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Rebar Replacement in Severely Damaged RC Bridge
Column Plastic Hinges: Design Criteria and
Experimental Investigation
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Abstract: This paper presents a procedure for rehabilitating plastic hinges with damaged/fractured weldable longitudinal rebars in severely
damaged reinforced concrete (RC) bridge columns and possible improvements regarding connection protection and plastic hinge develop-
ment. Damaged/fractured longitudinal rebars are replaced with new rebar segments, and the basis of this approach involves connecting
intermediate machined parts to the original longitudinal rebars by welding with an off-the-shelf steel equal angle. The proposed rehabilitation
design procedure is based on capacity design principles, with equations that define the new geometries and required ductility, and it is
validated experimentally on three 1:6-scale RC circular column specimens. Compared with the original columns, the ductility capacity
of the rehabilitated columns increased from 39% to 58%, and the energy dissipation (equivalent viscous damping ratio) increased from
approximately 50% to 250%. The base shears of the rehabilitated columns were smaller than those of the original columns owing to the
reduction in the rebar area; thus, shear failure was avoided, and the demand on the foundation was reduced. The rehabilitation procedure, by
adopting a welding connection that is easily performed on site and concentrates the damage in the new rebar segments, promises to be a quick,
simple, reliable, and effective means to improve the ductility and shear capacity of RC bridge columns without using mechanical couplers
or changing the column dimensions. DOIL: 10.1061/JSENDH.STENG-10419. This work is made available under the terms of the Creative
Commons Attribution 4.0 International license, https://creativecommons.org/licenses/by/4.0/.

Author keywords: Reinforced concrete (RC) bridge column; Rehabilitation; Rebar replacement; Plastic hinge; Experimental seismic
behavior; Design procedure; Carbon fiber reinforced polymer (CFRP).

Introduction

A simple welding connection system for the replacement of
damaged/fractured longitudinal rebars in severely damaged rein-
forced concrete (RC) columns with new rebar segments, which
have reduced diameters in their intermediate parts (machined part)
compared with the original rebars, is theoretically and experimen-
tally investigated in this paper. The proposed rehabilitation pro-
cedure includes column repair and shear strength upgrading to
obtain compliance with structural performance requirement of CEN
(2020), whereas flexural strength upgrading is not considered, as in
the case of many existing bridge columns that present only shear
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strength seismic deficiencies due to construction error or old (not
seismic design) code.

The present procedure explores the possibility of connecting
new rebar segments to the original weldable undamaged rebar ends
by a connection system composed of a part from an off-the-shelf
steel equal angle; a welding connection is adopted to simplify the
on-site process, resolve geometrical problems due to nonalignment
of the original rebars, limit the demolishment of the core concrete to
the damaged parts only, retain the positions of the plastic hinge
thanks to the containment of the welding length, and reduce the
uncertainties regarding the bridge capacity after rehabilitation.

That the bars are weldable has a huge connotation for the ap-
plication of this technique. It is therefore strongly recommended
that a chemical analysis of the bars to be replaced is carried out
to check their weldability.

Provided that the original rebars are weldable, the rehabilitation
process solves the following two crucial aspects of plastic hinge
rehabilitation: (1) it develops a simple technique for replacing a
damaged/fractured longitudinal rebar even in complicated site con-
ditions; and (2) it preserves the connections to the original rebars
from yielding and allows the location of the plastic hinge above the
foundation to remain unchanged if not slightly reduced. An addi-
tional positive aspect worth mentioning is that the shear demand
remains unchanged or is slightly reduced. Finally, to simplify the
concrete placement with a positive impact on execution, the hoops
are reduced, which is not discussed in this paper.

The paper includes an analytical determination of the geom-
etries of the new rebar segments and of the connections to the
original weldable rebars. Also presented, to confirm the design
procedure, are experimental tests on three 1:6-scale specimens
representative of the column of a prototype bridge before and after
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rehabilitation with rebar segments of different machined lengths
and diameters. Finally, the main conclusions are drawn, and open
issues for future research are presented.

Literature Review

The typical damages corresponding to different damage states
that RC bridge columns experience following earthquakes are as
follows: concrete cracking; concrete cover spalling; and yielding,
buckling, or fracturing of hoops and/or longitudinal rebars (Vosooghi
and Saiidi 2010a, b). Substandard columns (not designed for modern
seismic codes) and sometimes standard columns (designed for
modern seismic codes) may experience buckling, rebar fracturing,
and shear failure (He et al. 2015).

He et al. (2015) classified bridge column rehabilitation as fol-
lows: (1) rehabilitation of RC bridge columns without fractured
longitudinal rebars; and (2) rehabilitation of RC bridge columns
with fractured longitudinal rebars.

The rehabilitation of RC bridge columns without fractured lon-
gitudinal rebars usually refers to bridge columns with small to mod-
erate damage; rehabilitation results in adequate strength capacity
without external reinforcement systems but obtains reduced stiff-
ness (French et al. 1990; Lehman et al. 2001) or has adequate ex-
ternal reinforcement systems, such as RC jackets (Bett et al. 1988;
Kunwar et al. 2021), steel jackets (Chai et al. 1991; Zhang et al.
2021), fiber-reinforced polymer (FRP) jackets (Chang et al. 2004;
Elsouri and Harajli 2011; He et al. 2013b, 2014; Li and Sung 2003;
Priestley and Seible 1993; Saadatmanesh et al. 1997; Sheikh and
Yau 2002; Vosooghi et al. 2008), near-surface mounting (NSM)
of carbon fiber-reinforced polymer (CFRP) laminate systems or
hybrid CFRP systems (Chellapandian and Prakash 2018), grooving
and corner strip-batten reinforcement (Saljoughian and Mostofinejad
2020), and shape memory alloys (SMAs) (Shin and Andrawes
2011), which recover the bridge column strength and often the stiff-
ness as well. Rehabilitation with external RC jackets may require a
relatively long time to cure, as well as considerable labor. For the
others, reduced stiffness could occur, which is a limitation.

Rehabilitation of RC bridge columns with fractured longitudinal
rebars was proposed by Albanesi et al. (2009), Cheng et al. (2003,
2004), Hwang et al. (2021), He et al. (2013a, b, 2016), Lavorato and
Nuti (2015), Lavorato et al. (2015, 2017), Lehman et al. (2001), Parks
et al. (2016), Rodrigues et al. (2017, 2018), Rutledge et al. (2014),
Saiidi and Cheng (2004), Shin and Andrawes (2011), Vosooghi and
Saiidi (2013), Wu and Pantelides (2017), Xue et al. (2018), and Yang
et al. (2015a, b). These procedures involve the replacement of frac-
tured rebars with other rebars or with external reinforcements in FRP,
with or without new external jackets. Some methods include reloca-
tion of the plastic hinge. Such rehabilitation procedures can require
substantial labor and be time-consuming, with the exception of those
that consist of external FRP applications only, which require addi-
tional studies to achieve effective strength, ductility, and stiffness.

The closure of one or more bridges can paralyze an entire region
(Briseghella et al. 2019; Nuti and Vanzi 2003; Nuti et al. 2010);
therefore, there has been growth in new rehabilitation technique pro-
posals for reopening bridges to traffic in a short time (He et al. 2013a,
b; Sun et al. 2017; Wu and Pantelides 2018), even with reduced
performance (for example, limited to sustaining emergency traffic).

Considering this, an appealing roadmap is the optimization of
some rehabilitation procedures of RC bridge columns with frac-
tured longitudinal rebars, such as those proposed by Cheng et al.
(2003, 2004), Lehman et al. (2001), Shin and Andrawes (2011),
and Yang et al. (2015a), which include fractured rebar replacement
and could be grouped with that of Cheng and Mander (1997),
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which implies the connection of the new rebar segments with the
original rebars through mechanical connectors.

Rehabilitation has some important open issues. First, because of
the dimensions and stiffness of the mechanical coupler, the plastic
hinge is relocated to a position above or below the connection. This
may reduce the length of the plastic hinge and increase the shear
demand, with unfavorable effects on the displacement capacity of
the bridge. Additionally, connecting the new rebar segments with
the original rebar in the bridge column may be a complex and dif-
ficult process in different real cases (e.g., the operating space to
apply the coupler in the case of congested rebar may be insufficient,
or rehabilitation could be difficult in the case of an irregular ar-
rangement of the rebars); therefore, alternative connection systems
should be evaluated (Kheyroddin et al. 2021). Moreover, with the
exception of dog-bone solutions (Cheng and Mander 1997), there
could be the risk of unwanted plastic hinge relocation or connection
failure due to segment overcapacity.

