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SUMMARY

The effectiveness of CFRP wrapping as a seismic retrofit measure of rectangular columns with poor
detailing, and in particular with lap splicing of bars at floor level was investigated. 12 cantilever column
columns with smooth bars and hooked ends and another 12 with ribbed bars and straight ends, with or
without CFRP wrapping, were cyclically tested to failure. In addition to the bond properties of the bars,
parameters studied include the length of lapping, the number of FRP layers, and the length of the member
over which FRP wrapping is applied. In unretrofitted columns with smooth bars and hooked ends, the low
deformation capacity does not depend on lapping length, if it is at least equal to 15 bar-diameters. Unlike
what happens for smooth bars with hooked ends, unretrofitted columns with straight ribbed bars lose
deformation capacity when lapping decreases below 45 bar-diameters. In columns with smooth bars and
hooked ends, no systematic effect of the number of layers and the length of application of the FRP, or even
of the lapping, on the force and cyclic deformation capacity and the rate of strength degradation was
found; nonetheless, a decrease in lapping seems to reduce energy dissipation in the retrofitted columns. In
retrofitted columns with straight ribbed bars, 5 CFRP layers are more effective than 2 layers; nonetheless,
the improvement in effectiveness is not commensurate to the number of CFRP layers. It seems there is a
limit to what FRP wrapping can do: if the lapping of straight ribbed bars is as short as 15 bar-diameters, its
adverse effects on force capacity and energy dissipation cannot be fully removed by FRP wrapping.

INTRODUCTION

Most existing buildings worldwide have been constructed prior to the introduction of modern codes for
earthquake resistant design and, thus, are inherently vulnerable to earthquakes. The ductility deficit
characterizing this class of buildings results to low deformation capacity systems, which, when subjected
to deformation reversals well into the post-elastic region, respond with rapid loss of strength. In response
to the pressing need for remedial measures enhancing the ductility of old-type members, conventional as
well as more innovative materials are currently employed. The first category comprises jackets of cast-in-
situ or sprayed concrete. Externally bonded FRP wraps for member rehabilitation belong to the latter
category, with its main contribution being the enhancement of the (limited) confining action provided by
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existing sparse stirrups. Despite the fact that the cost-effectiveness and the scientific documentation of this
new technology have not been fully established and many issues remain unresolved, encasing RC
members in FRP jackets is rapidly becoming the method of choice.

Unlike concrete jackets, the effectiveness of FRP jackets in enhancing column deformation capacity is
under intensive study worldwide, owing to certain advantages they offer over RC or steel jacketing. The
contribution of FRP-wrapping to the improvement of column deformation capacity has been investigated
by several researchers: for square columns by Ma and Xiao [1], Zhang et al [2], Ye et al [3], Saatcioglu and
Elnabelsy [4]; for rectangular columns by Saadatmanesh et al [5], Chang et al [6], Seible et al [7], Restrepo
et al. [8], Bousias et al [9] and for circular ones by Haroun et al. [10], Ma and Xiao [11] and Seible et al.
[12]. FRP retrofitting of circular or rectangular columns with inadequate lap-splices of ribbed bars with
straight ends has also been studied by Saatcioglu and Elnabelsy [4], Saadatmanesh et al. [5], Chang et al.
[6], Restrepo et al [8], Haroun et al [10], Ma and Xiao [11], Seible et al. [12], Osada et al. [13].

This paper presents the results of an experimental campaign focusing on the effectiveness of FRP jackets
as a retrofitting measure for rectangular columns with smooth or ribbed bars inadequately spliced at floor
level. The main parameters studied are: (a) the type of lap-spliced bars: ribbed/deformed with straight ends
or smooth/plain with hooks; (b) the length of lapping; (c) the number of FRP layers, and (d) the length of
the member over which FRP wrapping is applied.
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Figure 1 Specimen cross-section and reinfor cement
EXPERIMENTAL STUDY

Test Specimens

The experimental program comprised 24 column specimens with dimensions, reinforcement detailing and

materials typical of existing substandard RC buildings. The testing program included two column

geometries, representing non-seismically designed and detailed members (Figure 1):

— Type Q: a 250mm-square cross-section, reinforced longitudinally with four-14mm smooth bars (Figure
1(a)).

— Type R: a 250x500mm cross-section, reinforced longitudinally with four-18mm ribbed bars (Figure
1(b)).

