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Seismic Retrofitting of RC Buildings Using CFRP and Post-
Tensioned Metal Straps: Shake Table Tests

Reyes Garcif, Kypros Pilakoutas Iman Hajirasouling Maurizio Guadagniflj Nicholas Kyriakidesand
Mihaela Anca Ciupafa

Abstract

This article examines the effectivenesstefo innovativeretrofitting solutiors at enhancing theeismicbehaviourof a
substandardeinforced concretéuilding testedon a shake table as part of tharrEuropeanfunded project BANDIT.
To simulate typical substandard constructithre reinforcement of columns and beaoumn joints of theull-scale
structurehad inadequatdetailing.An initial seriesof shake table tests were carried tuaissess thgeismicbehaviour
of the bare building and theffectiveness of dirst retrofitting interventionusng PostTensioned Metal Strapsfter
these tests, columns and joints were repaired aoldsequentlyetrditted usinga retrofitting solution consisting of
CarbonFibre Reinforced Polymerand PostTensioned Metal Strapappliedon opposite framesf the building The
building wasthen subjected tounidirectional andthreedimensionalincrementalseismic excitationsto assesshe
effectivenessof the two retrofitting solutiors at improving the global and locabuilding performanceThe aticle
provides details of theboveshake table testing programme and retrofitting solutions, and disdhsstsst results in
terms of the observed damage, global damage indexes, performanceatevidsal straindt is shownthat whilst the
original barebuilding wassignificantly damaged &t peak ground acceleratidRGA) of 0.15g, the retrofitted building
resisted severd¢hreedimensionalshake tabletests up to PGA=0.60g without failur&loreover the retrofitting
intervention enhanced the interstorey drift ratio capacity of thantl 2° floors by 160% and 110%, respiwely.
Therefore, the proposed dual retrofitting system is proven to beeffetive for improving the seismic performance of

substandard buildings

Keywords: Shake Table Tests; Full-scale Buildings; Seismic Retrofitting; CFRP Composites; Post
Tensioned Metal Straps; Substandard RC buildings
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1 Introduction

High human and financial losses caused by severe earthquakd&a@&hmir, 2005; China, 2008; Indonesia,
2009; Haiti, 2010; Turkey, 2011; Nepal, 2015) have highlighted the high seismic villheddilthe existing
building stock, much of which comprisesn-ductilereinforced concrete (RC) frame buildings built before
the introduction of modern seismic desigmdelines The collapse of many of these substandnactures
has been frequently attributed to failure of beatumn joints due to inadequatetdiling of the joint
reinforcementDifferent conventionaletrofitting techniqueshave been examined in the pasienhance the
performance of substandgaints, such as concrete/shotcrete jacke(iigrayannis et al. 2008 sonos 2010
Corazao and Durrani 1988r steel jacketing/steel platéSorazao and Durrani 198&hobarah et al. 1996
Biddah et al. 1997 Although the above techniques can be effective at reducing the seismiabilityeof
the current building stoglthey can behighly invasive, labor intensive andhey usuallyincreaseahe mass of

the building.

In recent yearsthe use okxternally bondedribre Reinforced Polymers (FRPasproven very effective at
enhancing theeismicperformance ofieficient joints(e.g. Antonopoulos and Triantafillou 200&hobarah
and EtAmoury 2005 Pantelides and Gergely 2Q08kguzel and Pampanin 201@arvin et al. 201,0AI-
Salloum et al. 20L1llki et al. 2011 Sezen 2012 In comparison to the aboweaditional retrofitting
techniques, FRMPnaterials haveadvantages such as high resistance to corrosion, excellent duraiigjity,
strength to weight ratjoand ease and speed ofsitu application(Gdoutos et al. 2000 However, the
relatively highinitial cost of the FRP materiataay preventits wide use As a result, alternative retrofitting
solutions combining FRP composites witther traditional techniques(e.g. steeljacketing have been
proposed Ghobarah and EAmoury 2005 Li et al. 2009 Sasmal et al. 20)1Such dual alternativescan
offer effective and attractive solutions fembstandardtructuresparticularlyin developing countries/here

the cost of FRPhaterialscan beconsiderablyhigher compared tsteel andocal labourcosts

Previousresearchby Frangou et al(1995)and Frangoy1996)led to the development of a novel technique

for retrofitting RC beams and columns using Plostsiored Metal Straps (PTMS)The technigueuses
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ductile highstrergth steelstraps posttensioredaround RC elemegstising pneumatistrapping tools as those
used in the pa@gng industry(seeFig. 1). To maintain the tensioning forcéer posttensioning, the strips
are fastened mechanically usiagvs andoush typeseds. This provides active confinement to members, thus
increasing their ductility and capacity befaggplyingload. Compagd to traditionalsteel/concrete jacketing
PTMSretrofitting has advantages such as ease and speed of application, low matesiatieast ofjuickly
removing/replacing damaged stripad sealsAs no adhesives or sophisticated equipmsntised PTMS
retrofitting is also expected to provide cosftfective retrofitting solutionsdue tolower materialand labour
costs Experimental esearch hagonfirmed the effectiveness of the PTMS technique at enhancing the
capacityof columnsunder compressiofMoghaddam et al. 20)0beans with short lagsplices(Helal etal.
2014) and substandard beasnlumn joints subjected to cyclic loadHelal 2013. More recently, the
technique was proveextremelyeffective at enhancing the seismic behaviour of asitdlle PTM&etrofitted

RC buildng subjected tdow and mediurintensity (up to PGA=0.35g) shake table teEarcia et al.
20143. However thebehaviour oPTMS-retrofitted structuresubjected teevereshaking(PGA>0.40g)still
needs tde investigatedvioreover, the potential us# ‘dual’ retrofitting solutionscombining FRRand other
alternativetechnigquesias not been examined using fetlale testsThe use of the ‘dual’ retrofittingtrategy
can result in more cosfffective solutions as only the weaker members of the building are tetfofitth

stronger/stiffer FRP composites, whereas stronger members can be retroifittethusvative inexpensive

techniques such as the PTMS.

>
3}3 |
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Fig. 1 (a) Posttensioning andb) mechanical fastening of strapsound a RC membeusingthe PTMS technique



This article investigates theffectivenessof a ‘dual’ retrofitting solution using Carbon Fibre Reinforced
Polymers (CFRP) and PTM& improving the performance ofpaeviouslydamagedull-scale RC building
with deficient beantolumn joints The structure was subjected to five Phasfeshaking table testat the
CEA/EMSI laboratoryfacilities (Saclay Francé as part of the ElundedBANDIT project The initial shake
table testavere reported in Garcia et §2014a)and investigatedthe behaviour of the bare (Phase 1) and
PTMS-retrofitted building under low and mediuintensity shaking (Phases 2 andoB)up to PGA#$.35g.
For the first time,his articlepresentdull details oftestingPhasest and Sof the project, whee an innovative
‘dual’ retrofitting solution combiningCFRP and PTMSvas utilised to retrofit the buildingThe proposed
‘dual’ retrofitting solutionallowed a direct comparison of the effectiveness of the two technigiregfull -
scale3D shakingable testat high PGA level§up toPGA=0.60g).The articleddailsthe aspted retrofitting
strategy, andliscussegylobal and locafesults fromthe shake table testsn the retrofitted structureThis
study is part of acomprehensiveesearch effort focusing on the seismic retrofitting of substanéard

buildingsusing PTMS Garcia et al. 2014a&@nd FRP compositeGarcia et al. 201412015).

