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interests include design and assessment of reinforced concrete structures, finite element

analysis, earthquake engineering and structural optiroizati

SYNOPSIS

Structural elements old reinforcedconcrete (R/C) frame buildingge often prone to shear

or flexure-shear failure, which can eventually lead to loss of axial load capacity of vertical
elements and initiate vertical progressive collapse of a building.

An experimental investigation of shear and flexsinear critical R/C elements subjected to
increasing axial load is reported herein. The focus is on the effect of vertical load
redistribution from axially failing columns on tlen-linear(pre- andpostpeal) responsef
neighboringsheardominated members. The test resaltsng with an analysis ¢he
recordeddeformation, strength, stiffness and energy dissipation charactesistiddight on

the performancef substandard columns under constantincreasing axial load

subsequent, or just prior, to failing in shear, thus providing usefuhitssiigto the assessment

of existing R/C structures.

Keywords: Existing structures; Experimental program; Reinforced concrete columns; Shear

failure; Axial failure; Vertical load redistribution; Progressive collapse

INTRODUCTION

Many existingreinforced concrete structures have been designed according to older, less
demandingseismic codes or might not have been designed to withstand seismic loads at all.
Transverse reinforcement in their structural elements is typically low, widely spaded and
poorly anchored, rendering them vulnerable to shear fagutisequent, or even prjoo

yielding of their longitudinal reinforcement. Shear failure can eventually lead to loss of axial



load capacity of vertical elements, through disintegrationeptiorly confined concrete

coré. Loss ofcolumnaxial capacityemerges fronpostearthquakeeconnaissancasone of

the most common reasons of vertical progressive collapse of older R/C frame btildings

Such a column failure means that the vertical loads previously carried by a failing member

are subsequently redistributedneighboringvertical elements. Therefore, the ability of a

framing system to resist progfVVLYH FROODSVH dePend®i-bottiDthe 8ol QDULR |

of horizontal elements to transfer the loads being redistributed to adjacent vertical elements
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and the latter's ability to resist them withgignificant reduction irtheir strength and
defamation capacity Several numerical and experimental studies, as well as field
investigations, haviocused orthe capacity of horizontal elements to redistribute vertical
loads (e.g*¥). The General Services Administration Guidelfraso focus on load
redistribution systems of gravity loads to neighboring vertical-lweating elements.
Neverthelessexisting research work has not yehcentrated adequately on the vertical
membersadjacent tan axially failing columnpwhen an abrupt increase of axial load occurs,
the capacity to resist progressive collapse should be carefully asseBsisceffect has been
given only limitedconsideration in the study of older R/C buildirfggy.in %), without a
rigoroustreatment opostpeak responsén flexure-critical elementsxial load increasean
beincludedby accounting for axiaflexure interaction. However, this is not the case for
shear or flexureshearcritical elements modeledith beamcolumnelementsexplicitly
accounting for shear deformations, whexial load increasbas not yet been modeled.

A common assumption in progressive collapse assessment is that of undamaged vertical
elements; thisnaybe appropriate for blashduced or similar collapse scenariasth

damage largely localized in a single element or a small set of elements. Nevertheless,

earthquakenduced collapse scenarios pose a further diffiowtien there is global damage
3
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in a large part of, if not the entire, building, even before the loss of a colaxiel'sapacity.
Therefore, the damage state of a colurarghboringan axially filed vertical member has to
be appropriatelpddresseih earthquakeénduced progressive collapse assessifeegt'©).
Previous experimental studies looking into the-finear, especiallyhe postpeak, lateral
response of shearitical R/C columns have looked extensively at the response under
constantxial load (e.g*2 among several otherahdaxial loadproportional to the lateral
force actingon the columr{e.g.>*23. Recently, Nakamura & Yoshimufsstudied
experimentalljthe effectof decreasin@xial load on the nefinear seismic response of
shearcritical columnssimulaing the responsef@a column that starts failing axially and its
axial load decre@sdue to vertical load redistribution. Nonetheless, to the bebkeof
aXWKRUVY NQRZOHGJH \Mdtddsédm theHatérdRiedpdnisbP @ ROICRBIWBNNS
failing in shear has notey beerstudied

An experimental campaigs presented heirg aimingto shed further light on this
phenomenon, i.e. the effect of vertical load redistribution on thdinear response of shear
and flexuresheascritical R/C columnseighboringfailing vertical membersSix cantilever

specimens were tested under gisdgiic lateral cyclic load along with an axial load, which

was either constant throughout the experiment or increased just before, or just after, the onset

of shear failure. Two series of specimens were tested, one failing in fiexeae and one

predominatly in shear, all of them being short columns representative of older construction

practice Key test results arprovided hereinalong withan analysis otheseresults.Data
from this studycan beémplemented irexisting numerical model®.g.*>'9 to improve the
modeling of shearand flexureshearcritical members and hence progressive collapse

response of R/C buildings general
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RESEARCH SIGNIFICANC E

