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ABSTRACT

This study investigalt &s srtefh iebf éorer lcaedii @rb bogfmed! ermd
( GFRE) col umns, specifically those reinforce
column speci mewvi svlaweriengt esdteendder ness ratios of

eccentricities of 0%, 15 %, and 30% of the se
slendernes-81¥Wededmwmeasel6in column strength, pr
moment seraald daffor mati ons, worsened by the as
eccentric |l oadinghbserpvadl onmluyptareawas enderne
eccentricity. Spirals provided critical stabi
effectiveness di minished in more slender colu
i nased, the spiralsd contsdiebuiingn capacionyi de
instance, at 15% eccentricity, increasing sle
and 32%, respectively. A translimiinanednt odaibleni
dominated failure was observed as eccentricit
shaped def or mztuirvrat dmoe Be mail g, was devel op

experi ment al dat a. Based for t®RERSR olau nghlstonvdietr n e

 ongi tudi nal reinforcement ratio was recommen
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1. | NTRODUCTI ON

Gl as sr diibfear ced proeliynnfieorr c(eGfeRMR) has emerged as

resistant alternative to traditional steel r
particularly in aggressive environments. Il t s
|l ight weiogpktr ti es, and ease of install ati on,

infrastructure, bridges, and other structures
sqguar e spiral s, produced t hrough t des vpewulster u
reinforcement, offering a more integrated sys
Sl ender columns are integral t a inocederun |sdtirnugcst,
piers, i ndustri al facilities, and offshore pl
|l oads while minimizingiomat efi &GIFRiPsage .nf dhee m

column design presents significant potenti al

However, despite these advanrRQCagceeosl,u mnhse ubnedhearv i
|l oading condiytiuonde,r pgamtcieatlrarc|l and eccentric
further investigation. Understanding their st
design guidelines and i mproving .their i mpl eme
Extensive research hafCbeehummandupt e darinl yGF]
influence of reinforcement configutatinewve,y se
reinforcement. However, key discrepancies exi s
bars to coDembhuclablesi &sit. afl el Isg-RE€@r eolGERPS wunder
|l oading and reported that GFRP bars contribu
significantly | ower t han t he eil2f0 rccoendt r ¢ @Ilud M

suggested nexadsi drher eximpt ance of GFRPTolabis etul



all Zlonducted simil aRCt eotlamnrs saquarfe uGBERRR hat (
up to 10% of t h@&c dmparl a blloea dt oc agppta&a ity | iL g Pot icro
inconsistencies i n pAfiiori [ Sdtseasksynecht shatSi GFRRAT
reinforced columns exhibited comparable axi al
bars ranged from 5% to 10%, and ignoring this
| oad capacity by approxi mately 35%.

I n terms of transverse reinforcement, studies
spirals i rPrcacrhfaisMedmdecdue.teft@m]laport ed t hat GFRP sp
superior confinement and def oMmaéolbistey veadmpg aire
FRP ties significantly enhanced -BGncoktmnst rwi
closed ties perd$bampme Wt ibesn eme ft @ Ea e udk ami ne
circular spirals for their condfpianretmecnutl aerflfyi ciine
GFRRC cobuemains scarce. Given that square co
role of GFRP square oyrirrsel sreasnf@arcemenhucyst
investigation.

The behavior -RCG odlenmres diFfRfPer s signi ficantly

to the pronounceod denrf |eufefneccet so,f rseedcuocnedd st i ff ne

to instability and gl obalt hecikidti enrga c tAiso ns | leentdw
bending effects becomes more critical, | eadin:
| oadrrying capacity. HoweR/QG rc o Iruensnesa rrcehmaoinn ss | lei
compl ex expercihméhtealgeset mpachieving realistic
for advanced numeri cal model ing techniques t
Addressing these gaps is essential for devel c



