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Totally, 18 geel specimens including 6 4strengthenec

il(z(ﬁ?e:?;éhaviqr beams as control specimens and 12 strengthened
Shearbehavior: beams with simple supports were tested undepoiBt
Lateraltorsional buckling: bending test saip. All specimens were strengthened us
3-Pointbending test; the bonded system. Influence of different parere
CFRPlaminate. including length of steel beams, section size of specinr

number of CFRP Ilaminates, and location of CF
laminates were studied. Based on anticipated fai
modes, the bonded laminates were implemented on
surface of tension flange, compressiflange, and web o
beams. Three failure modes of flexural, shear, and lat
torsional buckling failures were observed in the tes
beams. The main goal of these experiments was to eve
the enhancement in load capacity, beam ductility,

initial stiffness. The results showed that the vyield Io
ultimate load capacity, and energy absorption

strengthened steel beams improved up to 15, 29 anc
percent, respectively. Finally, in order to predict test res
and compare the actual and predictedves analytical anc
numerical studies were carried out.

1. Introduction |l osing it and are in nee
gain demanded strength.

I n many countries, tchaenr eb eardeu es otnmoe usmdesgsli r ab

structures, in particunpdremestaé¢l obge anbsa,d wrhaicr

either have | ost t hed a masgeersv,i cceaarbridsiitoyn,ordeagnm.

How to aitiechkdéais
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chaniges desi gn codes.stlrrengubdemengarsstructur al

techniques, these unswsitmdp | GFRRxeel They mse wea le
strengthened by attaCRRRSg someamugiidgpadalpaci
steel pl at es t o maj si mplueg f atceasla lofea metj tcoaan |
me mber s. I n these t ecthma qateisf, f nehses sdfe ed p d iameet
and the structural st ewve alnednbermatwoutltde ber i e
l' inked together by useingf dorodeamsendr hwel dai nsgi.gn
However, this can | eddhetotreogehsefthet mefeidt t
of equi pment and coammpled emdbeaehemamposite be
resources to attach stteelngplthyn@BRP npliatse sp rwepr
pl aces, i ncrease in pervajlaatt etdi meby i nclraevaaskek otl |

wei ght of existing meSwabaedratatath esimaslegqesnt iy r e
the weight of entirethdaructumaeteanbdoddecadmpavci

flexibility of steelbeagnmsatiesmpriovedo.r ddor eboer
rehabilitate difféeyenthashape homome mbemiser[ of
2] . Mor eover, thiengeampar AtessefeddF RePX iesshceyetas. To

additional member s wititHe bdkamagdedc ds tbegyedsveb @a mg |
these two parts to lemk dthogefeheri orMatee & f ared ,i
the structure experi sapees mersesasdstelabielsi tast
t her mal stress and phast esas madter endi stt obet ens

considered in designicnognptolse m.e Maenaymsst uTh eisr r
have been conduecttreodf iitre mamdkearm | eoti mpm owée me mat e
i mprove the behavi or coafr rcyd mogr ectaep aacn dd yt iammbde rs t
membe&dl$,[ but there i sbeaamsequAlrleméhe tspeci mens
focus on rehabilitatirnegs ttohree df Iteox utrhaeli ra nudn dsahmeaa
behavior of st eel baenadmsst uffi mgs sLIGF FMRnindairc t e d
l ami nat es. an experiment al study t
[ r [ h [
Due to the fact that .quReP th |Dnaetggmg'egnrlfld§ c
ent al’l'y not ched e
strengthl matbhe bond tress aySgpp2 N .
. . eam R | ayers.
i mportant role in Stﬁ? gtepgn ngoeam%ngwietth avlar
[11 anMosAdwe 1@t iald.i clat_e t h.a .
. and di'fferent beam heig
the selection of proper qqhe5|ve s, necessany
. resu S revealied ha t
for bearing the bond stress w [ Two or
. cou,ld no affect f e
of ssheaormt mechani cal performa*r}ce 3n
- etrofitted eamg . arkd ngh
|l mg er m durability o] he?lve wer
. artin [1i1B~ eates d 0o me
considered by them. hey . al sao spowe t hat
. Sspetimens Strenqgthened b
for strengthening steel structura embers,
. anal ytical mod el was pro
CFRP sheets or strips 43N show a better
. |7o-d @ ectlr on b'e'havior
performance i n compar.i on to othger tyr%(-:rt]s o f
. . m i f.ested that - e mo m
fidwen nf orced pol ymer R P shegts I i Ke
: stgehened e ams can be
gl asRPs Fsince CFRP l aml nat.es .
. . aftachin strips to
hi gher stiffness.l1B Madhavan t al . [
. st eel beams. ElI "1 Damatt
conducted an experiment al study 0
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accomplished experi meft ailsi g dplreersd b gtsiGde®IP uml :
study to evaluate -théorfdtrenptfhe®liansgs sftieleé r t
reinforced pol ymer ( BERPYUHsOsnyje @t SCFROM coul d