Shearcritical columnsin substandard R/Guildingsmay experienc@ermanenincrease of
axial load due to the loss bearingcapacity ofadjacentolumns.This experimental studig
thefirst one addressinthe effect ofaxial load increasen thepre-peakand posipeaklateral
response o$hearcritical R/C columnslts resultscan be used tenhanceexisting numerical
modelswith the capabilityto accuratelymodelfailure of shearcritical column members and
hence progressive collapse response of R/C buildingsch models arevaluable in

vulnerabilityanalysis of olduildingsfor damage states close to collapse

EXPERIMENTAL INVESTI GATION

Conceptual Design
Loss of axial loaebearing capacity of an R/C column leads to redistribuftbroughthe

horizontal member)f most ofits vertical load tcadjacenitolumns this typically leads to a
significant increasen the axial load of the latter Unlike themomentaryfluctuations of axial
load under earthquakéading, this increase is permanent and its efééctuld be clearly
understood and modeletio studythe effect of axial loashcreaseon the response of shear
dominated columnsshearcritical R/C column pecimenswere testedunder cyclic lateral
loadingandincreasing axial loadrirst, cyclic loadng was appliedalong withconstantaxial
load acting aip the specimensimulaing the conditionsprior to vertical loadredistribution.
At some point, the vertical loaglas increased to the desired leaald subsequently the lateral
cycling resumd until reachingaxial collapseThis procedure simulates the response to seismic
loadingof a columnup to acertainpoint, redistribution of vertical loadtue to axial failure of
aneighboringcolumn and contimation of the earthquake action up to vertical collapgbef

first column.
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Two series of specimensvere fabricated one failing in flexureshear and another
predominantly in shea®ne columrin each series is tested with constant axial load throughout
the response teerveas referencelable 1 presents the design details of each specifinen.
focus is on older R/C construction lacking modern design and detailing wilese column
failure isnot prevented by design

A key parameternof the problemis the percentage of axial load increase. Usuathgrior
columns carry vertical loads of similar value and after axial failure of one of iteloadis
redistributed to three or four columasund it However, there are cases where higher load
increase takes place, afenneighboring columnéavedifferent tributary areaBased on
these consideration®& 50% increase of the axial load is selected herein as a reasonably
conservative valuthatmayleadto a pronounced effect on tlseismicresponse

Anotherkey parameteis the damage state at tinstantof vertical load increasén buildings
struck by strong earthquakéeere is substantial damage in most of the building before the loss
of a column's vertical loabdearing capacityi.e. damage is not localized as in the case of e.g.
blastloading the extent ofdamagehasa significant impact on the resulting responser. F
instance, an axial load increasethe early stages of ppeak response might be beneficial for
the overall response of the member, increasing its strength and stiffness, while tlsishme
load increase in the pogteak stage might prove detrimdntAs thefocus of this study is
mainly on the peak and peséak response, two differeinistantsof axial load increase were
selectedo study its effect othe responsd he first one igustbefore the onset of shear failure
and the second one immeidily afterit.

The aforementionedxial load increasetuitively seems likely tanitiate at or close tothe
peakof a cycle of the displacement history. Nonetheless, according to previous-tdid&e

tests (e.gl”19, the loss ofbearing capacity of column andsubsequentedistribution of
6
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vertical loads takes place gradually over several load reversatbelabsence of a@learly
defined arigger S R L Q Wbegiikgidf a cycle was chosen dise point of verticalload

increase during the testmainly withthe safety of théestingequipmenin mind.

Test Specimens

Two sets of three columngth same geometry and materiblst different reinforcement were
designed andabricated(Fig. 1); they were formed ascantilevers representinghe length
between thédaseand the contraflexure point ghort columns. Theolumn crosssection is
square300 x 300 (mm), and tirelength(at lateral loading levels 715 mm (aspectatio of
2.4). Consistent with old practice, the transverse reinforcement is sg&&20 (mm) and
@8/270 for the shear critical (SC) and flexasteear critical (FSC) specimens, respectivahd
has90° hooks(Fig. 1). The longitudinal reinforcement was designed to achieve the desired
response and failure types;is 1216(16 mm diam. barsjor the SC critical columnand
416+4@0140r the FSC columneesulting in a total reinforcement ratio of 2.68% and 1.58%,
respetively.

The specimen design is shown in detail in Eigncluding thecolumn mountingpbasesvhich
were heavily reinforcedto avoid any unwanted failure and makgem sufficiently stiff, thus

minimizing the displacemenof the column top due to deformatis of the base.

Materials
As per European Co#e theconcrete gradies C20/25(characteristicylinder strength of 20

MPa)andreinforcing steegrade iB500C(characteristigield strength 500 MPdr both the
transverse and longitudinal reinforcemébdmpression tests were perfornadthe same day
as column tests. Theneasuredstrength was on average 27.7 M@adividual specimen
strengthsshown in Table 1)Coupontests ortheribbedreinforcemenbarsgaveon averaga
yield stress of 565 MP#ensile strengtlof 675 MPa and ultimaterstin around 16%,.

