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Abstract

ABSTRACT

nnecti ovihi e ium etdhe Casdahgt dnirtthud ecaolsl apd
e World Trade Centaereeinbdecmosetthatnenabket
.reFailure of connections can | ead to aa ser
nnect ed almedgm cfernam col umn,s thkeecoptapdeodDff
mpar tmentosaickl i ng of the col umn, and even t
il ding. Therefabey, rodbeneé at imanaat@ali @ay ng str
der exposure to fire. However, lddrmnyv drmt acmrca
ther the thersdadr ienxgp ainndiiytdirmarl@fh elmetainnige t ensi
nerated by the saatbenghytaempeoatafebeam
order to praviemtessoameéciimpmresgse i at rfuateyr ¢
nection with high ductility has been pro
nection consi seaclofottavkwd d cdiemd-p fceatl m-pdata tt &3 T i
a-c ysleitmmidr i cal tsteede ohWibhe piwmeneepr ovi de ad
or mabi l ity -pplyatael Itoowimmogv et hteo Wairflisa taen.d Bguaat
ave been propdbdeedt itloi tgy adodansabngde lofand compos
nder fbne, cwhdichi camdbeatsded eami a@ the rad
cylindriofalt seecducotni | e connecti on

The anal yti cal-cymoidredrsi odl| t dpdcadicdosp/aarntle ¢ hed ¢ a e
based on si mplpeerpilnmesnttisc anhde oArbya g UEsx si mul at i on
ambi ent and elevated temperatures -ctyo iwdlrii cce
sectAnon .nciotmpactmasned ductil e h@aen mpeertpicdeare dmnod de hl
model s of tplestta®BCiIi ptlampahént have been buil
pl ate pasé¢emipinidndrhieaalk s e d®i ddeenfeodran wbh et end
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e

compomasned model has been proposed based ol
component. Thebatsvead omomdpepdmserntave been compare
experiments and Abaqus simulations. &€ompear e
compomasned model are more consi sTleentc ovhpg din eArt
based model of the composite ductile connect
component-steett heomareeti on maeade@dudytl whfi crheicrmao rc
the anchorage from the weld points in the me
The conrpaosneedntmodel s of the ductile connecti
el ements following the principles offtiwaridg e

Vul can. Singl e -[bebaat eneold ed ,;d aftnodenpe s mbdebk s bwit
connections have been created using both Vul

ductile connect-Dom-aeke-memsmd. meded|2s ohalween u
compare the performance dafhatohenfeducctointngect oo
ComparretsiuMe s, sthloev a>hiaal force generated in t
significantly reduced cnsmpwirteld avtihdr tthyopes c
indicating that the proposed ductile connect
the axi al de fsiom mhitien B&r dmatmr i ¢ studies hayv
par ameter s, inecltiuadinng ht t&kneen, -cyhnedr iraal us
connection temperature, vertical bolt spacin
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Abstract

of a-stbreoayvyhpéane frame with ductile connection
st adyoaamic solver in Vulcan.

Parametric studies have also been conducted to t
radi us ecfyltihned rsiecmil nambeironf hApbpdgthaedi nal reinfor
effective widehpeffeltmhncenof the compDosite ducti
composframeuimodel s. I n or der -otfpol acnoen ssitdreurc ttuhree ionnf |
composite connebctcioonmp obsehtaev iforuarme 3model s have been
pearfmance of the ductile connection with other <co

Finally, the effeand ohceheact sd uldesgpiali hbgsween s
beam end on the performance odl $dhhebeompiorsv & £t idgatt
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Chapter 1 Introducti on

11. Background

Fire accidents occur fr ecqguarstilnygg é&lulg eo eors stelse two rple
and piredspher ttragic fi rset oabceindedtl iTrowtehe b24&4ck of f|
Kensi,ngbommlwsned huge casualties, including 72 deat
brought grteéieti tsihoiMascd aioedt,lyh@Gk8 e moshuislediimg s
firtethdaskce the Piper Alwmaklhs dviotgmsasiedentnhdld 8i8i, r @ nidn
UKsi nce WorTlhdd iVdaars tlelr. al so prompted a review of b
safety in the UK, THhaeothliagnhd ,stcecanmmslecefdau bayrréaelaida .t o t he
degradation of building materials. Taking steel a
high strength to weilgihgbbwudtimesd asnd edecttiiloint ys,p em:
t he most popul ar hbeui wdmlwlg.verat esiakbk 18 & highly
dependenfThmayéei dl strength asanddedthesase dmoamatuisc alf
at00, and the resiafutadr shheniem@iObe eotf & ghadalb% eonft
tempesataeangmhaddi ti on, steel has saohiagh atph &@r mals ec
in its temperature. The ¢ &e rgalnseor eaxt pea rcoispmrr ecsfs i svtee &
on adj aceretl emeOotngptawrreadl wi rlet et dals, acamucch | ower t
conductivity, and can tgheerreerfeotrleyasilcnbogvaise mper atvar € n
ri se. Howecvaenx ,p ea 0 reicumcded aheeda te x pWihoesm viet sipaldXx magsed t o
and r-apcdé g xirmdg, utmaenigidhaa $iogmiediuc & cernessest t i| o n

andi rect exposure of r edsnfgori dd meamtt!| tode dfaicrt e, nr eosf u It tf
capacastty uacft ur al me mber .