The column height at which the lateral load is applied is the same for the two cases and equal to half a

typical story height, i.e. 1.6m. The purpose of selecting the aforementioned specimen geometries was

twofold: first, to represent typical column geometry and reinforcement detailing dating before the

application of modern seismic design codes, second, to include both flexure dominated members (high

shear-span-ratio L/h, as in type Q specimens, equal to 6.4) and possibly flexure-shear dominated ones (as

in type R specimens, with L/h=3.2).

The smooth 14mm-diameter vertical bars of type-Q specimens have a yield stress of 313MPa and tensile
strength of 442MPa (average from three coupons); the corresponding values for the 18mm-diameter ribbed



bars in type-R columns are 514MPa and 659MPa. Transverse reinforcement, in both Q- and R- type
specimens, consists of 8-mm smooth (plain) stirrups at 200mm centers, anchored through 135-degree
hooks at one end and 90-degree hooks at the other. The yield and ultimate stresses for the mild steel used
for the ties are 425MPa and 596MPa. Cylindrical concrete strength at the time of testing ranges from 26 to
30 MPa (see Table 1).

Starter bars with 180-degree hooked ends are provided at the base of type-Q columns, which have smooth
bars as longitudinal reinforcement. They are lap-spliced over 15- or 25-bar diameters with the bars starting
at the column base (specimens Q-0L1, Q-0L2).

In type-R specimens, with ribbed bars, lapping of straight starter bars with the straight bars starting at the
column base is provided over a 15-, 30- or 45-bar diameter length (columns R-OL1, R-OL3, R-OL4,
respectively).

Table 1 Characteristics of specimensand summary of test results

: . Layers / Height Concrete| Axial load M Drift at M_aximL_Jm
Specimen Lapping of FRP jacket strength ratio k|<ier:1p “failure™ (%6) drift during
(MPa) | v=N/Af. test (%)
Q-0LO - - 27.0 0.44 73.8 2.2 2.5
Q-0L1 15dy - 0.21m - 30.3 0.41 76.0 2.5 2.8
Q-0L2 30dp - 0.42m - 30.3 0.42 82.4 1.6 1.9
Q-P2LOH1 - 2/0.30m 25.6 0.40 86.3 5.0 6.5
Q-P2LOH2 - 2/0.60m 25.6 0.45 84.1 4.7 5.9
Q-P4L0OH1 - 4/0.30m 28.2 0.45 90.9 no failure 6.6
Q-P4L0OH2 - 4/0.60m 28.2 0.44 88.5 no failure 6.9
Q-P2L1H2 | 15d, - 0.21m 2/0.60m 30.0 0.40 86.4 6.0 6.6
Q-P4L1H2 | 15d, - 0.21m 4 /0.60m 30.0 0.40 87.2 6.8 6.8
Q-P4L1H1 | 15d, - 0.21m 4/0.30m 27.5 0.44 93.3 6.2 6.9
Q-P2L2H2 | 30d, - 0.42m 2/0.60m 30.0 0.43 91.4 6.0 6.2
Q-P4L2H2 | 30dy - 0.42m 4/0.60m 30.0 0.42 97.5 6.9 6.9
R-0LO - - 31.0 0.26 306.4 2.5 2.8
R-OL1 15d, - 0.27m - 18.0 0.23 230.9 1.9 2.8
R-0L3 30dy - 0.54m - 18.0 0.28 287.0 1.9 3.1
R-0L4 45dy - 0.81m - 18.0 0.28 281.0 2.5 2.8
R-P2L0 - 2/0.60m 32.9 0.23 335.1 4.4 4.4
R-P2L1 15d, - 0.27m 2/0.60m 26.9 0.30 266.1 3.4 4.7
R-P2L3 30dy - 0.54m 2/0.60m 26.9 0.28 315.1 4.7 5.3
R-P2L4 45d, - 0.81m 2/0.60m 26.9 0.28 317.3 5.6 5.6
R-P5L0 - 5/0.60m 32.9 0.23 328.2 5.3 5.3
R-P5L1 15d, - 0.27m 5/0.60m 27.0 0.28 295.4 5.0 5.6
R-P5L3 30dy - 0.54m 5/0.60m 27.0 0.29 334.9 5.6 5.6
R-P5L4 45d, - 0.81m 5/0.60m 27.0 0.29 3325 5.6 5.6

