beam.
The upper two or four longitudinal bars were directly ~_Table2: Mechanical Properties of Steel

pulled as tension reinforcement of a fictitious beam. . fy fu Es

The bond length was 300 mm and the right 100 mm Reinforcement (MPa) | (MPa) | (GPa)
end was encased in a steel pipe to prevent bond with D25 703 889 192
the surrounding concrete.  Two closed @6 bars were D19 720 840 200
placed around the longitudinad bars as shear D10 368 525 179
reinforcement of 0.186% as shown in Fig. 1(b). These @6 for Batchl 272 397 197
shear and longitudinal bars formed the main @6 for Batch2 277 414 173
reinforcement. Supplemental reinforcement made from @6 for Batch3 269 410 171

D10 and D19 bars (D: deformed, 10 & 19: nomina bar
diameter in mm), solid lines in Fig. 1(a), was placed
|ns_|de the main re|_nf0rcement to av_0|d a shear fqllure. Table3: Mechanical Properties of FRP sheet
Without FRP confinement the specimen was designed

Carbon | Aramid

to fail in the side split mode according to the design Waght par unit area (gram/?) 300 415
equation of Fujii and Morita[2]. Sheet arrangements - 3
are shown in Fig. 1(c). One layer of FRP sheet in this Density(gram/m) 18 145
YIOWn I . 1e). NS 18y i Design thickness(mm) 0.167 | 0.286
configuration corrgsponds to pus of 0.08%. For other Nominal Tensle Srengih(MPa) | 3400 2000
amount of p,s, multiple layers of FRP sheets were used. Nomindl Elasic Modulus(GPa) | 230 118
Tensile strain at fracture (%) 1.50 1.80
——a00
100,100,100 100 100 ,ﬂd
_— 2ordbars 565G SG A 4|_10 '4_| Forcarbon FRP L
"""““Evi!‘ﬁ_*_*#«?f%' o] ICv “ 2irain gage
! — r— <015 |F—i W = .
185 L D10 23 320 o heet lappings were
' / | “‘ placed on different
\‘ 5 D s p oo -|| “H sides.
R ! | Fr ||||| ||||| ke S (Lap length=100mm)
Ac SG represents the location
@6 @6 of strain gages. Unit:mm 33 0 Tyo layers of
(a) Elevation (b) Section (c)Sheet arrangements for pwf=0.16%

Figure 1. Specimen dimensions
This transfers force from PC bars
to longitudinal bars.

Vertical support

Strain gages were placed n'n Longitudinal bars
on ¢82 PC Bars.
(N

[ ] — = = L;ﬁcen

= D for vetical
| lj___ | | o2 ] < " il ![“' force
A ;‘ |'1|I|['II!I|[

20DPOKN Oil Jack

Coupler
v

strain gage flq82 PC Bar

Pin support

Figure2: Loading system
The mechanical properties of the concrete and reinforcement are shown in Tables 1 and 2, and those of the FRP

sheets are shown in Table 3. The mix proportions by weight for Batches 1 and 2 were 0.63: 1.00: 3.06: 3.55
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(water: cement: fine aggregate: coarse aggregate) and that for Batch 3 was 0.63: 1.00: 3.01: 3.42. The maximum
aggregate size was 20 mm. Forty cantilever specimens were prepared that included five test variables: the
vertical cover, Cv, the diameter and the number of longitudinal bars, and the type and the amount of FRP sheets.
The test variables for al cantilever type specimens are shown in Table 4. Specimens C1 through C20 were
tested in 1998 and Specimens C21 through C40 in 1999.

Test setup and procedures

The loading system for cantilever specimens is shown in Fig. 2. Strains in the FRP sheets and concrete surface
were measured at ten locations on one side of the specimen. Strainsin each longitudinal bar were also measured
at three locations as shown in Fig. 1(a). After testing of the upper longitudinal bars was completed, the lower
longitudinal bars were tested by rotating a specimen by 180 degrees. Since strains on the lower FRP sheet
surface were less than 0.02% while the upper longitudinal bars were tested, the confinement by sheets was
assumed to be identical for the upper and the lower bars.