Connectiabey play i n mai naati miblgutémreneénttiegg i alyl odt
structur al eTea@int iso rtalgley hier . i s assumed t hat con
resi sstiatdcaey can be e hsttowdteur ahameenbeosneé ot vtdi ch
in a CCiomaeection failures occurr ed@ciAl Itilse ecolalnadp s e
Corl eyani@uoloe Car d-sngt en {Nfetmbematne settlsi anldii agh2a0t0 0
connections are potent asatll ycptaseedna sato évnuelenteiroanb | e  p :

faidmarye tri gger the progress(@Gaancel)@ppiec f008Bhe e
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connection fail utrhbeeaimn¢lowee © U @k lgentd uohirreg dh es
at etnipld at e -pfloart eencdo nn e ctthhee e hwétf lacdtura@andatdoubl
bol t $beecastm webclfoat wesdbnaedtblooc kt Béeaarf waai fl iumr e
pl at e csocCromencetcitamn f ail ur e di garrsdoasmeEnre dcwrainpd
offtonnection f ai l-pulraetse fce@amrdepdetiaimobnl espoebnseecrtvi eodn i
the cooling stage dBurtghees sCagrTdhienlgftain2 @& eo ft ec
may | eaeguehaeons.éqguerxasepases,p afrfadieei r conne
col umhe, consceaqmuemklespbe bDbaocal s, the spread

compartments, the ionwmtieas ecpod fudnsmesdirn chaprortsessi gb Hreed

buckling, and even the final <coll apse of the

(a) FI exliatlee cecmdnect i o(nb )-mhkdtue econnecti on f

Figlil e Two typical (Mewmarctethnalf a, | 206

The behaviour of connections under fire cor
temperatur e. During a fire accident, the i
aproximately divided into four stages. The f
connections are mainly subject to vertical
depending on the types of the cfoinrneec ttihoen.r eDs
t her mal expansion of the connected beam wil
conneand omhe attached col ummswislhléwigH® (eaj or e
whi ¢ h rceagnaalddeetdhe second stage. As the temper a
of materi al domi nates the behaviour aft ethtag yc c

action stage, r be uahpgpiltnighd nc dremass tl $E afjvibar( € en
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The final stage is during the cooling of the fire

beam will superpose |l arge tensile force on the co

Tensile force on
connections

Compressive force on

connections \

Column
pushed out : syl
Thermal expansion of beam Catenary action of beam
(a) At |l ow temperat(lbbnedAt high temperatur e:
Fi ghtzForce variation of connections in f
Curremmotwisyeyd connection types |l ack axial ductili

expansi on ofsadonmea tt ednpbsstémm utcaisregdhdy catenary ac
at high tempehat malkscoworradti on during the coolin

this research aims to prapdodsuéctd lndwelt oc amarcrceommmoanmm

axi al def orema thiyo nt hgee nceornantect ed beam under fire co
brittle failure of the connection and i mprove the
Numeri cal simulation is the main method adopted

perf oea nafnct he novelHodwecua ibekg tcdinlned tfiiomi.t e el ement
simul ate the ductile connection involves a | arge
dynami cdse®|l vert he complex cont a.dths sb déti walem sb dlhtes
mo de lolfi ngwae n n elceg h aomincowrer al | frame ardlfiegits t o con:
the connection on tCoempsatrrecdo bwiitaRl onpaadgef loluismma n g e a
higemper atur-kPacedmpoeatemeéed t o si mulate connection b
frame modelfltiwag eFEsSs a more feasible and efficient
incleodnnegcti 6ws it hmef iefear ¢ od@eive-bapedomponeati on

el ements of the dHoaotcior@pocabhpedthiecre @amhé&ments into
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gl obal frame anal ysis.

12. Scope of research

The scope of this research is testegetepi a:
performancstwietl hiamdb & o e&Tphoesriétoemasetnr u cetsweraersc.h o |

l i sted bel ow:

l. Tengineer a novel connection with h
conneahntdemhance structur al robustne:

I .1 Todevel op dDampganentnnecti on el emenfta
structur al fire engi neerstnegenld r a ssa o
composite structures

I'1'l To understand the fire perfor mdn a&l
baseteel anrammposite

I' YV To devel op pr acftidechad dduecstiiglne gcuad ndnaencct

13. Thesi s outline

The thesis conskEath ohapt eghtbterpoachus ctad s yind s
wi adionc |l uadtniypah outlines the key findings an:t

Chapt-éi t2rature Review

This chapter presents background i nformation
knowl edge is briefly reviewed, i esc |l diidfi ngr enmatt
timemperature curves, the deftihnpetei romiu meenid ccalla

met hods t o si mul atAenoc dinenseecotmfoars ebrethmmord eolulri. ng i
numeri cal simul ati anr smeeatrinthd eanéddibpred uicedt hins
addintelomyant numeri cal andt ébegplreawihedrt el r as d
composit e ichd mrnreermciesy icael\ssead .