2 Experimental programme

2.1 Characteristics of tested building

The geometry of thdull-scale twestorey one-baybuilding was similar to aubstandardtructure tested
previously by the autho&arcia et al. 2000 The building had aregula planof 4.26x4.26 nand aconstant
floor height of 3.8 m (Fig. 2a-b). The columns had a cross section of 260xZ8§. (2c) and longitudinal
columnbarsof @14 mm(@ is the bar diameterThesecolumnbars were lapped over a lendgth253=350

mmjust above the®ifloor jointsto represent oldonstructiorpracticesas shown irfFig. 2d.
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Fig. 2 General geometry and reinforcement detailing of BANDIT building (units), partially adapted from Garcia et
al. (20143

The beam had across section 0260x400 mmin the X direction and 2600 mm in the Y directiorisee
Fig. 2c). The smaller beam depth was selected to increase the flexibility of the buiidihg I direction,
thus promoting large interstorey drifts (and therefore damage) in sudchiatirduringthe tests at higher
PGA levels The longitudinal beam reinforcement consietl of @14 mm bars The bottom beam
reinforcement was anchored into the jewith no hooks/bends for a length of 220 mm (approximatégi)1
to study the effect of deficient bar anchorage shown irFFig. 2d. This short anchorage length would be
considerednsufficient to develop the full capacity of tli#l4 mm barsaccording to Eurocode 2EC2)
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(CEN 2004 Thetop beam reinforcement of thé& floor jointswas anchored usir@0° bemls andU-shaped
hooks which provided adequate anchorage accordinge€@? requirementsThe top and bottom beam
reinforcement was anchored into tH& for joints for 220 mm in both X and Y directions, as showfim
2e. It should be mentioned thtite beam reinforcement at tB¥ floor joints were welded to the lonidinal
column reinforcement to repair the building after damdde columnrto-beam relative flexural strength
ratio (XMpeo/ZMroeam) iN the bare conditiodid not satisfythe strong colummveak beam strengiphilosophy
recommendeth current seismiclesign codeslo preventshear failure outside the joird, the columnswere
reinforced with@6 mm stirrups spaced @00 mmcentres whereas the beams were reinforced dghmm
stirrups spaced at 250 meentres The stirrups were closed with 9800ks irstead of 135hooks typically
required by current seismic cod®k confining stirrups were provided the beamcolumnjoint coresand,
therefore significant damage was expected in these compong&héstop and bottom of the 120 mm thick

slabs were reinforced with 10 mm bars spaced at 100 mm cambreth directions.

The columns and beaoolumn joints of the buildingvere identified using an ID code according to their
location in plan and elevationThe first letter of the ID represents the type of structural member
(*C"=column, “J"=joint), while the subsequent digit and letter standtlie axes’ intersection at which the
member is located in plan. The last digit and letter indicateflttoe numberand the direction being
considered. For instance, the elemii-2Y corresponds to the beam-column joint of tHdl@or located at

the intersection of axésand A, and parallel to the Y axisegeFig. 2a).

2.2 Construction of specimen and material properties

Thebuilding wascast using twdatches of readgnixed normal-strengtltoncrete one for eacHioor. The £
floor columns were cagin giff steel “shoe” support¢seeFig. 2b), which were later clamped to the shake
tableusing post-tensiondugh-strength boltgo fix the building rigidly Before casting, rectangular piecds o
expanded polystyrene were placed at the locations shokig.iBa to produce vertical slots through the slabs
and ease the subsequent installation of the metal straps at beafroeingseces ofjuarterpipes (radius=20

mm) were glued to the corners of the columns’ formwork to avoid grinding the sharpscatndre



retrofitting zones Four plastic pipeswere also insertedvertically in each slab formwork to allowhe

clamping ofadditional masse@-ig. 2a-b).

After casting, eacfloor wascured for seven days in tfiermwork andthenkept understandard laboratory
conditions. Theneanconcrete compressive strengtfyXandelasticmodulus of each batalieredetermined
from tests omine 160x32 mm concrete cylinders accordingttee CPC8 guidelinegRILEM 1994). The
indired tensile splitting strengtf.,) wasdeterminedrom tests oriwelve 1®x%320mm cylindersaccording
to EN 123906 (CEN 2009h. The modulus of ruptureff) was obtained from foypoint bending tests on
three 100x100x500 miprisms,according to EN 12398 (CEN 20094 All specimensverecast at the same
time and curechext tothe building. Table1 summarses he mearvalues and standard deviatiooistained
from the testslt should be noted that whilsome existingsubstandardRC buildingswere built using low
strength concreté.,<20 MPa) it was impossible to produce such concrete using the equipnelaide in
the testing facilitiesnd thdocal (high quality)materialsused by readynix concrete providerdNonetheless,
the strengthof the concrete used in this study is representative of typical gotistrs builtduringthe 1970

80s in the Middle=ast, Latin America and Mediterranean region

Table 1 Mean mechanicatharacteristics of concrete mixes useddst the building

1% floor 2" floor

Compressive strength,, (MPa)  30.7 (1.56) 24.6 (2.03)
Indirect tensile strengthy, (MPa) 2.67 (0.38) 2.28 (0.22)
Flexural strengthi, (MPa) 3.60 (0.26) 3.83(0.32)
Elastic modulusk,, (GPa) 24.3 (1.30) 21.2 (1.16)

Note: standard deviations shown in parentheses

Due to difficulties in finding lowstrength plain bars, thieuilding was reinforced usingbbed bars grade

S500 complying with NF A 3816-1 AFNOR 20073. In comparison to lovstrength bars, the use of such
reinforcement is moreritical as joints and columns can be subjected to higher force and bond demands
during the testsTable2 summarises thmechanical characteristiobtained from direct tension tests esch

bar size three samplefor each bar)Based on previous researgtelal 2013, commercially available high

strength metal straps with nominal cross section 0.8x25 mm and zinsiooresistant surface coating were
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used for the PTMSetrofitting. The mechanical properties of the straps were obtained from four sample

coupons as reported Trable2.

Table 2 Mean mechanicgiroperties of steel reinforcement and metal straps

Nominal size(mm) 6 8 10 @14 Strap 0.8x25 mm
Yield strengthf, (MPa) 574 (6) 544 (12) 513 (4) 526(8) 982 (11)

Tensile strength, (MPa) 604(9) 572(9) 587(9) 616(2) 1100 (22)

Yield strain,ey (%) 0.28 0.26 0.25 0.26 0.43

Elongation at max. force, (%) 3.0 (0.9) 3.3 (0.6) 6.8 (1.5) 8.0 (2.3) 4.60 (0.5)

Elastic modulusE; (%) 207 209 202 201 230

Note: standard deviations are showmparentheses

The bidirectional(0°-90°) CFRP sheets used for the retrofitti(ege Sectior2.5.2) had 70% of the fibres
oriented in the main longitudinal direction of the she@thle 3 summarises # nominal properties dhe

CFRPsheetsadhesive anfiill composite data provided by the manufacturer.