structur al perf orRM@anacael wmn ss |iem dpenPar cétviRBauls aspt pul d
have proposed differepRC sclodMidenmsine § d Sdigmelks s eflo
reducing the slenderiR€gds tloi m7RA foar o huFEREPs ( Wwiotr h
reinforcdmemather at Zajdehé¢ aonmmdlmcead sl enderness |
for rectangular columns rei nf orAbedde Iwa ztinm5@eFtR Pa |
further refined these | imits tKhhrooug@hmil@inglerti nae
proposed -hasedi apptroagh to optimize s-REnder ne
col umns. They floudkiprtehsesiAonl hdadd0 a T4e.lb5i3abadd t
suggested alternative equidtibowsv eéon, aeki ®vieng as
not addressed the role -R€ scgluames spndead sed¢ ae st
Given the inevitable occurrence of eccentrici
reinforced concrete columns is a topic of dis
contribution of FRP pa&@BG] whederasc oe¢ mterisc cloma a
not be JvieeRBHakes] 24h cawesdsnt g e | l ongi tudi nal b a
|l oad capacity by 37% compRC€CedollexrhiGERPebaRé % \
|l ater al defl ection &Kwe ®d& Sthibevierd dlhadst iancpuap e
compression contribution | ed to more accurate
GFRRCcol ummder c o mp.rkehsosrirvaemi lacma da[n2 ® JoSsaedrewgenhd ath h &
eccentrical IRC Icoddiencth sGFRPhed duveshongwaf hicnagc
bar crushing or buckling.r aintsdead fGd@Rdradahrmgt aki g

| oad, highlighting that the bars contr.i butio
Khorrami an a[n2dé pSsaedrevgehdi athnh a-RC st ehdmns GER®Pt ai ne

constant | oad after concrete spalling/ crushi:i



moment capacity despiteGaP®gnhiBétanisclathtele IGXKIRPdI
RC col umns, finding that bar rupture on the
eccentric | oading, and increasing reinforceme
by Guo®r[izn8@]lsguallRe&€ GPRR MNns with GFRMPI duesedesrnte
| evel s. -RithecoGFURM s exhi bi t ed®RCsicmil luanm sh e twa \t iho re «
significantly i mpactihadis{at® bagln.d -r&h éHfoaricleudr eh i
strength concrete (RHSC) c o l-rueminrsf oprecrefdo r aneldu ntn
concentric | oading but hnand elc2c% nltorwiecr Ilcoagoda.c i Siyn
al[ 306bserveéd%acadpacity reduction unfderpocdedtr
that -RBFRPol umns had 4.8% | ower concentri-c and
reinforced columns, with sudden, brittle fail
Despite previ odursC sctodduinenss,on h@FRR ructur al r ol
sl ender columns wunder concentric and eccentri
research has primarily focusedebnfoheemgretrod
colummsverl ooking the potential advantages of
efficient reidorsfionidamernto hyyswt emrcul ar spirals
efficiency. Thisscstitodyabhddaesdegsi nhiesti gating
|l oad eccentricity on-RCheobemagsi oeiof osgedr awi G|
novelty of this research |ies in its systema
col umns, an area that has not been previousl:.
columns with slenderdebs Fraties of @BicHOhasan
to spacedlmndanént abobhsconcentriofl d&&i raghda Bd %e

findings of this study provide new insights ir



RC col umns, contributing to theesdybaoement L

soluAnoasal ytical model, validated against exj
|l ater al defl ecti on, bar strain, and | oading
slenderness | imit for these ctoalnudmnnsg, ocfo ntthreiibru

behaandrdesi gn coded442@M hahsd ACCIA/CCONDNE $8326 : 12 (
2 . EXPERI MENTAL PROGRAM

2.1. Specimens Layout

The specimens in GRRBCcotl wdy si nwd It thd es qruiamee s pi
reinforcement. E ascenc tciool nuamn dhianse nas i corno sosf 203

cover ofL@rmgi4t undn.n al reinforcement consisted

]

einforcement used #3 squar e Slhpiersael ss pwirtah sa p
continuous | ater al supporTthraleorr | tumm @ 22thOyrhramh
2440 mm, and 3660 mm were sel ecgoefd 2t0o, c400r,r easnp
r estpievcel y. These sl enderness ratios cover a pr

ensuring that the study captures the behavio

slenderness. The columns wer ei cud)iealt eldo a di .
|l oading was applied at eccentri-sedct iesnhlff H&I%]
representing |l ow and moderate eccentricity cea
|l oading Thaedsperommmealselaed usée W,g whheer ef o'rSia tr eSpxr
slenderness ratio, followed by "X," which ind
"e" denotes eccentricity, and "Y" specndsi es t
cressesstional di mension. Forelebx acnopriree,s pao nsdose cti omee

a sl enderness rati o of 40 and a -$eatdi emcemnalbl



summari zes the detail edi.ipriolpleudtirest eod tthhee rseie

and speci mens geometries.