The present proposal, following those by Cheng and Mander
(1997) and Cheng et al. (2003, 2004), localizes the new plastic
hinge on the new rebar segments only. The following simplifica-
tions are discussed: the segment replacement is realized using a
machined rebar, and assembly is realized by means of a connector
composed of an off-the-shelf steel equal angle, which is also appli-
cable in the case of congested and/or irregular rebars, with the use
of welding.

Rehabilitation Procedure

An RC bridge column is considered with adequate longitudinal re-
bars but inadequate hoops for confinement and shear (Lavorato
et al. 2015) that is damaged by strong seismic action. A method
is discussed involving the replacement of damaged/fractured lon-
gitudinal rebars with new rebar segments and the use of CFRP
wrapping to enhance the shear strength, to provide continuum
bracing (which can keep the new machined rebars from buckling)
and to allow large hoop spacing in the rehabilitation zone. Alter-
native transverse reinforcement solutions have been presented by
Lavorato et al. (2017) and Xue et al. (2018).

New rebar segments are commercially available. The new rebar
segments are connected with the original weldable undamaged re-
bars by means of an off-the-shelf steel equal angle, to which the
ends of the original rebars and new rebar segments are spliced by
fillet and butt welding (Fig. 1).

The selected steel equal angle permits the original column
geometry to remain unchanged while simplifying the alignment be-
tween the original rebars and new rebar segments. The rebars can
be welded to the steel equal angle from the exterior of the column.
According to the authors’ experience, the rehabilitation operation
can be completed in a few days (3 days for the lab specimen).
The rehabilitation operation on site could take more time owing
to careful design and preparations, including stabilizing the column
if needed, taking samples, and conducting mechanical and metal-
lurgical tests. Moreover, it is recommended to wait for concrete
to harden before applying CFRP wrapping and opening the bridge
to traffic. The large spacing of new hoops and self-compacting
concrete (Lavorato and Nuti 2015) simplifies the placement of
rehabilitation concrete. Other researchers (He et al. 2013a, b; Wu
and Pantelides 2017) have proposed rapid rehabilitation tech-
niques, according to ATC-18 (ATC 1997), with 3-5 days of reha-
bilitation time. Yang et al. (2015a) used mechanical bar couplers,
which imply a reduced cover and require good alignment.

A typical example of severe damage in RC bridge columns
damaged by strong seismic action is shown in Fig. 2(a). The
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Fig. 1. Longitudinal rebar replacement (mm): (a) original: dj, = 18; (b) R36-125-15 with new rebar segment: d, = 15 and L, = 125; (c) R26-250-15
with new rebar segment: d, = 15 and L, = 250 (note: R46-240-14 with new rebar segment: d, = 14 and L, = 240, not represented); and (d) details of

connector.

(d)

U]

Fig. 2. Rehabilitation phases: (a) typical severe damages in RC bridge column; (b) removal of damaged longitudinal rebar, hoops, and concrete cover;
(c) connection of new rebar segments by original weldable undamaged rebars with off-the-shelf steel equal angles by fillet and butt welding;
(d) placement of new hoops; (e) placement of SCC; and (f) application of unidirectional CFRP jacketing.

rehabilitation technique can be divided into five phases. The dam-
aged longitudinal rebar, hoops, and concrete cover were removed
[Fig. 2(b)]. The new rebar segments were connected to the original
weldable undamaged rebars with off-the-shelf steel equal angles
by fillet and butt welding [Fig. 2(c)]. The new hoops were placed
[Fig. 2(d)]. After the application of self-compacting concrete (SCC)
[Fig. 2(e)], unidirectional CFRP jacketing was applied [Fig. 2(f)].

There was no axial force during rehabilitation. Even if this is an
approximation with respect to possible real cases, it is considered
acceptable, as the applied axial force would be smaller than 15% of
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the residual core column strength. According to the literature
(Ferrotto et al. 2018a, b, c), for small preload values, as in the case
analyzed, the capacity of the confined column is similar to that
obtained without considering the preload. The connection system
design and the geometry of new rebar segments are presented in the
following sections.

The rehabilitation details for rebar replacement design of the
rehabilitated columns (RRs) should be designed on the basis of
those of the original columns (ORs). The basis of the procedure
is the assumption of equal total top horizontal displacement ()
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before and after rehabilitation, as follows: 8,,, (for the OR) = §;,,
(for the RR). The design of the new rebar segment consists of de-
fining the geometry of the connections to the cut original weldable
rebars and the diameter (d,) and length (L,) of the machined part of
the new rebar segment.

The connector proposed in this paper consists of a steel equal
angle to which the original weldable rebars and new rebar segments
are connected by fillet welding. The ends of the original weldable
rebars and new rebar segments are also butt-welded to reduce the
length of the fillet weld (Fig. 1). Therefore, the total length of con-
nector (C,) is as follows:

C.=2-2-dy)+C,~5d, (1)

where d;, = original longitudinal rebar diameter in the column; and
C,, = gap needed for butt-welding in accordance with rebar welding
standards (AWS 2011; MOH 2012). Usually, C,, should be less
than d,,; for simplicity, it can be assumed that C,, is equal to d,.

The selection of d, and L, can be obtained by considering the
following four issues: (a) d; should be determined considering that
the maximum force transmitted by the machined rebar should be
smaller than the yield force in the connector and in the original
anchoring underneath; (b) the effective machined length (L,.)
where the new rebar segment undergoes plasticity should be shorter
than L,; (c) the expected plastic curvature demand (¢,) in the
plastic hinge after rehabilitation; and (d) the relation between
¢p» d;, and d,.

Fig. 1 shows that the total length of the new rebar segment (L,,,)
usually depends on the dimensions of the damaged part of the col-
umn in the plastic hinge zone. The new rebar segment consists of a
central machined part and two nonmachined parts on the two sides,
as follows:

Liy=Li+Ly (2)

where L, = total length of the new rebar segment with no diameter
reduction (nonmachined parts). To allow welding the new rebar
segment to the off-the-shelf steel equal angles, the shortest L,
is as follows:

Ly=2-(2dy+Cyp/2+C)) 3)

where C; = gap between the connector end and the machined start
position, which ranges from 5 to 15 mm (Fig. 1).

The total length between the column bottom end and the ma-
chined start position (C) is as follows:

C:CL.+C1:4'db+CW+C1%S.S'db (4)

Sometimes part of the connector could enter the foundation. The
length of the removed concrete part (L,,,,) will include, in addition
to the substitute new rebar segment length (L,,,), the portions of
original rebars in the columns to weld the steel equal angles (top
and bottom), i.e., 5 - d,, and in the upper part only an additional
gap length (Ls), which is usually 10 mm (Ly,, = Lo +5 -
dp + Lg).

The dimensions of the machined part, d; and L,, determine the
behavior of the column after rehabilitation. This will be correlated
with the behavior of the original column. To guarantee that the plas-
tic excursion develops in the new rebar segment, the maximum
force of the new rebar segments must be smaller than the resistance
of the connectors and of the original rebars.

The relation between ¢,, d;, and d,, can be found by means of
capacity design strategy, as follows:

min(fsyc : Ac;fsy ! (d}27 : 7T/4)) 2 ’Y?{d : fs{y . (dt2 ' 71'/4) (5)
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where f,. and f, = yield stress of the connector with the cross-
sectional area (A.) and of the original rebar (MPa), respectively;
f{, = yield stress of the new rebar segment (MPa); and g, > 1
[sfluared in Eq. (5) to be applied to d?] takes into account the
uncertainties regarding the original and new steel material charac-
teristics (in the rebar and steel equal angle) (Forte et al. 2018) and
the hardening of the new rebar segment after yielding. For the
assumed present application, vz, = 1.2.

