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Abstract

The study of the reinforced concrete columns’ respoto horizontal cyclic loads is of full importanto understand how
earthquakes affect the integrity of structuresemsally those already built and especially vuliégao this type of action, as
is the case of many existing buildings on significaeismic activity zones which are not adequapebpared for that
eventuality. This importance is mainly justified that the actual behaviour of RC building columnsig an earthquake is
strongly related to the random characteristicshefgeismic event, the building’s three-dimensigraponse characteristics
and its structural irregularities; and finally thhe biaxial bending-moment cyclic demands appieedn RC column tend to
reduce its capacity and cause stiffness and strelegérioration during successive load reversasyé number of RC columns
were designed according to the practice that rkihgainto account the importance of plastic defdioraand ductility
capacity, are commonly deficient in flexural dutgil shear strength and flexural strength undesrgjrseismic excitations.
Lap slices in critical regions, premature interfoptof longitudinal reinforcement and lack of latkeconfinement are common
practices causing such deficiencies.

However, experimental research on the inelastipamese of RC elements under compressive axial fanckbiaxial lateral

cyclic bending load conditions is currently vemniied. The limited research may be due to the tagies concerning the
relation between the two orthogonal horizontal lngghaths and the complexity of the experimentalseequired to perform
appropriate tests. Consequently, the current kndydeegarding the inelastic response of RC coluamuier biaxial cyclic

moments still lags behind the understanding ofdineensional (1D) cyclic bending behaviour undeompressive axial load.
Recent earthquakes should motivate further stwiditasthe objective of develop also repair and/droft strategies that could
be restore the original capacity of the columnsiamgtove their behaviour when subjected to muliabloadings.

With this aim an experimental work was conductethatLaboratory of Earthquake and Structural Ergjiimg — LESE to

study the cyclic behaviour of eight RC columns, tvfehem “as built” and the six remaining damadeat tvere submitted to
repair procedures through welding process of thgitadinal reinforcement and were subjected toxialand biaxial bending
combined with constant and variable axial load. Tésults will be presented in terms of damage eiamiualong the tests,
shear-drift hysteretic curves and total energyipé&®n and each repaired column result will be pared with the results of
the original ones, deducting about the structuifadiency repair procedures adopted. From the expamtal results it was
observed similar results between the repaired la@atiginal columns results in terms of initiafffstess, maximum strength
and energy dissipation. Globally the repair proceduvere very efficient to restore the capacitshefcolumns
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1. Introduction

The study of the reinforced concrete (RC) colunmasponse to horizontal cyclic loads is essentiaintderstand
how earthquakes affect the integrity of structuessentially those already built and especiallyertdble to this
type of action, as is the case with many existinigdings on significant seismic activity zones -arg which is
Portugal - which are not adequately prepared fat #ventuality. However some findings became contynon
accepted and, besides the expected significanteinfle of axial loads on the hysteretic responsmloinns, the
2D transversal load cycles are found to be respt$r increased degradation of stiffness anchgtte when
compared to the 1D response [1-4]. In addition failare mechanism of RC columns shows very depenofethe
loading path and strongly affects both the dugtdihd energy dissipation capacity of the columns.

Concerning the behaviour of repaired, retrofittedteengthened RC columns under 2D loading, tHed@cesults
is even more evident, for which the present knogéeid still much behind that one for 1D bending.deanumber
of RC columns were designed according to the pradtiat not taking into account the importance lastc

deformation and ductility capacity, are commonlficdent in flexural ductility, shear strength arexural strength
under strong seismic excitations [5]. Some rettefihniques for RC columns can be found in theditee, some
of them aim at improving concrete confinement, \ahgtems from the well-known fact that confinementiances
the strength and, more importantly, the ductilityR&C columns [6-11].

This work presents an experimental campaign contpbgeeight RC columns, two of them “as built” ar t
remaining six previously damaged that were subnhittetwo different repair procedures through wejdaf the
longitudinal reinforcement according to BS EN 1S@660-1:2006 [12]. The columns were tested under two
different horizontal displacement paths and diffiéxial load condition (constant or variable). Tasults will be
presented in terms of evolution of the observedatgmshear-drift hysteretic curves and total endiggipation
and each repaired/retrofitted column will be coneplawith the results of the original ones, deductibgut the
structural efficiency repair procedures adopted.