TablTee sit matri X

# Specimen  Length,l Slenderness ratio, Eccentricity ratio,
ID (mm) =Kl/r" e/h”
1 S20e00 1220 20 0
2 S20e15 1220 20 15
3 S20e30 1220 20 30
4 S40e00 2440 40 0
5 S40e15 2440 40 15
6 S40e30 2440 40 30
7 S60e00 3660 60 0
8 S60e15 3660 60 15
9 S60e30 3660 60 30

* K: effective length factorl{=1 for pinnedpinned column)|: column lengthr:
radius of gyration
** e eccentrici

AMAA DA R AR AN SO LN AL B AR

MR RPAARAN TR TRVRRY VAN KRR
3360 ISGOT]
3660 i

b e o e i
540 Senes

5!!!?;-.-.

\ 203 SRR EREN

~

sFRP square spiral
Fi gSpleci mensd reinforcement

col umalsl di mensi ons are i n mm)
2.2. Material
The GFRP bars and spirals, donated by Pultra
were manufactured with vinyl ester resin. Me c
determined thr ¢ &@®)mmctceormr dii Ingg tt eos tAISA[dA,3 DT RO &G U D7 2 @

on five sampl es, as wel(Fi3dsst hg oagesu ggnepr 9 it



[ 34he compressive properties of GFR&PLlyledr sr1ohayv
standardi zed testing method has beeavecersatna kxlail s
properties of the GFRP spirals were obtained |
a detailed summary of the mattehhiiaalstpudy.erti es

Tabl@GFRPars materi al properties
Si zdb( mm fi ( MPifcMPiE¢ GP E{ GP U.sm/m) U.em/ m
#5 15.:'1020f 952N 53.7150.0f 0.02 0.01
#3 9.5 460 50
*According to ASTM3Daad5dpPsRa@éaMd fixtu
**Provided by the manufacturer

Specimen tensile rupture i Compression test ‘g

Tension test Crushing

Campression
test specimens

g

Tension
fest specimens

~ A ‘ o
Fi.aTension and compression tests on GFF

A e Y

The concrete used for -mprcCcomanor éabriwvcahi anmea
size of 12.5 mm and a slump of 150 mm. The av
on nine standard cylinder testdi t(ildms las20tOh enm
Testing foll owe@ JM2NMIi CB9AC3I?MNndard deviati on
modul us, esti matiedd-2ufsld,In]g sA Glp pC@XH mately 26. 8

the test cylinders and a tested speci men.



2.3. Prepathtei &peci mens

The | ongitudinal bars were cut to | engths <col
were attached to these bars upinhghziop HO0esmm A
column | ength, spacers were used; however, at
over a 150 mm | ength to prevent premature end
Each speci men wdorpmwoiwtkit din ¢ ch ewictomicm et e cover
spacers. Concrete was apovurberda tionctoomatsthcetiesfepdr bh o0 r
mm al ong the column height to ensure uniform
concurrently to monitor materi al properties.
same environment f or-c 2Bt r doehydse dRuinpd.e t 3 Mmool bu st e:

specimens prepar agiimgn gmd ceeyslsi,n dgdrr ati ens tgsa.u

Ready-to-Test
Specimens

Fi 8GFRRC

scienpreparation process
2. 4. |l nstrumentation and Test Setup

The tests were carried out using the horizon
machi ne. As.4s htomen acont uFaitgor was set up on the

|l eft end was anchored to a rigid end block. E

9



with collar plates bolted into place. Grout b
pl ates to evenly distribute stress and preven
Each specimen was internally ofostrr wmmdmtcehce dwi
l ongitudinal bars and fo-beigbatthéhepstahbhinegat
using-sarkingh h adhesive aftemsprepaccsaunrnftacastp
The gauges on the |l ongitudinal bars were ali gl
placed circumferentially to capture hoop strali

potenti omertermo IB5tPesd owe i ndependent pedestals

at -méeidght. The SPs measured displacement rel at
tracking of | ateral def ormati ons.
A di s pl-cacretmmeonltl ed | oad was applied at a rate

di spl acement measurements continuously record
was applied via the hydraulic mtcarmuradalorAl aad o
preloading stage was performed before each t e:
was achieved bogomtprpdlyliendd pr dlocoacke of at | east 1
|l oad) over 30 sa& emdinndust,e fhoollldo wieelf obryec oinntirtoilalteidn
| oadTiensgt.i ng continued until t he axi al |l oad dr

either sudden or gradual speci men failure.