If foye - A.> fy, - (d5 - w/4), which is easily guaranteed (the
connector must be stiff with a large A,.), then the second term in the
parenthesis of min() is the smallest, from Eq. (6), and d, can be

obtained:
1 fs
d<—d ,/—” 6
! YRd fsly ( )

The curvature ductility demand of the RR can be formulated on
the basis of the curvature ductility demand of the OR. A model for
0,0 evaluation is proposed, which holds true for the OR and RR.
0,0 can be subdivided into four contributions:

6[0[ = 6)‘ + 6[7 = 6flex,_v + 6slip.y + 6flex.p + 5.r1ip,p (7)

where ¢, = yield displacement of the original column; and 6, =
displacement beyond yielding of the original column. Both dis-
placements are contributed by a part due to the column internal
deformations, 6, and 6y, ,, and a second part due to the slip
into the foundation of the column, Oy, , and Oy, ,- The two latter
variables are determined by the two concentrated rotations at the
base, 0y, at yielding and 6,;;, , beyond yielding.

For the OR, 6701 y» O5tip.y» Ofiex,p» and are as follows (see
Fig. 3 detail i):

slip.p

6flex.y = ¢y ) H2/3

6slip.y =H- eslip.y
5flex.p = ep . (H - Lflex.p/z) = ¢p : Lflex.p . (H - Lflex.p/z)
6slip,p =H- exlip.p (8)

where ¢, = yield curvature before rehabilitation; H = column
height from the base to the zero-moment section; ¢, = plastic
rotation due to the column internal plastic deformation before reha-
bilitation; L, , = section of plastic hinge length along which
there are internal plastic deformations before rehabilitation; and
¢, = plastic curvature before rehabilitation.

Therefore, the contributions for é,,, can be given, and ¢, in
L fjex,p can be derived:

610! = 6y =+ 61) = (Sflex,y + 6xlip,y + 6flex,p + 6Slip.p
= ¢y . H2/3 +H- Hslip.y + ¢p : Lflex.p : (H - Lflex.p/z)
+H- eslip,p

_611)1_(¢y'H2/3+H'9

sli ,+H0
d)p_ P,y

Lf/ex.p : (H - Lflex.p/z)

slip.p) (9)

The ¢, for a circular column (Priestley 1997), as suggested in
the code (CEN 2004), is as follows:

¢y =24-e4/D (10)

where €, = yield strain of the rebar; and D = column diameter.
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Fig. 3. Curvatures for cases: (a) yielding RR when L,, = L,; (b) yielding RR when L,, = L }

cases (a) and (b) are also for OR if C = 0.
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(c) OR at ,,, > ¢,; and (d) RR at éy,, > 6,. Note

lex,p;

0 is as follows (Sezen and Setzler 2008):

slip,y

Ostipy = 8,/(D—04-y.) =05 ¢ - 1,(g,)/(0.6 - D)

where s, = rebar slip at yielding, for a concrete-steel bond stress of
0.76 - \/}7 ; fL = concrete cylinder compressive strength (MPa);
l,(e5y) = anchorage length at yielding, I,(c,,)=1/4-d,/
(0.76 - /1) - fsy; and the term (D —0.4 -y,) is approximated

to 0.6 - D, where y, = height of the compressed part of the cross
section.
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0 with a similar formulation is as follows:

slip,p

aslip,p = Sp/(D -04- yc)
=05- (Es + Esy) : lr(gs)/(0~6 : D) = (Es + Esy)

: [fs(es) _fsy] ! db/(cred.bond 6.1 \/ﬁ 0.6 - D)
(12)

where s, = additional rebar slip to s, when the actual strain of the
original rebar (g,) > &,,; f,(€,) = stress of the original rebar (MPa)

at €, > €,,; and [,(¢,) = increment of the rebar anchorage length

J. Struct. Eng.

J. Struct. Eng., 2023, 149(3): 04023007



Thiswork is made available under the terms of the Creative Commons Attribution 4.0 International license.

with respect to 1,.(g,,) when f () > fyy. L(g5) =1/4-d,/

( Cred.bond * 0.76 - V f( fs(Es fsy]' Note that along lr(gs)’ a
residual concrete-steel bond stress (¢,eq pong) < 1 of the maximum
available stress (0.76 - 1/ f!) is assumed.

From Egs. (9)(12), ¢, can be obtained:

¢, = 13.02 - 6,/ H> — 1042 - £, /D —3.56 - £, -
: dh/(H : D) —3.56 - Egy * hs tre {[MO(¢)/Q]2 - l}
db/( Cred.bond * H- D) (13)

where r = f,/ \/J_‘Z; I, = section curvature ductility for the OR;
o = coefficient to obtain the section curvature ductility from the
rebar ductility [see Egs. (26) and (27)]; h, = E;/E is the strain
hardening of the original rebar; E = elastic modulus of the original
rebar after yielding (MPa); E = elastic modulus of the original rebar
(MPa); and L, , = 0.08 - H [see Eq. (14)].

The general presentation above is suitable for treatment before
and after rehabilitation (see Fig. 3 detail i). Indeed, for the OR, as an
alternative to the general model presented, various (sometimes sim-
pler) empirical models based on different expressions of the plastic
hinge length (L ,) have been proposed by different researchers (Bae
and Bayrak 2008; Berry et al. 2008; Feng et al. 2021; Lu et al.
2005; Ning and Li 2016; Panagiotakos and Fardis 2001; Paulay
and Priestley 1992; Priestley and Park 1987). The empirical model
of L, [Eq. (14)] (Paulay and Priestley 1992) suggested in the code
(MOT 2008) is as follows (see Fig. 3 detail ii):

L,=008-H+0022- fy -dy=Lpex,+Lyp, (14)

where Ly, , =0.08 - H is the part of the plastic hinge along
which the longitudinal rebars can plasticize within the column;
Ly, , = increment of the plastic hinge length to account, in a sim-
plified way, for the contribution to the column top displacement
associated with the rebar slip in the foundation, including both
elastic and plastic slips. Therefore, instead of Eq. (9), ¢,,, can be
expressed as follows:

S0 =0, +0,-(H—=L,/2)
=0y B340y Ly (H=Ly/2)  (19)

Comparing Eq. (9) with Eq. (15), it can be found that 6, = ¢, -
H?/3 in the latter equation coincides with &, , in the former
equation, and the term ¢, - L, - (H — L,/2) in the latter equation
coincides with the contributions of the three terms (0yp.y» Ofiex p-
dsiip.p) given by Eq. (8):
(bp . Lp : (H_Lp/z)

=H- aslip.y +H - eslip.p + eflex,p : (H - Lflex,p/z)

=H- aslip.y +H- eslip,p + ¢p : Lflex.p : (H - Lflex.p/z) (16)

According to Eq. (16), the simplified Eq. (15) loses part of
the clear physical representation, concentrating the effects in a

|

single plastic hinge of length L, whose midpoint is at a distance
(H-L,/2) from the top of the column. To reproduce the results of
the more general model of Eq. (9), L, should depend on the
ductility demand. In fact, the expression of the contribution to
the hinge length, i.e., 0.022 - f, - d,, is valid in the case of large
ductility demands for typical column geometries.

Given 6,,,, the ¢,, evaluation through the inversion of Eq. (13)
requires an iterative procedure, whereas for large plastic displace-
ments, the use of Eq. (15) is very simple and straightforward, and
the use of Eq. (10) leads to curvature ductility. The adopted sim-
plification is useful for the design procedure:

¢p:( tot ¢y H2/3) [ P (H Lp/z)]
ps =610 - D/ (24 - £5) —H?/3]/[L, - (H—L,/2)] +1  (17)

After rehabilitation, i.e., in the RR, only the flexural part of the
plastic hinge within the column, above the connection, i.e., L flexp =

0.08 - (H — C), can be found (Fig. 3), as the slip in the foundation is
due to the anchorage, which remains in the elastic range (6!

H - eslllp P
cannot yield because of the machining of rebars.

The maximum possible length of the substituted segment that
yields is L, along the machined part L, included in L, , (see
Fig. 1). The part of the machined rebar that eventually extends
beyond the top of Ly, , will remain elastic and is called the

useless machined length (L,,); therefore, we have the following:

slip,p =
= H -0 =0). It can be assumed that rebar anchorages

L, —L},EXp,lfL >L}lap,L =L, — Lf’lmp

L,=Lg;if L; < Lflex.p (18)

To evaluate ¢z/v a vertical cantilever in Fig. 3 with a horizontal
force applied on the top is considered. The curvature distributions
at yielding are shown in Figs. 3(a and b). The plastic range (L, in
the OR and L}, in the RR), which is within the L, before and after
rehabilitation, is shown in Figs. 3(c and d) detail i.