Chapt-&ropdposal of the Novel Ductile Connectio
Thi s cphraepsteenrt s t he design and initial i nves
Equatarensgleri ved to quantifyeteheaembhdeaentse |ciotnyd idte
which can be useaflomst hafp dieuscét g ti ec rTilnt@menreie h $ olh e

compressive analytigali ndodebalk 9é&cttihen sefmit h
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pe
Ch
Th

Th
p |
p |
de
Fi

t h

af
Ch
Th

vel oped basedt ooggamyangbheed | aghi nst experiments
mul ati ons at both ambi dhmte awodaeti enmatetbehampenat
nnection is modelled using a set of identical ¢
ctohnresefptt lpeondbaammed .Béempodbeé case studies are carri
rformance of the ductile connection.
apt-€omporearsted Model |l ing of the Ductile Connectd.i
is chapten mpnorvedudesi gn vemsicampodédsat rhtes duct i |
mpari son between the perfor manacrei guitraslheni mpr ov e
e analytical pimadel scoommponbeat fatethe ductile corl
aegmd/ysl i ndri cal component-c IFIPSACr)i, c ailn swehcitciho nt haen ds
ate component are considered to defacrem as a w
vel €pemmbdi ned with some research woruktawocmducted I
re Engineering Research Group ®dtastelde mdmieVv esr oift y
e ductile conhketl oadiamge omodpwrsleaddadi ng behaviou
di vi duad$ @aompdrmentresul t-baoédtmedelw xroenpoommpmar
|l idated against both experiments and Abaqus si m
deubbéedg the pr olpossstdt meammpbhestrate how di fferen
fect the conneesson deformation pro
apt-eerb5ormance of the Ddataimead Gdmruedtuirers i n St e
is deRapgtréemes the i ncorbmesreat imordedf otfhd hoeo ™dpart @ n te
to the s &fmdmwalryt iVudlc amouwte | f aoifé dbradot i tyhud ddo mponent
sed,srnomded imajaasl ure mode of The daoagehée esebonhéaoe
trix der i(Z®eM6sbywskldoithoe ccoomveamalntmodelct of et he
nnection into faoldonwmeaot itohne eplreimecnitpl &ds of t he f
ngle bWeamowrebbbpens nmadel |l ed usi ng bottoh Vul can a
ewchket heonmhédeti on el ementpbasatkedaemna oa nvaltythinc alnc o
dedwestfl eat connecti 20 @%®d) Imppveidt dmiinedun i n t he

me way as the duct iflrea meo mmoedcetl iso na reel ecnreenatt. e dS uubs |
mpare the performance of the ductile connection

ealised rigid and pinnedseadmleatde | eams,awwambd t he
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connections. Parametric studies are carried
connection under the tensile axial forces ge
beams at high tempearn ateurcend -5 apledsbgmdogp | aheedr
with ductile connectidiysaimé confe duMlecegadn usi ng t
Chapt-&iré@ Performance of the Ductile Connect
This chapter penfaemmmi gtahtee sd utchtei | e connecti ons
Equatairensdteo i vepraxsiganlt t it lhiet yc adrepobsidteen o By r e
adding a reinforcemseheetompohéhe tonhbhet ban
based mdadkelcoanfposi te ductile connectioands es
this then validated agai Rat amet ai ¢t edt mthegs s u
carried out to study the effect cofpodauceted | peal
connectheonnfluence of the spacing of shear
i nvestigated.

Chapt-dhr-Piemensi onal Model |l ing of Composite F
This chaptDrmopdeelsleimpgs sd3ft e frames with ductil
D composswida hf rdamhd erent connection types, i n
rigid and pi naaredlo ncveemnmn e-potnaad @ seanide a we le oaame2 c t i
modelulséMiug cThe. i nfl uence of unconnected | engt
connectioni peafsomianecestigated
Chapt-€on8l usi ons and Recommendations for Fut
This chapter summar jasnred putes ar@ao mmacodnecol i ucshi uotnu

wor k.
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Chapter DXRelkiewrature

21. Chapnéroduction

This chapterthbeuneédimgntr edvnéwsews eageh wor k r el

behaviour in fire. Materi al pr opertteinepse raoaft ugt
curamemtroduced first. Defiinsihteinomr ean parweetda s &Tlihfr
numeri cal met hods to simulate theamdennmmedtuicert
in detail. Finally, relevant numerical -and e
steel and compaored tieeweodh.necti ons