Table 3 Mechanical properties of CFRBtrofitting system

Tensile Elastic Elongation Fibre Bond to
strength modulus at rupture  thickness concrete
(MPa) (GPa) (%) (mm) (MPa)

Torayca T700SC dry fibres 4900 230 2.1 0.27®

Eponal adhesivé& 29.3+1.2 2.3%0.12 24+03 - >2.5

Full composite 1350 105 1.3 0.48 -

@ Mechanical characteristics in tension after 7 days of hardening at 23°C
®) Thickness of 100% of the FRPfabric

2.3 Test setup

2.3.1 Building fixity and additional masses

The building was rigidlyfixed to the shake table using stiff steel “shoe” suppetésnpedwith post
tensionechigh-strength bolts. Théongitudinal columrreinforcement was anchoredth a 90° bendvelded
on the base of the “shoes” to prevent failure at the colflaginoe” interface during the tests at hiBiGA
levels. To simulate additional permanent and variable loads, three steel jplat@$otal mass of 13.5 tonnes

were boltedbeneathihe ' floor slab using podensioned higistrength bolts, as shown fiig. 2b. Similarly,
8



one steel plate and one concrete block were clamped to the top df flew2slab to add a mass of 11.0
tonnes. Thessteel platesvere supported on four hdill steel bearings at the expected slab inflection points
to allow freeflexural deformation of the slabs during the teStse estimated selfweiglaf the building was
20.4 tonnes. The selfweight and the additional masses produced approximate edrenadikload ratios
v=N/(f,A;) of 0.05 and 0.03 for the*and 2% floor columns, respectively, whelis the axial load andy is

the column grossross sectional are&uch relatively low axial load ratios are common in many substandard

low-rise RC buildings with short to medium span lengths between columns (up to 5 m)

2.3.2 Instrumentation

Fig. 3 shows thdocation of thehorizontal displacement and acceleration transdugsesl to monitothe
response historgf each floorduring theexperiments. @ identify possible ifplan torsion, two equidistant
displacementransducers were fixed on each exterior face of the slabs. The displad¢eameducers were
attached to aeferenceexternal rigid frame to facilitate the measurements and quantify the aksidu
displacements after each test. Relative horizontal displademeénveen thelabs andhe additional masses
was also ranitored using potentiometersA series of 59 strategically placed electrical resistance strain
gauges monitored the strain developed alongefrdorcing steebf selected beamand columnsat joints
J2A-1X, J2A2X, J1ALY, J1B1Y and J1A2Y (seeFig. 2d and e)In testing Phases 4 and B additional
gaugesmeasured the straialong the metal straps artle main direction of theCFRP sheets. More

information abat theexperimental setup is providedMongabure (2012).



Additional mass

on 2™ floor Displacement

—s<— transducers attached
to external frame

Acceleration
transducers

Steel “shoes” to
fix the building to
the shake table

Fig. 3 Displacement and acceleratizansducers used to monitor theilding response

2.3.3 Test sequence

The full testing programme consisted 8D shaking table tests conductedfive phases according to the
sequence summariséd Table4. Phase 1 of the experiments consisted of shake table excitations in the X
direction (i.e. parallel to axes 1 and 2ZHig. 2a) upto a maximumPGA=0.15g. The main objective of these
tests was to investigate the seismic performance of the substandard RCestmdtproduce significant, but
repairable damage. The effectiveness oRR#&Sretrofitting technique washeninvestigated in Phase? (X
direction) and 3 (Y direction)f the projectbut the shaking table tests were haltedRGa level 0f0.35gto
visually assess damage in the building. To compare the performancetebtretrofitting soldions using
CFRP and PTMS, testing Phase 4 subjected the building to input records in tleetiomlin.e. parallel to
frames A and Bn Fig. 2a Finally, thetestsin Phase 5 allowed investigating the behaviour of the re#dfit

building under severe 3D shaking.
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Table 4 Full test sequence of BANDIT buildirend dynamic properties after each tpsttially adapted fronbarcia et
al. (20143

X direction Y direction

1" mode 2"“mode 1%mode 2" mode
Phase Test direction and condition PGA (g)

T8 Ty Ti(s) T2
1 X - Bare building Undamaged 0.48") 0.18 0.529 NA
0.025 0.53 0.20 - -
0.05 0.60 0.22 - -
0.10 0.68 0.25 - -
0.15% 0.88 0.29 - -
2 X - Repaired and Initial 0.61 0.20 0.65 NA
PTMS-retrofitted building 0.05 0.64 0.21 - -
0.10 0.67 0.22 - -
0.15 0.68 0.23 - -
0.20 0.75 0.23 - -
0.25 0.78 0.26 - -
0.30 0.88 0.26 - -
0.35 1.01 0.27 - -
3 Y - PTMS-retrofittedbuilding Damaged - - 0.84 0.27
Ry 0.05 - - 0.86 0.27
0.10 - - 0.93 0.27
0.15 - - 0.93 0.28
0.20 - - 0.97 0.29
0.25 - - 1.08 0.29
0.30% - - 1.11 0.30
4 Y - Repaired, CFRP/PTMS Initial 0.75 0.23 0.84 0.25
retrofitted 0.05 - - 0.88 0.25
Ry 0.10 - - 0.93 0.27
0.20 - - 0.99 0.28
0.30 - - 1.03 0.29
0.35 - - 1.09 0.30
5 XY - CFRP/PTMSretrofitted 0.10 0.95 0.27 1.09 0.30
XYZ - CFRP/PTMSretrofitted  0.10 0.99 0.28 1.20 0.31
Ry+0.85R+0.5R, 0.20 0.97 0.29 1.20 0.31
0.30 0.97 0.29 1.20 0.31
0.35 1.08 0.30 1.20 0.31
0.40 1.06 0.31 1.20 0.32
0.50 1.22 0.32 1.22 0.33
0.60 1.22 0.32 1.37 0.34

@ After this test, cracks were resimected and damaged concrete replaced igh-strength epoxy mortar
®71,=0.48 sTy=052s
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2.3.4 Seismic records and dynamic identification

A 30 seconds-longrdficial ground motion record based on Eurocode 8 (EC8) soil typpeCtraEN 1998
1:2004, CEN 2004bwasused as horizontahput sgnal during Phase 4 (seecordRy in Table4). The
ground motion record asscaled to apply different levels of peak ground acceleration (PGA). In Bhage
additional recorddased on E8 were used as input in tHateral X (recordRy in Table 4) and vertical
(record R) directions to apply 3D shakinglowever, the PGAs of the input records in the X and vertical
directions were scaled down to 85% and 5if%he total in Y directionrespectively (se€able4). Note that
the 85% scaling isonsistent with observations from strong groumation data(Clough and Penzien 20P3
and is suggested for 2D/3D testingibternational codes such #w Chinese Seismic CodeB50011-2001
(2001). The vertical record iscaled down by 50% tconsidera ratio of vertical to horizontal (Y)

accelerationsa(y/ag) of 0.50 which isonly slightly larger than the valugy/a,=0.45suggestedby EC8