10



Pin-pin
connection

)

Axinl londing direction

Fi.gTest setup and instrumentation

STESRESULTS AND DI SCUSSI ON

Thlkeey results of this 3Undegr acenscsemmmairc zleaa d in

decreased with increasing slenderness ratio d
instability and gl obal buckling, even in the
| oadi nggi,vefrorecacentricity ratio, the combined e
amplifi®ddeecendects, | ed to a reduction in t

Regarding bar dtamr&idon £ ,0 mip oweegrisei wcao nspaarraaibnse unde
| oadMingh an aveem/ge Hofwel.edQ25u nder eccentric |
strains at pwakhl oadréasegpafendlrendyendmuesds o t he
and | ower stress on the compressive bars. Co
increased with eccentricity, reflecting the
combi ned beanldilnoga dinndg a x i

The influence of square spirals was assessed
with increasing slenderness at each | evel of

confinement demdothi mwatded i cempteemradrse lanadn cger on

11



reinforcement in slender or eccentrically | oa
ratios resulted in | ower spiral strains, indi:
confinement and strengt hssi nr actoilousmnasn dwinti hn ilnoaw e
Nonet hel ess, even at hi gher sl enderness rat.
del aying | ocal bar buckling and maintaining t

Tab3d Key t esatt rpeesakl tlsoad
Specimen ID  Puax(kN)  Go( e m/ r Go( e m/ r Qo( e m/ r U(mm) Mmax (KN-m)

S20€00 1384 -0.0025 ~ 0.00G ~ B
S40€00 1167 -0.0028 B 0.0006 ~ B

S60€00 951 -0.0022 ~ 0.0005 ~ ~

S20e15 865 -0.0032 -0.00002 0.0007 5.5 31.1
S40e15 749 -0.0028 -0.0003 0.0005 15.7 34.6
S60e15 588 -0.0018 0.0004 0.0002 23.8 31.9
S20e30 558 -0.0018 0.0018 0.0006 9.6 39.4
S40e30 393 -0.0017 0.0022 0.00008 25.0 33.3
S60e30 323 -0.0008 0.0014 0.00001 354 31.1

(ko: Strain in bars othe compression side
(0 Strain in bars on the tension side
Qo: Tensile strain in spirals

U: Mid-height lateral displacement

3. 1. Failure Mechani sms
The failure modes are significangllegndenrfrl eusesn.c e
section is organized into subsections based o

and comparing the observations related to var
3.1.1. Concentric Load

An increase in slenderness made the columns n
deformations amplified the bending moments. A
spiral contributFady.t & tiHilsusvtulanersabhkihlei tfya.i | ur e
The | ater al di spl acement-f sihlowme.i n the figure
For t he s mec i2n@e ng |wobtahl buckling was observed.

t hrough the concrete and penetrated the end g

12



in this specimen. As a result, bar crushing i
had been restrained, crushing would Iikely h:
Khorrami an g ]6hdegbpant ed aOh @® ds medi merms bwit
buckFongt he s p=®i4lO,mehuwit lwa o Ypcahra rcarcutsenriirmgedat pe
sudden | ater@hcenshabctuskhing of the bars occ
due to the pressure exertedoab§Ostime | @aon dbreditae/.i C

observed. All specimens showed transverse cra

R} e
d{v Corep. bes

aundiiag

Transverse cracks at
the locations of the

W spirals on the tension
side

Fi.gFailure mods in the spec&mebps=4e0nd2xg@oncentr

13



3.1. 2. Low Léeatdc%ccentricity

As il l ust@é@nt ecdr aicrk sFiige 1bpeicniineinat A@E iagmtutnide t h
compresatohhei geak | oad and subsequently prop:
di spl acement beyond the peak | oad, the specin
bars on the compression side. Agatulse dt ¢ hite pEmpo
rupture at two | ocations on the compression s
side, the bars -pkakpphlasdadareinpgacovhbuertep nogft t he bar