Table4: Test Variablesfor Specimens

Specimen Variables Results
Longitudinal bar FRP Concrete| Bond Mod
Type | Number | Location | Vertical | Nominal [ Number | Type Sheet fe strength of © oB
at cover | diameter of of ratio*3 (MPa) XA | e
casting*1l | Cv (mm)| db (mm)| bars sheet*2 owf (%) (MPg)

C1l T 40 0 5.08 C N/A
C2 B 57 2 6.02 S N/A
C3 T 40 0.16 6.43 CS 3.12(C1)

o C4 B 57 7.11 S 2.49(C2)

é C5 T 40 0 204 2.54 S N/A

2 C6 B 57 19 3.00 S N/A
C7 T 40 4 016 3.90 S 6.32(C5)
C8 B 57 4.31 S 6.01(C6)
C9 T 40 c 0.25 3.39 S 2.50(C5)
C10 B 57 3.78 S 2.29(C6)
Cl1 T 72 0 5.67 S N/A
C12 B 57 25 4.31 S N/A
C13 T 72 19 0.16 6.71 S 2.65(C11)
cl4 B 57 5.33 S 3.39(C12)

s [c5 T 40 o s |—=4L S N/A

g C16 B 40 25 2 ’ 4.02 CS N/A
C17 T 40 016 5.28 S 4.20(C16)
C18 B 40 4.90 S 2.90(C16)
C19 T 40 A 0.16 5.38 C 1.89(C1)
C20 B 57 5.64 S 0.34(C2)
C21 T *7 *7 N/A
C22 B 4 2.47 Sh N/A
C23 T 2 0 478 Sh N/A
C24 B 4 2.58 S N/A
C25 T 2 451 C N/A
C26 B 4 2.67 Sh N/A
c27 T 2 522 CS 2.77(*a)
C28 B 4 3.03 S 4.36(*b)

- C29 T 19 2 ¢ 0.08 5.32 cS 3.26(*a)

5 C30 B 40 4 270 3.24 CS 6.36(*b)

= C31 T 2 016 5.42 S 1.87(*a)
C32 B 4 ) 3.22 C 3.11(*h)
C33 T 2 025 542 CS 1.20(*a)
C34 B 4 ) 3.75 S 3.61("D)
C35 T 2 032 6.20 S 187(a)
C36 B 4 ) 3.79 57 | (292(°b)
C37 T 2 0.08 552 C 4.23(*a)
C38 B 4 A ) 2.89 S 3.02(*b)
C39 T 2 0.16 5.05 C 0.98(*a)
C40 B 4 ’ 3.00 S 2.05(*b)

*1: T and B represent top and bottom, respectively.  *2: C and A represent carbon and aramid, respectively.  *3: the fiber area ratio
calculated in the same manner with shear reinforcement  *4: Values for upper bars have been normalized for lower bars by multiplying
122. *5:C: corner and side split failure S:side split failure  Sh:shear failure.  *6: Magnification factor for FRP sheets.  *7: Loading
system did not work for C20. C36 failed outside the test region and higher capacity is expected.  *ais the average bond strength of C23
and C25, *b isthe average bond strength of C22, C24, and C26.
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TEST RESULTSAND DISCUSSION 200
L oad-displacement relations - f\__.;',\ s C35(0.32%)
HE g < <
Defining dip as the relative horizontal displacement z |4 ~ . CBU016%) "C33(025%)
between D and E in Fig. 2, tota tensile force and dip 3 ,5'" ‘/\ ~C27(0.08%)~ -— ___ .
relations for selected cantilever specimens are shown in 5100 [ £ T~ =3
Fig. 3. They have different amount of FRP confinement = F,’ Cm ,-
but are identical otherwise. Numbers in paretheses next |§ j" D ~ i
to the specimen designation indicate p,; . From Fig. 3, 50 fif F%?clakbE ,.
it can be seen that the bond strength, the peak slip, and 1! i
the energy consumed by the peak increased as p, - /
0

increased. It is clear that the confinement greatly 0 £ 2 3
enhanced the ductility. . _ . Slip displacement (mm) ,