7
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Test setup and instrumentation

Specimens are subjected to uniaxial bending and axial logaéngeen fromhe experimental
setup (Fig. 2). The doubleacting doublehinged horizontal actuator apmi@ quasistatic
cyclic load, operating irdisplacementontrol mode externally controlled by a dedicated
displacemendrawwire sensor, since thstandard actuatdvased(interna) displacement
control may introducesignificant uO DV K L Q WrRaimyKué t&tHemontny setup and
the nonnegligible elastic deformations of the reaction frame, thus overestimating the actual
lateral displacement of the tested specirffens

Theloading protocokonsistedof three cycleper displacement level with a step of 3.0 mm
typical of quasistatic cyclic tests (e.gee ISO Displacement Schedine?l). Displacement
histories are applieat constant rate, hence haviloggerduration at later stages; this ratass

low as0.4 mm/sto prevendevelopment ohoteworthy strain rate and inertial effeéts
Thedoublehingedvertical actuator operates in forcentrol mode, dwelling &80 kN, i.e. an
axial load ratidaxial load over gross concrete cresection axial capacitygf =0.1Q Shortly
before or soon after the onset of shear failureltiaid is increasto 270 kN, i.e. =0.15 A
reference specimdn each se(FSC_1 and SC_13 tested with constant axi@ad (180 kN)

The axial loadncreasdakes placavithin 9 s corresponding ta load rate of 18N/s. This is
done before the first cycle of 12 mm in FSC_2 and S&hd®before the first cycle db mm

in FSC_3 and SC_3sthe onset of shear failure was found to occur at a displacerhent o
12mm.

The instrumentation of the experiment comprises load,déUBTs, drawwire sensors and
strain gages. Thwad cellsaremounted orthe two actuators, measuring the resisting force
from the specimensDrawwire sensors are used to measure the top lateral displacement,

displacementalong the diagonaleeded to calculate shear deformations, and the potential base

8
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uplift, in order to ensure that no significant base deformations dewelthe vertical direction,

the axial deformation is directly measured from theal displacement sensor of the vertical

actuator Strain gages were installed on longitudinal and transversenbarsthe base &
shearcritical column(seedetailedinstrumentation arrangemenmt Fig. 3).

In addition to instrumental measurements, digital image correl@dii) was used to
measure columdeformationsUsing a higkresolution camera fromfaxed position,column
imagesalready painted with a speckle patterare collected atachcycle. The distance
between the initial and trehifted positions of each individualpecklepoint on the front face
of the column can be measured at each cycle, providingntiredisplacemat contouralong
the front surface aéachcolumn throughout the duration of the test.

All recorded datas collected by théestcontroller at a frequency df0 readings per second
Safety limits(displacements, forces)ere imposed to automatically temate the

experiment, in case of structural imbalance.

TEST RESULTS AND DISCUSSION

Crack and Damage Propagation

Crack widths were measuredingdigital image correlatiofdetails are given i#). The

general pattern of damagstiation andpropagation involves a horizontal crack forming very

close tathe column/basmterface.Further horizontal cracks form higher up along the

specimen at some distance from the interface crack and from eactastheertain distance

is required betwen cracks for the tensile strengthrdbuildthrough bond. These cracks cross

the position of the longitudinal bars, not extending much deefmethe specimen, and
initiate quite early on, mostlat the displacement level 8fmm(0.42% drift) Theinitial

crack is usudy wider than thesubsequentracks all of them tend to increase in width with
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increasing lateral displacement, while generally remaisiagleor closingtowards the last
displacementyclesof the test Moreover, fine diagonal and hrontal cracks appeared at the
column/base joint at displacement levels of 6 amd 9 mm, their width peaking at 12 mm
(1.68% drift)(Fig. 4). The widest of these cracks reached a peak of aboub31835nm.FSC
specimenslevelogdmore flexural cracks in total along the height of the speciefenr to
five tbeing affected more by flexure, while the SC otegelodtwo or three Specimen
6&B TV FRUQHU O R&ealfodoGdachietd sk damdrgundthe displacement
leves of 9 to12 mm and exceed at15 mm (2.10% drift)

Crossinclined shear cracks appediat a displacement level of approximatélgnm (0.84%
drift) or 9 mm(1.26% drift)and stardopening considerably from abol?2 mm Fig. 4),
reaching large widthof approximately 4 to 10 mm near fiveal cycles(Fig. 5). Their
bottom endvasalways at theolumn/basénterface and their inclinatiorvgere usually
around 2833’ onaverageThe SC specimens seem to hdasgeraverage shear crack angles
thanthe FSC ones, which all exhibit 281gles on averag&palling of concrete covevas
observed close to the bottom ends of the inclined crdciesto local decrease of the
compression zone depths at those sectiesiglting fromthe shear cracks. Despgabstantial
opening of these diagonal cracks, no fracture of transversedmarnred as thed0’-
anchorage of the ties led to their slippagkigh displacement levels. The strajages
mounted on transverse bars in SGh8w that the tiatabout 350 mnfrom the interface
reached its strairhardening branchtadisplacement level of 15 m(@.10% drift)
developingvery high strains afterards This is due to the opening of the fdikpth crack at
that point of the test, with theonsequenbdpening of the gap.The tie placed about 30 mm
above the interfacéid not yield,asit was not crossed by any shear crack.

