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Seismic Retrofitting of Columnswith Lap Spliced
Smooth Bars Through FRP or Concrete Jackets

STATHISBOUSIAS, ALEXISLOUKAS SPATHIS,
and MICHAEL N. FARDIS

Structures Laboratory, Department of Civil Engineering,
University of Patras, Patras, Greece

The effectiveness of RC jacketing or FRP wrapping for seismic retrofitting of rectangular columns
having smooth (plain) bars with 180° hooks lap-spliced at floor level is experimentally investigated.
The relatively low deformation capacity and energy dissipation of five unretrofitted columns is
found not to depend on lap length, if lapping is not less than 15 bar-diameters. Six columns cycli-
cally tested up to ultimate deformation after RC concrete jacketing demonstrate force and deforma-
tion capacity and energy dissipation sufficient for earthquake resistance, regardless of the presence
or length of lap splicing in the original column. Another ten columns cyclically tested to ultimate
deformation after wrapping of the plastic hinge region with CFRP show that FRP wrapping of the
splice region is more effective than concrete jackets for enhancement of the deformation and energy
dissipation capacity of old-type columns with smooth bars lap-spliced at floor level, provided that
wrapping extends over the member length sufficiently to preclude plastic hinging and early member
failure outside the FRP-wrapped length of the column.

Keywords Concrete Jackets, Cyclic Deformation Capacity; Cyclic Tests; Frp Jackets; Lap
Splices; Seismic Rehabilitation; Seismic Retrofitting; Seismic Upgrading

1. Introduction

The majority of the concrete building stock in the seismic parts of the world has been con-
structed before enforcement of modern seismic design codes and is, thus, inherently vul-
nerable to earthquakes. Smooth (plain) bars with hooked ends were commonly used in the
past — in European countries even during the 1970's or even later. Moreover, in columns,
such bars were lap-spliced at column ends (typicaly at floor levels). As this type of defi-
ciency is often the weak link, remedying it is essential for seismic upgrading of old con-
crete buildings.

Concrete jacketing is still the method of choice for seismic rehabilitation of members
in existing concrete buildings, especially in seismic-prone European countries. Thisis due
to the cost-effectiveness of the technique, owing to:

o Thefamiliarity of engineers and the construction industry alike with the field appli-
cation of structural concrete.

o The suitability of concrete jacketing for repair of severe seismic damage (including
concrete crushing, or buckling of bars and fracture of stirrups), in the same opera-
tion as casting or shotcreting the jacket.
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e The versatility and shape-adaptability of reinforced concrete to fully encapsulate
existing members and joints and to provide structural continuity between different
components (between a joint and the adjoining members, between members in
adjacent storeys, etc.).

e The ability of concrete jackets to have, when suitably reinforced, multiple effects.
They can enhance at the same time stiffness and flexural resistance (through the
increased size of the cross section and the added longitudina reinforcement that
easily extends beyond the member end, into and through the joints), aswell as shear
resistance, deformation capacity, and anchorage and continuity of reinforcement in
development or splicing zones (due to the added transverse reinforcement, that
works for shear, confinement, and against buckling of longitudinal bars).

e The reduction of global seismic displacements and the deformation demands in all
members — possibly below their deformation capacities — due to the increased
stiffness of the jacketed members.

o The effectiveness of concrete jackets, constructed continuous from story-to-story
around the joint, to remedy weak column/strong beam cases and/or deficient beam-
column joints.

Considering the benefits and popularity of concrete jacketing, the scarcity of cyclic
tests on RC-jacketed members, especially on columns having short lap-splicing of vertical
bars in the plastic hinge region and/or smooth (plain) vertical bars, is striking.

Unlike concrete jackets, wrapping concrete columns with fiber-reinforced-polymers
(FRP) isunder intensive study worldwide, owing to the advantages it offers over RC jack-
eting, notably:

the smaller final column section, if floor areais at a premium,;
less disruption of occupancy;

little pollution with dust, debris and noise;

better worker safety, etc.

As FRP jackets normally do not extend beyond the end of the existing member and
into joint, they do not increase flexural resistance and stiffness, but improve only shear
strength, deformation capacity, and splicing or anchorage of longitudinal reinforcement.