2. General overview of the testing campaign
2.1 Specimen description and test setup

The specimens were constructed at full scale, aggutimat the inflection point of a 3.0m height aolu deflected
shape is located at the column mid-height, reptesgthe behaviour of a column at the base of a&guilding

when subjected to lateral demands induced by azaies. All the columns are 1.70m high (with anaxtr20m

height that is added for attaching the actuatoiodsy, and were cast on a strong square RC foumdalibcks with

dimensions 1.30x1.30mz2 in plan and 0.50m high. Gfbses-section dimensions are 30x58amd the longitudinal
reinforcement is composed by 14g12 with the traissdeeinforcement of g6//.15m as presented in FgFour
holes are drilled at the foundation block to fixe thpecimen to the laboratory strong floor with pessed steel
rods. This process avoids sliding and overturniinip@ column footing during the test.

The test setup is illustrated in Fig. 1b and it tenseen that the system includes two independsizontal
actuators to apply the lateral loads on the colspetimen (one with a capacity of 500 kN and a @i stroke
and the other with a capacity of 200 kN and a €Ut stroke). A vertical actuator with the capacityrOOkN
was used to apply the axial load. Two steel readtimames and a concrete reaction wall form theti@asystem
for the three actuators. Because the axial loadasmt remains in the same position during thesge the column
specimen laterally deflects, a sliding device acpd between the top of the column and the actuBber sliding
device was built so that spurious friction effestre minimized.
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Fig. 1 — Experimental campaign: a) RC column spenidimensions and reinforcement detailing; and éx)egal
overview of the test setup.

2.2 Loading condition

In order to characterise the response of the colspeoimens, cyclic lateral displacements were irgas the top
of the column with steadily increasing demand Isvd@hree cycles were repeated for each laterakuetion

demand level. This procedure allows for the undeding of the column’s behaviour, a comparison betw
different tests and provides information for theelepment and calibration of numerical models. atiepted load
paths are summarised in Fig. 2, and the followiognimal peak displacement levels (in mm) were carsid: 3,

5, 10, 4, 12, 15, 7, 20, 25, 30, 35, 40, 45, 5068565, 70, 75, 80.

DisplacementY A pcot-NV19 Displacement Y PC12-NV21
direction direction PC12-NR1A
PCO1-NVR1A
PC01-NVR1B PC12-NR1B
i PC12-NVRIA
PC12-NVR1B
»
B T e >
isplacement X
Displacement X direction
direction

Uniaxial — Strong direction (Type 1) Diamond (Type 2)

Fig. 2 — Horizontal displacement path type: a) &grdirection (type 1); and b) Diamond (Type 2).

Constant or variable axial load was applied fore¢aeh specimens. Prior to the tests with varyingl éoading, the
peak capacities in terms of displacements and tileagths corresponding to the first yield were nricadly
evaluated based on numerical simulations of thaxiati tests. With this information the columns &kimd was
considered variable and proportional to the impdattal drift applied until the yielding drift. llhe biaxial tests
the axial load variation is relative to the disgla@nt observed in the strong direction. Beyondytbleling point
the axial load was kept constant. The initial abdad was set on 300kN and variations of +150kNensemsidered
as can be observed in Fig. 3. The different spetsmeharacteristics and horizontal displacement pgte and
axial load are presented in Table 1.



16" World Conference on Earthquake Engineering, 16 WQEE
—

: c Santiago Chile, January 9th to 13th 2017

horizontal
displacement in the

strong direction aN
dy |- ___.__._4________.‘__/ ________________________
7
AN \
0 /J | b,
/ (5]
\ ] \// P
dy oo N ‘ ,,,,,,, ‘ ,,,,,,,,,,,,,,,,,,

Axial Load 4

<iul

R

2

Nt # MaX_VAF Lo g oo s mmm mme o2 o s s

Nini

»
R Vd
Nini - max_var | - __.___ \ ,,,,,,,,,,,,,,,,,,,,,,,,,, \\J—V ,,,,,,

Fig. 3 — Axial loading condition adopted for thetseunder varying axial load.

Table 1 — Specimen'’s specification, repair solytimaterial properties and loading condition.