22. Stcuures under fire conditions

221. Mat epraperties of steel at el evated t e

To antaHbeedeavi our of structures in fire, t he
mat eri al s at Ihti gihs twenlpler lam awme s tdheapte nsdteenetl nmast
and its strength, sti ffness, tdh @ rhma Imad x gamdi
are al/l affeckerd lhgatiempemr att 1 ebdeitgve mpelatad
strsetsrsain r el at i ocnasnhibpe ocfa lccaurlbaotnd é& }ge@ilyn o/ etnh e
inthe Eur @C&EdNd e 2P 0brbd dshter agthomécsuE2eéat sdeéfFere
temperaturebi gkEhsithsoganrawisat st eel begins to
400ab steagpytoaBD@CoASMntdr that, the strength of

radue to aloutbey?2d@ which it has effectively

Wheat g s E.¢g, (2
. , 05
Wheag,< e<,¢ £, 4C- (b’q'a)ga2 ( v qe) g' (2
Whee@g,¢ et g L (3
Wh e @!‘7 < é< Uyg ‘ty, g‘ (- te')lJ (eu, q t,e)- ( ( 2
Whee@,< e<,¢ &0 (5
€, = fp’ q/ E., e 02 ,e,0815 , e2 (B
azz(ey,a ) EG)( v& “n GCHE, ) (7
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b2=C(eyq ) Eq) E 4 ¢ (3
2
c= (fy,q' fp,q) (B
(eyq' Fq)Ea, q'z(fy afp)
in wHiaht,areethecti ve (ywiteled sstarhpd2gp ritriaomgl | i mi t

respecHiiweltyhe sl ope of.g,he, dnée aatepelopotrité omange

I i mittrpi @l dasdr ail hi mate sqg riasihne, Iriensipteiontgf we !l y.i el d

streBgtbcdPhe-28gilves the reduction factors for t h e

proportionadel dpeni @af tamael | i near el astaisc srhaonwgne iant e
Fi g&2 e
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Fi g2 e Ststesas n curves of S275 steel at diff el
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Fi g&2 e Reduction factors of carbon steel at e

Pagl® |



Chapter DXRelkiewrature

Th
fr
cCo
bu
Eq
It

at

Wh
Wh
Wh
i n
el
of
Th

SPp
t e
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e ther mal properties of steel are al so i mg
amed strukkarurexamml ef,i rtehe asheemalbeampavi g il (
mpressive axial displacement on the connec
cklbhogbamh and column i f rigi d(CE&E&dNnn emitOisebs s
uatzldn@BlyX for calculating the ther mals expa

should be noted thancrlkkastbewmahboeemmpigs iad

whhd itrhte crystal structure of steel begins
en0d ¢g, 750 DI/l 4.2 30°g, O4 16 § 2416 10 (A
eth50¢g, 860 D/l 4.1 30? (41
e6 0¢g, <1 200D/l 2.0 10°g, 6.2 16 (4:
whishthe original | engd h s att enrpnebii acdnutic etde n
ongatgjiosn tamed st eBhe treenpatriavterel. ongati on of

temper atbirg@23(ea)shown in

e amount of heat sftar dd mpemr asreirtofiméas @1 $cft hls
ecific heat. The rate-setthemal tamea fwrfi tayv
mperature gradient is Gempaeddawi thecoher e

nductivity of steel is much higl@&EN, RBOGD

osE qdeatZ1Bn(ZL K(t he agnetkghndlY-21B8(the 4nit o

i %W/mK ) o calcul ate the specific ,heraets p&icad itvleed
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dden rise in sp€cis$iacheat! ataaronddcasor
ystal strucfTheevaraasionmafi epecific heat

eel with temprerget3(eb aned Ebpwnespectively

en0d ¢g, 600 c,=425+7.73 40'g, 169 18 g 222 10% (2ac:
et0 0¢g, <7 35 c,=666 +13002( 738 4,) (2
eh3 5¢qg, 900 c,=545 47820(q, -73) (4°
eM0 0¢g, <1 2 0 Oc, =650 (A€
en0 ¢g, 800 /,=54 -3.33 1% g (47
e00¢qg, A Q0 /,=27.3 (4 ¢
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5
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(c¢) Thermal conductivity
Fi g3 e The change of thermal properties of <car
222. Materi al propertied emnfpecanarretse at el evate