FRP retrofitting of circular or rectangular columns with inadequate lap-splices of
ribbed (deformed) bars with straight ends has been studied by Chang et al. [2001],
Elnabel sy and Saatcioglu [2004], Harries et al. [2003], Haroun et al. [2001], Laplace et al.
[2005], Ma et al. [1997, 2000], Restrepo, et al. [1998], Saadatmanesh et al. [1997],
Saadatmanesh et al. [1997], Saatcioglu and Elnabelsy [2001], Schlick and Brena [2004],
and Xiao and Ma[1997].

By contrast, thereis almost complete lack of published information on the cyclic behav-
ior of FRP-retrofitted columns with smooth (plain) bars and hooked ends, with or without
lap splices. Cyclic test results on unretrofitted columns with smooth bars and hooked ends,
lap-spliced or continuous, are also scarce, despite the widespread use of this type of barsin
some countriesin the past. This article contributes to filling this gap via experimental work.

The article presents and discusses the results of an experimental program on rehabili-
tation of rectangular RC columns with smooth (plain) vertical bars lap-spliced at floor
level through concrete or FRP jackets. In addition to the type of jacket, the parameters
studied were: (a) the length of lapping; (b) the number of FRP layers; and (c) the length of
application of FRP wrapping. As concrete jacketing is the technique of choice for the
repair/strengthening of seismically damaged columns, the article investigates also the
impact of previous unrepaired damage on the effectiveness of concrete jackets.
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2. Test Specimens, Materials, Test Set-Up and Testing Program

The original column specimens had dimensions, reinforcement detailing, and materials
typical of old RC buildings without detailing for earthquake resistance. It had (see
Fig. 1(b)) a 250 mm square section and was reinforced with 4, 14 mm smooth (plain) cor-
ner bars having yield stress 313 MPa and tensile strength 442 MPa (average from three
coupons). To represent past practice, the transverse reinforcement of the original column
consisted of smooth 8 mm stirrups at 200 mm centers, anchored by a 135° hook at one end
and a 90° hook at the other (obviously, such widely spaced stirrups are not expected to be
very effective for confinement or clamping of lapped bars). The stirrup yield stress and
tensile strength were 425 MPa and 596 M Pa, respectively. The value of the concrete cylin-
drical strength of the original column at testing, f;, islisted in Tables 1 to 3.

The unretrofitted specimens are given the notation Q_OLi, where Li denotes rein-
forcement lapping (L1 for 15-bar diameters lapping and L2 for 25-bar diameters lapping).
Information on the five columns tested unretrofitted is given in Table 1.

Retrofitted columns are denoted as Q_XYZ, where X signifies the type of jacket used
(RC for reinforced concrete and Pj for j=2 or 4 layers of FRP), Y the lapping length (noth-
ing for continuous reinforcement, L1 or L2 for 15- or 25-bar diameters, respectively), and
Z the height of FRP-wrapping (H1 for 300 mm and H2 for 600 mm). Suffix pd, when
used, denotes that the specimen was damaged before retrofitting. Table 2 provides details
for the six columns tested after RC-jacketing, plus a monolithic control specimen having
the same reinforcement as the concrete jacket applied to the other columns. Table 3 refers
to the ten columns tested after FRP-wrapping.

The column was fixed into a heavily reinforced 0.6 m-deep footing (Fig. 1(a)). The
footing was prestressed to the laboratory strong floor to avoid footing rotation. This
was verified by the measurements of dial gages attached to the footing checking that
the displacement relative to the strong floor was nil. Each column was tested as a
simple cantilever. Its shear span, measured from the top of the footing to the point of

@) (b)

250mm

® v14

250mm

(©

400mm

5 \\\\ N

FIGURE 1 Test setup (@) and cross section of original (b) and of RC-jacketed column
(c) — dimensions are in mm.
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application of the lateral load, was 1.6m and was meant to be equal to about half a typ-
ical story height.

Eight of the original columns (the ones not designated asL1 or L2 in Tables 1-3) had
continuous vertical bars extending to the bottom of the footing and anchored there with
180° hook. In 13 columns, starter bars with 180° hooks were provided at the base of the
original column and lap-spliced with the main bars of the column that started at the base
section with a 180° hook. Lapping took place over a length of 15- or 25-bar diameters,
measured to the tangent of the hook (specimens L1 or L2, respectively, in Tables 1-3, see
Fig. 2(a)). The internal diameter of the hook was equal to 2.5 bar-diameters and the bar
extended straight past the end of the curved part of the hook by 40 mm.