In general, a good matching between the input record spatt theshaketable response speatwas
observed for the range of frequencies of interest at all excitation |&alsnstanceFig. 4 compares the
spectra for the “EC8” for 5% of critical damping, the “input” recad the actual response recorded on the
“Azaléée shaletable at PGA=0.3§. It is shown thathe input record spectra matched well the table response

spectraof EC8

Input 1.2 (b) Vertical Input

AZALEE | PGA=0.30g —— AZALEE
---- EC8

12 4 (a) Horizontal

PGA=0.30
1.0 - & ---- EC8

Acceleration (g)

0 1 2 3 4 0 0.5 1 1.5 2
Period (s) Period (s)

Fig. 4 Matching of input records in (a) horizontal and (b) vertical directionis shake table response and EC8 spectra
(PGA=0.300)

Natural frequencies of the structure weleterminedbefore and after each tassinga low intensitywhite

noiseexcitation (maximum PGA=0.05¢g) containing a frequency range eb®Hz. The response recorded
12



at each floor was then used to identify the natural frequencies of the relevatibrilnodesAccordingly,
Table4 reports the structural periods of the fundamefitgland secondTp) vibration modes of the building
at the different testing phasedl data werecollected by a data acquisition system at a sampling frequency of

600 Hz during 50 seconds.

2.4 Summary of testing Phases 1to 3

The seismic performance of thC building was initially investigated through a series of unidirectional
shake table tests in two orthogonal directj@ass reported in Garcia et §2014a) Seismic tests werérst
performed in the X direction of the bare buildifiRhase 1)The testsverehalted at a PGA&.15g to avoich
possible collapse of the"2floor caused bythe premature local failure of the beawiumn joints Such
failure was expected due to thleortanchorage of the longitudinal beam reinforcement, as showig.i2e.
Subsequently, the damaged concretéhajoints was repaired usingigh-strength epoxymortar, the main
cracks were epoxinjected, and the jointand columnavereretrofitted usingthe PTMS techniqueas shown
laterin Section 2.5.3. ItestingPhases 2 and #)e PTMS-retrofitted building was subjected to shakinghe

X and Y directions, respectivelfhe buildingsustainednediumintensity earthquakegp to a PGA=0.35¢g
andmaximuminterstorg drift ratios 9=2.80%at the 2° floor. This implies thathe structure remained within
the Collapse PreventiofCP) perfamance level according to ASCE/SEI-@& (ASCE 2007 (i.e 6<4.0%)
without risking stability Readings from tgain gauge on the longitudinal bars of beamolumn joints
indicated thatthe reinforcementremained within the elastic limitduring testng Phases -B. A visual
inspection after testing Phase 3 indidathat the retrofitted building was clearly capable of sustaining
seismic excitations at higher PGévelsas the majority of the straps maintained their pessioning force
However, thedsts were halted to evaluate the local damage at the jointssaesishe global condition of

the structure.

2.5 Repairs and seismic retrofitting - Phases 4 and 5

2.5.1 Crack injection and concrete patching
After testing Phase 3, the removal of the metal straps and spalled concrete revealed coegidenabk in

the £'and 2° floor joints, as shown iffig. 5ab. Theefore, the damged joints were repaired for a second
13



time. Firstly, theexternaltop and bottonongitudinalbeam bargwith an anchored length of 220 mm only)
were exposed anaveldedto the columnbarsto prevent a possible bar pullout the 2° floor joints To
achieve thissome concreteras removed from the joinis the Y directiorand the bars wenselded together
using single “points” of weldingas shown inFig. 5c. Although pullout failure of barswas not observed
during tesing Phases 2 and 3,ehweldingwas carried outto prevent a possible collapse of tH& for
during the tests at high PGA intensities In real buildings, such welding would be necesdarprevent
pullout of the straight longitudinal beam bars if the joints were ddtageshown irFig. 2e. Damaged and
spalled concrete was replacedth high-strength epoxymortar, and wide cracks wereepoxyinjected as
shown inFig. 5d. After themortar and resin sethe structure was retrofitted with CFRP sheets and PTMS on

two opposite frames as described in the following section.
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N Slots
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Welding points

Welding of beam bars

at 2" floor joints Fi
<8}

Fig. 5 Observed damage after removal of PTMS in Phase 3Jofia) J1B-1 and (b)joint J1B-2; (c) welding of
longitudinal beam reinforcement to column bars;vidyv of resin injection and concrete patchiatgoints

2.5.2 CFRP composites

Thedualretrofitting interventionaimed toprovide astrong columraveak beamnmechanisnby preventing the
premature failure of the joints and by enhancing the flexural capacity oblim@rts thus complyingwith
current seismic design philosoptfig. 6 shows a general view of the CFRP retrofitting solution used for
frame A of the building.The layoutand numberof CFRP sheetswas similar to that used to reffib
substandartheamcolumnjoints and a fuliscale buildingestedpreviously by the author&arcia et al. 2010
Garcia et al. 2014cBefore bonding the CFRP sheets using a weufayprocedus, the concrete surfaces

were wire brushed and cleaned with pressurised air to enhance adhBrenee.resin was applied at the

15



retrofitting zones to seal the concrete surfaiee CFRP sheets were fixed accordingthe following

sequencéseeFig. 6):

490 1) Horizontal L-shaped
sheets (3 layers)
21300
— U-shaped sheets 1) 3 |ayers j
300 (3 layers) f i
100 L *J 260 280 I .
750

U-shaped sheets

510 T (3 layers)
S— ] <X
E | 490
CFRP anchor @11 mm
200 ) Geometry of CFRP —
2) Strips applied in 2) S“"Fg Iaatyzer)sa)m ends anchors embedded J
irecti in concrete
the X & Y directions k130 =130
(a) Exterior of joints (b) Interior of joints

3) L-shaped sheets

(2 layers)
3) 2 layers
300 4 -shaped CFRP
(2 layers)
| X—>
1000 CFRP anchors
embedded in concrete
3) 2 layers, same
application as in Fig. (d)
3) 2 layers but only below the joint

200
(c) Exterior of columns

T T T _~3) 2 layers 3) 2 layers
g 1
CFRP anchors 600 } 600
embedded in — l I l |
concrete | | L) j“‘
T 12077
|
|
! | AN CFRP anchors
600
A 3) 2 layers, same
Ly | application above
- JV & below the joint
200 200
View A-A

(d) Interior of columns

Rounded corners

(r=20 mm)
300 Overlap =200 mm E '
300 .
Section B-B
300

Steel "shoes" to
fix the building

(e) Confinement of columns

Fig. 6 Sequence of CFRP retrofitting adopted for fram@aits: mm)
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1) The beantolumn joints werdirst retrofitted using horizontal ishaped CFRP sheets (3 layers) as shown

in Fig. 6a. The three CFRRayerswere also bonded to the interior faces of the joifitsprevent premate
debondingat the cornes, thesesheets were anchored mechanically using two CFRP anchors inserted into
predrilled holes at the locations shownFRig. 6b. These anchors were designed to resist the theoretical

nominal tensile strength of thikre sheets.