Stewlncretestompbeaies have been wi dkd yaddieesed acr oss
t o thhgihrer structur al efficieneyt eend slibawert ucest C
ductile connecti on amfi e puosdeed oimmo sti htias & brhaéntei ss s

necessary to review the perforMMmé&ndgde Mmper aboceet e

compr esd gsetsmsai n r eul naitai xoinasl ld iym captifeviesEns e adc @CEN , 2

N
o

B4s shbiwgpk4 @ The ascendi ngt mpairn ©udr vehec asnt rlres sc a

c
(7))

i ng Eqluwaheodeg¢Beadthgshould beon atkem mumer icoals i
purposes, awld nleiame awvo ded $rha a nlpth asshecsweldd floe not ed t h
concrete materi al mo d e | preseasbheédekd/emaendi s applic
5/ min, si nce t hceo ncsriedeepr eadf feexcptl iics tngt. i §he tensil
| oavnidssuakhyected. I n the case where the concrete
(e. g. in advancegd dEagluzzadi@@dRBori menhdyg Eurocode 2
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u e

é 3
Wheat g, () & f.£5a 20 (/) (4
fck,t(q):kc,t( qfck,t ( -2 (
Wh en0 ¢qg, 100 k (g)=1.0 (21
Wh eIn0 0<g, ®0 0 k; (¢)=1.0- 1.0 ¢g-100 /50 (2}

i n wrfchbh t htee nhpiegrhat ur e compressive strength ¢

usi ng t htee megpnelriaetnutr e compressi ve Est oe ¢agEe\h, 2and

2084pecifies different reductdomt d&iatitnagr ® ofusr

siliceous aggregates.
o
/P S
PREAN
PN
/7 N
i \\\ Linear
i ~
\
~
N
) \ \
Non-linear S~ }..
: <9
; N
£, E 1. £

clg cul @

Fig24 e The compseéesaiwnerseitaesonship oksconcr

As for the ther mal pr oPENL i @B 04 iEd@a@mn &2cntse ,( E
(22t o calcul ate theifher emat ¢t éeDlpeg asag amief ir@ nhge
concrete (moisture = 0% at differef¥%-(Xemper
3D. The thermal conductivity of concrete can

i mits givex3)lan@ERuati ons (

For siliceous aggregates:
When0 ¢g 700 e( §= 1.8 30* H*10° ¢ 2.3 1G's° (2¢
When %@01200¢e( y=14310° (2 ¢

For calcareous aggregates:

When @p®05 e(y= 1.2 30" 6+10° ¢l.4 10'3° (2¢
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When 8&@51200e( y=12310°
When @000 cC,(q9)=900(J3/ kg K)

When Xk@0200 c,(9)=9004 ¢ 200 (J/ kg K)
Whe® 0Xg @400 c,(g)=1000 { ¢ 200 /z( J/ kg K)

Wheh0 <g 1200 c,(g)=1100( J/ kg K)

When @@ 200/,=2-0245{ q/10p +0.0147 g/10t( W/ m K (B 1

When @@ 200/,=136-0.13¢ g/10p +0.0047 ¢/1¥( w/ m (3

223.Design fires

NN

I n order to accurately si muilatree d ehes dreyh atva ofuirr otf u

the fire devéhepmempl ptecpeecess

of a natur al com

i nwwos ttapgefel;agaanmo6t asAibese. t wo stages are separate

point, at wkinels alinl tthikbe goonpdamt nwhiite hat mospher e

tempehaseaehbout -590 There ar e tolicroenep amdatmeamnds fire

si mul at tzoom:e smondgalhei ch t he compartment  ;tiwso consi der e

zone .,modewhi ch t he compartment aisesdwvitedi fheoen

temperanthhnong;e complex CFD (Comput a,twiharehl ikl ui d D

basedf iommilteement meatstucad layndused t o

s i Bnuurl cactoed es nlo k € mc

(CEN, )gOdadirf ffeirreet ta mpner atfuo re tc heeovsss nnygdatise W n

i Fi g5 Among t IBdm,ndiair @t ead inraMnddy dr o ccauwrbvoen can be

obt au mmiedg EZ33p 3 PpnaXx3dh ,.( respectivel y.

Q, =20 845log,( 8 }
Q, =660(1 0.688°* 0.318°%) 3

Q, =108((1 0.326°*"  0.678>%) 3

(B¢
(B«

(BE

The parametri cr dpnmes earrattep oist adchroever H#iome as a si

moded mpared to the ,ahntceorntssibreeree fffierca sc wrfvds re | oad

characterigsents apdgmt) markmardeaenemdt t ntehrmenrdma |

propserafi ewal | s, Efulromac(€ &dh dl)pcdedi 2l iidnegs. 2-B §-{2e8tPi ons (
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for the heating and cool i ngl tphsahsceusl dofb et hneo ty
parametric fire equations presented here ar
foll ewiin@gri a: 1) the floor area of ¢ihre tchoemp
generic Eurocode (the area is dAnprreestsrhoculed L

openings in theandbwmpaommant meaodof hei ght shoul
1200

1000

________
.....
——
-----
-
-
-
800 P
’-

— - Em mm mm mm mm mm o mm mm mm mm Em mm Em o e

600

400

'~
— Hydrocarbon firé «
----- Standard fire

— ) \ .
200 — = — Standard fire .
-
. — . — Parametric fire N
F ! '
0 1200 2400 3600