For the RR, ¢ at yielding () is, with a small approximation, as
follows:

6/ = 6}/‘leX} + 6sllp y

= (1/ka) - &y - [H/(H=C)] - (H?/3)

+(1=1/v%y) - ¢y -L,- (H—C—L,/2) + 6] (19)

slip,y

where 6 }[” , = yield ¢ of the rehabilitated column due to the column
internal deformations; and 6;;; , = yield ¢ of the rehabilitated col-
umn due to the slip into the foundation of the column, contributed

from the rotation (6}, - ,) at the base, due to the strain penetration

[from Eq. (11)] at yielding, as follows:
65/1113 y Yllll \/fYRd H - e?llﬁ y/’YRd H- Q;Zzp y (20)

For the RR, 6/,,, which is analogous to Eq. (7) of the OR, is as
follows:

(21)

btor = Oy + 6p = 610ny + 651ipy F Oftex p + O51ip p = (1) - &y - [H/(H—=C)] - (H*/3)+ (1= 1/73y) - &y - L, - (H—C—L,/2)
+ (l/fﬁed) * Uslip.y + d)p CLge (H_ C_Lte/z) +0
b = (8i0r — 67)
P [Lte : (H_C_Lte/z)]
Gt = {1/ k) - by - [H/(H=C)] - (H*/3) + (1 = 1/7q) - ¢y - Li - (H=C = L,/2) + (1/7a) - Ss1ipy})
B [Lte ! (H_ C_Lte/z)]
© ASCE 04023007-6
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where 4, = 6 beyond yielding of the rehabilitated column; and
6f1ex,p = plastic & of the rehabilitated column due to the column
internal deformations.

The proper design of the machined rebar must take into account
the increase of the section plastic demand with respect to the RR for
effect of the imposed plastic strain along the machined rebar part

only, i.e., L,, while 6;,ip.p is null; as for adequate diameter

reduction, hardening of the machined part cannot induce yielding
of the foundation, and the anchorages remain elastic.

The designer can adopt a reduced L,, with respect to the maxi-
mum effective value of 0.08 - (H — C). However, this reduction is
limited by the available section curvature ductility after rehabilita-
tion (4, (;,). The prediction of 1 (/, can be obtained by comparing the
responses of the OR and RR columns.

It can be assumed that under earthquake action, 6;,, = &,,,. Therefore, from Egs. (9) and (21), Eq. (22) can be obtained:

(1/’73{(1) : ¢y : [H/(H_ C)] : (H2/3) + (1 - 1/’Y§zd) : (by : Lr : (H_C_Lt/z) + (I/V%Qd) : 6slip,y +¢; : Lte : (H_C_Lte/z) +0

= ¢y ) H2/3 + 6slip,y + ¢p ' Lflex,p : (H - Lflex,p/z) + 6slip.p (22)
The plastic and elastic contributions are rearranged as follows:
(bll) : Lte : (H -C-— Lte/z) - ¢p . Lflex.p : (H - Lflex,p/z) - 6slip,p
=6y [H*/3— (/%) - H/(H—=C) - (H?*/3) = (1 = 1/%y) - Ly (H = C = Ly/2)] + (1 = 1/7%4) " Ssip,y (23)

From Eq. (23), p,, can be calculated as a function of 1, with the
following assumptions: H—C ~ H, rounding to 1 some ratios

H H—-L, H—Ly.p
~ ~ 2 ~1
(H _ ﬁ) H-L, H-L,

and L,, =1+ Ly, =n-0.08 - H:

ph = (L= 1/7gq) - [1/n+42 =L/ (0" Lfiexp)
+ gslip,y/((by /N Lflex,p)] + (MC) - 1) . 1/77
=+ Hslip,p/(d)y s Lflex,p) +1 (24)
Usually, L,/Ly,,, > 1; however, it can be assumed that
Lr/Lflex,p ~ 1:
:U'(/p ~ (1 - I/V%d) : 1/77 : [32 + 6.91[p,_\'/(¢y : Lflex,p)]
+ ]/77 : [(Mo - 1) + 6,?[ip,p/(¢y : Lflex,p)] +1 (25)

Eq. (25) can be further simplified by expressing 0, , as a func-
tion of p, (elastoplastic model with hardening), as follows:

fs(gs) _fsy =h; - fsy . [,U's(gs) - 1]
Es = Esy + [ s(es) _fsy]/(hs : E)
€ = &gy + Esy [/j/s(gs) - 1} (26)
where p,(g,) = 1 4 (g,—¢,y) /&,y is the ductility of the rebar calcu-
lated for g, > &g,
It can be assumed that the ductility of the rebar calculated for the
strain g > €, [p5(e5) = 1 + (6,-€,) /€41, is as follows:
ILLS(ES) = MO(QZS)/OZ = (1 + ¢p/¢y)/a
f.r(es)_fsy :hs 'fsy ' [M¢(¢)/a_ 1] (27)
where o depends on the vertical axial load and, for a circular
column, varies from 0.8 (in flexure) to 1.2 (for high axial loads)
[see Fig. 7(a) and (b)].

From Egs. (12), (26), and (27), 6
follows:

siip,p can be calculated as

© ASCE
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es‘lip.p =0.27- Esy * hs sre {[Mq)(d))/a]z - 1} ' db/(cred,bond ' D)
(28)

By substituting Egs. (10), (11), and (28) into Eq. (25), ,u(’) can be
obtained:

7 Mg )
A Lk +<1——>-1.41-r-—b—|—

+H’”L¢(¢)]2—1}~1.41~hs~r~#+1

Cred.bond * H - n

(29)

Note that the first term, (1 —1/~%,)/n - 3.2, depends on the
elastic flexural displacement at yielding of the RR column obtained
from that of the OR through the term (1-1/ 7% 4); the second term,
(1—1/~v%,) - 141 - r-d,/H/n, depends on the slip at yielding
of the RR and OR; the third term, (u4; — 1)/, depends on the
flexural plastic demand of the OR; and the fourth term
((Ho(¢)/a)2 - 1) -1.41- hs s db/(cred.bond : H)/n’ depends
on the slip after yielding of the RR. In addition, all four terms
depend on the reduction of flexural plastic hinge length in the RR
with respect to the OR, as they are divided by n = L,./L fex p-

In Eq. (29), the first term is usually small and hardly overtakes 1;
the second term is even smaller than half of the first term; the part
depending on (—1) in the fourth term can be neglected for large
ductility (u4 > 7). Therefore, Eq. (29) can be simplified for large
ductility demands (4 > 7), including a coefficient of 1.3, as follows:

—1 ()12 d
uép*m'{(“" {(“‘”(@} AL Ry +1}
n « Cred,bond * H- n

(30)

As pointed out earlier, the ductility demand in the RR depends
onnand hy/(n - H). The latter expression accounts for the fact that
the RR column has no contribution from the plastic slip of the OR
column.

If L,, decreases, the ductility demand increases as expected. An
increase in the ductility demand is inevitable after rehabilitation,
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Step 1: assign maximum demand & =0 ¢

1 |

Step 2: given C and L g, = 0.08:H, determine
Lie =L foxp; if Li>Lgexp
Le=L; if L,<L flex,p

(Eq. (18))

Step 3: given L, = Ljecp + Ly (Eq. (14)) and L./Lg,. ,= 1 determine
U= [0 DI2.4 &) - H/3V[Ly(H - L/2)] + 1 (Eq. (17))
9% 13 {(g= D + [ @Yol 1 4 hordyfCregpons HY + 1} (Bq. (30))

1 |

Step 4: verify (Eq. (33))
dtz/dbz SfAy/(VRd'f,.s‘y)'l/[l +h s ’¢/a -]

Fig. 4. Rebar replacement design procedure flowchart.

as all the demand is concentrated in the column, whereas in the OR
column, part of the demand extends into the foundation. It can be
observed that the plastic demand concentration in the column above
the foundation guarantees the resilience of the RR column where
all the plastic zones are visible. The comparisons among the ex-
perimental results and estimations based on ‘“‘accurate” [Eq. (29)]
or “simplified” [Eq. (30)] ductility demand expressions are pro-
vided next.

