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ABSTRACT

The structur al bahdwifor cefl grodigmfeaofricbhe@F RP9ncr
col uimnsst udi etdh & oe fefveadtusatcef square spirals and
| oaddimmgperi mentwabk poodudtheckcnomspeci mens with v
including spiralnadpetthes)] engeé hsp ataanvdagl tubaietnel or ¢
i mpact on comdamiemme ndapdomiatdy, anddtdhedto rGriarbHR |biat)
contrhbdbtuuweelnl 3% ofbelacadhg capacity, while stee
approxi mately 30%. Under conicratt ¢ apeeealkokalydoi andg |,
abotkt though spiral pitch had mini mal effect
|l oading types, columns with denpeak slpaadl d¢e cel
Wheremder eccentric | oddecidagmotarpgertsperahi bu
resulting in the crlurshs mgciome cso mpirtels st ives bair s
| ength by 40% above the code mini mdatm esehiffatiedur
t oadualpepaks tfAmi lamaaé yti cal model was devtenleoped
experiimetniti sf samdtyheanldi t er at ur e. THhdei snpoldaecd e mecrct

and strain Wwerhiewie®nt maicciosise s
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1. I NTRODUCTI ON
Square spirals are continuous transwvsactei ar.i n

The significance of Glass Fiber Reinforced Po

(RC) columns |l ies in their ogotceonntsitarluctta o@anha
structur al performance. Unli ke conventional s
it especially attractive fordsapil iacsatciooansst ail n

marine structuresnfrhstdget piersgpanédd stor deh

addition, GFRP spirals contribute to sustainse
extending the service |ife of concrete stru:
transopnordrmd i handl ing during construction. Fro

spirals provide passive confinement to the <coc

axi al l oads. This confinement | mpradMe g edudtiieln
the col umn. However, to fully harness these b
under various configurations and | oading cond

The behawnowentorfi GRRR ¢i nfoardeafF RBRECH crcwtl@amns has
extensively studied to understand the contritk
suggest that GFRP bars offer var[ylalnd Dentuoutchu:
all 2lndi cating an averiag®% hopddl essatthbot b®wn poés
to steel ds 12%. Afifi et al . demonstrated the
underestimation of | oad] Agmphayi zewthi t Be Hadho
crushing as the pri maagiynffoaricleudr ec inmmocduel airn cGHF RP
cracked concrete sections was effectively enhsc

the |l ongitudinadi & enotf ogicemiefnitc amttliyo aff ect b



Studi es-stornenhgitghh concrete [ &GRil giminisg hotye dHaad i 3 % r:
ductility compafedced sbkbaeamns. [Kohjest adRCGBERRENd
col ummeo &FRP bamascobskirvegd before the peak 1| o
bel ow half of (tAHdihrouwlht iGFeRtPe cootnrtaiirbout es | ess
compared to steel bars, it supports thle7]axi al
[ 8019]

The effect oBFRFRCehuminsi hygbhights varied con
of GFRP bars under eccentric axial | oads. Whi

[ 18hd Su[nl,le]jtsuaglg.est di sregarding GFRPO&s contri
argue t hat GFRP ©bars meani ngfully support c
Khorrami an & Gadn dS aGlue®@fhiijpalrééle mahstrate that GFRP

to enhanced ductility and strengié@pueardweed etclta
CFRRC columns mirror R tclod ubmenhsa wipornt oo fp esatke @ lo a ¢
reduction in | oad capacity wunder high eccentr
Research on | ater al rsepii rfadir caermue mt i dhwarsa tfioacru,s ed
i mpact on confinemédilpefbfpiumide n dagaita Aséntal il esrpi m bl
closer spacing improved ductility and reduced
for ®RERROI umns. Fur t[h2elmdi Dat ¢édcaheat f®@aail ure

influenced by tie spacing, thoughpPpBhUndaphat
using GFRP ties effectively prevented buckl ir
spacing reducedl4'os hrae d o mme nrAdCd t i30ln3s . [ill0od wi s e
observed that GFRP columns achieved 93.5% of

Il i mited GFRPO6s overall effectiveness. The eff



concrete core has beer 1dthpp Motheadhely wehtearddl otoid g te
spaced GFRP helices pr ovi dpeeda ks.u pTejridi JaJt Bdctwomedl i. n e
that tie configuration and spacing were critdi
t hat c¢cl osed GFRPs hta peesd oountepse rifno rcibendf e Gh eamre ntt e setf f1

on square RC columns wif hOIFRPY @achdt ICXRPFRP ets|, ¢

enhanced concrete strength and ductilit-y. Ho w
shaped ones in terms &flica®h&l abd sAdypts ee fvfea c ttihwve
col umns -aviigthr iwedtled | ongitudi-smmdc edeitnifeos cedammn

significant energRCabpecpmens, awsohbGRPappr o
of RtCe eclo | Tuensntss. by Mhp Bsphnoawe de tt haalt. reducing tie
significantly enhanced ductility indideé&d and
[ 7alnd Karj makseraved substantialunidmpr cavoermmemtt g i i