Fogpeci meh&SidOr,acks began to form near the pe:

concrete spalling was observed .Gbph tWid hcomEmes
di spl acement , spalling progressed, and trans:
reaching approximately 2.5 times the peak |

compression side crusheds tausijrgtsm&lulbbseguer
sounds of bar fail urtehewerruep thueraer do,f ctuhlemitneantsii nogn
|l ater, at which point the test was teagli nat e
provided greater anelhbo,r avwghei ccho npprae waln tteod Sh2adr s
tensiaohure of thpebhkrsfottowred pbstcrushing
For speeceilnent&36,0 | | us.B(c),atcerdadks Fieggan f or mi ng
At peak |l oad, the concrete cover on the compr
|l ater al mo vheemegrhtt . atComicd et e s pal lpiemk @dmtsien u ew
| ar ger ¢ houmnckrse toed cadwvwerc detaching as di spl aceme
was oObserved during this phase. Finally, at a
the | ongithbhdi hahsbanssbdetruptured, | eading t

crushing of the compression side bars was obs

14



¥ M
q Crushing of comp, bars

Cover spallag
Longitdina) cracks

After removing
the cracked cover
(Tension side)

At the cod
of the tent

After removing
the cracked cover
on the tension side

speci mer¥pu4ehade<chd% | oad



3.1. 3. Moder at € e=0dd)Eccentricity

Fi.gcompares the fail ur ee 3p0a tetTE 0On saenddl NSBEOE c B MeoN <
eccentri Eot y-eS320a,t itohe | oad increased steadily
accompanied by the formation of cracks on bot
cracks appeareheiaghtunand hextneindded | ongitudi n;
cocr ete cover on the compression side compl ete

of the Aeag&howd(dd ) m, d&m gsthhengl oonfgi tudi nal bars o

observed. During the final stages of |l oading
side slipped through the concrete.

For -eS3400, the peak | oad was reached when craclk
concrete cover spalling was observed at this

cracks developed along the ceonterandod | seveadndy
|l oad. This was not accompanied by audible bar
peak | oad displacement, the tension side bars
observed, agb)shown in Fig

Speci meB80Seqhi bited behawid3dr. <Lirmiclkar wteag et lohdts
the compression and tensionssddesrnaneks thbhaghpkek
t he spiral pitch pattern. Ahtempermrdédadmiang dapmpi
bars on the tensiowe38jdaofarbubsetli ngsowi theS40r

observed, ag cshown in Fig

16



‘;’ No crushing of comp. bars

i P 2\"" sl

After removing
the cracked cover
on the tension side

Rugprure of
« | tension-side bars

After removing
the cracked cover
on the tension side

Alter removing
the cracked cover
on the tension side

Fi.gFailure mods in the speci meipdRhade=6P0% | oad



The observed
and reinforce
exhibited axi

= 40) resulte

Hi ghly sl emda0f)ad dledmms i(maril vy
| arge di spl acement s.