The relation among L, p, and the possible limitations for
(d,/d,) can be found through enacting the following procedures.
Given the increase in u(; and the ductility of the machined rebar
(11l) with respect to the corresponding parameters of the OR col-
umns, according to Egs. (29) and (30) or Eq. (17), the adopted
diameter reduction (d,/d,)* can be derived, which is sufficient
to ensure that the total force transmitted by the new rebar segment
excludes yielding in the connections (having a larger area of the
connected rebars) or in the original rebars.

Foy o (dy - m/4) > fi(e]) - (d? - m/4) (31)

where f{(e{) = fiy +h{-E'-€{,> fi, is the stress of the
machined rebar (MPa) for the strain at maximum ¢ (g)); €5, =
€,—¢€,y, is the plastic strain of the machined rebar; &, is the yield
strain of the machined rebar; 4] = E//E’ is the strain hardening
of the machined rebar; E; = elastic modulus of the machined rebar
after yielding (MPa); and E’ = elastic modulus of the machined
rebar (MPa).

From Eq. (31), considering Eqgs. (26) and (27), Eq. (32) can be
obtained. It can be found that the rebar diameter of RR must be
reduced on the basis of 4] as 4 increases.

di - fiy/(dy - fo) SV/[1+ - (u)/a—1)] (32)

To account for possible uncertainties in (f,/f,), h, and the
relation between 1/, and 11/, the capacity partial factor g, was used
again, which is assumed to be equal to 1.2. Therefore, the reduced
diameter can be obtained as follows:

difdy < foy/(ra - £3y) - 1/ [U+ b~ ()= 1)] (33)

The rebar replacement procedure is summarized in Fig. 4 in the
case f,, = fy, and a = 0.8.

Test Program

The prototype bridge (De Sortis and Nuti 1996; De Sortis et al.
1998; Lavorato 2009) for the described rehabilitation was the cen-
tral RC column of the bridge in Fig. 5, which was designed accord-
ing to Chinese codes (MOT 2004a, b, 2008) using a PGA of 0.35 g
with a horizontal elastic spectrum reduction factor equal to 3 and
a deck total vertical load of 200 kN/m (dead and live loads for
seismic design). The material characteristics for the design in the
Chinese codes were as follows: (1) concrete, grade C30 (f, =
20.1 MPa); (2) longitudinal rebar, steel type HRB335E (yield stress
fsy > 335 MPa); and (3) hoops, steel type Q235A (yield stress
fs;vy > 235 MPa). The hoops were not proportioned using capac-
ity design, rather a typical volumetric hoop ratio of 0.2% was
adopted.

RC Column Specimens

Three specimens of the central column at 1:6 scale (P16A, P16B,
and P16C called OR) were fabricated, with D of 420 mm, H of
1,170 mm, and the same material characteristics of the prototype
bridge column. The adopted steel reinforcements, 14 longitudinal
rebars with d, values of 18 mm, and hoops with 4-mm diameter
and a distance of 60 mm, are illustrated in Fig. 6(a). More infor-
mation can be found in Lavorato and Nuti (2015).

SCC had a mean cubic compressive strength R, of 31 MPa; the
original HRB335E longitudinal rebars had a yield stress f, of
450 MPa, maximum strength f,, & 550 MPa, and strain harden-
ing: hy (g, &~ 3%) ~ 0.0085 and h; (g, < 2%) = 0.0015 [Fig. 7(a)
and Table 1].

Longitudinal rebars

150032 mm

(a)

21 m

o <2\ Hoops
2@12 mm/200 mm

(b)

Fig. 5. (a) Bridge geometries; and (b) cross-section of 7-m column with longitudinal rebars and hoops information (unit: mm).
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Fig. 6. Geometries and rebar information of (a) OR; and (b) RR (note: two RR columns have new rebar segments, one with 14®15 and the other with

14®14, not indicated).
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Fig. 7. (a) Tensile results on original rebar (Or) and new machined rebar (Mr); and (b) curvature ductility demand versus strain ductility of most

stressed rebar.

Table 1. Material properties: cubic strength, yield and maximum steel stresses and hardenings

Material R.,, MPa) Yield stress (MPa) Maximum stress (MPa) h, or h] (¢, <2%)  h(e,) or hl(e,)
Scc 31 — — — —
Original rebar (d, = 18 mm) — 450 550 h, = 0.0015 hy(3%) = 0.0085
Machined rebar (d, = 15 mm and L, = 250 mm) — 456 600 h! =0.0015 h{(5%) = 0.01
Machined rebar (d, = 15 mm and L, = 125 mm) — 486 600 h; =0.0015 h{(5%) = 0.01
Machined rebar (d, = 14 mm and L, = 240 mm) — 484 600 h; =0.0015 h{(5%) = 0.01
Hoop — >235 — — —

Steel equal angle — >400 — — —

The ORs were damaged by imposing the 6 sequence (6 in the
following) induced by an intense ground motion (Lavorato and
Nuti 2015) and then rehabilitated by means of the procedure de-
scribed above. The same imposed ¢ values were used for the tests
after rehabilitation. The three rehabilitated specimens (R26-250-15,
R36-125-15, and R46-240-14 called RR), which are shown in
Fig. 6(b), have new longitudinal rebar segments realized from
the same rebars of the OR. The new rebar segments were machined
to obtain the reduced diameters: d, = 15 or 14 mm for different
L, values: 250, 125, or 240 mm, as reported in Table 2. The
machined and original rebars have similar characteristics with
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strain hardening: h; (e, ~ 5%) ~0.01 and h; (¢, < 2%) = 0.0015
[Fig. 7(a) and Table 1]. The diameter of the column core after con-
crete removal (D.,,,.) is approximately 300 mm.

The welding length of the connector to the original rebar was
36 mm (2 - d,,) for each side of the rebar. The connector length
was C, =5 x 18 mm ~ 90 mm and C = 100 mm [see Figs. 1(b
and c)]. The connector had a f, larger than 400 MPa and an A,
of 325 mm?.

The machined rebar geometries of R26-250-15 were calculated
step by step following Fig. 4. The following data were provided:
H = 1,170 mm, f,, =450 MPa, f/, =456 MPa, E; =2 x 10°
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Table 2. Geometries of new rebar segments (Fig. 3)

(di/dp)max L, (mm) L, (mm) 1

Specimen Eq. (33) (d,/d,)™ Eq. (14) 0.08(H — C) L¢ (mm) Eq. (29) Eq. (30)
R26-250-15 0.88 15/18 = 0.83 154 (0.37D) 85.6(0.20D)) 250 (0.60D) 26.4 273
R36-125-15 0.88 15/18 = 0.83 154 (0.37D) 85.6 (0.20D)) 125(0.30D) 26.4 27.3
R46-240-14 0.84 14/18 = 0.78 154 (0.37D) 85.6 (0.20D)) 240 (0.57D) 27.0 27.3
MPa, h (e, ~ 3%) ~ 0.0085 and &, (g, <2%) = 0.0015, and h, 40 - ; — 755 1656 74.65
(g5 &= 5%) ~ 0.01 and h] (g, < 2%) = 0.0015. |

The starting point (step 1) is the maximum §,,, = 36.3 mm 30 ! 566 492 1349
(seismic response imposed during the test) and d; = 15 mm, a 20 T 377 4328 1233
choice that satisfies Eq. (6). In step 2, given C = 100 mm, 7 i [\ I ]’ l 77
Lyjex, =008 - H=94 mm, L, =86 mm is obtained from 1o i 3 1.89 1164  11.16
Eq. (18). In step 3, given L, [Eq. (14)], p4 can be determined g | \] o - ©
by Eq. (17) and pu/, can be determined by Eq. (30). = 0 / \ ‘ \ / I \ 0.00 10 7000 32 10.00 &

Priestley’s formula, Eq. (14), has been calibrated and holds 10 ‘ 189 a6 d1ae
true for the typical geometries of bridge columns. It should be used M 124 | : l U ” U \] !
with some consciousness regarding the specimens, which are 20 : | | 377 4328 4-2.33
scaled 1:6. This way, the plastic hinge length in the foundation } U \t l
is overestimated by approximately 2 times, as will be observed -30 1 ! | -5.66  1-4.92  1-349
in the experimental results. In this paper, L, , =~ 0.55-0.022 - 40 ‘ 755 lese Jaes
fsy - dp =98 mm; therefore, L, =94+ 98 mm = 192 mm. Step

Cred.bona 18 assumed to be 0.8.