2) Next, o CFRP strips of 200 mm width (2 layers) were wrapped around thesbeads ¢ prevent
premature debonding of the horizontal sheets applieetrtofit the joints (se€ig. 6a). One end of the sheets

was anchored mechanically to the bottom of the slab using a CFRP anchor.

3) Vertical CFRP sheets (2 layers) were bonded to the exi{&igpréc) and interior(Fig. 6d) faces of the
columrs’ ends to enhance their flexural strengtlis resulted in a modest flexural reinforcement ratio
p=0.32%used for theetrofitting. The interior sheets were held using two CFRP ancfieis 6d) to give

continuity to the sheets andawoid drilling slots through the concrete slabs

4) Finally, the colunn ends were confined (2 layers) to avoid premature debonding of the dimagjittheets
along the columns axe§&i¢. 6e), and to prevent lap splice failures at the bottom of idldr columns
This led to effectiveonfinement ratisaw,, of 0.152 and 0.18fbr the £'and 2° floor columns respectively
wherea is theconfinement effectiveness factor anglis the volumetric mechanical ratitefined byEC8. As
the existing transverse reinforcement was sufficient to prevent shear faillieains and columns, no

additional &RPreinforcemenivas providedo prevent this type of failure.

2.5.3 Post-Tensioned Metal Strapping

Fig. 7 shows the PTMS retrofittingtrategyadopted for frame B. The amount and layout of metal straps is
based on the principle that metal straps are treated as conventional terfsiteerei@ntand can be designed
according to the proceduaaitlined in Garcia et al(2014a).The straps were pegtnsioned to approximately
30-40% of their yield strengthased on previous experience froeestson columns(Frangou et al. 1995
Moghaddam et al. 20)0and on substandarfdll-scale jointsubassembliesetrofitted with PTMS(Helal

2012).To ensure such pegtnsioning force, the tensioning tool was-padibratedby applying different
17



levels of air pressuravhile monitoring the effectivetsap forceafter fastening the push type seaising a
double pulley setup mounted on a universal testing machireemetal straps were installadcording to the

following sequencéseeFig. 7):

Horizontal straps
(2 layers)

/

<

Note: a similar anchorage solution

I
! : A L B Holes 14 mm for
is used for the 2 layer straps in Yo & high-strength bolts
columns (parallel to their axes) ‘*’7 W4 d
| 4 a
Beam

Steel plates fixed
into the concrete

LL Small gap of approximately 1 mm
between plates and concrete faces

(a) Anchorage for 2 layer straps

2) Confinement straps

T at 50 mm centres
I -/l Metal seal
420 =—._2) Confinement straps Section A-A Note: a similar anchorage 2) Confinement straps
= 4t 50 mm centres solution is used for the =4 at 50 mm centres
| = \ 2" floor joints
| 300
- 3) Additional steel ~ Slots
| plate fixed on the ;
£ — ‘ beam inner face '
450 " 2) Confinement straps 2 Con_ﬂneme\
— straps in slots
i —_— at 50 mm centres 3 (1 layer)
- 5
3) Horizontal £¥.. 2) Confinement straps
Loy straps (2 layers) E at 50 mm centres
(b) PTMS confinement at columns ends 7"
St . . . . .
(c) 1* floor joint (interior view)
4) Longitudinal straps
(2 layers)
]
3) Confinement I -1
straps (1 layer 400
ps (1 layen) Slo; 400 3) Confinement
= ) straps (1 layer) )
#
IxSteel plates fixed into the N E 2 X
. 300 - Steel plates fixed
300 concrete (anchorage details — K into the concrete
in Fig. (a) above)
3) Horizontal ) 3) Horizontal straps onfinement
straps (2 layers 550 —! Confinement (2 layers L-shaped) straps to prevent
150 600 straps to prevent :
L-shaped) bucki | buckling (1 layer)
. uckling (1 layer) 2) Confinement straps o
2) Confinement straps l at 50 mm centers 100 4) Longitudinal straps
at 50 mm centres 100 (2 layers L-shaped)
X
X <~
= ( )and floor joint
st .. e 0or join
(d) 1* floor joint :

Fig. 7 Sequence of PTMS retrofitting adopted for frame B, partially adapted famgiaGet al(20144 (units: mm)

1) Six 10 mm thick anchor steel plates were fixed to the colubremms and top of"?floor slab using high-

strength12x120 mm bolts inserted in holes prefilled with epoxy adhesive maéitar the adhesive set, the
18



plates were positioned and partially tightened with nuts and washersgleasinall gap of approximayel
mm between the plates and the concrete faces, which was necessary to secure tio iRdsglestraps (see
Fig. 7a). For practical purposes, the steel plates were staggered to prevent cangfesita steel bolts at a
single beam or column section. The sharp corners of the anchoring platagant with the metal straps
were rounded off to a ratio of 5 mm to reduce stress condensand possible strap ruptuThe diameter
of the highstrength bolts and dimensions of the steel plates were designessist the shear force

corresponding to the nominal tensile strength of the metal straps.

2) Next, horizontal straps at 50 mm spacing were placettheatolumns ends (seeFig. 7b) to provide
confinement and increase their shear strength, thus resulting,#0.054and 0.067the ' floor and 2°
floor columns respectively i(e. approximately 1/3 of the confinement applied on @RPretrofitted
frame). Additionally, onélayer of straps was inserted in the-fwamed slots of the slabs to confine the beam

ends and also increase their shear capégity 7c).

3) Eght straps (2 layers each) were installed parallel to the longitudinalsbeeeans (i.e. horizontally) at 50
mm centresto provide confinement to the beamolumn joint. These straps were anchored around the steel
plates as shown iRig. 7d-e.Due to the different beam depths in the X and Y directions, twese straps
were anchored using an additional anchorage plate at the lirfteréoof the deeper beapas shown irFig.

7c.

4) Six straps (dayers each) were provided along théeriorfaces of the columnt® enhance their flexural
capacity which lead to a retrofitting flexural reinforcement ratr0.38%parallel to the columns’ axis-or

the 2 floor joints, the six straps were bent at 90° at the slab edges amedén steel plates located on the
top of the 2 floor slab. Subsequentlyhe nuts of the bolts securing the steel plates were tightened by hand
using a spanner to prevent the lossepbion forcein the strapgFig. 7d-e). The longitudinalcolumnstraps

were curtailed at a distancé 600 mmfrom the beams (sdéig. 7d-€), wherethe column flexural strength

wassufficient to resist theeismicdemand.
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5) Finally, 1 layer of confinement straps was placed around beams and column®td preessive buckling

of the horizontal and longitudinal straps installed dusiegs 3 and! (Fig. 7d-e).