Figag e Fire curves

Heating phase:

Q, =20 #32§1 0.324°* 026"  0.4W) (B¢
Cooling phase:

Wh ety 605 Q, = Q, 625t fz, X) (3
Wh e®5<t,, < Q, = Q, 250(3 tj)(t t,z X (B¢
Wheth,22 Q, = @, 250t t, x| (B¢

in wRjich the gas temperatutesinti-m®@anditéec

calcul @Gtsodoobfimented in detail in Eurocode,
224.Structur al fire engineering

Structural fire engineering involves cal cul a
building, evaluating therd mparcd ddsifdmiengnsts

to achieve sufflincigennterfalr,e srtersu csttuarnacle . f i re e

The first stage i s tdodeweledpnnecaanmip et méemte. t Emip
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achi eved brye ucsuirnigehsh bgeiEvieErBE N o d20i02cl udi ng t he st and:
omore compl e xsapsarnaemettiroince df iirnd e her pgelvanucomeart e

of appropoiratera@amgedar othéaddgaegudlmp b mumaned,

usiasg ngdree;zomwo or CFD model . The second stage of
degris to predicoftheditempgpealtsteuctur al me mber s,
by ithrlbec ati on, si ze, and fire protection. The fire

speci fied byCENne,2B0020p20a6nb dbees used i n thibserstage to
tempegs afTheefi nal stage i sttraicanualayhsanedteibde grnse & hhen s e
to have adequate fire resistance.
Conventtilbewval | 9 W ABSOFOPk p _rédDd mislhud at i on materials to Kk
temper attutree bel biwc allh etseempnearya tblerSasépiefc itfhiee df causr si de
of the steel member @Qifi €& ekposedctettisbpbtos6da t
steel me mber ) , whi ch i s call ed Hbowevperresctrhetive
di sadvantage of prescriptive fire protection meth
l evel onmembarcd or&ionise rivmt me &t Camspeasr ed with t he
prescriptive firei pgeomeen i dassignien dBoS InsichePar t 8
(EN, Yaond8ur ox(CHN, a20Q@902PaDr5ec mor e {paddernldensasn c e
conserivatmowe i tdhe@an,si der the firTehdsienipgr oscteaduer elso a
are also included for passi ve Phentgshcetmboenr mat er i a
desi gnsambecebked on fowmr nasod at,e skt ngde ndboe rnso t consider [
contionruln & yslhoaardi ng bet ween different sTthaictur al m ¢
Car di ngstcoanl ef ufNkerwematne settysalow, t Blad@stthaencee otf t he
builwad nghuch higher thanthtkeapr epsedi pt endgeebmet hod o
member desTagki mgtthltopids on board, the Steel Constr ui
membrane action (Bhaithey dMhh&ICBRPZ®@&Gh addr s t he beam
and sl ab aaceaeowhbé$ef ormndhebrsauwgmtgdbhg ietneheamecrelmreanrt e
action and oocbhenmpeaedattei og clapbheampybesarivati ve aspec
the BRE method include deflection | imitations, i g
ignoring themr edtndadainmbod gt ed thBREs metHbwevdpes not

predict theesqgnmerdt icomnfeeant i on failures may | ead t
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entire buil dihBeBE mhet hddi a8 sumes ©h atod aflolée cstu
antdhe edge beams remain composite, and ignor
buckling, aalel umfc owlsiec Wtahtei vBeERE emaettuhroeds. oAfdv anc
anot her appirmgheh st o udd ssirggnt o achieve the req
represeneafss veuatmadkel | ed uwsi alg fai nsittreucel e me
Therefore, the efficiency rantdhtereableilagbcitled yf ion
softMadel | i ng t heer @mdypaestenmtatuwve under fire
finite el ementAb,sapds warmnal Ansys)-coinss umximg e me
comput ati onallhliys dxp ebnesciavues.e it involves a hu
requires a dsyonlavneirc teox pdvern ¢ ome stchaalsedn\begr gles
def ormati on and comMullexancdrst aac ts pceocni dail tiksatn ss.o
temperature gl obal frame analysilsneanbstder.
develboypetdhe Structural Fire Engineering Rese
many (fEHaasg eaHadng dat9 Huang 1e99 9abl,. |, 2000, H
Huang et. aBI2dcPBrod 9Po0ONIgen cor por at e db atsheeg Icemrimdp o n
connection elemeneswbittonnsVuwleacan he effects o
anal ysdts (2I8.b2a,co2nbli2nbe)d t he static and dynam
solver and incorporated it into Vabobbed,f uslol yt
used t ot tse mudmawi our of structures in fire m
coll apse of the entire structure. I n the pro
the 1 ocal instability of t mkelswterrudtsuraectdowaur
motion of the structure unti/l s traabcitliivtayt eids. r
the co/#mmesraentconnecti on -cey reareind ss alnwe rt,h eV usltcaat
simul ate thaveompt reedfenh doece f i r,é r omndiotciad nscon