compr esosmiionmat ed

f siplewcrn eanemast tagren s uanfmatrh e e d

and

C

a

me nt behavi oAs asr@lem,veshadalterGpoln

al compression f

ail umsde ewmidtolt nmis B i

d in a balanmwe edf fcad mpurrees s idermp eanmc

Wi t h i mealearsii NmYs

c r u-6 h d ntgeentifoiaobkeanrda Ingo

d use dteo biamrs traubpit|t

observed

| ohRidf t e

resealfrzhe28&, 43]
Tabl®umMmary of categorized-RG@GQidalremmsdes for
Specimen ID Concrete Cover Longitudinal Bars Spiral Overall Behavior
S20e00 Major crushing along Bars slipped and punched No failure Gradual cover failure
length grout bag
S40e00 Localized crushlng, . Bars crushed on one side Local distortion Sudden pospeak instability
sudden lateral instability due to slenderness
Large chunks spalled, . . Abrupt loss of stabilitydue to
S60e00 sudden lateral instability Bars crushed on one side No failure slenderness
Cracking at peak, Compressiosside bars . . . .
s ; - Spiral ruptured (2 Bars slipped on tension side,
S20el5 longitudinal cracks post cr_ushed tension bar locations) preventingebsiontailure
peak slipped
S40e15 Cracks at peak, spalling Compressiosside bars No failure Tensionside ba_rsruptured after
progressed crushed repeated bar failure sounds
Silent failure of No crushing tension bar Sudden lateral movement at
S60el5 compressiosside cover at 9 No failure mid-height, tension bars failed
peak rupture late
S20e30 Cracks at _mlehelght, full N_o crushing’ tension bar No failure Sharp load _drop,_ tension bars
coverspalling slipped slipped at high displacement
S40e30 Cracks at peak No crushing tension bar No failure Tension bars ruptured well afte
rupture peak load
S60e30 Cracks at peak No crushingi tension bar No failure Tension bars ruptured well afte
rupture peak load
3.2. AxdiasplLaaement
As shown in Fig. 8, under ¢ een0cle n(tlr3i84 |koNa)d i wags
t han t hees0e0 offl 1H40-&N)Q @ND1 SIENQ) , demonstrating

i ncreasing speakdetddecEdmd 0OP®&E&peri eadedroapi due

hi gher susceptibility

l ongi tudi nal

bar b ueckO

18
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approxi mately 1200 kN for about 4 mm of axi al
the corepedkilselpawitor al i gnish dwiltalze|tdidde taclrd euV at
spirals at slenderness ratios below 23. Howeve
due to a combinati onsymmefactosp] rahcdelionganb
eccentricities, and tgnreasdsu aals |tohses coofn ccroeltuemnc osvtel
l onger columns devel oped greater bending mome
and contributing to the observed abrupt | oad
With increased | oad eccentricity, peak axi al
slenderness became mel®r mpeanlhiumgeda, hiwghdr SRO&a
S46015 (749 NS5 dmBE8S&KN). Thsbkendendcohdmeoat exs
greater reductions i n coarpderi t mo ndeuret st.o Ae X cee3s0s,
effects of slenderness and been3d0i negx hfiubritthienrg rtel
peak | oad (323 kBht Thase whes el s$ emidghlinhiess al
i mpact becomes more pronounced when combined

observati ons HKnheorrer arne paonr tderfld7 h®a dcegiairen sl ender

ties. Under eccentric |l oading, the sudden | oa
crushing on the compression side. However, d e
resi dual | opapd ocxa pnbdcDiétlyp fo3f0 haei r peak | oad at 15

50% at 30% eccentricity.

Failure modes shifted with increasing eccentr
|l ed to tension failure at | arge displacement s
peak | oad. The i1 nset rboagx eisrsi Bing. d& miolnlsu g tart a tn
became more dominant as eccentricity increase

19



Sl enderness signi-feaakankddhavindrl .ueHicgehde rp ossltend e
exhibited greater deformations after peak | oa
effects were most pronounc®d, uwther e mbéeedaneg

governed the response.

1400
// —S20-e00 --;820-e15 - S20-
: —S40-e00 4-S40e15 - 0-e30
12001 N0 /’ —560-e00 --/560-e15" S60-e30
1000 R \Q/‘/
A X/
2.1 fs’
< 800 Re A X /
S & ‘
T 600 | ”' ; \
g i AR ‘
< /4 “"N:ﬁ‘ e Pl o
400 £ /NN ‘ RIREN ‘ /
' ”‘ : fé“\\:\\s\’k" nsilef
T ,*". I «?k‘ ))...— \»4",\\\’6‘ < '/»
Yy ~ “"%’gﬁ’ B ]
-2 0 SR\ ORI e
7 »éﬂv—\:- '\\%ﬁ‘ﬁ' I"\A S
o B . AN S @A N NS s
0 10 20 30 40 50
Axial stroke displacement (mm)
Fi.4 Axi al compressive | oad versus recorded
33. Lateral displacement

Fi.gpresents the adiealghtoddateemasudi mipd acement
columns with varying slenderness ratios. Col u
|l ater al di spl acement s -ealth preea kaxiinweadd ea pfpa®o0 Yons t a
|l oad after the initial dr op, w-B & b e aasredInBESr6dd s

experiencepeabrlupadpdsdops to around 30% of 't he

(e30), the failureomeakanail s mr usdaohnsi gnt aitt aendebdd rafd ril
|l eading to more gradual |l oad declines in slen
S6-€30 still exhibited abrupt | oad roedweat iedr e ce

and thedredafi nement effectivenees30 orhaisngtuaairnee

st eadiperakpadstc!l i ne, sustaining about 50% of it

20



|l ater al di spl acement , demonstrating the effec

combined axi al and bending | oads.