* ‘Failure’ defined conventionally as drop in resistance below 80% of peak resistance during test

A heavily reinforced 0.6m-deep base was constructed to anchor the columns to the laboratory strong floor,
providing proper anchorage of the vertical bars (90°-hooks are provided at the far end of the ribbed starter
bars and 180°-hooks at that of the smooth ones). Columns were subjected to cycles of tip deflections with
peak values increasing at 5mm steps, under constant axial force. The load history with closely spaced
single cycles was chosen over the usual protocols of 3 cycles at few ductility levels, to monitor better the
cyclic behavior of the specimen up to failure. The mean value of the normalized axial load, v=N/Af.,




during the test is listed at Table 1. The jack applying the axial load acted against vertical rods connected to
the laboratory strong floor through a hinge (Figure 2). Whenever base moment results are given in the
paper they include the second-order moment produced at the base of the column.
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Figuré 2 Test setup

The columns were tested after retrofitting with wraps of Carbon-Fiber Reinforced Polymer (CFRP) sheets.
The sheets of practically uni-directional CFRP were attached to the column via epoxy resin, after
thoroughly cleaning the column surface from loose material and rounding the corners of the section. The
latter has been proven to be very important in earlier studies to avoid stress concentration at the corners of
the cross-section, ultimately leading to premature FRP rupture. The CFRP wrapping started at a distance of
about 10mm from the base. A CFRP lap length of one full side of the cross-section was provided at the end
of the wrap. Each layer of CFRP has a nominal thickness, t;, of 0.13mm, an Elastic Modulus E; = 230 GPa
and a tensile strength of 3450MPa (failure strain &= 1.5%) in the (main) direction of the fibers.

To investigate the effect of FRP wrapping on the strength and deformation capacity of deficient lap-
splices, different number of layers of CFRP are employed and over different heights from the column base.
The notation used for the specimens includes specimen type (Q or R), the number of layers of FRP wraps
used (denoted by P2, P4 and P5 for 2, 4 and 5 layers, respectively), the length of the zone at the column
base over which the composite material is applied (H1 if CFRP is applied over the lower 0.6m, H2 if over
the lower 0.3m), and the reinforcement lapping length (denoted by L1, L2, L3 and L4 for 15-, 25-, 30- and
45-bar diameters, respectively). It is noted that 2 FRP layers is the practical minimum. Similarly, with a
wrapping length of just 0.3m and P-A moments included, the bending moment at the base of the column is
about 20% higher than at the cross-section at the end of the wrapping; this 20%difference barely covers
the increase in column flexural capacity due to confinement by the FRP and steel strain hardening. This
poses the risk that column yielding may take place above the FRP, before the full column flexural capacity
is attained at the base. Column deformation capacity may then be controlled by the limited ductility of the
unconfined column above the FRP, instead of the well confined region where plastic hinging may first
have taken place.

A summary of the geometry and retrofitting schemes for the specimens tested is presented in Table 1.



Force (kN)

Force (kN)

60

120

— Q-0L0
A0k )
20
z
<
o Of-
2
o
IL N N N
aob
-6 L L L L
-120 90 -60 30 0 30 60 90 120
(a) Displacement (mm)
60 T T 60 T T T
: — Q-P2LOH2 |
: : 72 : :Q H : :
QOf e QO
20} S 20f oo
/ — :
: P :
o} : © g
: o :
: 5 :
-20f : :
-40 R ok
-6 ; ; ; ; ; ; ; ~60 ; ; ; ; ; ; ;
-120 -90 -60  -30 0 30 60 90 120 -120 -90 -60 -30 0 30 60 90
Displacement (mm) Displacement (mm)
(© (b)
60 i i T T 60 i i T T
— Q-P4LOH1 | : e — Q-P4LOH2 | : :
AOf i A QOf i
20f i S 0F i S S
Z
<
(1] SR T o Of-
1)
o
-20F S S S S —20F B
-40} —40F -
_60 ; ; ; ; ; 60 ; ; ; ;
-120 -90 -60 30 60 90 120 -120 -90 -60 60 90

-30 0
Displacement (mm)

(d)

-30 0 30
Displacement (mm)

(e)

120

Figure 3 Q-type columns without lap splices: (a) Q-0L 0, un-retrofitted; (b) Q-P2L0OH1, 2 CFRP
layersover 0.6m; (c) Q-P2L0OH2, 2 CFRP layersover 0.3m; (d) Q-P4L0OH1, 4 CFRP layers over
0.3m; (e) Q-P4LOH2 4 CFRP layers over 0.6m



TEST RESULTS
Q-type columns

Unretrofitted specimens
Force-displacement loops of type-Q specimens are presented in Figure 3(a), for the specimen without laps
(Q-0L0) and in Figures 5(a) and (b) for those with lap-splices (Q-0L1, Q-0L2).