Longitudinal bars of almost all specimest®wed esidual curvaturdue to buckling,
10
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initiating nearthe end of the experiment. Their buckling leng#marly exceeded thee
spacing dueto their90° hookand low anchorage length that do not provide adequate
restraint. Moreover, disintegration tbfe concrete cor@as obvious, with parts of it having

shdtered during cycling, particularly near tlastcycles.

Lateral Hysteretic Response

Thespecimenghysteretic responses in terms of horizontal force (kfNateral displacement
(mm) or lateral drift (%) arehownin Fig. 6. Due to high sampling ratemm®othing has been
applied to all hysteretic responsesiginal responseandsmoothing methodre givenin 2.
The responses of the F$fexure-shear criticalspecimens are quite similavith peak
strengths of around 15060 kN developing a2 mm (1.68% drift) Limited cyclic strength
degradatiorand reloading stiffnessegradatiorare exhibitedn thepre-peak domain, which
however increassignficantly after peak

The SC specimenemained almospu H O Dup' M & $trgngth of around 130 Kpkak of the
first displacement levil followed bya rather stiff strairhardening branchp to about 200
kN at 12 mm displacemer@ne specime(SC_3 did not reach its peak strength at a

displacement of 12 mi#™" cycle), butin the next cycleThis led to the increase axial load

occurringbefore the onset of shear failure, instead of just after it, as initially planned. The SC

specimens also exhibit much higher cyclic strength degradation in thpgaistomain.

The highest cyclic strength degradation in each specimen takes place at the displacement

level where the peak is reached, i.e. at the onset of shear failure. This coincides with the
formation of a fuldepth diagonal shear craickeach specimerkig. 4) in each loading

direction andbccurredn most specimens a displacement df2 mm(1.68% drift) In-cycle
strength degradatiomhich in generalvas minor (recall thatireecyclesper displacement

levelwere applied)wasobservedearthe onsebf shear failure irmostspecimens.

11
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While theloopsof both FSC and SC specimens are quiteditte first displacement levels,
i.e. the specimens dissipate a large amount of erjdegpite being shear criticatheloops

become muclkhinnerin the pstpeak rangePinching is observed in most responges,is

lower than expected given that the specimens are-shéeaal. Of course WK H-NV@WRZIQHVV |

part of theresponse duet6t ORVLQJ RI FUDFNV RI RQH VLGH DQG UHRSF

craks upon reversas observed, especially near fireal cycles

The displacement capacities of the specinvamg substantiallySC specimens readtigher
displacements in absolute terms than the FSC ones, largely due to higher longitudinal
reinforcement content, which leads to higher stk displacemenifs Attained
displacement ductiiésarecompared inrable 2at peakstrength(i.e. onset of shear failure),
at the maximum attained displacement and (wherever appli@hile) onset of axial failure
The yield displacement takenfor convenienceas the displacement on the cyclic envelope
curve corresponding to a strength equal to 70% of the peak strength. The displacement
ductility achieved by most specimefmotwithstanding the definition of yield poiri§
remarkable given their po design and their shedominatedesponsetusually
characterized agl Q-FGX FWLOHT R UAHof Hepn re&dd their\pe@kHdsistance at a
ductility between 4 and @lrifts betweerl.7% and.1%) The specimens that do fail axially
reacha ductility of 6.5 to 7.%drifts between 2.1% and 2.9%yhile the specimens that do
not fail axially are shown to exceed a ductility of (ti6ifts between 2.9% and 3.8%&r

more tharwould normallybe expected from such designs

Axial Response

The aveage(over the sectioryertical displacements at the top of the specimen (mm) vs.
lateral displacements (mm) are presentefign?. Since the recording system wasetafter

the axial load was applied, the vertical displacement at the initial positaken a$.0 mm;

12
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in reality, it is lower andvasestimatedased on thepecimens$properties af.048 mm

Vertical displacements of all specimens follow the typicalHaped pattern up to the onset of
shear failure, i.e. having a specific negative ldispmeni{compressive strairgt the

1Y H U posittoD @€fo lateral displacement) with increasing displacements towards the
peaks of each cycle. The increased vertical displacements at the extremes of each cycle come
from the weltknown phenomenon of m&er elongatioin the nonlinear range of the
responsgcurvatures lead to higiensilestrains of théension reinforcement, also

accompanied by opening of crackgith consecutive cycles at increasing lateral
displacements, plastic straiascumulate leading to further elongation.