Loading condition
. Repair fem fym Horizontal
Group Specimen solution (MPa) (MPa) Axial load | Displacement
path type
Original PCO1NV19 N/A 300 Type 1
PC12NV21 N/A (£150KkN) Type 2
PC12N1B ST1B 300 Type 2
PC12N1A ST1A 300 Type 2
Repaired PCO1NV1B ST1B 21.92 575.6 Type 1
PCO1INV1A ST1A 300 Type 1
PC12NV1B ST1B (£150KkN) Type 2
PC12NV1A ST1A Type 2

2.3 Repair procedures of previously damaged RCnuatu

All the six damaged RC columns, except the “ag’boiies (PCO1NV19 and PC12NV21), were subjected
to the same repair procedure that can be summarizéé following five steps:

1) Delimitation of the repairing area, illustratedFig. 4a (the critical section at the plastic den
region), typically from the footing up to 50 cm atpthe column height) — Phase 1;

2) Removal and cleaning of the damaged concretp4lb) — Phase 2;

3) In the context of the present study, it wasnde=l to apply de recommendations given by BS EN
ISO 17660-1:2006 [11] and four different configimas were considered to repair the longitudinal
reinforcement of the columns and are illustrate&ig 4, namely: a) butt joint welding b) unilatelap
joint welding (type 1) c) unilateral lap joint wéhd) (type 2) and d) Bilateral strap joint welding.

E1 P EZ /E1 /P /EZ
/ / // : —— T !
. I . I - ! \A‘] \AZ

a) b)



16" World Conference on Earthquake Engineering, 16 WQEE

ag\ Santiago Chile, January 9th to 13th 2017

/E1 /EZ — f/l : I/l.

— ;\'ﬁ" l \, N \P ‘\N"\\EE
A d)

Fig. 4 — Welding longitudinal reinforcement stemlrars configurations according to BS EN ISO 176&D06
[12]: Butt joint welding b) Unilateral lap joint iding (type 1) c) Unilateral lap joint welding (t§f2) and d)
Bilateral strap joint welding. Where E represehts éxisting steel rods from the column and the dations that

are connected to the emended P (but joint) anldetaiilateral and bilateral steel rods welded

According to Riva et al [13] the cyclic behaviodbaitt joint (Fig. 4a) welding solution is not sstctory,
so this solution can be applicable only in simudtaus with unilateral lap joint welding (Fig. 4b) sirap
bilateral welding (Fig. 4d) for seismic repair afleamns. The strap bilateral welding solution (F4g)
was also discarded since it corresponds to an sixegscrease of the reinforcement area, when cogdpa
with the initial situation, being this type of stan is more properly consider for strengtheningpoges
and not for only repair procedures.

In the LESE laboratory it was conducted 50 tersilength tests (monotonic and cyclic) of originakes
re-bars and specimens of the solutions Type 1 gpd Z. From this tensile tests the following costbas
were drawn:

* The use of an adequate electrode and a suitabiel@ogth well designed and executed for the
pretended application guarantee the integrity efiielding re-bars, being the rupture conditioned
by the resistance of the steel re-bars as obsémntbeé experimental campaign of tensile strength
of different welding solutions.

* The monotic tests showed better response in tefrolfimate strength, however it was verified
the same not occurred for other parameters su@haasicity modulus, yielding extensions and
maximum strength. The results regarding to the $snpyclically tested it was verified slight
increase of the ultimate strength, however therqgtheameters were similar to the ones observed
in the simple re-bars.

Thus the welding solution Type 1 was consideredntbst appropriated and recommended to adopt for
the repair proceeding of the longitudinal reinfoneat. It was considered two variations for theateial

lap joint welding configuration where the E reprasethe existing steel rods from the column and the
foundations that are connected to the emendedtHdibt) and to the unilateral and bilateral stemls
welded. For the first variation it was considered the centre span length equal to 5 diametersisand
designed as repair solution ST1A. For the secomi@ti@ it was considered a centre span lengthlequa
to 10 diameters, designed ST1B. In Table 1 is dwsdithe repair solution adopted for each specimen.
Finished this stage, the column was lined up adegrib the welded steel rebar’s, followed by theafi
welding process between them and the columnsretieat’s (Fig. 4c and d): starting from the latevald
splicing followed by the opening of the chamfer parsterior realization of the butt welding. It skbbe
noted that the sequence of alignments to weldingtrfalow a symmetric logic from the previous
alignment, also taking into account some time wgigo as to enable the cooling and reestablishafent
the initial length of the steel rebar’s, relievitige increase of stress caused by the dilation @eatpre
effects). At the end of this step it was obsentet tho significate curvature/buckling was obseraed
thus can be concluded that this is the best oftiosimilar works to be performed in the future haBe

3.

5) Replacement of the transversal reinforcemert Wié half of the initial space of 0.15m. Note that
it was placed at the middle of the central spathefwelding solution one transversal rebar — Phase

5
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6) Application of formwork and new micro-concreterestore the previously sanitized area of the
column, that consists in a moisture of a structtephir mortar — Phase 5;

Fig. 5 — Repair procedures adopted for previoualpaged RC columns a) Phase 1; b) Phase 2; c) dtrhde 3.