The behavior and failure of the control specimen (Q-OLO) was controlled by flexure, attaining a
displacement ductility around 3. The concrete cover and part of the core concrete over the lower 200mm of
the column disintegrated; bar buckling was evident after concrete cover spalled off. The behavior of
specimens Q-0L1 and Q-0L2 with 15 and 25-bar diameters laps, respectively, was also controlled by
flexure. Before yielding of the column, cracking parallel to the (hooked) corner bars took place and
spalling of the concrete cover appeared and spread below and above the splice level. Loss of concrete
cover led to buckling of the longitudinal reinforcement at low drifts (2.5% and 1.6%, for Q-OL1 and Q-
0L2, respectively). Member resistance after that point dropped suddenly, as evidenced by the rapid
collapse of the load-deformation loops in Figures 5(a) and (b). Damage was concentrated in the splice area,
as shown in Figure 4 after the end of the tests.

Figure4 Failureof non-retrofitted type-Q specimens:
Left: Q-OL 1 (15-bar diameter lap); Right: Q-0L 2 (25-bar diameter lap)

The force and cyclic deformation capacity of the two columns with lap splices were not noticeably inferior
to those of the column with continuous, un-spliced bars. The only respect in which columns with lap
splices show inferior behavior is in their more rapid strength degradation after peak resistance. It seems,
therefore, that lap splicing of smooth bars with hooked ends does not impair flexural strength, nor it
reduces much further the - already low - deformation capacity of these poorly detailed columns. Lapping of
the hooked ends of the bars by as little as 15-bar diameters seems sufficient for the force transfer.

Retrofitted specimens

The pattern is very different in the companion specimens retrofitted with FRP wrapping. All retrofitted
specimens, regardless of the number of the layers of FRP material and the lapping length, show behaved
far better than their un-retrofitted counterparts. In general, member deformation capacity increased by a
factor of about 2.5, achieving a drift ratio at conventional failure (20% drop in resistance with respect to
peak resistance) from 4.7% to above 7%, and invariably sustaining of close to 7% during the test.
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Figure5 Q-type columnswith short or long lap-splices - wrapping with 2 or 4 CFRP layers:
(@), (c), (e): short lapping; (b), (d), (f): long lapping;(a), (b): un-retrofitted; (c), (d): retrofitted with 2
CFRP layers; (e), (f): retrofitted with 4 CFRP layers.



As shown in Figure 3 and in Table 1, the increase in force capacity and the post-peak strength deterioration
in the column without lap splices is about the same, irrespective of the length of application and the layers
of the FRP. Deformation capacity is slightly improved if 4 layers of CFRP are used instead of 2.

Columns with either short lapping lengths (denoted by L1 - Figures 5(c),(e)) or long ones (L2, see Figures
5(d),(F)), retrofitted with 2 or 4 layers of CFRP over the lower 0.6m of the column, had also very
satisfactory performance. Specimen Q-P2L1H2 (Figure 5(c)) sustained reversed deformation cycles up to
6% drift before failing by rupture of the FRP during the last cycle of applied displacement. The companion
specimen with the same lapping length but retrofitted with 4 layers of CFRP (Q-P4L1H2) had the same
peak resistance (Figure 5(¢)), but a slower rate of strength degradation after the peak. No sign of rupture of
the FRP jacket was observed before the end of the test at 6.8% drift ratio. When the FRP jacket was
removed after the end of both tests, the concrete enclosed by the jacket was found thoroughly fragmented.
The pattern observed in columns with short lapping does not change for the longer lapping length - Q-
P2L2H2 and Q-P4L2H2, Figures 5(d) and (f), respectively: very stable behavior, with both specimens
exhibiting the same force resistance and a very gradual strength degradation after peak force. In both
specimens the FRP jacket ruptured at the end of the test.