All straps were fastened usingjld-steelpush type seals of 25 mm lengBuch seals are typically used in the
packaging industry due to their low cost and ease of installatiog asmmon strapping tools. As shown in
Fig. 8, the tensioning force was maintained mechanioalty notchesproduced using the clamping jaws
(four notches per metal sealys shown in the video (Online Reurce 1), the installation of the metal straps

was performed swiftly without the need of using heavy equipment or soplestisafety gear.

Notches
in seals

AL
=tk
1

e

Fig. 8 Close up view of metal seals after fastening

Table5 summarises the flexural strength of beams and columns bhtkeeand retrofitteduilding for the X
direction It is shown thatite PTMS and CFRERetrofitting solutionsincreasd the flexural strength dieams
and columngy minimum 30% to complywith the strength hierarchy in cogempliant joints imposed by
EC8 (.e. ZMpeo>1.3ZMpyeam). It should be noted thathé values inTable 5 were calculated using
conventional momerturvature analysis assumitgno posttensioning lossem the metal strap<) perfect
bond between CFRP sheets and concrete, and 3) that the straight beam reéntad@nmot pullout from the

joint, asconfirmedduring the tests in the retrofitted conditi@g@e next section)
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Table 5 Beam and column flexural strengths of BBIT building

Bare condition (kNm) PTMS-retrofitted (kNm) CFRP-retrofitted (kNm)

M, My M, M,® M, M,®
Column 2%floor 38 41 92 102 51 83
Column ' floor 63 77 101 119 77 105
BeamsX direction(positive 79 88 149 172 93 182
BeamsX direction (negativg® 108 113 188 208 123 169

@ Theeffective tension flanga&vascomputed according to Eurocod€¢CEN 20043
® values at concrete crushing

Fig. 9 shows the buildingfterthe retrofitting interventionAs shown inFig. 9a, the metal strapping prakad
a confining grid around the beanlumn joints and columns ends, whereas the CFRP sheets covered

completely the beam-column connectiiig( 9c).

PTMS retrofitting
(frame B)

CFRP retrofitting
(frame A)

Bt
Fig. 9 View of the building after the CFRP/PTMS retrofittii@) PTMSretrofitted joint; (b) general view on shaking
table, and (cCFRRretrofitted joint

3 Test results and discussion

3.1 Phase 4: tests in Y direction
The seismic excitation applied to the building after the repairslaakCFRP/PTMS retrofitting ranged from

PGA 0.05g to 0.35g (sekable 4). In general, as the CFRP sheets and metal straps covered the concrete
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surfaces, damage at the joints could not be observed during theHestever, popping and metalkounds
during tests (especially after the temt PGA=0.209) indicated that thEFRP andmetal straps were
effectively carrying considerable tension forces. After the tests were haltstlal inspection revealed that
no apparent damage was caused on the straps or on the CFRP sheets. Overall, the metainséiapd m
most of the postensioning force, with the exception of some longitudinal straps placed tide columns of
the £ floor joints. This loss of force can be attributed to the partial stgeanff of some push type metal
seals, which had poor bearing resistatmstart with Some cracking was also evident at the bealamn
joints, but only on frame B where the PTMg&rofitting was applied. The damage observed in the building in
Phase 4ndicated that the repairs an@FRPPTMS retrofitting interventionprevented thgremature shear

failure of the deficient joints

As the tested building is lowse, symmetric and regular in plan and elevation, the first mode istegec
dominate the structural response (e.g. Thermou and Pantazog20ldy). Therefore this study adopts an
equivalent SDOF model to calculate the global lateral stiffness of theiwse K) during testing Phase 4.
Fig. 10 shows thathe repairs ancetrofitting restored the stiffness of the building fr&m1430 kN/m (end of
Phase 3) to 2510 kN/m (beginning of Phase 4), i.e. an enhancement of 75%. At the Ritabeof4
(PGA=0.35¢), damage accumulation degraded the stiffness ofitliieal barebuilding by 77% (from 6600
kN/m at the beginning d?hase 1o 1500 kN/m). Despite this severe stiffness reduction, the limitedtalict
damage observed after Phasedicated that the building was capable of sustaining seismic shatkingher

intensities
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Fig. 10 Evolution of lateral stiffness during testing Phase 4 (Y direction)

3.2 Phase 5: 3D tests
The seismic excitation applied to the building ranged from PGA 0.10g to (rébie 4). As for Phase 4,

damage at the joints could not dleservedduring the testddowever, popping@nd metallicsoundsafter the
test atPGA=0.35gindicated that th€FRP sheetand metal straps were camng considerable tension forces.
At PGA=0.40g, several of the push typetal seals sheared off (especially at the joints), thusnigad

partial loss of the pogensioning force in the straps.

During the last tests at PGA.50g and 0.60g, some of the higfinength bolts used to fix the steel plates into
the 29 floor columns bent due to the excessive shearing fapmied by themetal strapsThis was
accompanied by the opening of a gap between sortiee @inchoring plates and the column fas@wi(ar to
that shown irFig. 78), leading to futher loss of tension force in the strapsvisual inspection after the tests
revealed some horizontal crackiagd concrete crushirag the base of thd®loor columns of frame B (see
Fig. 11a). Moreoversomeof the concrete covespalledoff in the Y direction of column C1RY (Fig. 11b)
probably due to the high pulling force applied thwe plate and bolts Whilst some metal seals and high
strength bolts experiencedinor local damageluring this test Phaséiame B maintained its stability at high
seismic excitation level8ased on these experimental observatidns evident that the anchoring system
was effective to prevent failure of the strapping intervention. Nonst)élether research is necessary to
investigate the effectiveness of the anchoring system ossti@mmgth concrete, where t@choring bolts

may cause damage the surrounding concrete.
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Horizontal crack pesr
at column base

Diagonal crack and
spalled concrete cover

Fig. 11 (a) Typical horizontal crack at the base of th&for columns of frame B; (b)liagonal crack and spalled
concrete covein column C1B2Y (Y direction)

A posttest visual inspection and video recordii@line Resource 23lso indicated that horizontal crack

as that shown iftig. 11a also formed at the basetb& 2™ floor columnsof frame A This was confirmed by
minor local debonding of some vertical CFRP shegtse Fig. 129 during the final seismic test at
PGA=0.60g. However, the crack opening was controlled by the CFRP anchors embedded at theempér fa
the columngseeFig. 6b). Minor debonding and CFRP fracture was also observed at some locations of the

beamcolumn joints Fig. 12-c).
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Local debonding of
vertical CFRP sheets
at the column base

Minor fracture
of CFRP

Minor debonding
of CFRP sheets

Fig. 12 (a) Local debondingf vertical CFRP sheets at the base of column-TZA(b) minor debonding at"™ floor
joints; and €) minor fractureof CFRP sheets at joint J11X