i mpr ovi ngi ntghebethearnwd ort hef ulstiemdt e | oad capaci
beams. The results shdawed nteh ahto dt hvea su Ictoinnsautnmei n
moment capacity, vyi eltdhemoememas cra@ arcaddy famrd ap |
initial stiffness of anrde tsruorffiatctee dpr Bpamat iweenr ec
|ncrement?@dsaawtﬂicﬁmlercen_llhepiane bendlilng behavior
respectivel y. The beh aVIOE). o,f TQB d st eel
eRtPro yttEes I"aye s h a
beams stwvemglth)amgdlaldF .
preV|ousIay .|nvetsd|rsga reall.
pl ates were eval uZa.ed by Lenwar.i et Ta
: buck{hnp :E\nd shear fat|lur
The results pointed (iUt a er wer e o]
. ai.l ures whic can occur
failure modes 1)|nplsapee:|n]en%.
. stee eans. Ther e ar e
debon®2)i npg at e rupture, according to, the
ffocusi,ng. _aon tpe st{ ngtt
l ength of pl ates wused 1.n° be’ams A |so, ﬁ(q?
. . agra|nst-totatena buc I n
reportedndthiadeabl e i m ovement wa s
: hich ,evaluated the effe
observed i ncutriveat moemermatnd .t h/e .
: appl ied t,o bhe tension s
| oddfl ecti on o f strehgt héned eams
. to“the aL{tl']OI’S knowl edgc¢
Rizkal |2l edonaductfed experimeht.,a
. . regorted t' o assess_the ef
studies on wvarious str n%%henlng apprpaches
. t he ear pstrye i 0 St e
of costceelt ecomposite beams 0 br'i dge
using tdi CF&Penmodui usl nantdnhdrp,r epeaipght een st eel
stressed CFRP strips.teldhteeyd f aviindh oditf ftdhragntt h ¢
elastic and initial ssttirfefnngetshse ndfn gr epan friegu rbeeta
could incr &@8asne8 4pbeert over®3FRPs to the top flange,
and t he uktarmgteg!| cawale i é¢fy boefams the stress
specimens can d@®er oenjéesasredld BdeOoditbecause the CI
Furt mermot he resultsstappPhteevgdal t ¢ these ex
effectivenessre$sadi G@BRPsrteuindpyl atntee biemdi ng beh
strengthening damagedt rbernigdtgheened mposéekt ebeams
beams. Ghafd?2prist edi eallr rtahijggye ment s, the | ater al
fatigue behavior of nsottecehledbbamms rreettrrooffiitttteedd
by -preessedpramrsdr assemgethFoRIP and t he advai
pl ates iuondeoadyceéxperdimeandvad ntygppdipemndg uni di r e
results showedesbangt®FERRAERFRIPates in order to
plates <could increasstrtemeggt i avfgseae edl fbeaons.

repaired beams by moamadt mametival timeaelsl ef we:
nomrestressing repairperdediecams.heMbrerédaveéibr of =
the results indicated that resi dual defl ecti
duritrhg fatigue cr ack. The expetithental prograns s

coul d be remar kably di mi ni shed by pr e
stressing o f CFRP pTatedbj eChtaifweordf amile e x|
Mot avza3R i efal uated theseddecfl groereab and shea
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beams strengthened boyf CRKR&P maliaamifnaaitleesx @ r mb d e
which are attached t os hfelaarn g edasrodogli aneebt aold u sk leier
beams. Fursheemgt aegnelthebdamse!l i ng of the steel
are considered as conotfr oslt rsepnegctihneenn sn gfL.arr ee a te <

TablExperi ment al program
Type of strenthening

Failure mode S;r)]ﬁ%nggps CNFuRn;bIZyzfrs Top Bottom Right side Left side L[%nrg]th Designation
flange flange of web of web

1 - - - - - 500 F-IPESGC

2 1 - \% - - 500 F-IPES8GB

3 2 \% \% - - 500 F-IPES8GTB

flexural 4 2 - VvV - - 500 F-IPES8OBB

5 - - - - - 500 F-IPE10GC

6 1 - \% - - 500 F-IPE10GB

7 2 \% \% - - 500 F-IPE10GTB
8 2 - VvV - - 500 F-IPE10GBB

9 - - - - - 200 SIPE8GC

10 1 - - Y, - 200 SIPESGR

shear 11 2 - - \% \% 200 SIPES8ORL

12 - - - - - 200 SIPE100C

13 1 - \% - 200 SIPE100R
14 2 - - \% \% 200 SIPE100GRL

15 - - - - - 1000 LT-IPES8GC

laterattorsional 16 1 \Y - - - 1000 LT-IPES8OT
buckling 17 - - - - - 1000 LT-IPE10GC
18 1 V - - - 1000 LT-IPE10GT

" Labeling include F, S and L as flexural, shear and lateralonal buckling, respectively. IPE stands for steel | section '
80 mm and 100 mm depth. C, B and T indicate control, bottom flange and top flange, respectively. R and L represen
left side of web, respectively.