The concrete jacket of the columnsin Table 2 was 75 mm thick (Fig. 1(c)). It con-
sisted of shotcrete, except in specimen Q-RCpd, where it was cast-in-place. A 75 mm
thickness was almost the minimum that could provide proper cover to the perimeter
tie and allow a 135° hook at the tie end. The jacket was reinforced longitudinally with
4, 20 mm ribbed (deformed) bars with ayield stress of 487 MPa, which were embed-
ded in the footing when the original column was cast (Fig. 2(b)). The jacket transverse
reinforcement consisted of a single 10 mm perimeter tie at 100 mm centers, having
yield stress 599 MPa. With the addition of the RC jacket, the cross-sectional dimen-
sion of the column became 400 mm and its shear span ratio decreased from 6.4 to 4.0.
The jacket stopped about 250 mm below the point where the lateral 1oad was applied.
The cylindrical compressive strength of the jacket at the time of testing is listed in
Table 2.

A monoalithic column, Q-RCM, was also constructed for testing as control specimen,
with the same external dimensions (400 mm square) and the same reinforcement as the
jacket (4, 20 mm vertical bars, 10 mm closed ties at 100 mm centers), but without the ver-
tical or transverse reinforcement of the original column.
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FIGURE 2 Laps at column base in specimen Q-0L 2. (a) jacket reinforcement embedded
in column base (b).
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Two specimens, Q-RCL1 and Q-RCL 2, with lap-spliced vertical bars in the original
column, were jacketed without any special measure for connection of the jacket to the old
concrete. To study the effect of initial damage, specimen Q-RCpd was jacketed after
cyclic testing beyond yielding and up to ailmost ultimate strength. Initial damage consisted
of open but narrow cracks and spalled or locally crushed concrete. This damage was | eft
unrepaired; only spalled or crushed concrete was replaced by the jacket shotcrete. Again,
no special measure was taken to connect the jacket to the old concrete. This was because
Bousias et al. [2006] have found, through an experimental campaign of their own and a
comparative study of test resultsin the literature, that in RC-jacketed columns without lap
splicesin the original column, positive measures of connection (such as aroughened inter-
face, steel dowels, or connection of the jacket corner bars to the old ones through welded
U-bars) are not essentia for the full composite action of the old and the new concrete
under cyclic loading. The same conclusion was reached in a comparative monotonic test-
ing program of six jacketed columns having different types and levels of connection at the
interface [Julio et al, 2005].

In two more jacketed specimens, Q-RCL1pd and Q-RCL2pd, the original columns
were specimen Q-0L1a and Q-OL 2a, respectively, previousy damaged by cyclic testing
beyond ultimate conditions (see column (13) in Table 1 for the description of the initial
damage to these two columns). Unlike Q-RCpd and any other of the jacketed columns,
Q-RCL1pd and Q-RCL2pd had the full lateral surface of the old column roughened with
an electric concrete chipping hammer, until the hardened cement paste and fine aggregates
were removed and coarse aggregates exposed.

Ten columns were tested after retrofitting with wraps of resin-impregnated, uni-
directional, carbon-fiber-reinforced-polymer (CFRP) sheets. Each ply of CFRP had nomi-
nal thickness 0.13 mm, Elastic Modulus 230 GPa, and tensile strength 3450 MPa (failure
strain 1.5%) in the (main) direction of the fibers. The CFRP sheets were attached to the
column via epoxy resin, after thoroughly cleaning the column surface of loose material
and rounding the corners of the section to a radius of 30 mm, to avoid stress concentra-
tions that may lead to premature FRP rupture and to extend the confining action of the
FRP at the corner over alarger concrete volume. A CFRP lap length of one full side of the
cross-section was provided at the end of the wrap.

Different numbers of CFRP plies were used and over different heights from the col-
umn base. In the notation of the specimens, P2 or P4 stands for two or four CFRP layers,
respectively; H1 is also used if CFRP was applied over the lower 0.3 m and H2 if it was
applied over the lower 0.6 m. The FRP wrapping started at a distance of about 10 mm
from the base.

Unidirectional deflection cycles were applied with amplitude increasing by 5 mm
from cycle-to-cycle. In general, testing with increasing deflection amplitude continued
until and beyond the conventionally defined column ultimate deformation, which is taken
where peak resistance in a cycle drops below 80% of the maximum recorded lateral resis-
tance of the column. Often the conventionally defined ultimate deformation is associated
with fracture of one or more vertical bars, or of the FRP wrapping.