when reduspinmialiGé&ERP

Whil e previous studies have ext eRCsicwdluynnex aimid
both concentric and eccentric | oading condit|
circular sections or l i mited eorcfei goufr astg wanrse
spiral s, particularly with varying pitches a
columns under axi al | oads hTalse nrodl eb eefn GMRR O
del aying | ateral exprarsti onndaeard d&iufsft ari enn tn gl cadi

under exTphliocsr esdt.udy addresses this gap by exami
spirals under both concentric and eccentric |
GFRRC columns with square spirals and ties w

concentric and eccendmianadloytdiinagl. rmodeédlowingdeédy



di spl arceesnpesrntsianf MMar s and c,olwanni d ataeld ngyg pian it e
from this study and the |iterature. The goal i
or ties can i mpr ov-be aroinfg nempati tayn,d dmdadi f
reinforcementi dwst hgrsepatrearl sd uycrtoivli ity and del aye
for square col umns.

2EXPERI MENTRAOGRAM

This section details the experimental setup, |
and test procedur e.

2. 1. SplLeacyiometn s

Fi f GE®RRC column specimens wer e rfeasbsci cahenthe agal
203 mm per side (8 i60d.aAdumi ilemmgtdbomwmd( At2& 0c or
i wjas maintained for all speci mens. Nine of t
|l oadi ng, while the remaining six were teste

eccentricity: 15% and 30% of the section dept

Oof the concentrically |l oaded speci mens, four
reinforcement. Three of these specimens used
ties, whil e one specimen was mmeihmrfrorfcievde wvsipteh

empl oyedsFR®#paral s as transverse reinforcement
spiral pitch (25, 50, and 75 mm) to investiga

speci mens had | onaittiwdi mdl 2r% iamfdar@&ag3dqgretmpar e d

for the rest, to evaluate the effect of wvaryi
Key experiment al variables included spiral p
reinforcement ratio, and the type of reinforc



in ThblTehe specimen | D for theRmmeiciweearse f"oX"l

represents the reinforcement materi al (G for
reinforcement ratio (m = 2, 3, or 4%), and "Yn
where "Y" indicat esfotrhcee meynpte (oS ftorra nsspvierrasie orre i
di fferent spiral pitches or The ¢onfigecoapioomr

ref etrrse teodcye mtartiicoi o;f "ih=0"axrieadr d soeardt s concent i

and "i=30" indicate 15% and 30% eccentricity,
Tabl-#est matri x
Number of Spiral pitch or Tie o
Number Specimen ID  longitudinal b tie spacing overlap
(%) (%)
rebars (mm) (mm)
1 G-R3-S1-e0 6 3 25 N.A. 0
2 G-R3-S2e0 6 3 50 N.A.
3 G-R3-S3e0 6 3 75 N.A. 0
4 G-R3-T1-e0 6 3 75 203 0
5 G-R3-T2-e0 6 3 190 203 0
6 G-R3-T3-e0 6 3 190 305 0
7 G-R2-S2-e0 4 2 50 N.A. 0
8 G-R4-S2-e0 8 4 50 N.A. 0
9 S-R3-T2-e0 6 3 190 203 0
10 G-R3-Sl-el5 6 3 25 N.A. 15
11 G-R3-S2el5 6 3 50 N.A. 15
12 G-R3-S3el5 6 3 75 N.A. 15
13 G-R3-S1-e30 6 3 25 N.A. 30
14 G-R3-S2-e30 6 3 50 N.A. 30
15 G-R3-S3e30 6 3 75 N.A. 30
* eccentricity ratio
2. 2. MRt eperatli es
All specimens were cast simuimixkoecuelg.uJhegc!

mi x had a maxi mum aggregate size of d2za.y5 mm,
compressive strength of 32.5 N 2.0 MPa, as d
according to AZZMr C8 9£pCadcoiMmenn s .

The GFRP bars and spirals used in the fabrica
The | ongitudinal reinforcement consisted of

reinforcement was fabriaatéedef momi h8@ MmGERPeppDa
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accor dAiCig Cto®dB|[ 2.B]Ti es were made by cutting th
mechani cal propertiteenss iolfe tthees tGF Ra\Pe rbea rcso n df u cvtee d
accordance with A[SZIAMabhd2 G5 /vez7 M5 r essi on t est
newly developed fixture and 2tWasttermetl h pd odewvwits
bent bars were suppliedebypfdoheethaspéacmanser . 1]
as |l ongitudinal reinforcement, while the tie
properties of the arrdgizrefdo2rimi @ bbar s are summ
TabldidMat eri al peoboptmarceesgof

Mate Sizd(mmfr(MP:fic(MPiE¢GP E{ GP U:() Uch)
GFRF #5 15. 10201 952N 53.7 50.010.0 0.0

#3 9.5 460 _ 50 _ _ _
fy( MPa) Es( GPa) 40
St eel5N 16. 440 210 0. @ao2z2
10N 9.5 440 210 0. @o2
Provided by the manufacturer.
Tested by Kho2rérlami an et al .