Figure 3: Tensileforce—displacement relations

Failure modes

Although all cantilever specimens were designed to fail in a side split mode without FRP sheets, failure modes
varied as shown in Table 4. Fig. 4 shows crack patterns and failure modes of representative specimens with
different amount of FRP sheet. Only the upper half of the specimen is schematically shown. Without any
confinement, failure modes were a mixture of corner and side split failure or a brittle shear faiure. With
confinement of p,; =0.16%, a shear failure changed to a corner split failure and a mixed mode to a side split
failure. With additional 0.16% confinement, failure modes became side split failures. As confinement increased,

the number of cracks increased over the wide range of surface and each crack size became smaller. The large
amount of increase in bond strength can be attributed to this damage distribution which necessitated a large

amount of engergy consumption.

pwf=0% i pwf=0.16% i pwf=0.32%
%) ~Z ' ] '
5 C25W/ o ; y u;c35
Corner and side split Texp +21°  Sidesplit Texpi+14° Side split
(%] [ X NN ] : =2 ‘\ : oo oo
Z c?z/—j : E % / 36
=~ Shear TeX[T'If?)l“ Corner Texp:+18“ Side split

Figure4: Crack patternsand failure modes

Increasein bond strength dueto FRP confinement

It iswell known that the bar location at casting greatly affects the bond strength, and hence the bond strength for
upper and lower bars cannot be directly compared. For this the bond strengths for the upper bars were multiplied
by 1.22 to normalize their results with respect to strengths for lower bars and those normalized strength, Teyp,, is
listed in Table 4. The loading system did not work properly for C21 and data was not taken. C30 failed outside
the test region and the maximum shear before this prematured failure islisted in the table.

Equation 1 defines the increase of bond strength, Ate,, due to confinement.
At,,, =T, (confined) -7, (prototype) (1)

The bond strength contribution, 1., from FRP sheet confinement is tentatively expressed by Eq. 2 which has a
similar format to that of bond strength contribution from shear reinforcement proposed by Fujii and Morita[2].
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Py
T.. =oa[19.51 f'c MP: 2
i E% N 0, (MPa) 2

where a is a factor to be determined, p,s the fiber ratio calculated in the same manner with shear

reinforcement, b the width of a beam, N the number of longitudinal bars, and d,, the diameter of longitudinal

bars. Sinceit isimpossible to isolate the effect of sheet confinement on the bond strength, the increase of bond
strength, Atma, defined by Eq. 1 is assumed to be totally due to FRP sheet confinement. Equating ATy, tO Ty, @
magnification factor, o, is computed for each specimen as shown in Table 4 with the unconfined companion
specimen number in parentheses. Figure 5 shows the influence of three variables on a. Similar to the resultsin
Ref. 5, the top cover depth and the bar diameter did not have much influence on a and they are not discussed
here. From Figs. 5(a) and (b), it can be seen that a increases linearly with the number of longitudinal bars and
the elastic modulus of FRP sheet. Based on these facts a was determined and Eq. 2 was expressed as Eq. 3 in
Ref. 5.

E [
T, = EEi + 0.5%:%.51 d “(; E:L/ﬁ (MPa) 3)
0 b

where E;=230000MPa. New test results (C21- C40) in Fig. 5(c) show that o decreses with increasing p,; , that
is, FRP sheets become less effective in increasing the bond strength as p,; increases.