A jack at the top of the column applied the axial load, acting against vertical rods con-
nected to the laboratory strong floor through a hinge. The axial load was manually con-
trolled and re-adjusted as the experiment progressed. With this setup, the P-A moment at
the base of the column was equal to the axial load, times the ratio of the distance of
the hinge from the column base to the point of application of lateral load (i.e., times
0.5/1.6=0.3125). Bending moments reported in Tables 1-3 include the P-A contribution.

Tables 1-3 give the mean value of axial load during the test, normalized to the prod-
uct of the external dimensions b and h of the full section and to f, as v=N/bhf.. For the
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jacketed columns, the value of f, for the jacket was used, as the flexural resistance and the
deformation capacity of the jacketed member depended on the compressive strength of the
compression zone, which normally does not extend beyond the thickness of the jacket.

LVDTs placed at opposite sides of the column in the direction of loading measured
vertical displacements between the top of the footing and two column sections at 125 mm
and 250 mm (50% or 100% of the depth of the original column section) from the base.
These measurements provided the relative rotation and the mean axial strain within the
corresponding length of the column above the base, including the effect of any pull-out of
vertical bars from the footing.

3. Experimental Behavior and Discussion

Columns (6)—9) in Table 1 and (7)—<10) in Tables 2 and 3, present the moment, the drift
ratio (chord rotation), the curvature at the base at yielding of the column, My, 6,, and ¢,
respectively, aswell asthe fixed-end rotation due to bar pullout. Columns (10)—<12) in Table
1 and (11)«13) in Tables 2 and 3, give the ultimate drift ratio (chord rotation) and ultimate
curvature at the base, 6, and @, respectively, as well as the fixed end rotation due to bar
pull-out a ultimate. Yielding was identified with a distinct reduction in the slope of the
moment-deflection curve and close to the corner point of a bilinear envelope that can be fit-
ted to the ascending part of the force-deflection responseg, i.e., up to peak resistance. The drift
ratio or chord rotation at the base of the column, 6, was the deflection at the point of lateral
loading, divided by the shear span of 1.6 m. The curvature at the base of the column and the
fixed-end rotation due to bar pullout were estimated from the rotations of the two instru-
mented sections assuming that the curvature is constant within the lowest 250 mm of the col-
umn. The reader is warned, though, that these values are subject to significant uncertainty,
due to the assumptionsinvolved in their estimation and noise in the rotation measurements.

The main features of the behavior and the mode of failure are noted at the last column
of Tables 1-3.

3.1. Unretrofitted Columns

The five unretrofitted columns included one without laps (Q-0) and two columns for each
lap-splice length (Q-0L 1, Q-OL 1a and Q-0L 2, Q-0L 2a). Specimens Q-0L 1 and Q-0L 2 had
about the same axial load level as Q-0, while the effect of higher axial load was investi-
gated in specimens Q-0OL 1a and Q-0OL 2a.

The force-displacement response of the five unretrofitted specimens is shown in Fig. 3.
Figure 4 shows the damage of four of these columns after the end of the test. The behavior of
al columns was controlled by flexure and exhibited a dramatic drop in resistance after
ultimate strength. There was no clear effect of the lap length, as columns Q-0 without laps and
Q-0L2 with the 25-bar diameter Iap did not perform any better than Q-OL1 that had 15-bar
diameter lapping and developed plastic hinging above the lap splice. Column Q-OL1a, by
contrast, again with a 15-bar diameter lap, had lower ultimate deformation than Q-OL2a. The
adverse effect of the level of the axia load on the post-peak strength degradation was much
more evident than any effect of the lap-splicing. It is noteworthy that in specimens Q-0L1
(Fig. 4(b)), Q-0L1aand Q-0L2a (Fig. 4(d)) most of the final damage was above the lap splice.

3.2. RC-Jacketed Columns

The force-displacement response of the RC jacketed specimens is shown in Fig. 5. Not
only the yield moment, but also the deformation capacity was enhanced by jacketing (by a
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FIGURE 3 Effect of lap-splicing on unretrofitted columns; (top row): columns tested
under lower axial load; (bottom row): columns tested under higher axial 1oad.