2.8peci men Preparation

The fabrication of GFRP reinforcement cages be
transverse reinforcement componentdi bcuoustdang
t he reinforcement detailing, whi ch includes
reinforcement along the column | engt-dhe @atnidonr.ou
The | ongitudinal bars wdrpe tfiaesst afeadert d etiimegg scpu
were derived d,yo0and atrlgeirr spii rah was set usi ng
spaced, continuous transyverGGD-Er4e0i[h2f30]rt cheemecnlte a
spacing for the spiral ssawmaxsmumfobhadmammmumr
val ue of AR@ i mmb5edn apimMtw@als usedpasameaf spedR2mens G

S2 aRdS2G where the effect of va(gi agvd 9 #ighe ud



focus. To mitigate premature failure near the
ovelremgi®0 ofnrm at both ends for the | arger pitec
For specimens with tiesgswitthle tthesr aveuier edut!| dnm
overl ap |deanngdd@&B soft e nomi nal di ameterfof the
G-R3T 2 aiRa@T 3G respectively. Two different tie s
mm to provide comparability witbntée $s$pagesy
mm, which corresponds to [th3] Tha&x ismwemr !l alrled wmd ol
fabricated to be comparable to the GFRP reinf
[ 2.7 ]

Strain gauges were installed on four longitud
on four points along the transverse reinforce
providing redundancy f or aacd wraastte tsamor giaru gmea
critical par ameter. The strain gauges were th
tape to pr evedptr edseemmatgse .t hFei gruerienf or cement cages
were assembladedt hay gwéamedmmubornkcr et e was pour e
slump. Vibration was applied durihhlge comeaierhe m
were covered with wet burlap and plastic for

which they were exposed to ambient .conditions
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FlgﬁlrFéelnforcement cages for all speci:.
2. 4dnstrumenfTeSedbnpand
A horizontal axial |l oading setup was used i n |

subjected to true axial compmgsdiuadmnawi akilsoa

setup was chosen to facild:i

tate instrumentatio
as in a Veeticatraomentati on used in the experi
componennttesr nal | vy, strain gauges were install e

wires connected to a data acquisition system.



restraint fixtures, consisting of steel coll al
pin ssupporprevent stress concentration at t he
bet ween the steel fixtures and the speci men,

One end of the specimen was fixed to a react
di spl acement te2amMdyfcerauwluiideawowtfuather. The al i gl
verified using |l aser pointStevedspatfemrri omet e
attached to pedestals on either si de -hodi ghhte s
of the specimen to measure | ateral di spl aceme
instal |-eeli ptbeankdep at o moni tor |l ater al di spl ace
|l oading conditions. Al l measurement s, i ncl udi
recorded through the data acquisition system

hydrcauwlcit uat or

Concrete

Data acquisition system

for strain gauges .

Reaction block

. AT
AT e <

N Displacement Axial load | R RRIET

Pin supports transfer guide direction IMN Actuator |
o L e
Column specimen
; A

End fixture

e e e e e e R ¥ e

trong floor
Fi guirTfees3t setup and external i nstrument

i At

Shaft

2.best Procedure
The specimens were subjected to both concent
determined by the placement of the end pin ol

10



di spl acceenmernal | ed met hod at a | oading rate of

mac hwhmiec h was e qui-pprpeai sw-coonh tsaeoriMiogdh hydr aul i c
automatically adjusted to maintain the prescr
degr adaPiiomr to the main | oading, a smal l pr e
voids in the |l oad transfer system. The applie

hydraulic actuatoandwhi spl hoemenhedhba were s
t he dat a acdties iltoiadn ngy ptreom.ess conti nued unt.i
indicated by an abrupt drop in |l oad, or wunt.il
This approach ensured that all failtuhesmests
SEXPERI MENTAL RESULTS AND DI SCUSSI ON

3.1. Failure Mechani sms

3.1.1. Behavior under Concentric Load

Figure 4 compares the failure mode&®lIRBXe 0t he s
exhibited gradual l ongi tudi nal crack growth o
at peak | oad. This c¢cracking occurred on the

di stribution within the colcumnf,i guhriach owmas Ad ft f

|l oad dr op, the column maintained a plateau |
audi bl e sounds fcreanantth e sGEHRRB prl emicrefeernt i ncr eas
occurred along al most the entire column | engt|

bars -laei gnh td, resdt opngf ilhoadsharnp
For-RGl2 concareadacmka@bgseaveund the peak | oad, ffol
growth on one side and the spalling of | arge

devel oped along thétlengelcdi ngha oblhtmau | oa

11



l ongitudinal bars slipped into the end grout |
have been due to the use of a thicker grout b
for this speci men -R&sx 0 ,0welr htabdam tlhaatgeaf pGl ch

| n -R53B3-eOwvi t h the | ar gesctk ss pinriali aphietdcghhd ¢@ Iwli  h a

concrete cover <cracking around the peak | oad.
more sudden and pronounced, withduwtattclaersc omlgu
experienced increased deformation and a furt|
sudden crushing of the Il ongitudinal bar s.