2.1 Material s y adhesive mater

f attachlr
Itobeahnlas’f (Ee
hﬁ{/‘é@a better
nt B (hardener
&S oner%omponen
0 ef @ of 6tOhi s e
S d ltlti'g Bhoxy w
€S0 EPDM s, DY 1
t
2

I n order to strengthe F
|l ami nat es (Quant om® g M
M10O0)1L4 are used-secThe npgglr Q
di mensions of com@(n)sit ré
o
u
M é
p
u

"0 S5 o

{
t&5m i n wil.ddnmh iy t.hic\bg-e
The mechani cal propgird
uni directional CFRP Ic?énd
t he manu2f]3a,ctaurreerpr[esenteo
2in accordah4®O0321t.h AC]

—
mU)

N iTéPL ! & the adhesi

Burare[prel3ented

™ oMy T T By VT IDO g
3
e
o~
-

Q

TabZ.Mechani_caI prOpertiTeaSbS.%fec%%%i%%H?Pproperties (
| aminates

— description Val ue
Description Value Tensile str 30
Weave unidirectignal Shear stren 20
Tensile strength [MPa] 22900 El ongati on 1
Young's modu 2200 Densi2% C) at 1.8§/ mi xed
Poissonds ra 0.3 Ful |l Cured af feays2 3 Q)
Elongation at break [%] 1.35 Working Tinm 6 0ni n .2 B(Qt
*For analytical and numerical calculations, the values Col or concrete gr .
tensile strength and your

to 2900 MPa and 200 GPa, respectively.
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Two types osfechotons ol fnmaneil gen s i n whoircshi oh ak
| PBDand 1I0RWEeEre tested. bulchkel iINRRE i s the i1 nvesti
profile was chosen dukel stogq thkhedsactl PPEhatpr ohel
fl exur al stiffness aloypgme hehapekd r srectdins wha
much higher than the foltahregespr ahidl ewebsua@ah easco
HEA. n other words, dacceurlrPeEncseecdfi ohodals Bbuctk
signi cantigci paghefiTé@pusalcti on p&Gopellt®iEes o

I

i
stiffneg&g$ Efatitonap( t her eHEBA vedn i n Tabl e
profile. Thi s property IS Il mportant fo

TabdRection properties of speci mens
radiusof momentof  radiusof

thickness  thickness moment of

section  heightof width of L gyration inertia gyration
of of inertia along
name web(mm) flanggmm) . 4 alongx- alongy- alongy-
web(mm) flange(mm) x-axis(mm") : . 4 .
axis(mm) axis(mm®)  axis(mm)
IPE8SO 80 47 3.8 5.2 801000 324 84900 10.5
IPE100 100 55 4.1 5.7 1710000 40.7 159000 12.4
To find out t he mech%écal Eer i es
steel mat eri al used beeaa%s éan§aerr|epsar

were taken from the WAecbcoorfdltnhge tsat eteHe bpramser t
by Computer Numericabt eConthhreodms( W€ 2dDdsi gne
cutter machine-E8 [P s ednmepm hAS BMBOMM | engt h pi e

The tepecobomen di mensi psgppodt shapsupport), du
ar e shown biandTaHBj g@. st eel beams wi t h t hese
respectivel y. Based oex ptehrei einnrciea xsihalart éasi am e
test, the modul us of ledtaesntaisdiotnyal and btuhcek |yiinegl
strength 20CPsat &P a,r erespectively, 3B-DgEMW on t
respectivel y. design clddda.ndkEgat és the

| aterally unbraced | engt

| |,=1.76 JE_/F, (1)

FigSteel tension sawphek,e, E, afpdre the minim
Tab3.®peci men dimensions! 8P9&deedf ¢ dsdmpfor occu

sampl e torsional buckling failuwu
No mi wiad t h val u al onhfpeaxy s (weak axis),
Gage length [ mm] 25 modul us and yield Str
Wi dth [ mm] 6 respectivel y.
Thickness [ mm] 3.5
Radius of fTillet 6 The maximum allowable wur
Overall l ength [r 100
Length of reducec 32 for 80amd 10RE®X33mM and
Lengthsettgonp[ mr 30 63 6m, respectivel y. Henc
Width of grip sec 10

100Mm | ength was | ong en.:
beams t o expdroiresn oe all
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buckl ing. The total lemgwm B wkeHhHgl.i aitge ll alt @eam
was equal t o t he di prtramcded eltawvreggenr tdhmemt i ng
suppor tlsO@mm usver hang.t hTeh ewiedt h of flange. Th
oer hangs wer e provi ded alloe pduerviemg tthhee t est .

beams from slipping awesappottssewnt®a@dnstpieacn ,m
providing these over hlaennggst hwesiencienev it t aebd wel d
since it facilitated weldiogabuppoktipbataesl u

Web stiffener

Support plates L

(a)

— Web stiffeners

-l -l
- Lt

100 mm 200-1000 mm 100 mm
(b)

1
Fi

L J
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|

|
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|
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|

|

I

I
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|
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(c)
Fiag(a) Support plates and web stiffeners wused in

steel. beams
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The surface of CFRP |lamimhacesawds CFIR®armednposi

with acetone, and thedmesmntvieng Ther fcaacreb omf | ar
each steel beam was @6euortubbeddlibgsiavestl ag/ler an
wire brush in order ttoo rfeamocvee @ty @i®Qnt.e bTnthd | e
particl es, oi |, rust elnalserod, canbomtlha&mi nbaotneds