However theshape of the observed pattelmangedgrom the onset of shear failure onwayrds
from a Ushape, it turns flat and euveially into an invertedJ-shape, while vertical
displacements generally decreaséffer with each cyclelhis corresponds to a change in the
physicalbehaviorof a memberas the peak of each cycle is reached #fiefull depth

diagonal crack has formed, the upper discrete parts of the calepushedownwards

under the influence dhe constant axial load. Of course, as the displacement reverses, the
cracks partly close and a part of this downward displacement is recovered (hence the
invertedU-shape); after a given point, the accumulation of downward displacements
becomes very sigiicant with vertical displacements decreasing to even less-fham {.e.

an average normal strain @f.7%).The sudden increase of axial deformations accompanying
the onset of axial failure is shown to start at arounchmfor this test seriesSpecmers

FSC_2, FSC_3 and SC_2 exhdudlthis behavior while FSC_1, SC_1 and SC_3 were

stopped before the onset of axial failure either for the safety of the equipment or because the
specimen wasbservedo have been damaged extensively and its resistancllen to a

small fraction of thereviously attainednaximum strength
13
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Effect of Vertical Load Increase

It is clear in both experimental series that specimens with an axial load increase before the
peak strength (namely FSC_2, SC_2 and SC_3) reaclhertsfyength than the ones with
constant axial load. This was expected, as higher compression loads increase shear strength,
so long as failure is caused by diagonal tension. This increase is adfdr&ther shy of the
predictions of 48% based on existy shear model&#® for an axial load increase of 50%.

Fig. 8a shows the descending branch slope values estimated from the envelopes of the
experimental loops. It is clear that increasing the axial load leads to higher degradation rate in
the postpeak range. In all specimens with increasing axial load the descending branches are
steeper than in the constant load ones; only FSC_2 is almost equal to FSC_1, most likely due
to the higher concrete strength, partly compensating for the incrapgked axial load.

The maximum horizontal displacement attained by each specimen is presdfite@inwith
specimens that failed axially having a gradient filling; note that this is a looverd of
deformabilityfor the ones that did not fail axialllFSC_1 with low constant axial load is

cycled up to 2Inm (2.94% drift)without losing its vertical loatbearing capacity. FSC_2

and FSC_3 (specimens with increased axial load) fail well before that, reaching a lateral
displacement at the onset of axiaildre of 18 mm(2.52% drift)and 15mm (2.10% drift),
respectively. In this series, increasing the load after the peak is reached led to the axial

capacity being lost sooner than increasing it before the peak. In the SC series, the axial load

in bothspet PHQV 6&B DQG 6&B ZDV LQFUHDVHG EHIRUH WKH

unexpected higher displacement at onset of shear failure (compared to all other specimens).
SC_2 had lower deformability than SC_1, i.e. 21 (Br84% drift)instead of 27m (3.78%
drift), while SC_3 achieved the same displacement as SC_1 whose axial load was kept

constant, being however much closer to axial failure than the reference specimen, reaching a

14
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vertical displacement of 5.6 mm as contrasted to the 2.8 mm of SC_1. Judging froendhe t
of vertical responses, SC_3 would fail axially before completing the three2B.78%

drift) cycles, while SC_1 managed to complete all of them without nearing axial failure.
Strength prediction

Yield and ultimate moments were calculated from momentE X UY D WX UMHQ D O\VLV XVLC
the RCCOLANET?’ software. Shear strength was calculated based on four rfiddels

predicting the maximunnesistance, i.e. before shear strength degradation due to increasing
inelastic flexural deformations start§aple 3; Priestley®* PRGHOYV SUHGLFWLRQV DI
for shear crack angles bbth 30 and 45. The Eurocode-8%° equation is applied with mean

material values, without safety factors, and with displacement ductiitsand compression

zone deptltorresponding to yielding. For tlik Model Code 201§ equation, safety factors

are disregarded andi# based on a level Il approximation (a rather detailed approach).

Comparing the predicted with the experimentally recorded strengths, one can see that the FSC
specimens exceeded the predicted ultimate flexural strength, perhaps due to discrepancies
betveen the modeled and actual steel yield strength, steel hardening and concrete strength. On
the other hand, the SC specimens are controlled by sheragtst It is clear from TabletBat

the prediction of the maximum shear resistance of an R/C elemsubjexct to significant

variability, mostly deriving from different weighting of the influence of various column
properties on shear strength. The Priestley niddal the Eurocode-8° equations seem to
SUHGLFW WKH 6& VSHFLPHQVY VKHDU VWUHQJWK ZHOO Z
VSHFLPHQVY VKHDU VWUHQJWK LV XQGHUHVWLRIDWHG E)\

overestimatgit, especially when the recommended strut anglé) (3Qused.

Deformation Analysis

Specimendeformatiors were calculated based displacement sensofisVDTs) and Digital
15
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Image Correlatioridetails in?). It is observedRig. 9 that sheainduceddisplacements

always start off low, around 106% of the total displacement, at a displacement level of 3

mm (0.42% drift) They increase steadily as damage propagates and much more sharply from
the onsetbf shear failure onwards. They reach percentages of 40 to 70% at the final
displacement levels. Conversely, the flexuedé@including bondslip) displacements start as

a high proportion of the total, around-88%. Although they increase considerably in
subsequent cycles in absolute terms, they decrease as a percentage of the total displacement
up to the onset of shear failure. After the onset of shear failure, flexural andligpnd
displacements either remain constant or decrease in absolute vatlieg teasignificant

further decrease in thaielaive contributions to the total displacements up to axial failure.
These findings clearly indicate the predominance of shear mechanisms after peak strength.
FSC specimens have higher percentages of fledisplacements than the SC specimens.