The ductility passes from p; ~ 12.5 [Eq. (17)] for the OR to
ul, ~ 22.7 [Eq. (30)] for all RRs at 6,,, = 36.3 mm. If the accurate
expression [Eq. (29)] was used, the following differences can be
found: 4, ~ 19.0 for R26-250-15 and R36-125-15, and pu, ~
19.5 for R46-240-14. In step 4, Eq. (33) gives d,/d; < 0.88 or
d,/d, < 0.84 (Table 2). The (d,/d,)* shown in Table 2 guarantees
that yielding develops within the machined part of the new rebar
segment according to the design procedure.

The hoop replacement in the rehabilitation zone, determined on
the basis of the capacity design from OR demand and RR capacity
(MOT 2008; similar to CNR 2013 and FIB 2001), included hoops
of ®4/60 mm (f,, > 235 MPa) and additional external unidirec-
tional CFRP wrapping. The required number of CFRP layers for
each reinforcement ring is equal to 2.5 according the formulations
in the Chinese code (CECS 2003) (2.3 for CNR 2013), assuming a
ring width of 80 mm, commercial tissue thickness of 0.167 mm,
ring spacing of 120 mm, elastic modulus of the CFRP equal to
2.42 x 10°> MPa, and CFRP maximum allowable strain of 0.005.
To guarantee shear strength in the presence of possible irregularities
in the application on site, discontinuous rings with three layers of
CFRP per ring, instead of 2.5, was chosen in the research. The
CFRP layers used in the rehabilitation of real bridge columns
should be calculated according to the code (CECS 2003; CNR
2013).

The damaged concrete in RR was restored by means of SCC
with the same characteristics used in OR. SCC and CFRP wrapping
are materials with well-known behaviors; therefore, the experimen-
tal tests reported in this paper mainly focused on the effects of the
different geometries of the new rebar segments. The vertical load
was not applied during the rehabilitation operations, as reported
previously in the description of the rehabilitation procedure. This
feature does not seem to reduce the representativity of cases in
which the vertical load is not eliminated during rehabilitation, as
discussed in the literature review.

Test Setup and Loading History

The specimens were tested at the Structural Laboratory of Fuzhou
University by applying P = 266 kN (axial force at specimen scale;
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Fig. 8. Displacement history (7 and T x 2) applied on the top of
column specimen (1:6 scale) with different imposed displacement
ductility. [Data from Lavorato and Nuti (2015).]

the percentage of the applied axial force to the axial capacity of the
column is approximately 7.5%), and the top horizontal displace-
ment history recorded on the central 1:6-scale bridge column
was obtained by pseudo dynamic testing (Lavorato and Nuti
2015), having the same geometry but with a European code-based
design (CEN 2004). The first part (T) was the response to the
Tolmezzo accelerogram (Italy, 1976), and the second part (7' x 2)
was the identical but multiplied by 2 (Fig. 8). The imposed 6 history
was nonsymmetric, with values in the negative direction greater
than those in the positive direction. The imposed displacement duc-
tility of the RR was 30%—-38% larger than that of the OR. The latter
had a 6, of 8.6 mm, whereas the former had a 6, of 5.3-6.1 mm,
depending on the different rehabilitation arrangements (Fig. 8).
Fig. 9 shows the 3D drawing and photo of the test setup, which
consisted of a steel frame pinned to the floor to apply a constant P by
using two 600-kN hydraulic jacks and a 500-kN MTS hydraulic ac-
tuator to impose the ¢ history on the top of the specimen. The § and
base shear were measured by an MTS system. P was measured by
load cells. The vertical elongations in the plastic hinge zone and the
CFRP strains were measured by potentiometers (V) and strain gauges
(W) placed on the CFRP rings, respectively, as illustrated in Fig. 10.

Experimental Results

Damage Survey

For OR, the first crack occurred at the base under the first peak ¢ of
—5.83 mm. When 6 reached —15.33 mm, which is the maximum
negative ¢ in T, seven cracks were found. When ¢ reached 30.67
and —36.33 mm, which are the maximum positive and negative ¢ in
T x 2, respectively, the width of existing cracks increased and con-
crete crush was found at the base. Damage to the OR at the end of
the test consisted of cover spalling, hoop yielding, and buckling of
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Contrast beam

Horizontal actuator

1L
Hydraulic jack ~T &
Jack contrast plate ~__ 1, < |-di
Base hinge o
8 = g
%] \
Specimen
(a)

Fig. 9. (a) 3D model; and (b) photo of test setup.

R1,R2,R3:

(@)

R4,R5:

(b)

(b)

Fig. 11. Damages in RR after test: (a) exterior cracks; (b) cracks after CFRP removal; and (c) concrete cover removal.

thelongitudinal rebar. For RR, the first crack appeared between the
R1 and R2 CFRP rings, which is within the machined part of the
new rebar segment under the first peak 6 of —5.83 mm. When the §
values reached —15.33 and 14.33 mm, which are the maximum
negative and positive ¢ in T, respectively, the width of the existing
crack increased; however, no new crack appeared. When 6 reached
23.33 mm in T x 2, a new crack appeared at the mid-height of the
R1 CFRP ring. Damage to the RR at the end of the test consisted of
horizontal flexure cracks within the zone of the machined part only
[Fig. 11(a)]. There were no CFRP tissue horizontal ruptures; how-
ever, after CFRP jacket removal, modest cracks were evident at the
height of the R1 and R2 CFRP rings [Fig. 11(b)]. The crack in the
concrete that appeared at the RR base (for the RR column there is
elastic rebar slip only that is smaller than the one of the OR column)
was smaller than the one that developed at the base of the OR,
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confirming the validity of the design procedure for the new rebar
segment. After the removal of the concrete cover [Fig. 11(c)], the
connections and the new rebar segments were intact with no buck-
ling in the rebars, as observed in previous tests on conventional
rehabilitation specimens (Lavorato and Nuti 2015).

Curvature

From Eq. (34), the experimental rotation 6, at the top of the column
height i, = 220 mm at the specimen base can be evaluated from
the vertical excursions of potentiometers V, (A) and V, (B) placed
on the opposite sides of each specimen (Fig. 10), as follows:

04 = [V4(A) = V4(B)]/dy (34)
where d, = distance between the vertical transducers (Fig. 10).
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The experimental plastic rotation due to the flexural contribu-
tion (04 41y ,) can be calculated as follows:

relative to the displacement (Table 3), whereas ;;,, , = 0; and

04 fiexy and 0y ¢, = experimental rotations at yielding due to
the flexural contribution before and after rehabilitation, which

O frex.p = { 0a = (esl“” S GS/“”"’ + Oasiesy)  for OR (35) can be calculated by the curvature distributions along hy: 6y s,y =
04 = (051ip.y + 04 frexy) for RR 0.0026 rad for the OR; 0] ;. = 0.0021 rad for R26-250-15 and
R36-125-15; and 6} 1, = 0.0020 rad for R46-240-14.
where 0, = 0.0024 rad [Eq. (11)] for the OR, whereas egll‘w = The mean experifnental plastic curvature along hy, ¢4, in the

0.0016 rad for R26-250-15 and R36-125-15, and Q;Iip.y:
0.0014 rad for R46-240-14 [Eq. (20)]; 6, , is obtained from

Eq. (12) and depends on the level of stress in the steel rebars

944, flex,p

plastic hinge, can be estimated from the experimental plastic rota-
tion 04 f1, [Eq. (35)] by dividing the portion of &4 where plastic
deformation of the rebar develops (L 4):

14

¢4,p =

04.flex.p

for OR

L i min(h4;Lf]ex$p =0.08 - H)

(36)
for RR

Lp4 = min(L;e; hy — C; L}lex,p =0.08 - (H — C))

From Fig. 1, L,4 = min(h4 = 220 mm;0.08 - H = 94 mm) =
94 mm for the OR, whereas L,, = min(L,,; hy — C = 120 mm;
0.08 - (H—C) =86 mm) = 86 mm for the RR. Note that for
RR, L,, is part of the machined zones that are 250, 125, and 240 mm.

In Table 3, for three values of imposed peak displacements
(6;0r = 23.4,30.7,-36.3 mm), the experimental rotations at sy =
220 mm from the base are shown with the derived rebar stress
and strain [f(e,); ], the slip plastic rotation 6, ,, and the flexu-
ral plastic rotation 6, f;., , [Eq. (35)]. For the OR, the values of
hy = 0.0085 in the case of 6,,, =30.7 and —36.3 mm [see
Fig. 7(a)], and ¢,y ponq = 0.8 for each displacement.