I
i nhi biting materi al s cfornocaetnttdre dsuurrBffiagc et.h eT htiesst
pr ovi ded a proper bond bet ween steel

Mi X i ng t wo compo

Fig(a) n
attaching th

adhesive. (b)

s of app
arbon |l aminate to the

Hence,7dafyserof curi ng woefb talse sehponny ,iann dFi(ge ) . I
t wo ends of the carbepeopil m¢érms ,weglee atri gshttrleyn gt
wrapped around steel ubseeadn fboyr gs¢tasesl f bkeams de

reinforced pol ymer (fGEFIRIPYr et omodeeveMdr eover,
slippage of | aminat esstfmemgttheen esdt e d &idnrefnasc en
when |l oaded. The t hiao&neosnse bayeeapooxry t wo | ab
adhesti weemeCFRP | ami nlaa mi rmantde ss tweeerle att ached

beam was mai n2#a0 .mend ebgautal ftloanges o# abhe aamsd (
which was adequate tdqbpyevémt addpaaraniednmhe ¢
bet ween CFRP | aminateanand@werpeooxyetanti at ed by
bet ween steel pl ate ag8&RPpolxaymi nates easesi otnhei

anges as kdwn Due Fiog.
For the spetlmkEdsamadm obnegrglength%of() hese bega
14 t he CFRPeﬂeamanaae %%Vt
t

t
; -t rtselroarial buckl in
either one si de or 08 of t he geamg
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failure mo d e and t h e B.Ahdlytical calculatioasr gt heni ng
compression fl ange was carried out .

Mor eover, as 2,shoaovme i wehbEi q¢dhesi ve | ayer <cause
stiffener5dnm,s pvaecread vadlached stbheeeam t o act as a co
the both sides of webl fatt me daglaaes iofe bleaynert oe x
preclude the occurrentheofcowmeblecdariiomplhbetgwe en

wi || be | ost and both of
| oad separately. To det e
The beam specimens wefrereteofeédt ausimggams, th
t hepeod Nt bending test aPnpdr B&caht Rl@@s oveen tiwdpl eme
cylindrical uppds t®s (&5tgpdX. s

The specimens were | o3de¢d :fbod’rootocnﬂc?)lrlo%ides

2.3 Test setup

by an gcﬂ@ﬂdﬂ\brlmdhca%thFy. for S|ngle |l ayer
To drive the hydr@HEEFmeaCturﬁ °"near el as
di spl acement control_ Aroé‘sdémtge aoﬁaHFS\Qeaal an
constanto.ﬁpﬁ‘descbcofThlspejrotaidr{enngt mechanermaeilspro
rate was selectcerdabtloy QESVfHeanaalyetaﬁcal cal cu
continuoetl| d wtaido n curve. It
be mentioned tshpaatn Thhee frmIdIOWIng fundamen
di spl acement of steelprioepam3epdwhayr ef eorsd edcer e d:
by the I nternal Iine)r Frplableeijlffer ntiaanl'
transformer (LVDT) eXllisr;[eear ie?Jse:iEsrﬁteB(sl Ost@ﬂ'al’mon*
actuator. remain in their elastic
S—— —  —
2) Ther e nids bfeulwleebo CFRP
steel beams. I n other W
occurs at the interface.
3) The distribution of st
(@) (b) () This method is based on
— [ — of a retrofitted secti
materials into an equi va
reference material. The
transformed sect6i omhare
C modul ar ratio of Speci me
(d) (€) ratio of young’'s modul us

Fi4Schematic csmfleg\lgltallelg 5y0ung s modulus of st

speci mens: attaching 2bon l aminate to the

(a) bottom fl ange, (b) h flanges, (¢c) top
fl ange, d one side VSE;)/‘ES and (e) both()ldes o]

(d)
f I
web o stee beamshemeE dEnpare the modul ar
Young’ s modul us of CFRI
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respectivel y. Af ter mat , ction
proger twii | | change. n@se (2 )e ﬁcknes(é)

of CFRP | aminates Waswﬁénayb, s' pbdSi MOMe NbsOfheut
inertia 1is neglectedmblrﬁe ey £ C G}neurlta}taikponf ?fra
moment of inertia. i s steel beam dept h, an
A2 inertia of steel section
y‘m 3) sectional area of CFRP |

setion, respectively.

Concentrated

GFRP confinement Concentrated

h\

Steel ,
e Steel beam

—» CFRI* laminate

o
CFRP laminate Adhesive layer

&
Y

- I
. ) !