@ (b) © @

FIGURE 4 Damage of unretrofitted specimens after completion of test: (a) Q-0; (b) Q-
OL1 with 15-bar diameter lapping; (c) Q-OL2 with 25-bar diameter lapping; (d) Q-OL2a
with 25-bar diameter lapping.

factor of 3 at least, with respect to the unretrofitted columns). Even in specimens with |ap-
spliced bars in the original column, ultimate drift was around 5.5%. Peak resistance was
almost independent of bar lapping in the original column inside the jacket. The effect of
jacketing completely overshadowed that of the lapping and of its length. In columns with
lap-spliced origina reinforcement, only the post-ultimate strength drop in resistance
seemed to accelerate.

As in the specimens without lapping, behavior was mainly governed by flexure, but
this time with heavy bond-splitting and spalling all along the corner bars. The opening of
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FIGURE 5 Effect of lap-splicing on RC jacketed columns: (top row) original column
without lap splices, with or without previous damage; (2™ row) original column with lap
splices, without previous damage; (3" row) predamaged original column with lap splices;
(bottom row) monoalithic column.

any hairline diagonal cracks that may have developed up to maximum load kept decreas-
ing after ultimate strength. Pre-damage of the original column (in specimen Q-RCpd
beyond yielding and in Q-RCL 1pd and Q-RCL 2pd beyond ultimate deformation) did not
seem to have a significant effect on the behavior of the subsequently jacketed specimens,
Q-RCpd, Q-RCL 1pd and Q-RCL 2pd. Thisisdepicted in the graphs at the third row of Fig. 5,
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where the response of specimens Q-RCL 1pd and Q-RCL2pd (broken line) is compared to
that of the old members Q-OL 1a and Q-OL 2a (continuous line). The lower strength of the
cast-in-place jacket of Q-RCpd was a possible factor for the heavy bond splitting/spalling
along its corner bars, without any apparent effect, though, on column lateral force and
deformation capacity.

The damage of columns Q-RC, Q-RCL 1pd, and Q-RCL2pd after the test is shown in
Figs. 6(a)—(c).

The behavior and ultimate deformation of the monoalithic column Q-RCM was very
similar to that of the jacketed columns. The absence of the 4, 14 mm smooth bars, emulat-
ing the vertical reinforcement of the old column, did not have an apparent adverse effect
on theyield or ultimate moment, or the stiffness of the column.

3.3. FRP-Wrapped Columns

Regardless of the number of layers of FRP material and the lap length, FRP-wrapped
specimens behaved far better than their unretrofitted counterparts. In general, member
deformation capacity increased by a factor of about 2.5, achieving a drift ratio at conven-
tional failure (20% drop in resistance with respect to peak resistance) from 4.7% to above
7%, and invariably sustaining a maximum drift close to 7% by the end of the test.

As shown in Fig. 7 and Table 3, the increase in force capacity and the post-peak strength
deterioration in the column without lap splices were about the same, irrespective of the layers of
FRP and the length of its application (except for specimen Q_P4H1a, discussed later). Defor-
mation capacity was dightly improved, if four layers of CFRP are used instead of two. Figures
6(e) and 6(f), show specimens Q-P4H2 and Q-P2H1, respectively, at the end of the test.

@ @ (f)

FIGURE 6 Damage of retrofitted columns: (a) Q-RC; (b) Q-RCL1pd; (c) Q-RCL2pd;
(d) Q-P4H15; (e) Q-P2H2; (f) Q-P2H1.
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FIGURE 7 Force-deflection response of columns without lap splice: (a), (b) two CFRP
layersover 0.3 m (&), over 0.6 m (b); (c)—(e) four CFRP layers over 0.3 m (c) and (e), over
0.6 m (d);(f) unretrofitted column.
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Columns with either short lap length (L1 in Fig. 8) or long one (L2 in Fig. 8),
wrapped with two or four layers of CFRP over the lower 0.6 m of the column, have also
very satisfactory performance. Specimen Q-P2L1H2 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 lap length but retrofitted with four
layers of CFRP (Q-PAL1H2) had the same peak resistance, 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, disintegration of the concrete inside the jacket was found.

The load-deformation pattern observed in columns with short lapping (i.e.,
Q-P2L1H2, Q-PAL1H2) did not change when the lap length was longer (Q-P2L2H2 and
Q-P4L2H2), as demonstrated in Figs. 8(d) and (f), respectively: very stable behavior, with
both specimens exhibiting the same force resistance and gradual strength degradation after
peak force. In both specimens the FRP ruptured at the end of the test.