900 T

800 |

700 |,

600 f; —3520-

g - -e30
=500 —S40-e15
g ---S40-e30
= —S60-e15
g 400 ---560-e30
<

w

o

o
.

200 I/

100 ¥

st
Fi.gAxi al compressive | oafdoweecaesntlraitecalally dli cgpda

34. Rei nforcement Strain

34. 1. Longitudinal bar s

The axisalkraioathehavior of the | ongitudinal re

concentric |l oading, the bars exXpaOdREmcatd peaal

| oad, with the -a®@0 ar e-@ ¢ ednfcp | enih & &Hi2l0ur e. As e

increased, the peak compressive strain in the

the transition fmoninnakedl| bebawienrdi nghe compr

decreased by apprmkima%ewlyer 08hi f6t0i%n g af r om co

eccentricity

Further more, at a given eccentricity, an inc

compressive strain at peak | oad. For instance,

and 55% from S20 to S60 at €lI5¥e aHhawe3v0ed , e ctceenn

increased significantly, consi Jt2a8nt e wma xhi muhne
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recorded strains at peak | oad were not necess
mal functioned or detached. For examplsjdender
bars failed. -el3r0,t lae sdageattdlyi BoOWaes ntencrn-ded sco
e30, l i kely due to early i-osatrmpihgtyappadi trye
slenderness ratios. Beyond a certain slendern
trends as gloamh anlatierss tolavdevré lintagttedaiianl devel opment
reporKrar mgmi an adRdvheacedgrinanl e strain did not

sl enderness ratio.
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34.2 Transverse reinforcement Strain

Fi.dli |l lustrates the tensile strain behavior
conditions. Under concentric | oading, the ten
indicating that the spirals deefcoorrnee da nmo rceo natsr
mai ntaining column integrity. However, under

At 15% eccentricity, the average tensile stra

sl enderness incrdds8d %W rcwme@rtici@, the spir
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2% of t hat in S20, demonstrating a substant.i
i ncreasi ngA sdiemidlearnessduction in tie strains

observed by 24d®rin et al

Al t hough higher |l oad eccentricity generally

moments, the influence of sl-lndredearesess svaso Imomr
spirals pr ovipdeeadk ecfofnefcitn evnee npto,sitlha@aldpireg i 5o ama ke
| oad. However, in more slender col umns, their
under eccentric | oadpienagk. cAodndfiitn eormean tl yc o rtthreiilrut
l oading weakenedhdwirtnesisncii emalsicradg i lge a | i mit e«

col umns.
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Fi.gl.Axi al compressive | oad versus spira
34. 3. Combined Il lustration
To gain a deeper insight iiq#Wiephawesenai ¢ algelk
preselntt eidncl udes three subfigures, each repre
subfigures pl ot axi al |l oad, l ongi tudi nal b a
di spl acement for all three slentiespiesal rpeéei 06
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Under <concemit®@d)c, | somidrianlg strains remained sym

up to the peak |1 oad, reflecting the symmetry
column exhibited gradual failure due tnodeeff ect
columns (S40 and S60) experienced rapid inst;

geometric imperfections and ,Fngtabi ltihty befhfaeg
S20 hi ghle gohft sGRRRR-pbeaarks riens ipsotsasnicdee. blahre stternasiino |

to approximately O0.014 before compression bal

dropped as the |l oad on the oppositersicaodé uaf st
sudden | oad drops |l ed to abrupt increases in
sides spiked at peak |l oad, often causing stra

more gradually duebutoonmnewWanetl pRBOFAdlescSiROTr i

compression bar strains indicate no significa
drop. The very mild increase in spiral strain
reduced ability of tehtee sgparreal esf fteoc tciomeliyn ei nt hter
Overall, strain gauges recorded compressive

reaching 0.01, befor-becghtrdamagedshhaeggaeges
highlight the diminishing efhflecteicvceemetsrsi cofc od p

i ndi ¢ dteiimg i mportance in providing stability f
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(b)

(c)
Fi.trAxi al |l oad and reinforcement strains) (Gamcamtdr
| oad, b) 15% eccentricity, and c) 30%
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