The effect of the length over which the FRP wrapping is applied (0.6m versus 0.3m) is studied through the
three pairs of specimens: (a) the two pairs of columns Q-P2LOH1 (Figure 3(b)) and Q-P2LOH2 (Figure
3(c)), or Q-P4LOH1 (Figure 3(d)) and Q-P4LOH2 (Figure 3(f)) without lapping; and (b) that of Q-P4L1H1
(Figure 6(a)) and Q-P4L1H2 (Figure 6(b). In column Q-P4L1H1 the 4 CFRP layers applied over the lower
0.3m of the column cover 1.4 times the length of lapping. No systematic effect of the length of application
of the FRP was found; nonetheless, it should be emphasized that, with the large increase of flexural
capacity observed between first yielding and peak resistance, the 0.3m of application of FRP are at the
limit of inducing plastic hinging (and possibly then failure) above the FRP wrapping, before strength
degradation sets in after the peak.
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Figure6 Q-typecolumnswith short lapping and 4 FRP layers applied over: (a) 0.3m; (b) 0.6m.

Comparing the behavior of columns with short lapping (Figures 5(a), (c), (e)), long lapping (Figures 5(b),
(d), (F), or continuous bars (Figures 3(b)-(e)), all retrofitted with 2 or 4 CFRP jackets, it is concluded that
force and cyclic deformation capacity and rate of strength degradation is not influenced by the existence
and length of the lapping. Nonetheless, energy dissipation seems to be slightly affected, as evidenced by



the reduction in the width of hysteresis loops as we go from continuous bars (Figures 3(b)-(e)), to long
lapping (Figures 5(b), (d), (f)) and then to short lapping (Figures 5(a), (c), (€)).
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Figure 7 Effect of lap-splice length in R—type columns, un-retrofitted (left): (a) R-OLO, (d) R-0L1, (g)
R-0L3, (j) R-OL 4; retrofitted with 5 CFRP layers, (center): (b) R-P5L0, (€) R-P5L 1, (h) R-P5L 3, (k)
R-P5L 4; retrofitted with 2 CFRP layers (right): (c) R-P2L0, (f) R-P2L 1, (i) R-P2L 3, (I) R-P2L 4
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R-type columns

Unretrofitted specimens

Column R-0LO of the group of type-R specimens serves as the unretrofitted control without lapping of the
longitudinal reinforcement. It yielded in flexure but later exhibited a mixed flexure-shear failure mode,
with a sudden drop in resistance at a deflection of 45mm (Figure 7(a)), bar buckling, inclined cracking and
disintegration of the concrete above the base. On the basis of the criterion of 20%-drop in lateral force
resistance the deformation at failure is 40mm (2.5% drift ratio, Table 1).

Three columns were tested with different lap splice lengths: 15 bar-diameters (R-0L1), 30 bar-diameters
(R-0L3) and 45 bar—diameters (R-0L4). Their behavior is shown in Figures 7(d), (g), (j). The response is
conditioned by the presence and length of lap splices. The column with the short lapping (R-0OL1) has the
lowest strength of all three. Unlike specimen R-0L4, which has a 45-bar diameter lap, columns R-OL1 and
R-0L3 did not reach the full theoretical flexural strength of the end section. The experimental strength of
specimens R-OL1 and R-OL3 was 80% and 95%, respectively, of the theoretical flexural capacity, while
specimen R-0L4 and the control, R-0L0, reached 110% of the theoretical strength.
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Figure 8 Failure of R-type columnswith lap-splices: (a) short - R-OL 1, (b) medium - R-0L 3, (c) long -
R-0L4

In columns R-0L1 and R-0L3 concrete splitting took place early along the plane of lapped bars, followed
by crushing ahead of the end of the starter bars, due to the high bearing stresses there (due to the sequence
of construction starter bars are usually near the corner of the stirrups and closer to the external surface than
the continuing bars). During the following cycles of increasing deflections, spalling and shedding of
concrete cover over the lapping took place. Lateral force capacity decreased rapidly after that, due to
insufficient force transfer over the lapping. The drift ratio at the conventionally defined failure (reduction
of peak cycle resistance below 80% of the maximum resistance in the direction of loading) was 1.5% for
both specimens R-OL1 and R-0L3, irrespective of the lapping length. Lap length affected peak resistance,
which is lower by 30% in the column with a 15-bar diameters lapping, or by 13% in that with the 30-bar
diameters one, with respect to the column with splicing or with a 45-bar diameter lapping. Specimen R-
0L4 (45-diameters lap-splice length) performed much better than the other two columns with lap-splices.
Strength and deformation capacity of column R-OL4 are the same as those of the control column with



continuous longitudinal bars. Splitting cracks appeared along the lapping in this specimen too, but
ultimately failure was not conditioned by the splice. This column sustained cycling of horizontal
displacements in about the same way as the one with continuous reinforcement, and with similar rate of
cyclic strength deterioration after peak load.