The 3D shake table tests performed in Phasdids not compromise the structural stability of the
CFRP/PTMSretrofitted building. Whilst it was clear that the building was capablesi$ting tests at higher
PGAs, the tests had to be halted a#®GA=0.60g because the maximuaisplacement limitef the sh&e
table in theX and Y directions(x125 mm)were reached It should be also mentioned that the maximum
relative displacement between the additional masses and slabs was 2.1P@Aa160g, thus confirming

that the additional masses were clamped rigilhée concrete slabs.
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Fig. 13a-bshow the lateral stiffness degadidn in the X and Y directions, respectively. Compared to the
stiffness observed in the Y direction after Phase 4 (1500 kN/m), the sdifafer the first test of Phase 5
degraded by 19% (1220 kN/mJhe results alsoindicate that the lateral stiffness in the X direction
deteriorated at &asterrate (from 1950after Phase 40 1190 kN/m)in comparisorto the Y direction This

can be attributed to the damage produced in the Y direction in Phaséhé.ehd othetest programmehe
residual stiffness of the building in both the X and Y directiwas only15% of the original stiffness(seeKix

andKy valuesin Fig. 13a-b.
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Fig. 13 Evolution of lateral stiffness during testing Phase the (a) X and(b) Y directions

3.3 Global damage index

Research has suggested tthet progression of global damage in buildings subjected to earthquakes can be
evaluated usinghe shift in fundamentaktructural period(DiPasquale et al. 199@embaty et al. 2006
Kyriakides et al. 2014 Therefore, this study adopts the global damage indBxdevelopedoy DiPasquale

et al.(1990)to assess quantitatively theogresof structural damage at different PG#tensities as defined

_I_i 2
DI =1- [f] (1)

where T, and T; are the natural periods of the building in initi@indamaged condition and after an

by Equation (1):

earthquake, respectively. Accordingdl=0 implies no damage to the building, wher&ds1.0 represents

theoreticalbuilding ‘collapsé Fig. 14 shows the globaDls calculated for each sthakable test using
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Equation (1) For each direction of &ing, T; wastaken as the initial period of the bare undamaged building
in that direction(T;x=0.48 s and;4v=0.52 3, whereasTl; was takerasthe period after eacthake tabléestas
summarised imable 4. It should be noted thatny global damage indéxas tobe calibratedvith test and
field databefore it can be directly associated to a specific damageostptgformance limitThereforethe
DI proposed by DiPasquale et @l990)is usedn this studyonly to compare quantitatively thgrogression

of global structural damage experienced by the building during testing Phasand 5.

< Phase 1 (X dir.) — — Phase 4 (Y dir.) Phase5(3D) — 5
Bare L/i7 Repairs and retrofitting
g After Phase 3 (Y dir.) DI=1 (theoretical collapse)
I R e it L S B B s —————§h
078 0771 082 _ 08 082, 082,082 085082 0.850.86
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0.50

Damage index, DI
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0.025g 0.05g 0.10g 0.15g 0.30g 0.5 0.10g 0.20g 0.30g 0.35g¢ 0.10g 0.20g 0.30g 0.35g 0.40g 0.50g 0.60g

Test

Fig. 14 Global damage index (Phasestlands), partially adapted from Garcia et 20143

Fig. 14 indicates that at a PGA=0.05g, th# of the CFRRPTMS-retrofitted building was 0.65, which
implies that theappliedrepairs andetrofitting reduced damage by 17% with reference to the lasbtest
Phase 3@1=0.78in the Y directiol. Overall, he evolution of damageuring Phase 4 was graduathich
agrees wellwith the experimentabbservationsAt the end of Phase @ PGA=0.35g, thglobal damage
(DI=0.77) was similar to that observed at tead of Phase But at a lower PGA=0.30¢DI=0.78). This
implies that the seismic performance of thelretrofitted structure (i.e. Phase 4) improved compared to the
structure with only PTMS retrofittinglt should be mentioned that, in addition to tG&RP/PTMS
retrofitting, the welding of the longitudinal beaand columrbarsmay havealso contributed to enhance the
seismic performance of the retrofitted buildiftpwever,the similar srain gauge readinggcorded during
Phase 3 (before welding) and Phase 4 (after welding) at the same PGA&ORAp) indicate that the

welding contribution wasiegligible when thebeam barsvere tensiored Nonetheless, the repsiandthe
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welding havecontributedto reducingstrain incompressiomafter 27 s of shaking when joint damage occurred

in Phase 3, as indicated by a sharp increase in compressive strain atethat tim
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oo Phase 4

400

200 4

Microstrains
o

-200
-400 -

-600 - ‘Gautg_e
— PGA=0.30g

-800 - Y

Time (s)

Fig. 15 Comparison of tsain gauge readings recorded during Phase 3 (before welding) and Phase 4 (diteg)va¢l
PGA=0.30g(frame A)

Compared to Phase 4, tb& in the Y direction during Phase 5 increased slightly to 0.82 after the first 3D
seismic test at PGA=0.10gig. 14 shows that damage in the Y direction remained con€é+x0.82) up ta
PGA=0.50q thus indicating most of the damage in this direction was produced during Pfiagd4 in the

X direction was 0.7@t the start of Phase 5, whichoisly 9% higher than that observed at the end of Phase 1
(DI=0.70), where the tests were halted due to considerable local damdlbe joints Damage in the X
direction increased progressively with the level of P@A to DI=0.85 at PGA=0.60g Despite the
considerable damage accumulated at the end of the 3D tests, none of the framgtisesied with either

CFRP sheetsr PTMSwere near collapse

The global damage inderesultsindicatethat damage was well controlled in the PTRIBRRretrofitted
building evenat high levels of PGAD shaking. Thigonfirmsthat both retrofitting techniques ere very

effective at maintaiing structural stabilitythuspreventinghe potential collapsef the building

3.4 Performance levels
Current guidelines for seismic assessment and retrofit of existingrgslduch as ASCE/SEI4b (ASCE

2007)establish limits on acceptable valuesr@ximum interstorey driftatios implying that exceeding these
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limits is a violation of a performance objective. According to ASCE/SEO8lImaximum transient drift
ratios of0=1.0%, 2.0% and 4.0% correspond to Immediate Occupancy (IO), Life Safety (LS), aaps€oll

Prevention (®) performance levels, respectively.