failures to the final coll apse of the entire

23. Definition and classification of joint

231.Definition of joints

To start wi t h, it is necessary to distingui
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Accordi ng f®EN;u rpo0d@ubdes el ¢ i ems t o the | ocation at wl
connected members meet ,t hdamtc nistf ead o moimetngd so fa nado mma re
bet ween connAcb6pdi meinbeefsers to the zone where tw
meetand i f abhsitétesrel evant components required
forces between connedti g@6 mbjpobierrts .i nAcsl usdheoswna iweb p
shear and a conneicdednj qiirdt),t ors a wemgpanel i n s
(i f it -disded djoaiibr te) .

. . . 1 .
Joint i i Web panel in shear ; Connection

(a) Siimgegldej oi nt -sided joint (b) Doubl e

Fi g2 e Confi gur-atbbomaf j beams

232. Classification of joints

Joints canasenariarsaslilfyiegli dnedc o dimigo ttaot i tomeail r

sti fApniesmsedhpol dtbe able to transfer internal forc
developing si dAnirfiigeant omomermtass. i nfinite rotationa
al | the moments between ¢ o0nan ecchtaendgicreslebeib we esn wi t hout

t he meMmbjeoisnt which capnonedeet thgi domoinatlt criter
a s-emgi d joi MCEN,E upplrOnsval Btet 3 s s i bfoi ucnadtairoineas f or j oi nt
showhki g7 erlenal inoy j oemdt hpwesd oraljdoignitds, -r aarmmédds e mi
Howese®meoianrtes ¢l os e etnwou gehxdtmrakroekhaesssel f i ed as nomi na
pi nnerdi goord. ekafmpllley wel ded joinomicaalghyd si mpl i fi e
we-bl eamnecti ons crmomibrparirdagar ded as
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M, Rigid: S,,, >kEl,/L,

where k&, =8 for braced frames
k, =25 for other frames
Nominally-pinned: S, ,, <0.5EI, /L,
where I, is the second moment area
Rigid ofa beam
L, is the span ofa beam

Semi-rigid

Nominally-pinned

¢

Fig&dh e Classification of joints accor

Jotsnadmal bhesi fi edpiansn endosttipnaan d itgétlr eern gft hl Iby c o
their switdeéngthlre mome fitheo rerse ctt eadAc mjeanibretr swi t h
moment resitotrancaea gequbdcHhametch @tda melmd eclsaa s i f |
fudtlr engA hj gidrets,i gnf resi stance | ess than 25%
strengt hriesjgair shodni as Inlnye d preévriide s hbiatcateindn
capahdjioiynt between theseawwp astxri earéegntets ji i rcto.n
Jas RaOPtOs ed t he i dea,aonfd ntel mabsesri fcileads sjeosi nt s ac
capacoibntes with sufficient rotation capacity
connected members can be classifiedCaas€l &8s
brittle joint, which shAjudidntbeb etnwee nustelde s en

consi daCrl eats sadd cstarhie j oi nt .

When carrying out gl obal anal ysi s, the role
structur al behaviour shoul d be crocnusmsdtear necde si,r
effect of joints is very small and can be ne

simple, cont-conbusyoasdi bBeEthebaigeat hespupmedt do
bending moment, etlhe ssiahdpotpbteejdoonht umaoade of t he
performance is negligible, the conittihneu-osuesmij ¢
continuous jointTab2debumeszhbowdt besmpredpri at e
modé&hit allhetwilsat the selectiontligéoijndi rctl amesddli

gl obal analysis method.
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Tab2lle Sel ectionCBbN, jpd®m3a model

Gl obal ana Joint classification
El astic Nominalll Rigid Semii gi d
Ri gpldasti Nomi nal | Fustren Par-sit méngth

Semii gi d axntdr pma

Ri id -a i i
El a-pt ast i Nomi npailnlr sgt feng SRei F'gl]”| g' :-E;Sztrr"zeamgg

Joint mo Simple Contint Semionti nuou

24, Analysis med4+ hgdsds oDi 8¢ mi

Net hercot &n9dBs9d emmdo nizeid telweoldy loMohrdg neonméeé at i on

characteri-sitgicd jobi nstesmi I n general, sever al appr
simplified anal-fticaletdotdaillsed cfuirrviet et heel e ment mo
compomasned met hod. I n this asiencttrioodnuy cletdn ei nl adsett aaihr e