In Table 4, for the same displacements, the section curvature
ductility values (f144 Or f1,,) at iy are compared with those obtained
by the accurate [Eq. (29)] or simplified [Eq. (30)] expressions. The
values of ductility in the OR derived by Eq. (17) are given as well.
It should be noted that, as expected, the latter expression has a
reduced accuracy for smaller displacements.

The accurate [Eq. (29)] or simplified [Eq. (30)] expressions gave
good estimations of the measured ductility demand. This is espe-
cially true for large ductility. The effects of diameter reduction on
ductility demand are negligible. It can be concluded that the design
procedure is consistent.

Table 3. Experimental rotations 6, [Eq. (34)], 6y, , [Eq. (12)], and 6y ;. , [Eq. (35)] and rebar stress [f(e,)] and strain (g;) [Eq. (26)] VS &,,, or 6/,

SpeCimen 6t0t or 61,(;: (mm) 94 (rad) fs (63) (MPa) Es aslip.p (rad) 94]1&\',/7 (rad)
P16 23.4 0.013 455.8 0.021 0.0004 0.008
30.7 0.020 490.8 0.029 0.0042 0.011
—36.3 0.025 506.0 0.035 0.0060 0.014
R26-250-15 23.4 0.014 — — — 0.010
30.7 0.021 — — — 0.017
—36.3 0.027 — — — 0.023
R36-125-15 23.4 0.017 — — — 0.013
30.7 0.023 — — — 0.019
—36.3 0.031 — — — 0.027
R46-240-14 23.4 0.018 — — — 0.015
30.7 0.024 — — — 0.021
—36.3 0.031 — — — 0.027
Table 4. Experimental and predicted section curvature ductility values (i or p1},) at hy for selected 6,,, or 6/,
Hga OF ju,, from measured 6, Hga OF pf, from design equations
;01 OF P16 RR26, RR36 RR46 RR26, RR36 RR46
6/, (mm) P16 RR26 RR36 RR46 [Eq. (17)] [Eq. (29)] [Eq. (29)] [Eq. (30)] [Eq. (30)]
23.4 7.55 10.29 12.84 14.50 7.63 11.01 11.53 12.31 12.31
30.7 9.99 16.65 18.29 20.05 10.38 15.34 15.87 17.94 17.94
—36.3 12.83 22.10 25.61 25.86 12.51 19.01 19.54 22.71 22.71
- - - - — — Yra = 1.2 Yra = 1.3 Yra = 1.2 Yra = 1.3
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Hysteretic Responses

The base shear (BS) versus top horizontal displacement (¢) of the
OR and is are plotted in Fig. 12, and the corresponding base shear
capacity [normalized by dividing (A, - V/fL) into BS] and drift
ratio (normalized by dividing H into ) are also represented.

The hysteretic responses of the specimens are compared with
reference to the positive direction in Table 5 for 6 = 30.7 mm. In
Table 5, the larger ductility demands and steel stress values of the
RR specimens are evident, whereas the reduction in BS confirms
that the original rebars and relative connections remain in the elas-
tic field. The ratio between FOR and FRR is strongly related to the
ratio between the BS values. Although the section is circular, the
relation is not immediate.

It can also be found that in the OR, there was a significant re-
duction in BS for a large ductility demand [Fig. 12(a)], whereas in
the RR, there was a more stable BS [Figs. 12(b—d)]. The shapes of
the hysteretic cycles for the RR were wider than those for the OR,
confirming the good plastic behavior of the machined part of the
new rebar segments. The RR specimens are confined by the CFRP
jacket. This latter was also used in the test of Lavorato and Nuti
(2015), and the cycles after rehabilitation were not as satisfying
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as those here; in fact, the replacement segments had old-style con-
nections and no diameter reduction. The BS of RR (base shear
capacity from 0.23 to 0.3) was, as expected, smaller than that of
OR (base shear capacity of 0.33) owing to rebar area reduction.
The results confirmed that the proposed procedure (Table 5) guar-
anteed that the connection to the original rebar remained elastic.

The theoretical evaluation of 6, varied between 5.34 and
6.13 mm for the RR and was 8.63 mm for the OR, which is in line
with the test results (see Fig. 12). Therefore, the requested displace-
ment ductility demand was approximately 30.7/8.63 = 3.6 for the
OR and ranged from 30.7/6.13 = 5.0 to 30.7/5.34 = 5.7 for the
RR in the positive direction. The ductility demands were approx-
imately 39%—-58% larger for RR than for OR. Failure displacement,
which is usually assumed to correspond to the loss of the maximum
BS of 20%, was not reached in any of the OR and RR specimens.
The OR showed a decrease in BS at large cyclic displacements in
T x 2. The RR did not show the same BS decrease phenomenon;
therefore, the failure displacement of the RR could be speculated to
be greater than that of the OR. The stability in the cycles validated
the rehabilitation design procedure and the proposed value of
Yra = 1.2 in the case at hand.
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Fig. 12. Hysteretic responses during T and T x 2: (a) P16B; (b) R26-250-15; (c) R36-125-15; and (d) R46-240-14.

Table 5. Experimental strain/stress at 6 = 30.7 mm and BS ratio statistics for positive displacements: mean value (M) and standard deviation (SD)

—1 RR OR BSRR/BSOR

(s (M) fs (MPa) FEE/F _
Specimen [Eq. 36)] to (Dap/Dy) [Eq. (20)] & [Eq. (20)] SRIFR (F=d/4fm) M SD
P16B 0.136 11.59 4747 0.033 1.00 — — —
R26-250-15 0.201 16.65 543.1 0.047 1.14 0.79 0.73 0.02
R36-125-15 0222 18.29 552.7 0.051 1.16 0.81 0.78 0.03
R46-240-14 0.245 20.05 563.0 0.056 1.19 0.72 0.66 0.04
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Fig. 13. Equivalent viscous damping ratio with corresponding drift
ratio for each specimen.

Equivalent Viscous Damping Ratio

The equivalent viscous damping ratio (£) can be evaluated by
Eq. (37) considering the positive half-cycle of the BS versus the
6 curves, as follows:

where D, and F!,, are the maximum ¢ and BS for each ith half
cycle, respectively; and EY, is the dissipated energy for each ith
half cycle (assuming one half of the energy dissipated in a symmet-
ric cycle). The € values for the cycles (lines with symbols) with the
corresponding drift ratios (vertical columns) are given in Fig. 13.
Compared with the & of the OR, the & of the RR increased sig-
nificantly from 50% to 250%. The mean & values during the first
five cycles (low cycle fatigue excitation) were 9.8% for P16B,
17.8% for R26-250-15, 19.4% for R36-125-15, and 21.9% for
R46-240-14.

CFRP Circumferential Strains

CFRP jacketing was used for only the RR, not for the OR. The
maximum CFRP circumferential strains in different rings measured
by strain gauges (see Fig. 10 for positions) W in the negative di-
rection (pull) and W5 or W3 in the positive direction (push) versus
the CFRP height ratio (normalized by dividing D into CFRP
height) of the OR and RR are plotted in Fig. 14.

The specimens showed very similar distributions for the mean
CFRP strains at different heights in the positive and negative direc-
tions. At the base (ring R;), the strains were approximately 0.001
for Tand varied between 0.002 and 0.003 for 7 x 2. The upper four
measures were smaller: in ring R,, the strains were approximately
0.0005 for T x 2, while the strains became very small in the upper
three rings (R3, R4, and Rs). Moreover, at the base, R46-240-14
had the largest strains except for 7 x 2 in the positive direction
for R36-125-15. In any case, the maximum strains were always
smaller than those indicated in the codes (0.004-0.005) to design
the shear reinforcement (CECS 2003; CNR 2013; FIB 2001).

The plastic hinges were expected to be concentrated in areas
where strains in the rings were larger, although it should be noted
that the plastic behavior essentially depends on steel under tension
and not on concrete under compression. It can be concluded that
the plastic hinges were concentrated in the lower parts of the
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Fig. 14. Maximum CFRP circumferential strains versus CFRP height
ratio.

specimens without significant differences between the three solu-
tions adopted.