This observation, combined with the fact that in FSC specimens more flexural cracks form,

are clear indications of the higher influence of flexarthesespecimenshan in theSCones

Lateral stiffnessdegradation

The secant stiffness at peaks of the hysteretic response is presdtted 0for

representative specimens of each set, taking into account the average of positive and negative
directions. Overall, stiffnesdegradations similar in all specimens wittew discrepancies.

There is a very significant decrease in stiffness with increasing ductility, the stiffness
decreasing by about 50% from théo3he 6 or 9 mndisplacement.thereafter, it keeps

decreasing, reaching zero stiffnesymptotically after 18 mr{2.52% drift) The second and

third cycles have only slightly lower stiffness than the first cycles at initial displacement

levels. From 9 or 12am (1.26% to 1.68% drift)the difference becomes larger, due to higher

cyclic stremyth and reloading stiffneskegradationThe elastic (gross) flexural stiffness,
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assuming a cantilever of 715 mm lendt MPa concrete and 360300 crosssection,

would be 166 kN/mm. Nonetheless, the measured stiffness at the first peak of the first
displacement level is found to be considerably lower, roughly 25% of that value. An
important source of the difference from the estimated elastic flexural stiffness is timatat 3
flexural cracking has already started, while early shrinkage cracking isadgibuting to
stiffness reduction; as seen in the hysteresis Iffeigs 6), the first cycle by no means
corresponds to a linear elastic response. At the same time, shear deformations were found to
be anoticeabldraction of the total lateral displacenteat this stageFig. 9, about 10 to

15%. Other possible minor sources of discrepancy are bending of the plates connecting the
actuator to the column, as well as some added flexibility from the deformation of the
specimen base. It cannot be known exacthywhat extend each factor influences the recorded

value, but flexural cracking and shear deformations are considered the principal sources.

Energy dissipation

SC specimens are found to cumulatively dissipate more energy than the FSC ones in absolute
terms, primarily due to the significantly higher strength owing to a higher longitudinal
reinforcement rati@and the difference with regard to the attained ultimate displacement
Nonetheless, when normalized by their respective strerghX1), FSC specimenseem to
be dissipating more energy than the SC ones at any given displacetniehis in line with
what would be expected from specimens with a more ductile (FSippased to a more
brittle (SC) behavior. The rate of energy dissipation is foundaease considerably after 6
mm (0.84% drift) when plastic deformations increase significantly. They tend to slightly
decrease again after 21 n{h94% drift) due to thalrasticstrength and stiffness

degradation, leading to vepinchedhysteresis loops.
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SUMMARY AND CONCLUSI ONS

The experimental program presented hesieds more light on the ndinear response of
shearcritical and flexuresheascritical R/C columns, addressing for the first tithe effect
of axial load increas@riggered by loss obaal load capacity of neighboringplumns) Six
cantilever specimens (three flextgleearand threeshearcritical), representative of older
constructionweretested under a quasiatic cyclic lateral loading, having their axial load
increasd just befoe or after the onset of shear failure.

Both specimen sets exhibited relatively similar hysteretic response, with limited cyclic
degradation in the pngeak domain that increases significantly puesak, and remarkable
displacement ductility. Shear critical specimens attained higher strength and displacement,
owing to theirconsiderabhhigherlongitudinalreinforcement.

All specimens initially developed horizontal flexural crackehichkeptopening ugo about
the onset of shear failure, remainstgbleor closingthereafter. Thee were followed by
crossinclinedshearcracksthatappeared Here the onset of shear failuterned into fult
depth cracks at the peak and kepéning substantially with increasingdisplacement post
peak, accompanied by slippage and opening of the insufficiently anchordeliesing the
typical for shearfailure transition ofaxial deformationérom a U-shape to an inverted-U
shape, a sudden increase in downward displacemih a correspondingrdp of axial load
resistancesignakdthe onsetf axial failure

Deformation decompositioshowed a clear trend of increasing shear deformations with
increasinglisplacemenin all specimens, whichecamemuch more pronounced after the
onset of shear failure, accompaniedrélyaction of flexural and borslip deformations.

Between half and two thirds of the total deformations were attributed to shear by the end of
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all tests. Flexureshear critical specimens exhibited higher percentages of flexural and bond
slip displacements than shear critical specimenstfirout the test, as well as more moderate
increase of shear deformations ppstk.