S

A D
i Bars shipped 8
n wr= g |

L G-R3-83-¢0
failure modes in col umns \

Figure 5 illustrates the failure modes in col

mat erGitR3Tsle ) featuring>5t imemd eg vad dgdwaltlha pa, 2e0x hi |

gradual, calm cracking at the peak | oad, with
mi-lei ght . The | oad plateau persisted for a r
expl osi ve, wi t h t hley ceo neccrteitneg .c olvheer cfood rucenf uu |l t
opening at the zip tie connection, followed b

12



GIR3T22e was manufactured withR3THeD sbaurte wiiteh oa elre

spacilh®y0 dmdn. 5 ti mes t-R8TisPp.acPnpgorn nt lreaching

cracking sounds were heard, |ikely from the ¢
Upon reaching the peak 1|1 oad, the speci men f a
si mul tbaunregotutsot h t he concrete cover and core. T

insufficient toeoocentand the ¢oecoeeteilea po pweansi nig
anado n s e gbuuecnktdlnydh gs heaof ctheplongi tudi nal bar s.

Il n -R:8T 3P0 the same transverse rei-RBTo2e @ emienhh thhae
key difference being an i nchroeoaksse, dftno aié &2 Bd vse r |
adjustmenthregbeittpdarknr emadly c tainlde afGIERBTU2Ze 8 ¢ o mp
At peak | oad, the concrete cover cracked, foll
height. After a | oad drop of approkhmatebghBAa
of the longitudinal bar s, with no observed t
i mportance ahdtoeefbapkenenging the failure mo:
To enable a comparisonRBeawd®RGFRB¢ u-Ba8ls2a 0 iISAr o
was tested with the same -REi2Znthode RS8me&EmMt Thenf i (
primary difference, aside from t h®3Tr2e hrafdor c em

13Bo0o0o0ks, wherR@ss e nmedhrikdd kuss.e dTe9s0t obse$Sd¥ati on:

R3T2e Bustained | oad without visible cracking u
before failure, fai ng weruemdBe arfd,c ofnalrled vee dc r Ia
characterized by buckling of the I ongitudinal
shown in the figure bel ow. Comparing -R6e beh:

counterparts aléveal aaidcnntshd ai |l ed daéteo Yyobpebdi o

13



the steel reIRE8MF20Pp camdnduento | ater al def or mat

ot her speci mens.-RBh2e 0teide t opuahfineoiglea me Gdt peak |

Figb6irGomparing failure modes in columnsa®BFRR di ff e
RC col| udbmpeBeCl col umns

To investigate the effectj,off8252mgnd-RER-a @ | rei
wer e manuf agioufr edd% warndc 4%, respectbhemmpf ormand
compar i s eR3S2xeilt whiGd %vi t he same TBilpe rfadi lpurne hmod

il lustrated in Figure 6.

14



Il n -R2B20 cracks appeared around the concrete c
arowmmdei ght. As the | oad began to drop, t he
column, eventual | y tlheea dcimigs Htitore gf laad 1 GERE8 &iGmr alu gh:
exhibited | ess dR8$ielDi dyecodwmpdhed [toaveGl number

and consequently reduced confinement effect.

G1IR4-S2-e Oex hi bi ted initial cracki ng -haerioguhntd, pweiatk
l ongi tudi nal cracks propagating along the col
effects became evident, as the | oadaibmadsn t o
integrity despite widespread cracking in the
|l oad, approximately 97% of the first peak, was

of GFRP damage was detected. elamme diheat eslpye cfi anlel
rapidly, with the | ongitudinal bars crushing

Figure 6

. &
P o :
7 > Y e - '
<0 w B
.~ DNy

o~

e .
-~ «T%
o P

-

l ongitudinal bar r
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3.21. Behavior under Eccentric Load

GIR3S1¥ 15 R3EEX15, #&BIFEXGH were tested under 15% e
pitchkées) odmdm respElte i fvaillyure modes &rtR3 i | | ust
S¥15 exhibited -hcaiagchkts| aaa bped@kimihld propagated t

ends. The specimen maint aifroed a& Boomntdh x6i 0a%  osft r tc

di spl abceefroernet ul ti mately failing due to slippin
smal | spiral pitch effectively restrained the
slipping from oneHewedvemn, tihfe h&amsi wer siamechor

mode would possibly change I nkeR3&EWshi ng of t
GIR3S 2 15, W0t mpar al pitch, demons-peakebebhvigh
Cracks initiated -hti peakahdadpaeadntdowadd t he
spalling was mor e GER3S 4lli5zAflt emmpppedxitmat el y
di spl acement beyond the peak | oad, the specim

on the compression side. 1IItnmm bEsaddonhitonakddi

the spiral ruptured Ratgutrvweo 7l ocations, as show
GIR3S *x 15, Wi5t hrsrpai r a | pitch, devel oped cracks
accompanied by cover spalling. After the | oa:

continued to decr dmmeadyiralddiad dlydedmemtr outnlde s p
due to crushing and fiber splitting of the | o

| oud noi se. Further displacement caused the s

16



Fi gdirGomparing the failure modes in l1dddouandns wi t h
eccentricity

GIR35 2% 30,-R36230,-R36EL 30 were teslteald werrdterri c3i0t% ,
varying spkbal 5pi t,ehrdss7piidicam ve |l §. compares t he
in these thrneé¢G38pp860i méhe. | oad increased until

cracks forming on both the compression and te

mi-dei ght , extending l ongi tudinally al ong t he
treessely near the | oadiFmgueatdhBef i xamuacreet eAsc o
compression side fully spalled, and the | oad c
ofhet I ongitudinal bars or spiral failure was

17



slipped through the concrete at high axial di :
end fixtures.