Retrofitted columns

Four specimens similar to the previous ones (one without lap-splices and three with 15-, 30- and 45-bar
diameter splicing) were tested after wrapping with 5 layers of CFRP. The force-deflection loops of all four
are shown on the right column of Figure 7 (Figures (b), (e), (h) and (k)). In column R-P5L1 (with 15-
diameter lapping) retrofitting restored member strength to above 90% of that of the control specimen with
continuous reinforcement in Figure 7(a), while pre-yield stiffness remained unaffected. In the two other
columns with lap splices, strength increased well above that of the unretrofitted column. The deformation
capacity of all three retrofitted columns with lap splices was much higher than in the unretrofitted column
without lap splices. An interesting observation on the three retrofitted specimens was that no crushing of
concrete in the area ahead of the starter bars occurred, even in specimen R-P5L4 in which CFRP was
applied over a length 0.6m, i.e. shorter than the lapping length (0.81m), in other words not providing
confinement of the concrete at the end of the starter bar. Improvement in bond conditions along the 0.6m-
long confined part of the lap splice reduces the force to be transferred by direct bearing of the head of the
starter bar against concrete and with it the possibility of local crushing there.

Regardless of the lap-splice length, all columns tested after retrofitting sustained drift ratios of at least
3.4% at conventionally defined failure (see Table 1). The improvement of performance in comparison to
the unretrofitted column is due to the confinement of concrete, especially in the splice region. Despite the
lateral expansion of the compressed concrete inside the CFRP jacket, the jacket itself did not rupture in
any of the specimens of the group.

Figures 7(c), (f), (i) and (1) show test results from specimens with 2 layers of CFRP, without lapping (R-
P2L0) and with short to medium lapping length (R-P2L1, R-P2L3, R-P2L4). Two layers is the practical
minimum for retrofitting. The retrofitting effect of 2 layers is less than that of 5 layers; nonetheless, the
reduction is not commensurate to that of the number of layers. For the specimen with 30-bar diameter laps,
which had shown very satisfactory deformation capacity and energy dissipation when retrofitted with 5
CFRP layers, wrapping with just 2 FRP layers is clearly not sufficient. Another interesting observation is
that no matter the number of layers, 2 or 5, wrapping with FRP cannot fully remove the deficiency of very
short lapping of straight bar ends: although columns R-P5L1 and R-P2L1 have greater deformation
capacity than the unretrofitted column without lap splices, they had lower force resistance and low energy
dissipation — as evidenced by their narrower loops. It seems therefore that adverse effects of a lap length of
at least 30 bar diameters can be removed by FRP wrapping; on the contrary if the lapping is as short as 15
bar diameters, some of its adverse effects cannot be removed by FRP wrapping.

CONCLUSIONS

The effectiveness of CFRP wrapping as a seismic retrofit measure of rectangular columns with poor
detailing, and in particular with lap splicing of bars at floor level was investigated. In addition to the bond
properties of the bars, parameters studied include the length of lapping, the number of FRP layers, and the
length of the member over which FRP wrapping is applied.

The tests of unretrofitted columns show that, for smooth bars with hooked ends, the low deformation
capacity and energy dissipation does not depend on lapping length - at least for lapping as short as 15 bar-
diameters. Unretrofitted columns with straight ribbed bars exhibit a remarkable loss of deformation
capacity and energy dissipation with decreasing lap length, below 45 bar-diameters.



In FRP-retrofitted columns with smooth bars and hooked ends, no systematic effect of the number of layers
and the length of application of the FRP, or even of the existence and length of lapping, on the force and
cyclic deformation capacity and the rate of strength degradation was found. Nonetheless, a decrease in
lapping seems to reduce energy dissipation in the retrofitted columns.