Span length = 500mm Span length = 200mm

(a) (b)

Concentrated l

Simple support *———

CFRP laminate
'

; ST paspen -
Adhesive laver 4 — Sieel

F

Span length = 1000mm
(c)
FigThrpei nt bendpnfgot espesciemens with (a) flexur al
| atteormasi onal failure

——— —1

whesgx) i s the nor mal str

Nantral section withkftbe tdhst ea
"""""""" h suppormpt sanhtde |aotadt kaep prmiide
. I" span.
N e
h - The yield | oad capacity
Fi@The real and t.ransftohéneti! exdtriaolnsf ai l ure mod
Eq6) .(
The nor mal strkbagyes tCancomposite
be determined in each _4Fgvgtion ong he
|l ength of beam by thep>f_ol|lowing equatl@

nbX : :

sc(x):%y 5) whepd s the yield load ceé
w,is the section modul us
sectilins atnhde span | ength
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4. Finite element (FE) modeling The firrsquedrdiel ateral sh
with reducedR)i nwegeatuis@n

Since the exact el astopl asotdiecl i bghavt @el obea
steel beams strengthehati bgat EFERP IInanihniast est ud)
cannot be determinedthge 6shoesittriavistfyor amed!| ysi s
section method, a fingitzd @infe wearst crhodeln Waos S
devel oped. Il n this paapnedr, CR"R Afasmeintaet eeslve meynta
model s evmdreal arsi ng ABAQUYUS/cOAEB ucted -URIEMBg spec
6.[9B to simul ate expef(bsmeerngt hereesdl! tst eaald bea
al so evaluat e t he t&dfkbote aofodeGERPFour di f
strengthening on the WwWehavcboseh su3®MiP3I(Mdatmsh
with different failurendndelesemennftos apeaess! it me

flexur al and shear bebagi budiofalt behesesfathen
beams, thentfi model sel dmmactrkepancy <correspondin
duplicated the <corr essparedsildgéldx Beangiencanht ,
speci mens, whose sect eoepecptriovpeel8yt.i € &leteshroigd.
given 4n Tabl e obtained discrepaGnOcy f ol
Tw<_) materi al s, n_amel haC;E%rF ra%ﬁ@ed err;/vl(tilﬁr\f/]\lezsrs
whlch_were_used i n (tn'”netseh Ie”ﬂ@Pnrh m(g)]db thFr
havg |de!1_t|cal properties taoble eattheer'é‘oﬁ
def i nseedc tiimon t wo. As o@gf)tgv@ieﬂolefmenat_cst’ er. i
the steel was adoptedquIgé]ablsyt_rlo \iv'esclp.li';\'cérﬁ]eenat
elastop_lastlc r_naterl_abehaarblofa (I)_]gnes%reep aoseta'mcs
str—setsrsaln_ relatlonshlpmevgzhs sl(foﬁn%sa'ogqre?:eedj v&eolrl Wi t
CFRP Iamlnatg, reSpeCte'theeldy'sb Aﬁ ss,i rg?a\%/v eséetneion
Fig. the strain hamabenFllr}g _of steel after
yield point was model ed ™ using a much | ower
sl ope than the +4shr@ia o :
diagram of materi al ¢ 1o ol test
results from yield poigzwf-=--__ 1 stres
% w0 i, Sl ki
‘éli.*sa ém
s w0
20
30 35 40 45 50 55 60
Number of elements per line
Fi@Sensitivity analysis
The adhesive | ayer was I
| » Strain Sspring connector el ement
&y Eqy cartesdmmect orB2 w@GONN

Fi §St retsrsain diagram of !l €fd els eyrdté dneinpsvigenmdde t wo
mo d.e | connectors i n ABAQUS W €
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connector el ement s. KRIPda rse méehaodke| amaisve el ast
applied i n pBéI¥pouIhesbpbuondeeas oghxei sx di r eacxtiison a
Springs wer e arrangddrebe¢tit o@memandt wo e cal cul
coincident me s h e so. aseqsmaotwinonisn Fig.

Hences 1 hdispensabl e ve coincident
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el asticity, shear modcudnussi defr ed!| asltni cif @agt , anadr
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val ues o f young's mée@aldi v g -atnad es e beefafde ct s  an
modul us of epoxy adhebévdtaoursdelnah bhickling

study 3wéddPea andBGPa, initial i mdenmf evatsi amp po fi e
respectively, acwermerdidigreont hasmangfged®tBed| by |
catalogue and 63aRéd omeASTMnDl uded that alll

and ASB¥BYD. Al so, the ctahni ckmesmodel ed by intro
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) S |l eng steel b €
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buckling for IsQCem mefABErwythabsorption capaci
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are two significant Moctrtover thathesleocldsabd
consideredniof tberdesdirep! anadment curve is de
the action of earthqguafkespe DiDhen st 4e24PBb £ selEder
as the ratio of wultimBiteglldi sdémace menthet oval ak
di spl acement of a stahuscaruptailo nmecnabpearc i & § of
indicat9ed in Eq. calcul atéed using Eq.