8 8
7 7
o » C7
5 6 4'C8 """" ] ° 6 C28&30
= e =
85 28830 g 5 —*
[ . i
g 4 C37 . B // 6 4 C37._‘- _ /
g &“(- ______ ..vC34 | T~ c3
T 3 b BT lmeaC3R = 3} CBe—"" e ]
g e - s S * 278,29
c/m = @ [ c19 b Py -
= 2 o =TT L~ 0 ] Cl9 | ... aoes
C3: o e Cc40 s 2 & RN
C35T L. b= €40 R ]
1 [ C33 T 1 et
C397 C39"
0 0 (Carbon)
2 4 ‘ 118 (Aramid) 230
Number of longitudinal bars Elastic modulus of FRP sheet (GPa)
(&) Number of longitudinal bars (b) Elastic modulus
7 14 Cly o]
c7 SEN -7 36
o n CIPNN B3
5— 6 L,j“\ 12 \\‘__ "
g 288,308 \\ -1 G2\
b= 5 N N g AN\
S - \ \ s Cars, A8, \ge)
g4 €37 NN L34 =08 N S 10
2 C32 & %--C19, C33
= C384...\ V%\\CSG 3 C278.2007 N30
3 &\ 3 - 406
g C27829 %, \ C28&3
= ‘\. _eca 9 - N\ c40
2 RRCA0 C10- 0.4 e
\C31 ™" ey C35 38
1 Y 0.2 [t
C39 C33
0 ok
0 005 01 015 02 025 03 035 0 005 01 015 02 025 03 035
P (%) P, (%)
C) Sheet reinforcement ratio d) Ate,, and p; relations
p w

Figure5: Effectsof test variableson a and Ty - pus relations
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Thisis clear from Ate,- ps relations shown in Fig. 5(d). Studying changes in Ate,, for a set of C27, C29, C31,
C33, and C35 or a set of C28, C30, C32, C34, and C36, the relation between Ate, and p,;, may be more

appropriately expressed by a parabolic funcion as shown by a dotted line in Fig. 5(d) rather than the linear
relation between 1, and p,s Seen in Eq. 3. This parabolic function was determined so that (1) the curve passes

the origin and (2) p,; for the peak of the curve is 0.35%. Since a parabola has three degrees of freedom, one

more criterion gives the exact shape of the parabola. The last criterion was that the average of predicted 1, for
specimens in Table 4 matched the average of experimental values for Ate,,. In this manner, Eq. 3 was modified

asEq. 4.

= b 15 > . .0
T, =0.01118 +0.5 -0.0035)" +1.5/f'c (MPa 4
y EE?O EE%EEHD — oy ~o00ssf +15Tc (MPa @
Equation 4 isthen simplified as Eq. 5.
r =g s osHEP HR-H Py Hore
60 HE, by 00035 "Hg

Values 1, computed by Eq. 5 are compared with At in Fig. 6(a). The average of Ate/T,s Was 1.01 with a
standard deviation of 0.32. The average was not equal to 1.00 because of around off in Eq. 5.

(MPa) (5)

10 10
2y Prototype Confined Prototype Confined
O Beams and Columns @ O Beams and Columns @
B Cantilevers [ B Cantilevers | |
35 g ; g ;
. .- I : . [ ]
3 ;
. 8 — ‘i —~ | i
& ®17 I $ow E EHEE i E i EE%EH -
=1 o8 ¥ 25 ot 25 -
v‘ll .14 1 VQ Q‘ VQ I -
A ® 18 @9 w8 L w8
£ 2 el ®31 L 2T}
[ k) e B :
2 I : L
i e g0 i o’ 5 i o’
| S 39 L : L
L - O g O
0 L 0 L 0 I
0 1 2 0 5 10 0 5 10
T, (MPa) L (MPa) L (MPa)

(8) Increase due to confinement (b) Predictionsusing Eq. 7 (c) Predictionsusing Eq. 8
Figure 6;: Comparison between computed and experimental bond strengths