The effect of the length over which the FRP wrapping was applied (0.6 m vs. 0.3 m)
was studied through the following specimens:

e columns Q-P4H1 and Q-P4H1a, in Figs. 7(c) and (e), respectively, both with four
CFRP layers over 0.3 m and column Q-P4H2 in Fig. 7(d) with the same number of
layers but over 0.6 m, al without lapping; and

e column Q-P4L1H1 with four CFRP layers over 0.3 min Fig. 9(a), vs Q-PAL1H2 in
Fig. 9(b) with the same number of layers over 0.6 m, both with 15-bar diameter

lapping.

In column Q-P4AL1H1 the CFRP layers over the lowest 0.3 m of the column covered 140%
of the lap length.

The pair of columns Q-PAL1H1 in Fig. 9(a) and Q-P4AL1H2 in Fig. 9(b), and that of
columns Q-P4H1 in Fig. 7(c) and Q-P4H2 in Fig. 7(d), did not show a clear effect of the
length of application of the FRP. In column Q-P4H1a, by contrast, which was in every
respect similar to Q-P4H1, plastic hinging and subsequent column failure took place
above the 0.3 m long FRP wrapping (Fig. 6(d)). As aresult, the peak resistance, the post-
peak strength decay and the ultimate deformation of this FRP-wrapped column were very
similar to those of the unretrofitted column in Fig. 7(f). For awrapping length of just 0.3 m,
the bending moment (including the P-A effect) was about 20% larger at the base of the
column than at the end of the wrapping. It seems, therefore, that the increase in flexural
capacity at the base due to concrete confinement by the FRP and strain hardening of the
reinforcement was at least 20%. So it prevented development of the full column flexural
capacity at the base before yielding of the section just above the FRP wrapping and forma-
tion of a plastic hinge there. As a result, in the case of column Q-P4H1a, deformation
capacity was controlled by the unconfined length above the FRP, instead of the well-con-
fined region where yielding occured in the first place. It is therefore clear that the 0.3 m
length of application of FRP cannot reliably cope with the post-yield increase in flexural
capacity of the FRP-wrapped base of the column and prevent formation of a second plastic
hinge and subsequent failure above the FRP wrapping.

Comparing the behavior of columns with short lapping (Figs. 8(a), (c), (€)), long lap-
ping (Figs. 8(b), (d), (f)), or continuous bars (Figs. 7(b)-(€)), al wrapped with two or four
CFRP jackets, it is concluded that, for smooth bars with 180° hoops at the ends and lap-
ping of at least 15-bar diameters, lap length does not influence the force and cyclic defor-
mation capacity and the rate of strength degradation in the rehabilitated column.
Nonetheless, energy dissipation seems to be dightly affected by lap length, as evidenced
by the reduction in the width of hysteresis |oops observed when going from columns with
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FIGURE 8 Force-deflection response of specimens with 15-bar diameter lapping (left
column) or 25-bar diameter lapping (right column): (&), (b) unretrofitted specimens; (c),
(d), specimens wrapped with two CFRP layers over 0.6 m; (€), (f): specimens wrapped

with four CFRP layers over 0.6 m.
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FIGURE 9 Columns with 15-bar diameter lapping and four FRP layers applied over:
(8 0.3 m; (b) 0.6 m.

continuous bars (Figs. 7(b)-(e)), to those with long lapping (Figs. 8(b), (d), (f)) and then to
short lapping (Figs. 8(a), (c), (€)).

3.4. Mean Axial Strain at the Bottom of the Columns

The evolution of the mean axial strain at the center of the section over the lowest 250 mm
above the base with the lateral deflection of the top of the column is presented in Fig. 10
for the unretrofitted and the RC-jacketed columns and in Fig. 11 for the FRP-wrapped
ones. These strains were derived from the average of the LVDT measurements on oppo-
site sides of the column. In RC-jacketed specimens, they essentially reflect the axial dis-
placement of the lower-most 250mm of the jacket with respect to the footing. The change
in column length in each cycle of loading (nearly) in proportion to the lateral deflection
was due to the bending according to the plane-sections hypothesis.

The most interesting result in Figs. 10 and 11 is the ratcheting axial shortening or
extension with the cyclic deflection. Columns with high normalized axial load v=N/bhf,
such as the un-retrofitted specimens in the left column of Fig. 10 and all FRP-wrapped
onesin Fig. 11 (all of which had v between 0.4 and 0.45), exhibited ratcheting axial short-
ening, as load cycling led them beyond yielding and towards failure, due to accumulation
of permanent compressive strains in the concrete (the diagram for column Q-L 1 does not
show ratcheting shortening, because the critical region turned out to be above the splice,
i.e., above theregion instrumented with LVDTS).