DDI = 9 p
R/ F ® Absorbedfehler gy (@D

wheba@anBrepresent the ul ti mat e® and
yi el d di spl acement on wBitebequalame, the val
respectivel y. To obtahrded Thtehecaly¢ ell aite val
di spl acement -dfirs@rmaddm@éreitrtodayd absorption capaci
di agr am, di fferent appecameads dra®gityeeanin T
presented ahbeempi®yadurae |
41. Accor di ngmettoh oodnse, otfﬁothes__e_____
tandeéespt@ssilnignedare part olff cu .
and peak | oad poi nt of t_b"' fam ar e
drawn, respectivellQy. As| s/ Fi g
the point of intersectﬁon__.-"" '. two | ines
designated H. Thhermwa ver;/ B is
from pointtHetcurneemsep/ [Absorbedenersy |
Finally, a semarst O iama |f - i
i nt st hectt angent line pgssTmg_Tnme —“peak”
l oad point at point A. the di"®¥F ¥ cement value
of poi nt A is considelF'e]@Jblpraosceql[uhree tgol ecl"’.‘dCUIaft
di spl acemdnt value | absorption capacity o
5.1 Beanisl ewxiutrha | failur e
Lond | The -t efaldecti on diagr ams
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o . 12 The major resubts are
e : The speci mens were | oade
4 span defl e@tinm.n Tlechedd

carrying lkteapmaxci wgs o€ omp a
with that atd4mrheadewelelct
This deflection correspo

/ 1/ 1kebam span | ength. It
that ultimate |l oad capac
¢ _ _ defl ec3.i it @AIR&Eam span
0 A A, Disp. | engt h3@ inme ..,

Fi §0Pr ocedure to calculate yield
di spl a4kment [
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5.1. SBtrengthened beamexpemigemaned | gyelFdohg at

CFRP | aminate at t he bameesnpiafehl acheggfel ect i ons. T
of t hese S e Ci me n S wa
The strengt hened and contr.oﬁ éo
di agr ams ar e l i near uanala/tlc | nasdan(c)ln
9 . SP ctt P oM’ Qahrgegd awnidt hc ot hpe
t hen the sdliosppel acfe méonadcuryve
I‘eSL|I|tS.aS 7((9;#1 ae |m|ax_|1Tenbr
decreases and presentalﬁof arsér'lc Lod s Q)((ap
yreld load 'DPSEEEEp&mdeannSalétical?pyerecledntloaﬁdl sios,
| PIEO-B wer e | nT.r@e@m4.ed5 Qy :
) i |n|%ﬁ el ement mo d e |l n
percent in comparison, tao el{.cPrrte Po|nd|n
. | oad Sati sSrt a f-| o [ ¥ i
control speci mens, resqef\ctévely. wever ,
8! | er3pretc e’eaf .
t he strengthened an contr ol beams
TabBTest results of speci.mens with flexur
Yield  Ratio of U'ltc')”;gte ultﬁ‘g& ?;a ] L°f‘ndmat4 Ra“‘jl‘r’;r']‘:ad at Apsorbed
Specimen load yield load . - deflect deflecti energy DDI
(kN) to control capacny capacny to eflection eflection to (kN.mm)
(kN) control (kN) control
F-IPESOC 390.18 1 48.19 1 44.91 1 1274.49 13.16
F-IPESOB 43.04 1.10 57.44 1.19 50.58 1.13 151959 14.88
F-IPESOBB 44.87 1.15 62.38 1.29 54.82 1.22 1634.47 15.34
F-IPESOTB 43.52 1.11 58.84 1.22 53.38 1.18 1572.30 16.78
F-IPE10GC 67.16 1 77.02 1 72.30 1 195225 12.89
F-IPE10GB 70.35 1.05 90.48 1.17 79.16 1.09 2198.02 14.53
F-IPE1IOGBB  76.15 1.13 97.70 1.26 87.39 1.20 2403.65 14.97
F-IPE1IOGTB  72.42 1.08 91.45 1.18 81.14 1.12 2291.69 15.92
70 The test data indicates

60

capacity a#¥moheédhdcul 6nma
| oad carrying cap-acity
| PSEB reased?2 .bsygd9. 19

wn
=1

Load [kN]
Es)
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* —Fpaoc percent, re$pecealvel yhat.

jz oo | oad carrying cafpmacity a

, Fipeso 88 and wultimate | oad <carry
0 ° ot % speci-mBIED-BF i ncr ®adddd by

17 .pdefir cent , respectivel y.

N (a) absorenreedr gy of strength

beams, 1 &#8EB| w nlBPIE-B,
augment®2®. 2lByd 2. p8r cent ,
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70

Z 9 when compared to contr
I o respectively. During the
. ——F-IPE100-TB the laml nat es f| bel’ e X
o FIPE100-88 failure andorca@udeleami nat
°; ; o 15 0 25 30 5. 1St2rengthened beam usi

Displacement [mm]