3. Experimental results and discussion

This section presents the results of the repaied@dumns testing campaign based on: i) damageieolof the
columns through the visual observation along thsstdi) shear-drift curves where parameters silniial

stiffness, maximum strength, strength degradatiah @uctility will be discussed; total energy disdipn. For a
better comparison the results of the “as built"cimens will be compared with the results of theais® ones,
deducting about the efficiency of the repair praced.

3.1 Damage evolution

In all the tests (for uniaxial or biaxial loadindpgrizontal cracks distributed along the columrgtn(associated
with the flexural dominant columns’ response) walserved for early demand stages, illustrated gn &iand 7.
For each drift demand level, the biaxial loadinduced a higher level of damage in the column blaae the
uniaxial loading. In the biaxial tests, after tloenfiation of horizontal cracks form, larger latedamands initiate
concrete spalling in the column corners. For umrikiésts, when concrete spalling is observed inctiiemn

corners, it promptly expands along the whole sectidth of the column. For biaxial tests, a barakecl at the
corner of the column base is always the first takr In all cases where the plastic hinge regiomgsed a stirrup,
its failure was observed.

As observed in previous studies [5, 14], it waseobsd higher level of damage in column base fobthgial tests
when compared with the uniaxial tests with constadal loading. In the case of the RC columns bk to
biaxial loading combined with variable axial lodidis observed a non-uniform damage in each faéeslamn,
which was most evident in the north and south fasiese the maximum axial load coincides with theximum
horizontal displacement according to the strongdtion of the column. As expected, the bucklinghef repaired
re-bars was restricted to the section composeddiypple re-bar between the splicing’s, since therlap of the
re-bars in the splicing provided high stiffnesshis sections. Consequently, the rupture of thieams-occurred in
this zones, and it is important to note that agolesl in the tensile strength testing campaigreroar fractured
in the welding sections.
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Drift=0.33% Drift=0.67% Drift=1.00% Drift=1.33% Drift=2.00%
Fig. 6 — Damage evolution: PC12NV1A.

Drift=0.33% Drift=0.67% Drift=1.00% Drift=1.33% Drift=2.00%
Fig. 7 — Damage evolution: PC12NV1B.

From the observation of all tests damages fiveléewé damaged were reported (cracking, spalling;kidug,
conventional rupture and 1st bar rupture) and gdbinh Figure 16, and the following consideratioas be
performed:

» It was not found a variation of the drift demdiod which occurred the beginning of the cracking,

according to the repair strategy, or the type sf te

 The repaired columns subjected to biaxial bendititfp constant axial load suffered spalling and
buckling for drift demand corresponding to 66%lad briginal non-damaged one, with variable axial

load;

»  The conventional rupture occurred in the repageldmns, generally, for lower drift demands when

compared with the original ones, about 30% in thiexial tests and 10% for biaxial tests.
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Fig. 8 — Observed damage evolution: a) Uniaxidkteand b) Biaxial tests.

3.2 Shear-drift hysteretic behaviour

From the analyses of the shear force-displacemetetetic response of the uniaxial tests with Vdeiaxial load
plotted in Fig.9 it can be observed that the coll@D1NVR1A with the repair solution ST1A increaséghtly

the initial stiffness when compared with the ora@imne. The same was not observed with the PCO1BVR1
Regarding the maximum strength both of the repdiests reached 5% slightly less than the origidran.
However, it was observed that the column ductiityhe specimens PCO1NVR1A and PCO1NVR1B were 10%
and 20% higher than the original one respectivéigally it was observed similar strength degradatietween
repaired and original columns.

Displacement X (mm) Displacement X (mm)

60  -45 30 15 0 15 30 45 60 60 45 80 5 0 15 30 45 60
200 45 2001~ ——T1 T T — T 45
—— PCO1-NVRIA | ' —— PCO1-NVR1B

150 l—— PCO1-NV19 34 150 —— PCO1-NV19 a4

100 22 100 22
g 50 11 g g 50 11 Lﬁ;_
& 50 11 § % -50 -11§
[ - 5) )

-100 22 100 22

-150 34 -150 .34

200 s . - 5 ’ : 5 2 200, 3 2 1 0 1 2 3 P

Drift X (%) Drift X (%)
a) b)
Fig. 9 — Shear-drift hysteretic response of uniaeists: a) PC01-NV19vsPCO1INVR1A and b) PCO1-
NV19vsPCO1NVR1B

Regarding the remaining biaxial tests with conséantt variable axial load, plotted in Fig.10 andrédpectively,
the following conclusions can be drawn:

» In the biaxial tests, the plateau tends to betshand the softening is more pronounced, i.eapee
abrupt decay of the column strength is observel initreasing lateral deformation demands;

*  Therepair procedures caused a slight decredke ofitial stiffness in the columns subjecteditxial
bending with constant and variable axial load i@ dlirections X+ and Y+. However no significant
effects can be observed in other directions;
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 From the comparison between the repaired colusuigected to variable axial load with the
corresponding original ones, it is observed 10%h&ignaximum strength. In the case of the repaired
columns subjected to constant axial load it waeniesl that when comparing with the results with
the tests with variable axial load i) the maximumesgth was lower about 10-15% for the repaired
columns and about 5% with the original column.
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Fig. 10 — Shear-drift hysteretic response of biae@sts with constant axial load: a) and b) PC12-
NV21vsPC12NR1A, c¢) and d) PC12-NV21vsPC21NR1B.
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Fig. 11 — Shear-drift hysteretic response of biaeists with variable axial load: a) and b) PC12-
NV21vsPC12NVRI1A, c¢) and d) PC12-NV21vsPC21NVR1B

3.3 Total energy dissipation

The energy dissipation is a fundamental structpraperty of RC elements when subjected to seismigahds.
For RC structures designed to accommodate damadfjeuwicollapse due to a seismic event, the inpetgncan
be dissipated through RC elements’ hysteretic msgonithout a significant reduction in strengthtHis work the
energy dissipation was a very important topic tcebaluated such one of the aims was to restorstthetural
capacity of the original specimen. The cumulatinergy dissipation was evaluated for all the testssidering
the area of each loading cycle in the X and Y diioe¢ and then the total energy was calculatett@stim of these
two parts. Then the total dissipated energy wasrdeted by each specimen and is illustrated inlRigrhis total
dissipated energy corresponds to the energy dissifiamm the start of the test until conventiongiture is reached,
to a strength decay of 20% relative to the maxinatrangth. From the results it can be observed epaired
columns reached the original dissipation capaditgven exceeded. It can be observed that the caluvith the
repair procedure ST1A obtained better results, gxidee column PC12NR1A, which dissipated 2% lessgn
From the uniaxial tests results it can be obsetivatthe column PCO1NV1A dissipated 30% more entrgy the
original one, and from the biaxial ones it is tiiduen PC12NVR1A that dissipate 40% more energy.

20 200 —%
r e O
- —_
E v E A\
z Y Y z
s 3
= 150 < 150 b
el °
2 2
© ©
= S - B - - - - -- -
2 3
5 100t 5 100 H
> >
< >
Q Q
5] 5]
b 50 - s 50 H
O (e}
[ [
0 T 0 T
PCO1NV19 PCOINVR1A PCO1NVR1B PC12NV21 PC12NVRIA PC12NVR1B PC12NR1A PCI12NR1B
Specimens Specimens
a) b)

Fig. 12 — Total energy dissipated: a) Uniaxialdeahd b) biaxial tests.

5. Conclusions

The main objective of the present manuscript wasttmly the response of RC columns repaired aftargbe
previously tested, when subjected to uniaxial aadial horizontal loading and constant/variableahkbad. One
of the main issues was to give particular focughenrepair procedure of the longitudinal reinforesmrepair

10
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through welding. Thus this study focus, initially the design and test of welding re-bars sampidsabsequently
in the application of this techniques in RC columpreviously tested, with the aim of evaluate tHeieihcy of the
repair procedures. The use of an adequate elecarmtla suitable cord length well designed and dredior the
pretended application guarantee the integrity eflding re-bars, being the rupture conditionethieyresistance
of the steel re-bars. Six RC columns were repaii#dtwo different repair procedures and were ébe uniaxial
and biaxial loading combined with constant andalzlg axial load. It was observed similar resultsvieen the
repaired and the original columns results. Theirgpacess reduced the initial stiffness in theuoohs subjected
to biaxial bending, only for X+ and Y+ directionshile similar values to the original ones were fduor the
remaining directions and types of the test. Thaired columns when tested biaxially obtained sinmégults of
the original column for the maximum strength, whiat occur for the columns tested uniaxially wheeeified
slight increase. The repaired columns shows ar&ser of the ductility, more pronounced in the fibtasts, and
otherwise it is observed lower stiffness degradafar same drift demands when compared with thgiroal
columns. Finally, the accumulative energy dissipaiBthe repaired columns was generally highertfian the
original ones, mainly for the columns repaired wita solution ST1A. In general, the repair procedwrere very
efficient to restore the capacity of the columnkjch was also improved in certain cases.
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