GIR3S 230 displayed GORBRie BOrwistihmicloammp rteos si ve cr
mi-dei ght and transverse tensile cracks for ming
cracks in this specimen were I|IGdR 3t1e3I0 Thrt herst
concluded in a similar manner, with the | oad
reinforcement failure. Bars on the vehgnah si
stages of hwgadlindiapl hcgment s.

GIR3S 2230, 75 tehmiar al pitch, exhibited slightly ¢
cracks still dhritgihat ed h@rwyouwundl miod propagate :
ot her two specimens. Additional lhyei gthetn srtahtan cr
near the end fixture. This variation is |ikel:}\
more susceptible to comrhceengthrtat eAlf tdkea matghee ap eoaul
decreased butt hreanagmeldarsgearbl @¢def or mati ons unt.i

compressive side of the column ultimately f ai

18



Fi g8rGomparing the failure modes in columns with

3. 1.

spac
spir

The

eccentricity

3. Analysis of Failure Observations
ummar i 3dedundierTadbbdrecentric | oading, the ef/f
ur e mepdeeask abnedh apvasotr . Speci mens wi-R31a s mal

exhibited a gradual f apgdak el padigmetsesh ine hw)
ed spirals effectively confined the core
al pit chR3St200 )5 0r ersnu I(tGld i n slightly weaker

specihmen awigtelstt spi r-8S3p0) cdemdngtr antmed GAr

19



with sudden bar cpeakihgadndrapstteept poshadeq!l
of tie spacing and overl ap was also signific:
smallest t7% wptov@r I(a@d), provided some
at the zip tie connection, contributlian@ rmrm
(T2) with the same overlap resulted in an
as ties wemreveaemtabhar ttobuckl i ng. Howeved&(,T3When
the failure became more ductile with i mprove
steel and GFRPinfiescetiR@pOéeamlerh( Blted
buckling after yieldinogfrleuseunlctee do fi nt hseu d doenng i ctoul
rati o was also obserRelZ20p | ewetorhti ot bé
confinement, whereaf4dI3Z2b)gheproaedosdofudtu( el
for a secondary peak | oad before final
Tabdiummary of the f ainldiere cononicegtob e vad
Specimen ID Concrete _Cover Long_ltudlnal Bars Spiral/Tie Effect Overall Behavior
Behavior Failure Mode
G1-R3S1 Extensive spalling, Sudden crushing at Confined core but Gradual failure, load
- -e0 L - . . . :
longitudinal cracks mid-height progressive failure plateau, bar crushing
G1-R3.S2 Large spalling, Bar slip into grout bag  Spiral confinement, but Gradual failure, load
- -e0 - . : : ; .
longitudinal cracks instead of crushing bar slip affected failure plateau, bar slip
G1-R3.S360 Lo_cal cracking at mlf_i Sudden bar crushing Largest splre_ll pitch, Brittle failure, load
height, sudden spalling weaker confinement drop after peak
G1-R3-T1-€0 Graduz_al cracklng, Buckling andcrushing Ties opgned at zip tie  Progressive fal!ure,
explosive spalling connection then sudden failure
GLR3T2 Sudden burst of cover  Bar buckling due to tie Large tie spacing, Abrupt failure at peak
- -e0 . .
and core opening inadequate overlap load
Covercracking and Crushing after load Improved tie overlap,  More ductile failure,
G1-R3-T3-e0 ; . ) )
spalling drop no tie opening delayed bar crushing
S1-R3T2-60 NO'VISI.b|e cracking Buckling after yielding Steel ties (1_35 'hooks) Sl_Jdden bar_ buckling
until failure prevented tie failure failure, no tie damage
Cover cracks at mid Lower confinement due Less ductile, brittle
G1-R2-S2-e0 height, longitudinal Bar crushing - '
) to fewer bars failure
cracking
- . . ) Higher ductility,
G1-RAS2e0 Initial cracking, second Progressive bar Strong confinement, strength recovery

peak load observed

crushing

maintained integrity

before final failure

20
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f a

r speci mens subj eacst esdh otwrd, eianc EToatbeliep a-peald nega
havior were significantly influenced by bot
centricity series,-halbhspecbamkasatiepelaapdad:
ilure modes beasfdd comncypnf T heR3Sradl5], e s2t5 pmni)c
ovided strong confinement, preventing bar b
% of the peak | oad over an 18 mm axi al di sp
nsdd.e Bhe medium pRIJBZEZAS5sp SO nmemm) (e&lhi bited
nfinement, l eading to |l ocalized cover spal/l
ilure was more sRBHidrb, camplaraetd ltaor gfEdki r @il s p |
ptured at two | ocations. | n tR38 Eslbe ci7be mmmyi,
ilure was more abrupt, with significant cov
the compression siede. wihé faaillowrde nmd sler ri endl
the bars, and further displacement | ed to