(b)
Fig2The - ®faldecti on behaviihoe obesdonteoluttPREBBf Sspe:
f

and reinforced | e&@r alg s egED-BB8Nsaroef gRreskeMEed b
and (10O I PE

of CFRP | aminate at t he
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versus displacenenda) ds pgciamensn &dFcgsrred appro
and (b)), respfeachtoowse hemi-shsanFi defl ecti ons. The
fl exur al behavior of ftshe®agtshparidmesdsetcawminmse d
are | inear up to yieladmapgogitntal andaltdhelr ®&taif d re,r
the slope of curves tdreaxmefacreme dansdecdh oms met h
pl astic behavior. Thevi t Bst hagiersud drsr eisrpdinada tney
that the yieldl PPERBRB of nspleabhlmnre@he Fmaxi mum di f
and FHE)-BB augmeh42etih dbybet ween t he yield I o
13.B8rcent i n comparegparithoentahtyoland anal
speci mens, -l PBECmebnd FFoer cemt | e t his di fferen
| P1LED-O, respectively. eHpearivment akt IBgped cEBtr esu
yielding of the strengthened and control
Tabda@ompari son between experi ment al and analytical
mod e
. . Ultimate  Ultimate .
Yield  Yieldload,  Ratio of vield - Ratio Ty load Ratio of
. - . load, FE of yield . . ultimate load

Specimen load, Exp analytical yield load, model load capacity, capacity, capacity

(kN) (kN) Exp/analytical (kN) Exp/FE (If()lis FE(krpl;Jde Exp/FE
F-IPESOC 39.18 38.40 1.02 37.98 1.03 48.19 46.68 1.03
F-IPESOB 43.04 40.12 1.07 41.86 1.03 57.44 54.88 1.05
F-IPESOBB 44.87 41.36 1.08 42.64 1.05 62.38 59.8 1.04
F-IPESOTB 43.52 - - 42.1 1.03 58.84 56.38 1.04
F-IPE100C 67.16 65.66 1.02 65.03 1.03 77.02 74.22 1.04
F-IPE106B 70.35 67.69 1.04 68.79 1.02 90.48 86.57 1.06
F-IPEI0GBB  76.15 69.42 1.10 70.36 1.08 97.70 93.14 1.06
F-IPE10GTB  72.42 - - 69.45 1.04 91.45 86.83 1.05

The test results reve@al 1Stt3raetn gtt thee nleala db ecaant rwsd in
capacity of PBEpRcamdn BF CFRP | aminate one at
| PLED-B B at defl4 antm ont hef bottom fl ange

significantlZQ.aOrﬁ?bOr.e8a7s gzgxowhe-dliosalacement c
percent i n compar-ison s EW e E
| PBEEC a nldP1EB-0, respectl\?_%Iy.pe'rcfﬁeElaa ng aFSHIdPl 0
. . Althoy h for Hoth S [
ul ti mat e | oad beari Ig 8apac Y, t ¢ m
strengthened b eP3Em B, ng%elyoc u € app O.X| a
and-l FEE-BB ROr aldd 6 85S|m|Iar defl ections in <c
’ ) speBimens, t he strengt
percent niohreei r t hcaonnt r ol e dams . q 1 e@ah
Additionall vy, t he en%xr’-ggg:téﬁtggfﬂtatn%gel ro yniceelmde
lrﬁltEorBoBfIvflz:&eda:?dgi&;;rmcdennspaximum di fference betwe
' o and finite .el edmeerrtc eynitel c
mor e t han their co.PtroJ 3peC|mens
) : h e 0a car.r |ng4caooa0|
respectivel y. During t he experlmexﬁts
. . and t he u tlmate I o
del ami nati on of the CFRP I& HEates dfa .
obes Ve d speci-im showel iac anitgn
' i ncrealsBe. 86 2. f6rcent in
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Tab8Test results of beams with shear f ai
Ultimate load Ratio of ultimate  Ultimate load Ratio of Absorbed
Specimen capacity load capacityto  capacity, FE  ultimate load, energy DDI
(kN) control model (kN) Exp/FE (KN.mm)
SIPESOC 90.05 1 88.16 1.02 166.33 7.87
SIPESOR 99.45 1.10 95.60 1.04 181.83 8.03
SIPESORL 102.43 1.14 98.29 1.04 189.27 8.26
SIPE100C 125.92 1 123.03 1.02 238.01 7.75
SIPE100R 135.18 1.07 131.03 1.03 252.52 7.87
SIPE100RL 140.27 1.11 135.01 1.04 265.51 8.10
5.2 Beams Wwi shear 12
100 -
The -lioapl acementlIayve | [
and (b) present the t 2, / eci mens
with shear failure mo =_|/ a of
. . i/ e 5-IPESO-C
experiments a8 e Tdhiev €rF | S R
| aminates used for shi ) —— SIPEBO-RL wer e
i mpl ement ed -loRBERo naen ds i 0 0s 1 15 2 25
Displacement [mm]
| PIED-R) or bot HBERLdasd ( ’
S| PIED-RL) of beam web. The dird@?i on
of fibers was oriente”*  j -~ *%"- -~-=>=- """ "ection
wiht t he | ongitudinal ¢ w ms .
However, it is not th w| [ ——— " for the
orientation of CFRP [Z7]] he
maxi mum tensile stres %_|/ ned
and has an angel wi t a0 TosrReec
. . . . ———S5-IPE100-R
Hence, it i-&di rbeecstti otnoa l 20 —SIPEIOORL
| amitre in case of shea Y o5 ) " ) s
Displacement [mm]
(b)