The increased axial logdst before or after the onset of shear failm@sfound to adversely

affect the pospeak response of st#ttandard R/@nembers. It ledo higher rate of pogteak

shear strength degradation and lower displacement at onset of axial failure afashaged

R/C columnstaccompanied bgomensurateeduction in total dissipated energ@n the

otheU KDQG LW GLGQTW VHHP WR KDYH DQ\ FRQVLGHUDEOH |
or lateral stiffness degradation of the members of this test dJeuidser experimental studies

are necessary to establish clear patterns with regard to the amhauigl load increase and

to the instant of axial load increa$éo clear difference between the application of the load
before or after the peak could be detected, as there were only three and one such specimens,
respectively. Morexperimerdl studies should be performedith abroad rangef design
characteristics, initial axial loads, increased/decreased axial loads and points of axial load
changeto improve thepredicton ofthe impact of axial load change on the +ioear

hysteretic response efibstandardRC columns and be able to comprehensively model and

asses substandard R/C frame buildings

ACKNOWLEDGMENTS

The authors would like to sincerely thank all the staff eflthboratory of R/C and Masonry
Structures, AUTh, where this experimental study was carriedrbetfirst author wouldlso

like to gratefully acknowledge the support provided by City, University of London to carry out
the experiments as part of his doeladegree scholarship and Basler & Hofmann AG for the
support during the writeip of this research work

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

REFERENCES

6HIHQ + DQG ORHKOH - S6HLVPLF 7THVWV Rl &RQFUH\
5HL QIR UFACPStrQcWiral JournglV. 103, No.6, 2006, pp. 84849.
2. *KDQQRXP : 0 ORHKOH - 3 DQG %R]JRUJQLD < 3$QDO\
&RQILQHG 5HLQIRUFHG &RQFUHWH )UDPHV 6 XEMHFWHG WR
Journal of Earthquake Engineeriny. 12, No. 7, 2008yp. 11054119.
3. /RGKL O S6HLVPLF (YDOXDWLRQ RI 5HLQIRUFHG &RQF
%XLOGLQJYV ~ 3K'" 7TKHVLV 7KH 2KLR 6WDWH 8QLYHUVLW\
4. 6DVDQL O %D]DQ 0O DQG 6DJLURJOX 6 S([SHULPHQV
Collapse EvalDWLRQ RI $FWXDO 5HLQIR BEIB@cRIQUheIWIHIE WU X FW
No. 6, 2007, pp. 73%39.
5. ,]IXGGLQ % $ 90DVVLV $ * (OJKD]RXOL $ < DQG 1
Collapse of MultiStorey Buildings due to Sudden Column LogsPart I: Simplified
$VVHVVPHQW )HngreetiAgRatrdttires/. 30, No. 5, 2008, pp. 1308318,
6. <X - DQG 7DQ . + 3([SHULPHQWDO DQG 1XPHULFDO ,QY
Resistance of Reinforced Concrete Beam Column/A&agemblagd VERgineering Structures
V. 55, 2013, pp. 98L06.
7. IHZ + 6 %9DR < 3XMRO 6 DQG 6R]JHQ O $ 3([SHUL!
&RQFUHWH $VVHPEOLHV XQGHUARIFSOUEtErgl JBUHMRRK YIDION6.FHQ D UL
4, 2014, pp. 88192.
8. *6$ *HQHUDO 6HUYLFHV $GPLQLVWUDWLRQ S$OWHUQDW
IRU 3URJUHVVLYH &ROODSVH 5HVLVWDQFH ° SS

9. ;X * DQG (OOLQJZRRG -BasedPartieh Push@awik Analysis Procedure for

20



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Assessment of Disproport@ DWH &R O O D S\éurndIRAV B@psuruchoDal” Steel
ResearchV. 67, No. 3, 2011, pp. 54855.

10. Murray, J. A. and Sasani, M%Zeismic SheaAxial Failure of Reinforced Concrete

Columns vs . System Level Structural Collapgengineering FailureAnalysis,V. 32, 2013,

pp. 382401 .

11. /\QQ $ & ORHKOH - 3 ODKLQ 6 $ DQG +ROPHV
([LVWLQJ 5HLQIRUFHG &RQ F BatigtbkecSpecr&/L1Q,IN& R,A0B,QV -~

pp. 7157 39.

12. 2XVDOHP + .DEH\DVDZD 7 7DVDL $|3QyenBEiShdalL < 3
%HKDYLRU RI 5SHLQIRUFHG &RQFUHWH &ROXPQV XQGHU &R
Proceedings of the Japan Concrete InstitMe24, No. 2, 2002, pp. 229234,

13. 5DPLUH] + DQG -LUVD - S(ITHFW R $3hoD RC/GoDNsR Q 6 KH I
XQGHU &\FOLF /DWHUDO '"HIRUPDWI, BRO80/2053p.)6(/ 5HSRUW 1R
14. 1DNDPXUD 7 DQG <RVKLPXUD O 3*UDYLW\ /RDG &RO(
&ROXPQV ZLWK 'HFUHIW ELGps4n Cobfefdn8e®n Earthquake Engineg

and Seismology2014.