des became even more pronounced in the 30%

itchBS8S &AL aRB88230) exhibited extensive crack

d tension sides. Compeaieglsti,vewtlirlae ktse rf oirlmee dc 1
e |l oading end fixture. The concretaaiscogerna
bst anpteiaakl Ipooasdt dr op. Unli ke in the el5 serie
pture was observed; i nstead, bars on the te

i spl aceme3bt3s3.0 I (n7 5391mmt petchack pattern differ

ountdemgiht rat her than near the | oading fix

ovided by the | apegeaek Ispad arle du atcihan Twaes pmocrte
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failure was céordca@rtr, atwhdera&t tried | ongi tudi nal
crushing.
Tab4diSgummary of the failure madgs observed
Specimen ID Concrete Cover Behavior Long_ltudlnal Bars Spiral Effect Overall Behavior
Failure Mode
L . . Gradual failure, high
G1-R3-Sl-el5 Cracks at mieheight, Bar slip on tensile side Small spiral pltch postpeak load
propagated toward ends prevented buckling retention
Mid-heiaht crackin Crushing on Moderate spiral pitch  More sudden failure,
G1-R3-S2-el5 neig 9. compression side, provided partial spiral rupture at large
localized cover spalling . . '
delayed spiral rupture confinement displacement
. - Crushing and fiber . . .
G1-R3S3el5 Abrupt cragklng, significant splitting on Largest pitch qu to Brittle fallufe, sudden
cover spalling . . concentrated failure bar and spiral rupture
compression side
Cracks on both compression No crushing, but bars ' High ductility,
G1-R3-S1-e30 and tension sides, full spallin slipped through S&ﬁg;?gggﬁ?jpt’ ec significant postpeak
on compression side concrete PPEC Jeformation
Mid-height compressive No crushing, bars Similar toS1-e30, but  Ductile failure, bars
G1-R3-S2e30 cracks, transverse tensile slipped at high tensile cracks formed slipped instead of
cracks farther from fixture displacement differently crushing
. . . More concentrated
Mid-height compressive and . . . . e
G1-R3-S3e30 tensile cracks, less crack Crushing of bars on Larger spiral pitch led failure at midheight,

compression side to localized damage

stable pospeak

propagation behavior
Comparing concentric and eccentric |l oading [
damage and failure modes. Under concehearc
confinement effects from spiral spedekl abyeihnagyv i ar
eccentric |l oading, speci mens exhishiidtee df aaislyunrne
hi gher eccentricity cases.veSdmacladnefri nsepmernatl, pdetl
and increasaknd opastretenti on, while | arger sp
failures and sudden coll apses. The slip of (
eccentric | olaghthigng asles , i mpghi ance of anchora
in GF&Pnforced col umns.
3.2. Quantitative test results
Tabbas@lpresent quantitative results for speci |

|l oadi ng,
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peak | oad, with longitudinal reinforcement o

capacity.-RCeot u@BRRP specimens with-RB314g0Oj)eorspi

hi gher 1l ongitudinal FRedb B2f0Q r cdeemreomts t r att ieas i (he.r g
val ues. Overall, GFRP specimens showed a rei-Ht
i huenced by the ratio of l ongi tudi nal bars a

configunatreasing theb5spmr alo @it anm flreadm t2 a &
reduction i n preeikn flooracde df osrp esp inreanls . This decr
confinement, which di minished the contributioc
increasing orediitamdienaln hdars.l Comp&8baetrvetdypnAk
1% reduct i obneairn ntghe alp@aad ty of concentrically
spiral pitch increased from 40 mm to 80 mm. T
to pitch variationsaltlhwnduee rtcal ahespiraess, copwn
which may result in I ess uniform confinement.
evenly distributed, making pitch variation | e
Speci mR33G0A, with a ttaedoaespdpi @fhi@Bi tle2d hi gl
| oads than speéeoivmensapwiatndapd@®.il2fki sof sbggest
increasing the overlap |l ength enhances tie ef/
i mproved conf itbreeamdmtg ampalcoady. Hdowepsveryedadhse
increasing hodpodBBrtiapcthram @6l umns had a ne:q
(3% increase), with naoeeirdearpop®ehdo ¢$h ooiptsppages i
circul ar dbovepbapama@a9 be sufficient to maintai
the present study suggests that square ties r

to achieve similar confinement dafsftircdibeuntciyo,n lair
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engagement of ties at the corners. This high
approaches efimf oGER® square col umns, whi ch ma

enhance confinement effectiveness.

Compressive strains in GFRP bars remained col
reinforced specimen exhibited slightly | ower
suggesting enhanced | oad tr armrgfeergeefefriadil e/n chyi.

those in spirals across GFRP-R3IBe®@, mehse; i howe
overlap |l ength in ties resulted in reduced de¢
confinement .