To compute the total bond strength, the bond contribution from FRP sheets, T, heeds to be added to the bond

contribution from concrete and shear reinforcement. Here, equations by Orangun et al.[3] (OJB equation) and

Fujii and Morita[2] (FM equation) for side split failure are used. They are expressed in MPa unit as follows.

o (b O s O
7% (unconfined) = [0.0096 +0.249-" + 41595 40,0241 2 T "
0 dy Is NE, [
4 0
Ta (unconfined) = (0.117 E%L —1% 0163+951 2D a/f'c ©)
g8 N d, N 8,

where C is the smaller of the clear bottom cover or half the clear spacing between the next adjacent bar, d, the
diameter of the longitudinal bars, p,s the shear reinforcement ratio, f,s the yield strength of transverse
reinforcement, b the width of a beam, and N the number of longitudinal bars. Since the original FM equation
was defined for upper bars the factor of 1.22 was used to obtain Eq. 6 for lower bars. The predictions by Eq. 5
and 6 had errors for the fourteen unconfined cantilever specimens. Since it is not the purpose of this study to
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discuss the validity of OJB and FM equations, factors of 0.98 for OJB equation and 1.30 for FM equation were
used respectively to match the bond strength for the 14 unconfined cantilever specimens. The final form of the
bond strength is then expressed as follows.

TP = Aoy TSP (unconfined) + 7., (MPa) 7)
ta =gy 05 (unconfined) + 1, (MPa) (8)

where Ao=0.98 and Ary=1.30 for cantilever specimens and 1.0 for beams and columns. In Figs. 6(b) and (c),
Tea® and T,z are compared with Te, for 17 unconfined specimens and 36 confined specimens. Specimens
include beam and cantilever specimens tested in Toyohashi University of Techonogy and column specimens in
References 4 and 6. Since the figure shows that predictions by FM equation is slightly better than OJB equation,
it is recommended that the bond strength for beams and columns confined with FRP sheets be predicted using

the following equation.

0
M (confined) = [0.117 EEL —1% 0.163+9.51 Pus @
B N d, N [,
E
s L o5 AP g f'c
60 HE, »OF 00035

Equation 9 gives reasonable resutls as long as the bond strength of an unconfined prototype specimen is
evaluated properly. At this point, it is not clear if 1, Stays constant with the number of longitudinal bars more
than four and it is safer the assume that the maximum bond force is limited to 4 times 1, times the bond area
per bar. Vauep,; greater than 0.35% should be also neglected and computed as p,; = 0.35% since thereisno

data. It isalso noted that Eq. 9 has not been checked for concrete strength greater than 30M Pa.

(MPa) (9)

It is interesting that the bond contributions from shear reinforcement and FRP sheet do not necessarily have a
same format in terms of the number of longitudinal bars, and the amount and the elastic modulus of shear
reinforcement or FRP sheets. If shear reinforcment and FRP sheets work similarly as tension cords in a truss
mechanism, they are supposed to have a similar format. Hence, it is still necessary to clarify the shear transfer
mechanisms and explain the meaning for each term in the proposed equation.

CONCLUSIONS

From test results on forty cantilever type specimens, the confining effects of FRP sheets on bond slip behavior
were evaluated.

1. The confinement greatly increased the bond strength and ductility. These effects were confirmed by
comparing load-dlip relations and the crack patterns for specimens with different amount of confinements.

2. The bond strength contribution due to FRP sheet increased linearly with increasing elastic modulus of FRP
sheet. The number of longitudinal bars had no influence on the bond strength. These results confirmed the
conclusions previously obtained for the first twenty cantilever type specimens.

3. The effectiveness of FRP sheets on the increase in bond strength decreased as the amount of FRP sheet
sincreased. Based on this new finding, a previously proposed equation to predict the increase in bond
strength due to FRP confinement was modified. Aslong as the bond strength of an unconfined prototype
specimen is evaluated properly, the bond strength of confined specimens can be predicted accurately
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