15. Zimos, D. K., Mergos, P. EaBndKappos, A. J Modelling of R/C members accounting

for shear failure localisation: Hysteretic shear modearthquake Engineering & Structural
Dynamics, V. 47No. 8, 2018pp. 17224741

16. Zimos, D. K., Mergos, P. EaBndKappos, A. J Modelling of R/C members accounting

for shear failure localisatiorinite element model and verificatiofEarthquake Engineering

& Structural Dynamics, V. 4No. 7, 2018 pp.1631465Q

17. Elwood, K. and Moehle, J. PShake Table Tests and Analytical Studies on the Gravity

Load Collapse of Reinforced Concrete Fram®&ER 2003/01 364, 2003.
21



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

18. Ghannoum, W. and Moehle, FShakeTable Tests of a Concrete Frame Sustaining
ColumnAxial Failures "ACI Structural JournglV. 109, 2012, pp. 39803 .

19. European Committee for Standardizati@®®EN) Burocode 2. Design of concrete
structures. Part-1: General rules and rules for buildingEN 19921-1, 2004

20. Pilitsis, V. G, PDSDQLNRODRX 9 . 7THIRV , $ DQG 6W\OLD
Mechanism for Restraining Seismic Actions in Ductile Bridges: Analytical Modeling and
([SHULPHQWD O COMPDYNRMLB/IomQutational Methods in Structural Dynamics

and Earthquake Engeering Crete Island, Greece, 2015, 14 pp.

21. ASTM International,SStandard Test Methods for Cyclic (Reversed) Load Test for Shear
Resistance of Vertical Elements of the Lateral Force Resisting Systems for Buil&iegert

ASTM E212611, West Conshohocken, P2011.

2 =LPRV ' . 30R G HEeakIResposK ¢f EXiRtg\Reinforced Concrete Frame
6WUXFWXUHYV 6 XEMHFWHG WR 6HLVPLF /RDGLQJ =~ 3K' 7KHV

openaccess.city.ac.uk/18531/

23. Priestley, M., Verma, R. and Xiao, Y Seismic shear strength of reinforced concrete
columns “Journal of Structural Engineerind/. 120, 1994, No. 8, pp. 231329.

24. Sezen, H. and Moehle, JShear strength model for lightly reinforced concrete columns
Journal of Structural Engineering/. 130, No. 11, 2004, pp. 1692703.

25. European Committee for Standardizat(@EN) Burocode 8. Design of structures for
earthquakeesistance. Part 3: Assessment and retrofitting of buildiiigs 19983, 2005.

26. International Federation for Structural Concrete (fb)pdel Code 2010: First Complete
Draft 2010.

27. Kappos, A. J. and Panagopoulos, GRCCOLA-NET: A computer prgram for the

analysis of the inelastic response of reinforced concrete secioh® ERUDWRU\ RI 5HLQI
22


http://openaccess.city.ac.uk/18531/

ol

00 ~N O

Concrete and Masonry Structures, Department of Civil Engineering, Aristotle University of
Thessaloniki2011.

Table 1 +Details of column gecimens

Specimen Failure mode Axial load Point- of axial load Concrete Transverse Lgngitudinal
(KN) increase Strength (MPa) reinforcement reinforcement
SC 1 Shear 180 - 32.8 ?8/320 12016
SC 2 Shear 180 : 270 before Fcycle 12 mn 27.2 ?8/320 1216
SC_3 Shear 180 : 270 before ®cycle 15 mn 24.3 ?8/320 1216
FSC_1 FlexureShear 180 - 26.0 @8/270 A4016+4014
FSC_2 FlexureShear 180 : 270 before ®cycle 2 mm 28.3 @8/270 4016+4014
FSC_3 FlexureShear 180: 270 before ®cycle12 mm 27.7 @8/270 4016+4014

Table 2 +Displacement ductilities of specimens at various levels

Specimen peak drift peak max drift max

(%) (%)
FSC_ 1 6.0 1.7 10.5 2.9
FSC_2 4.3 1.7 6.4 2.5
FSC_3 55 1.7 7.0 2.1
SC 1 4.6 1.7 10.4 3.8
SC 2 4.3 1.7 7.5 2.9
SC 3 5.7 21 10.3 3.8

Table 3 tMaximum experimentally recorded strength and predicted flexure and
shearcontrolled resistances (kN).
Specimen series: SC FSC

Shear at flexural strength __ Yield 198 141
(from M- 3analysis) Ultimate 204 146

Priestley et 3¢ 198 211
al. 45° 171 179
Predicted
Shear sicz:Sf& 198 143
strength
g Moehle 134 142
MC2010 137 143

Maximum shear measured in tests 183 161
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1
2 Fig. 1: Design of (a) shear critical (SC) and (b) flextsieearcritical (FSC) specimens (lengths
3 inm; rebar and pipe diameters in mm).
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Fig. 2: Experimental setip shown schematically.
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Fig. 5: Damage stat¢surface crack pattern®)f specimens atisplacement level of 18 mig(

mm for FSC_3).
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Fig. 11: Cumulative dissipated energy normalized to recorded strength vs. displacement level
for all specimens.
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