Fig3Loadkfl ecti on behavior
strengthened she8fandpeci me
(b) 10RE



M. Shekarkhal oo/ Journal of ReOMEWiPNABAQ i oln63 n Ci vi

5. 2Stlrengt hened beam WwWsi28BPr emgt h earyedn e dlaany eurs ior
CFRP I aminate on one €S€F&f bambeameweh each si

As Flix3yas)d gmb) show, thEi g3sgp)onsmed of b) i ndicate
strengthened and condirsod!l asepmenmensr vies for b
al most DbillOi.deddr PV ¢ ANEONt T O speci mens are |
increase in ultimate dlad sclaoppaeci tof ddeagoaimhe
presence of CFRPBER a misntarteen gft dire n &ld PSBEHRd.a naSn do f S
andl PPBEO-R, respectivel yl PIRO-RL experd.eahacdkl. 39

nhan me n i n

The absorbed eencelrngeynsoel sCFeerDt spe ancemen t

apac . The absorbed
9. 3 8. pkrcent mor e str en ternoeldL3s &1 s i
steel beams. The parti] al d% ondi ng eﬁr? EEE{EILL

percent more t O tro
occurred at the top a o P

t e & expe

near t he suplp®BER (oFi gh
1%, wher ea$ PIERR fbaeiaJrredg?e °s gmf;rtfh'h ets'f"ionpggiet °
at

CFRP parallel chemoages” oriented
43egrees asl$hown in &ig. Beams wi-ttohr s iloantad r
buckling failure mode

" «Q

The top fl ange (compr es
106 | | iIneentgetrh speci mens
strengthened by CFRP | an
| at-ttoras iuacrkdli nlg resi stanc
beams.1QFa)gsand (b) demons
ver suspam ddi spl acement of

il strengthened beams. The
Fig4Th'e 'partlal debondin eaomSCIWIQ& Ila'mr?%%[eand the
from the surface-l D st eaellva%B ifnl dteamTHereafter,

R. movedterall vy, and final
unstabl e. AslAsShaiwvh oh F
| oshgngth steel beams (
strengthened beams) exp
torsional buckl ing. Tt
compression part 0 bec

f
di mini shed since t he CF
attached t o t he top fl e
speci mens. Hence, t he S
beams expertiemgieandlatleudal

FigSCFP parall el 'cleavfaeg|e|sur)e|enrotdeed @t higher [
al mésiegr ees -liAED-Beam S
To provi de safe condi ti

st oppedspatn ndied 4 ef®nt.i on o
The momptortant data of t
reported 9i nThlmbluéti mat e
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carrying capaciltPgBOrof aslpseacr bmed se nné&Ermgeyd dfe asntsr e
and -l PID-D wd¥.@a6d. 78 | PBET and PIEFD w&s alnd
percent mor e t han t hde. 2p7eerf eeretn c eno tbe amd,an co

respectivel y. Mor eover, t he amount of
Tab9Teest resul ts otforbseiaomsalwibtunc.kllaitnegr aflai | ur e
. Ratio of Ultimate loal . .

Specimen UItlmate load §trength capacity using FE mode Ratio of ultimate  Absorbed energy

capacity (kN) ultimate .Ioad (kN) load, Exp/FE (KN.mm)
capacity

LT-IPESOC 22.35 1 21.28 1.03 60.94
LT-IPESOT 24.60 1.10 23.84 1.03 65.40
LT-IPE10GC 46.49 1 45.37 1.02 125.79
LT-IPE10GT 50.11 1.08 48.46 1.03 131.16

Sinceloading was stopped at a predefined deflection to provide safe condition, DDI cannot be a meaningful parai
these beams.
30 |l ami nat e about i ts we

2 considerabl¥Bl ow (see Fi

20

15

Load [KN]

10
~——LT-IPE8O-C

———LT-IPESO-T

0o 05 1 15 2 25 3 3.5 4 45 5
Displacement [mm]

(a)
60
_ 40
g
E
20
10 —— LT-IPE100-C
~——— LT-IPE100-T
Q 0.5 1 15 Di:placei:em []:m} 3.5 4 45 5
(b)
Fi g6The -deofaldecti on behavior
and strengthened-speci mens ral
torsional buck8@®nd fb) both
| PLED.O
During the experiments, t hened
beams with CFRP | aminates t he
compression fl ange exper.i (%o ) nat e
buckling shortly after debonding of | aminate
since the moment of |'ﬁé(raTt)Wi'a§3tteﬁdF| eegm during
(b) Ltadresriadnal buckling fa

L I P1ED-D.



M. Shekarkhal oo/ Journal of ReOMEWiPNABAQ i oln65 n Ci vi

Fig8Buckling of CFRP | aminate. covering top
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100 di stribution of mises st
. : — the distribution of dis
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(a) el ement modeling. The FE
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ol test results of control
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(b) 7. Conclusions
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R, and RED LT modes. Based on t he re
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6. FE results . The test results of
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retrofitted steel beambons fdeasnigreedi mn tdesil
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