In FRP-retrofitted columns with straight ribbed bars, 5 CFRP layers are more effective than 2 layers;
nonetheless, the improvement in effectiveness is not commensurate to the number of CFRP layers. It
seems there is a limit to the improvement that FRP wrapping may bring about: if the lapping of straight
ribbed bars is as short as 15 bar-diameters, its adverse effects on force capacity and energy dissipation
cannot be fully removed by FRP wrapping.

ACKNOWLEDGMENTS

This work was funded partly by the European Commission (under research project SPEAR of its
GROWTH Program, contract No. GBRD-2001-00525) and partly by NATO (within its Science for Peace
Program).

REFERENCES

1. Ma, P, Xiao, Y., Li, K. N. “Full-scale testing of a parking structure column retrofitted with carbon-
fiber reinforced composites” Construction and Building Materials, Elsevier, 2000; 14: 63-71.

2. Zhang, A., Yamakawa, T., Zhong, P. and Oka, T, “Experimental study on seismic performance of
reinforced concrete columns retrofitted with composite materials jackets” Dolan CW, Rizkalla SH,
Nanni A, Editors. Fiber Reinforced Polymer Reinforcement for Reinforced Concrete Structures, ACI
Report SP-188. Detroit, MI, 1999; 269-278.

3. Ye, L.P, Zhao, S.H., Zhang, K. and Feng, P. “Experimental study on seismic strengthening of RC
columns with wrapped CFRP sheets” Proceedings of the International Conference of FRP
composites in Civil Engineering, Hong Kong, China, 2001; 885-892.

4.  Saatcioglu, M., Elnabelsy, G. “Seismic retrofit of bridge columns with CFRP jackets” Proceedings
of the International Conference of FRP composites in Civil Engineering, Hong Kong, China, 2001,
833-838.

5. Saadatmanesh, H., Ehsani, M.R. and Jin, L. “Repair of earthquake-damaged RC columns with FRP
wraps”, ACI Structural J., 1997; 94(2): pp. 206-215.

6. Chang, K. C.; Lin, K. Y. and Cheng, S. B., “Seismic retrofit study of RC rectangular bridge columns
lap-spliced at the plastic hinge zone” Proceedings of the International Conference of FRP
composites in Civil Engineering, Hong Kong, China, 2001; 869-875.

7. Seible, F., Innamorato D., Baumgartner, J., Karbhari, V. and Sheng, L.H. “Seismic retrofit of flexural
bridge spandrel columns using fiber reinforced polymer composite jackets” Dolan CW, Rizkalla SH,
Nanni A, Editors. Fiber Reinforced Polymer Reinforcement for Reinforced Concrete Structures, ACI
Report SP-188. Detroit, MI, 1999; 919-931.

8.  Restrepo, J.I., Wang, Y.C., Irwin, RW. and DeVino, B. “Fiberglass/epoxy composites for the
seismic upgrading of reinforced concrete beams with shear and bar curtailment deficiencies”
Proceedings 8th European Conference on Composite Materials, Naples, Italy, 1998; 59-66.

9. Bousias, S.N, Triantafillou, T.C., Fardis, M.N., Spathis, L., O’Regan, B. “FRP retrofitting of
rectangular RC columns with or without corrosion”, ACI Structural Journal, 2004; 101 (in print).

10. Haroun, M. A., Mosallam, A. S., Feng, M. Q. and Elsanadedy, H. M. “Experimental investigation of
seismic repair and retrofit of bridge columns by composite jackets” Proceedings of the International
Conference of FRP composites in Civil Engineering, Hong Kong, 2001; 839-848.

11. Ma, P., Xiao, Y., Li, K. N. “Seismic retrofit and repair of circular bridge columns with advanced



12.

13.

composite materials” Earthquake Spectra, 1997; 15(4): 747-764.

Seible, F., Priestley, M.J.N., Hegemier, G.A. and Innamorato D. “Seismic retrofit of RC columns
with continuous carbon fiber jackets”. ASCE Journal of Composites for Construction, 1997; 1(2):
52-62.

Osada, K., Yamaguchi, T. and Ikeda, S. “Seismic performance and the retrofit of hollow circular
reinforced concrete piers having reinforcement cut-off planes and variable wall thickness”
Transactions of the Japan Concrete Institute, 1999; 21: 263-274.



	Return to Main Menu
	=================
	Return to Browse
	================
	Next Page
	Previous Page
	=================
	Full Text Search
	Search Results
	Print
	=================
	Help
	Exit DVD