The large ratcheting axial elongation of the specimens in the central column of Fig. 10
(except the monoalithic one at the top) was not so much due to their very low normalized
axial load (owing to the very high compressive strength of their jacket shotcrete), but to
the lack of any positive measures to connect the old concrete to the jacket.

In the predamaged specimens of the right column of Fig. 10, the shotcrete that
replaced the spalled or damaged and removed concrete near the base of the old column
improved the connection of the jacket. Moreover, in specimens Q-RCL1pd and
Q-RCL2pd, which showed the least ratcheting axial elongation (or even axia shortening
in Q-RCL2pd when failure was approaching) the full lateral surface of the old column had
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FIGURE 10 Evolution of mean vertical strain at center of section (over lower 250 mm
from base) with lateral displacement of column: (top) monolithic column; (2™ row) origi-
nal column without lap splices, with or without previous damage; (3 row) original col-
umn with 15-bar diameter lapping; (bottom row) original column with 30-bar diameter
lapping; (left column) unretrofittted specimen; (center) RC-jacketed columns; (right col-
umn) RC-jacketed columns with pre-damage and roughened interface.

been artificialy roughened before jacketing. Note that, four columns had been tested by
Bousias et al. [2006] after jacketing, with various positive measures to connect the old
concrete to the jacket, but otherwise similar to Q-RC; they al showed ratcheting axial
behaviour similar to that of Q-RCL 1pd and Q-RCL 2pd with the rough interface.

The large ratcheting elongation near the bottom of the columns which were jacketed
without any positive measures to connect the old concrete to the jacket suggests significant
dlippage of the jacket with respect to the old column inside, which remained fixed to the foot-
ing during the test. There was no manifestation of any deleterious effects of this dippage on
the global cyclic behaviour of the columnsin Fig. 5 and on the parameters that summarize it
in Table 2. Theresults by Bousias et al. [2006] provide further support to this conclusion.
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FIGURE 11 Evolution of mean vertical strain at center of section (over lower 250 mm
from base) with lateral displacement of column: (top) column without lap splices and FRP
plies over lower 0.3 m; (2" row) column without lap splices and FRP plies applied over
0.6 m; (3" row) column with 15-bar diameter lapping and FRP plies applied over 0.6 m;
(4" row) column with 25-bar diameter lapping and FRP plies applied over 0.6 m; (l&ft col-
umn) specimens retrofitted with two FRP plies; (right column) specimens retrofitted with
four FRP plies.



Downloaded by [University of Ljubljana] at 02:57 20 December 2013

Seismic Retrofitting of Columns with Lap Spliced Smooth Bars 673

4. Conclusions

The conclusions of the present study are limited to rectangular columns with amount and
detailing of reinforcement fairly similar to those studied in this article and for axia load
below balanced load.

Old-type columns with smooth (plain) vertical bars have low deformation and energy
dissipation capacity under cyclic loading, which is, however, not impaired much further
by lap splicing of the vertical bars at floor level, provided that the lapping is at least 15
bar-diameters. A lap length of at least 15-bar diameters seems to sufficiently supplement
the 180° hooks for the transfer of forces. RC jacketing of such columns increases their
deformation capacity to levels sufficient for earthquake resistance, irrespective of the
presence and length of lap splicing. Previous damage of the old column by cyclic loading
beyond its peak resistance does not reduce noticeably the effectiveness of the jacket. Lack
of positive measures to connect the old concrete to the jacket causes significant slippage at
their interface, but does not adversely affect the lateral 1oad resistance, deformation capac-
ity or energy dissipation of the jacketed column.

In FRP-wrapped columns with smooth bars and hooked ends, the number of layers
above two, or even the presence and length of lapping, were not found to have a
systematic effect on the resistance and cyclic deformation capacity and the rate of strength
degradation. However, a decrease in lap length seemed to reduce energy dissipation in the
FRP-retrofitted columns. Overall, FRP wrapping of just the plastic hinge and any splice
region is more effective than concrete jacketing in enhancing the deformation and energy
dissipation capacity of old-type columns having smooth bars with or without lap-splicing.
It is notable that FRP-wrapping of an end portion of the member length equal to just 20%
of the shear span is not sure to preclude plastic hinging and early member failure outside
the FRP-wrapped length of the column.
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