Summary and Conclusions

A technique for rehabilitating RC bridge columns with severely
damaged/fractured longitudinal rebars has been proposed and va-
lidated experimentally on three 1:6-scale circular column speci-
mens. Commercial new rebar segments with central zones with
reduced diameters obtained by machining and using steel equal
angles as connectors are used to replace the damaged/fractured
longitudinal rebars, and the plastic hinge is included in only the
new rebar segment. The diameter and length of the machined part
were obtained through a capacity design procedure. Only the cover
and damaged concrete column parts are removed, foundation reha-
bilitation is not necessary, and strong provisional structures are not
used because rebar replacement does not require column core re-
moval. The ends of the new rebar segment and the original rebar
that remain in the column after removing the damaged zone do
not require special preparation to execute the connector. The short
connector, which is obtained by cutting an off-the-shelf steel equal
angle, also permits welding in the case of imperfect alignment of
the damaged rebars. On the other hand, the geometry of the con-
nector allows the removal of only a small depth of concrete in ad-
dition to the cover. The following main conclusions can be drawn
based on the experimental and theoretical investigation and within
the limited cases examined:

e the rehabilitated columns exhibited very stable behavior with
large ductility capacity values (39%—58% increase with respect
to the original column) and very little damage (no rebar buck-
ling, no crushing of the concrete, few cracks);

 after rehabilitation, the columns had substantially increased en-
ergy dissipation (a damping increase from 50% to 250% with
respect to the original column);

» plasticization was limited to the machined zone of the rebar,
avoiding possible crisis and damage to the connection and in
the foundation;

 the theory developed was validated based on the test results and
allowed the dimensions (diameter and length of the machined
part) of the replaced rebar segment to be determined, with good
forecasting of the new local ductility demands;
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 the short connector had an important role of not allowing the
plastic hinge to be dislocated, and it did not reduce the concrete
cover; and

e the maximum loads on the foundation were reduced (owing
to rebar diameter reduction), eliminating the need for its
rehabilitation.

More research is still needed to investigate cases in which the
bending strength should be increased after rehabilitation, the effect
of a large vertical load during rehabilitation, the effect of the scale
testing of large-scale specimens, the possible increase of service life
with repair/rehabilitation, the calibration of capacity coefficients to
better account for uncertainties in the existing rebar characteristics,
and the possible shear demand increase in adjacent columns.

Data Availability Statement

All data, models, and code generated or used during the study
appear in the published article.
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Notation

The following symbols are used in this paper:
A, = cross-section area of connector;
A, = cross-section area of column;
BSRR/BSOR = ratio of the base shears for the rehabilitated and
original columns;
C =total length between the column bottom end and
the machined start position;
C. =total length of the connector;
C,, = gap needed for butt-welding;
C, = gap between the connector end and the machined
start position;
Cred.bona = Tesidual concrete—steel bond stress;
D = column diameter;
D, = diameter of the column core after concrete
removal;
D .x = maximum displacement for each ith half cycle;
d,, = diameter of the original rebar;
d, = diameter of the machined rebar;
dy = distance between vertical transducers;
E =elastic modulus of the original rebar;

© ASCE 04023007-15

E’ =elastic modulus of the machined rebar;
E', =dissipated energy for each ith half cycle;
E =elastic modulus of the original rebar after
yielding;
E! =elastic modulus of the machined rebar after
yielding;
Fi,x =maximum force for each ith half cycle;
FOR =force in the rebar before rehabilitation;
FRR =force in the rebar after rehabilitation;
SOR =mean rebar stress before rehabilitation;
fRR = mean rebar stress after rehabilitation;
[fsum =tensile strength of the original rebar;
S swy =Yyield stress of the hoop;
fsy =yield stress of the original rebar;
Ssye =yield stress of the steel equal angle;

fs(g,) =stress of the original rebar at £, which is larger
than e,;

S =concrete cylinder compressive strength;
fiy=Yyield stress of the new rebar segment;

fi(g}) = stress of the machined rebar for strain &J;

H = column height from the base to the zero-moment

section;

h = strain hardening of the original rebar;

h} =strain hardening of the machined rebar;

hy =column height where the potentiometer V4 is
installed;

L =additional gap length;

L 4..» =length of the removed concrete part;

L ¢, = part of plastic hinge length along which there are
the internal plastic deformations in the section
before rehabilitation;

L,, =total length of the new rebar segment having no
diameter reduction;
L, = plastic hinge length before rehabilitation;
L, =portion of h, where plastic deformation of rebar
develops;
= increment of the plastic hinge length to account the
contribution to the column top displacement
associated to the rebar slip in the foundation,
including both elastic and plastic slips;
L, =machined length of the new rebar segment;
L% = adopted L,;
L,, =effective machined length of the new rebar
segment;
L,,; =total length of the new rebar segment;
L,, = useless machined length that eventually extends
beyond the top of L;, and will remain elastic;

L_;,L,X. , = part of plastic hinge length along which there are
the internal plastic deformations in the section after
rehabilitation;

L, =plastic hinge length after rehabilitation;
1,(g,) =increment of the rebar anchorage length with
respect to [,(g,,) when f(g;) > fiy:

I,(g,y) = anchorage length at yielding;

R.,, =mean compressive strength of the concrete cubes;
r=ratio of the yield stress of the original rebar (f,)
and the square root of the concrete cylinder
compressive strength (\/]’—é);
s, = additional rebar slip to s, when the actual steel
strain is larger than yield strain;
s, =rebar slip at yielding;

leip.p
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v. =height of the compressed part of the cross
section;

« = coefficient to obtain section curvature ductility
from rebar ductility;

Yra = coefficient to consider the uncertainties regarding
the original and new steel material characteristics
and the hardening of the new rebar segment after
yielding;

6 =top horizontal displacement of the column;
0 f1ex,p = Plastic ¢ of the original column due to the column
internal deformations;
O fjex,y = yield 6 of the original column due to the column
internal deformations;
6, =0 beyond yielding of the original column;

d1ip,p = Plastic 0 of the original column due to the slip into
the foundation of the column;
Oyip.y =yield ¢ of the original column due to the slip into

the foundation of the column;
0,0s =total 6 of the original column;
o, =yield ¢ of the original column;

6 fex. = plastic 6 of the rehabilitated column due to the
column internal deformations;

6]’%1‘}, =vyield § of the rehabilitated column due to the

column internal deformations;

6, =06 beyond yielding of the rehabilitated column;

641ip.p = plastic ¢ of the rehabilitated column due to the slip
into the foundation of the column;
641ip,y = yield 6 of the rehabilitated column due to the slip

into the foundation of the column;

6/, =total ¢ of the rehabilitated column;

6y =yield ¢ of the rehabilitated column;

€,y =actual strain of the original rebar;

€gy = yield strain of the original rebar;

€4 = strain of the machined rebar at maximum 6;
E;p = plastic strain of the machined rebar;

€4y =Yyield strain of the machined rebar;

n =ratio of effective machined length of the new rebar
segment (L,,) and column length with internal
deformations before rehabilitation (L gy );

6, = plastic rotation due to the column internal plastic
deformation before rehabilitation;
= concentrated rotations at the base beyond yielding
before rehabilitation;
0ip.y = concentrated rotations at the base at yielding before
rehabilitation;

0

slip.p

0! oy = concentrated rotations at the base beyond yielding
after rehabilitation;
051, = concentrated rotations at the base at yielding after

rehabilitation;
0, = experimental rotation at the top of the column
height on which potentiometer V, is installed;
04 f1x,p = experimental plastic rotation due to the flexural
contribution before rehabilitation;
B4 f1ex,y = €Xperimental rotation at yielding due to the flexural
contribution before rehabilitation;
0, f1exy = €xperimental rotation at yielding due to the flexural
contribution after rehabilitation;
s (€,) = ductility of the rebar calculated for actual strain &
which is larger than &;,;
fts = section curvature ductility for the original
column;
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fga = section curvature ductility at &, of the original
column;
1! = ductility of the machined rebar;
p, = section curvature ductility for the rehabilitated

column;
I (;4 = section curvature ductility at /4 of the rehabilitated
column;
& =equivalent viscous damping ratio at the ith half
cycle;

¢, = plastic curvature before rehabilitation;
¢y =yield curvature before rehabilitation;
10) 1’, = plastic curvature after rehabilitation;
¢4, =mean experimental plastic curvature along hg;
(d,/d,)* = adopted (d,/d,,); and
(d;/d}) max = maximum design (d,/d},).
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