Tabdoeutl ines the effects of eccentric |l oading

def ormati R€EcolnuRsegFaRP | oad values decreased wit|

to the combined effects of axi al | oad and ben
peak | oads remained nearly consistent across g
the square spiral provided negligible confinei

and 30% eccentdi wasy apphexpemakel pa60% and 4029
|l oading, TrispealtigepsyAddedl azijn@d8vihtgsalb.gported th
peak | oad of <circular columns under ©66% eccel
capacity, with mini mal influence from spiral
strength retention imtmsiquiary compamed at o 3ABM &
columns at 66% eccentricity suggests that the
square and circular spirals. This could be du

tr ampafterer ns bet ween square and circular reinf
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Specimens with 30% eccentricity demonstrated

di spl acement s, which contributed to increased
axi al | oad. Compressive strainnied thké atouwmgl v
across eccentricity Il evels. Spiral strain at
mm to 50 mm but decreased at 75 mm, suggesti:r
opti mal design in tecms aofl dehbr mameon ebmp
def ormati ons showed a mini mal i ncrease with

conditions

Tabdi®kResul t ®9necrthémdcng

Specimen ID Pmax (KN) Geo (1) Qo () Pr (KN)* Pr/Pmax
G1-R3-S1-e0 1489 -0.0026 0.0002 152 0.10
G1-R3-S2e0 1384 -0.0025 0.0003 151 0.11
G1-R3-S3e0 1396 -0.0030 0.0003 177 0.13
G1-R3-T1-e0 1455 -0.0029 0.0010 172 0.12
G1-R3-T2-e0 1317 -0.0027 0.0012 160 0.12
G1-R3-T3-e0 1472 -0.0027 0.0007 162 0.11
G1-R2-S2e0 1441 -0.0027 0.0005 107 0.07
G1-R4-S2-e0 1461 -0.0027 0.0004 218 0.15
S1-R3-T2-e0 1612 -0.0024 0.0002 480 0.30

" Measured aPmax
Ck,0: Compressive strain in bars
Gio: Tensile strain in spirals and ties

Tab@8i®Rkesul t £ cemdoeaidcien g

Specimen ID  Prmax(kN) Gko (1) Go () Gio () U (mmy Mumax (KN-m)*
G1-R3S1l-el15 875 -0.0029 0.0005 0.0004 4.4 31.6
G1-R3-S2-el15 865 -0.0032 -0.00002 0.0007 55 32.2
G1-R3-S3el5 869 -0.0032 -0.0007 0.0005 57 325
G1-R3-S1-e30 537 -0.0025 0.0025 0.0003 8.8 38.8
G1-R3-S2-e30 558 -0.0018 0.0018 0.0006 9.6 40.8
G1-R3-S3e30 553 -0.0022 0.0020 0.0004 8.4 39.7

" Measured aPmax

(ko: Strain in bars on the compression side
(o Strain in bars on the tension side

Go: Tensile strain in spirals

U: Mid-height lateratlisplacement
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3.12Axi al-dLeptd acement

The | oad vs. axial stroke displacelmeguTla® ves
hori dlmrsth@&lde represents the |l oad corr(fspomdi ng
standard c¢ylwhnaddédr htasstbeeen mul t-9 e@dtiiead@gbtyo atrheea
obtain the theoretical maxi mum I|ITma&astslkees splt daree
of |l ongitudinal reinforcement-R2Sa&4 0 o8BS 2dhe per

and-R@320 with 2%, 3 %, and 4% | ongitudinal roe

compared. It is observed that increasing the |
in only a mangipeak | ocoadeas@eproxi mately 1. 5%.
of additional l ongi tudi nal reinforcement to p

in -RB3B2@ompar eR2St2z0¢c &1 be attri buted to bar sl
during testing. However, i ncreasing t he amo
i nf | ditehnececonfi nement of the concpetb& bbehayi sr
partic-RéSae2) Wwilt h the highesibreedfar cemoemtdar &
reaching approxi mat el y na8 % adhfiamtgheed idneiftoirama bpielail
denser reinforcement cage around the concrete
The pitch of the spirals -pé¢aslh Ipehrywi ar sofgnt e c
the spiral pi2tsc hh@RMS tePdadDAdMBRIBBE P, t he fail ure
shifted from a more ductil ebeaarsiproghseapaciat ynorfF
after reachinB3S®xpeakehoad, aG@gr adual l oad r
90% of i1ts peak | oad, and -btelaen ntgo c&5pY%,c iwhyi Ifeor
of axi al di s1glr acRkEIpEPBtl. wibtdoh wapi r a l pitch, exhib

initial | oad drop of around 15 %, but the abil
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shorter. -RB33 @Il wythGl he | amdesgtmsbpiweal t piet anto s
behavior, with a sharpidsopfiac¢itent peakf il oanmhe n
When comparing the performance of columns wit
GIR3T1 N which uti15 zeempadiireg, wexXxthi @i tGHER3IDI i tt | e
e which used square spirals with the same s
overlap configuration signif i-R3 8t@ ryd-R@M3ect pe
e botlh9 Owimne spacing, showed brittle failure
contr af®B8T P WHiI c/hinimtaide aspaci ng and demofnstrat e
peak decline. The | owrR3T 2pls kd U ® atdo otblsee rsviedld d ro r
by tie opening, a conseqd)encwhiocfh ilnesduftfao ciaen
confinement and the premature detonation of t
maxi mum strength. This f-BBM3@apPpewmede wabamger g
of d&8s employed, resulting in i mproRETikconfin
e0 Never t-RIAIBEGSI, | Glexperi-paakdl aadhdroepppopti me
| arge tie spacing, which allowed | ongitudinal
Finallyrethtosted-R8p2epi mbnechSlses steel i nste
a 3% longitudinal reinfd9®esmmti naqtdivovtela h éh p & § L
achieved the highest peak | oad aR®mglOvask] S p ¢
approximately 10% hi gh@croutnh &an-REMBat H®Gfweivtes , Gb
specimens exhibited sudden failure character:i
behavior can be attri buudtiendalt ob arhse, bwhcikcl hi nwga so ft