Fig. 16a compares thenaximum interstorey drift ratios of theé' and 2 floor of the CFRP and PTMS
retrofitted framesThe figure includes the results from the two equidistant displacemestiticers fixed on
each exterior face of the slabs, labelled as “CFRP” and “PTMS” according retrtbigting technique used
on eachframe. It is shown that the®fand 2° floors of theretrofitted building had similads at all PGA
levels. This implies that théoth CFRRPTMS retrofitting solutiors led to a more uniform damage
distribution over the building heighivhich allowed a better exploitation of the available members’ capacity
(Hajirasouliha et al. 2032The building remainedafelywithin the CP performance level during the last test
at PGA=0.359d=2.92%).Overall, maximum drift values of the “PTMS” frame were oBig% larger than

those of the “CFRP” frame, thus indicating teatenegligible inplan torsion occurreduring the3D tests
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Fig. 16 Interstorey drift ratio of $and 2° floors during (a) Phase dir.), and (b) Phase D)

Fig. 16b comparemaximum interstorey drift ratios for the X and Y directions of the PFbt&fitted frame

(i.e. the most criticalfluring Phase .5At PGA levelsbetween 0.10 and 0.30g, drifts ireth’ direction were
1040% larger than those in the X direction. Conversslightly larger drifts were observed in the X
direction after a PGA=0.35¢Vhilst the drift values measured at th¥ oor (6=3.59%)were close tothe
theoretical CP limit(6=4.0%) at a PGA=0.60g, the building did not show evidence of structural failure. In
comparison to the original bare building (Phase 1), the CFFR®S retrofitting intervention enhanced the
maximum drift capacity from 0.82% to 2.16% for ti&flbor (+160%), ad from 1.69% to 3.59% for thé®2
floor (+110%). This enhancement in lateral deformation improved considérebbehaviour of the"floor,

whichwasnear collapsat a much lower PGA=0.15g during Phase 1.
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Whilst the building was tested up to a drift level close to the theoretical collapse, the experimental
observations indicated that its residual capacity was not yet exhausted. Nonetheless, as it was mentioned
before, the tests had to be halted after the test at PGA=0.60g because the maximum displacement limits of

the shake table were reached.

3.5 Local strains

To assess the effective force taken by the retrofitting solutions, local strains were monitored using foil-
type strain gauges fixed on the CFRP sheets and metal straps. Fig. 17 shows the location of two
equivalent strain gauges (placed on opposite frames A and B) and their corresponding development of
strains during the last test at PGA=0.60g (Phase 5). These are typical results and the following
observations apply to all gauges. As shown in Fig. 17, elastic strains of up to 5000 and 1300 pe were
recorded in the CFRP sheets and metal straps, respectively. In all cases, maximum CFRP strains remained
below the rupture strain of the sheets, whereas no yielding occurred in the metal straps. Readings from
strain gauges fixed on the longitudinal beam bars of the 1* floor joints showed that the onset of yielding
occurred during Phase 4 at a PGA=0.30g (see Fig. 18), thus confirming that a strong column-weak beam
behaviour was achieved in line with current seismic design philosophy. However, yielding was limited as
the CFRP/PTMS retrofitting also sustained the tensile forces acting on the beams and columns, as

evidenced by the local debonding of the CFRP sheets and shearing off of some metal clips.

6000
————— CFRP
5000 - . 1;; : — PTMS
4000 1, i i Phase5
Gauge oyl SRR PGA=0,60g
3000 - location e |:l' \ :E " .
Y<—/7 ] i u"

Microstrains
8

Time (s)

Ei

g. 17 Strain time-history of CFRP sheets and metal straps during 3D test at PGA=0.60g
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Microstrains
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18 Strainstime-history of longitudinal beam reinforcement in test at PGA8€6(Phase 4)

Fig. 19 compares accumulated residual strdisn four critical gauges fixed oteams and columns tfe

CFRP and PTMSramesof the retrofitted building (Phases 4 and Bjyr instance, CFRB and CFRFC

correspond to gaugéscated athe beam and column of frame A, respectivilis shown that, @a result of

accumulated damage the building thestrains in the CFRP sheétgreasd progressively with the applied

PGA up 101300 pe (PGA=0.60g in Phase SfonverselytheresidualPTMS strains reducegradually(up to

400500 pe at the end of Phase 5) dueto some local damage of tipeish typeseals,which led to stress

relaxaton in the straps. Despite this losssoimetensioning forceit is estimated thathe straps maintained

70-80% of their initial forcethus confirming the reliability of the PTMS technique at high seisnuitation

levels Similar levels of tensioningofce loss were also observed in tests orsfdjzed beams retrofitted with

PTMS(Helal et al. 2014).

1500 «<—— Phase4(Ydir) ——><————  Phase5(3D) _
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2 500 4
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S 00 | : PTMs-8 — ---
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Fig. 19 Accumulated esidual strains in CFRP sheatsd metal straps
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Based on the results of Phases 4 and 5, it can be concluded tHaati#-RREPTMS retrofitting is very
effective at enhancing the capacity sfibstandard RC buildindéely to experience large interstorey drift
ratio demandsi.g. close to a CP performance levdDue to the low material costs and ease of installation,
the PTMS technique is especially suitable ffetrofitting structures particularlyin developing countries.
However, theminor damage observed some ofthe push type metal seasd boltsat high levels oPGA

indicates that further research is necessary to develop more efficientayechgstes

4 Conclusions

This article examined the effectiveness 6GFRPandPTMS retrofitting solutioa through fultscale shaking
table tests on a substandard RC building. 8asethe experimental results, the following conclusions are

drawn:

1) Theinitial tests on the original substandard buildingre halted at a PGA=0.15g to avadpossible

collapsecaused by the premature local failure of the bealamn jointsat the 2° floor.

2) After significant damage, thdocal repairs(i.e. crack injection and concrete patchingnd dual
CFRRAPTMSretrofitting of columns and joints were effective at restotimglateral stiffness of the building

by 75%.

3) Whilst the2™ floor of the original bare structure reached a critical level of damage at PGARQHS
CFRP/PTMSretrofitted building sustained 3D seismic shaking up to a much higher PGA=0igQgitw
compromising its stabilityThe proposed CFRP/PTMS retrofitting intervention also led to a mmaiferm

damage distribution and, therefotea better exploitation of the available capacity in the structure.

4) In comparison to the original bare building, te&ofitting intervertion enhanced the interstorey drift ratio
capacity of the Land 2° floors by 160% and 110%, respectively. The building remasgadely within the

Collapse Prevention performance leaal without evidence of potential collapse.
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5) Although some push pe seals sheared off during the tests at high PGA I@wklsse 5)the metal straps
maintained 7680% of their initial postensioning force, thus confirming the reliability of the PTMS
technique at high seismic excitation levels. Comparatively, the CFB&tssbustainednly local minor
debondingThe adopted retrofitting solution also led to a strong colueak beam behaviour and yielding

of the beams at theé'floor, which is in linewith current seismic design philosophy.

It can be concluded thabth CFRPandPTMS retrofitting systems arextremely effectiveat enhancing the
performance o$ubstandard RC structures, ardsuitable forretrofitting existing buildingsexposed to high
seismic hazardWhile this article mainly focuskon the effectiveness of external reinforcement on exterior
joints and columns, the application of the proposed CFRP and PTM3ttiaycdfystemsnay be challenging

for interior joints.To address this issueg\geral FRP retrofitting and anchoring solagocare commercially
available for interior/exterior columns and jointhie proposed detailing for PTMS strengthening of exterior
joints can be also adopted for interior jojnt®@wever,more efficient PTMS anchoring solutiogsuld be
developed in futuregesearch.Further researclshould alsoinvestigate the effectiveness of the anchoring
systemfor the flexural strapsn lowstrength concrete, where the anchoring bolts may cause damage to the

surrounding concrete.
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