tie spacing and the reduced confinement it pr
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Figu@eél ustrates
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behavior, columns with | ower spiral pitch exh
a |l onger duration after the initial peak. Thi s
and help theid¢ocl smmumaiumtadi nntegrity for a | o
However, asceeacee@esyitheyfainlure point of the |
across specimens with different spiral pitche
the reduced effectiveness of confi mdmaercti tays tt
bending effects dominate, reducing the infl u
behavior of columns with different pitches mo
With respect steot hpaeta ka sl oeacdc,e nittr iicsi t y sipercti en2eas,
with the small essl isg@limwey pihtacnh ttheadomds speci m
pitches. This trend can be attributed to the ¢
increases. Additionally, at higher eccentrici
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the presence of more spiral reinforcement, wh
from the core due to bending effects on the s

peak | oR3 103Fi0sGlsl i ghtly |-B82e 3ddMBA-RCIt3AQ of Gl
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o 800 Failure of
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<
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Figaffeoad versus axial stroke displacement of
32..2 Later al di spl acement

Accor di ndglL ¥thoe Fbieghuarvei or of the speci mens under

up to the peak |l oad, with the peak | oads bein
provided greater stability aftetrl yt hhei gpheeark., Talse
deformation at which the | ongitudinal reinfor

speci mens. -RB88 &edwer wiGh a | arger spiral pitch,
peak | oadar iaenndc ee@x pear |l i er crushing of the | on

speci mens under | ow eccentricity.
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32..3 LongiReudifoatement Strain

Fi gurdel  ustrates the | oad versus average strai
concentriThel oaft/eshoiwd the theoretical maXx i murn
section cAsleggnshet apeeidmem sl aerx hbiebhiatvi or i n t he
of the diagrams, regardless of rMed nfHoweement t
steel nforced speeilmesn ircemainmgserl,i ugpan o t he poi
yield, after whachurd fexlglescwienagsea cbpotRdCast |, (

speci mens display nonlinearity just before re
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Steel bars

. yielding™™
51400 { r /Ai\
i (U

Axial compressive load (k

P TR AT P P P P I I I
T T T T T T T T T
—o

0 0.00z J
Average axial strain in longitudinal bar$ (
Figag2éoad versus axial strain in bars for sp
Fi gulr3aompares the axial strain in the |l ongitu

speci mens with GFRP spirals wunder concentric

incrdeaske strains at a specifidas!| wadl | evaldi b
reduction in axial stiffness due to the invao
concentric |l oading, the impact of spiral pitec
with a slight di fyf eirrenster avhres eb engpind s naetarhitg h e |
small er pitch.

Under | ow eccentricity (e=15%), this dadferen
nearly identical peaki d@adisagramds tdheercloap.r ed s
side, specimens wit hedai gshrearl |setrr asipnisr aalt pa tgeihv esr
more involvement of the | onAgsi terda enratl r irceiitnyf oir |
moder at e=3Wa&8d)yest h(les trend is observed on both

Speci mens with anoaoénadhenr ptinaihnexpleirkely due t
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reinforcement, which promotes a more uniform

the involvement of the |l ongitudinal bar s.
The strain devel opment i n the longitudinal k
increases. As shown in the figure, disregardir

from around 0. 007 f or Quonndceern tlroiw elcocaednitnrg ctiot yo

0.015 under moderate eccentricity (30%)
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32..4 Transverse reinforcement Strain

Figus4bows that positive strains were recorded
spiral, while negative strains were recorded
sides of the section are ipmessnenpnwhtbobk abr
expected stress distribution patsteertn oinn conf i
The strains on the tension side are more deyv
devel opment on t he dwinmphr ehsisgi hoenr seicdcee nitnrcirce atsye

the strains on the tension side reached appro
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30%), they developed to around 0.004. These Vv
of gmiebalts rather the highest recorded strain
mal functi on.

Thi s s ugsgpe srtasnati maetd ef fective and continued to
the |l ongitudinal bar s. Observations of the f;
damages pion mthiel t he | ongitudinal bagmiofcalureed T
in a specimen under eccentric |l oading, which
This emphasi zes t he csopnitrimn upead nft lan mti in@gn asltirtuye t as

the dgoifrati laur e.

FigadAdéeéoad ver ssupsi usatdreari necicnentric | oad

Figure 15 offers a clear vi ew uonfdetrh ec opnrcoegirt e s s

all owing for a comparison of the behavior of

As shown, the effect of confinement becomes i
failure. Speci mens with smaller sphiirgahl e rp i a xcihae
strains, indicating that the reinforcement r el
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