241. Cur-feet mod

The dldrtvenet hod i s usaahkd @sed esaop farst ntdoatian codbrtp or

test data intbBi gh&ieélytuisgtpriactasosd mébxtpe matsinayg s

from |- neebrnbiha4dj nmalil it oe acru.r v
35 — :
| — Initial Stiffness, S, Tangent Stiffness, S,
30T |«— Linear
— 25 "'w
é 0l [ —<= T— Reduced Stiffness, S,
: i Bi-linear
g 151 i Curve-linear
S H Multi-linear
2 104 15\";"““‘ Unloading Stiffness, S =S,
5 i Secant Stiffness. S,
0 — e
0 10 20 30 40 50 60 70 80 90 100

Rotation (Millirads)

Fi g8 e Typi cal mat h(ARatbird), e XX@Pr9dssi ons
Bak(@93ad4nd Ra(l @pwberen t he &martshte maot iucseel expression to
sl optehceohnect i omtmadmemt curve by i nkEfoadeening a conn
rigid joint as24dPNewrm eir T oE g & a )i Soamed cerairn iy, clonput er
based strucdlanmad ahaadidypdtgessii 9¢8oOnnecti on factor to i
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i nfluenad gofd skEowegvoernt st.thi s expressiomnids to
can only represent the elastic brmthavaoaoumf
def orgmatRooomst ad and9 pldbed-maméam ¢pr eamgbdee
connectiTh-hbnedar expression is stildl i nsuffi
perfor mance, especially at hi(lgehlado p a-feido @ ari e
forms in the devel opmenctonsfi dan fahal ymoind i pe
connections. P@APPiBs ad dmuhletrsid o net xopirreesmsrii gognesn ti nj t
anal ysesstodr esyi hpgdret al (1 9 Bdhenmeisv.e dSoamneal ynomi al
flexidplatenad onngelcaa spinar ai sauriwvnegg wleit hlmdcan ac
predicd ithlrea@rn @m n n eHcotw eovne rb, e hbaevciaallugres ca fl | tah e riyn t
of polynomi al expressi onssgn nepgtadretniealaloyede by i
pol ynomi al (Séepheauginen san)dT oB achvaearrcio,meA Bt§h7i asn dd e
Mor (Li9spuls ed and rmRadibi@isgdb@pfBuncwhioah was orig
deritwed i mul adgter aihres s [r etsisd me t atl hheo smermatt etrii an
curves TDHF g odarditvwany s produces posand veeanc olmen ewcs
both ambient and EaRiemaiv9e8do9 pféunmrptelreea t anded t hi s
to moadrhelcah aowmi o, urad ns Hadwre-4ili) hkEeq u etmgpemp af@ i e et
par ameBaemds ni d iuartda mmelBentconnection stiffness,
shape ofr om@amemtn cur ve, respectivel y:-Johkiss e
(Le s tJoomeets al,Lesdomes)anlddPa4bx9POo model -t he m

rot ateinopprer at ur e abseeheaeMi canrd occfomp as iet e onhesh i em

Z=fIM (2
M am 't

f=— 0.0l 2 1
A B ! (

in whacM respecepvyebkbgent the r dhceotninoenc tainodn .mo me
The adyvatnhcen gfeiet ommodel s are obvi ous. For- exam
rotation behaviour of connect i domesn cwortpho rraetaesdo
t hgd ofbradamea Ityhsriass gphi ng el e me nHo wd v échu,e-fviee amo @ & Id -
rely on experiments, and nhBeyhaanhawkyblkeenap

is impossible to cover swddhi fd etangetypage a
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experilmenaddi ti otnhhadbtnlmect oonoaes undergo under fire

complex. The themmwil|l eExpensranheotompaessive axi al
which is a key factor affecting connection perfo
experimentssscaxethdersafsorfer,l It he i nfluence of beam

connelcd h eowiacmmmrot be takebyihet € udovmeitdheordat i on

242. Finite el ement model ling

As mentioned previously, the complex combinations

t hat connections undergo dedi ngqn a&xfpiere mewméenst oaaim |

members. Finite element modelling is a powerful a
behaviour under the effects of materi al degr adat
combinations. I n ah EBAsfideme ahel goinsmerchi on beha
of el ements are needed to model the connections i
the contact details of the connections and the in
cancbderesi dered. The outputs can then reflect the de

strain within the connections.

Finite element modelling has already been widely used by researchers around the world. It was
Liu (1996 1998a 1999 who made the first attempt to simulate joint behaviour at elevated
temperatures using the FEM method. He tiped a program called FEAST, which could take

into account the nclinear material properties, namiform thermal expansion and large
deformation of connections at high temperatures. Liu validated his program against various
experimentgLawson, 19902199, LestorrJones, 1997LestorrJones et al., 1997Al-Jabri,

1999, and good agreement was found between the experimental and simulation results. Sarraj
(Sarraj et al., 20Q7Sarraj, 200y built a series of Abaqus models considering geometric
nonlinearity, material nonlinearity, large deformation and contact conditions to carry out
parametric studies on the fire performance of b&aeolumn in-plate connections. Based on
these parametric studies, Sarraj further proposed equations to describe the shearing behaviour of
bolts, and the bearing behaviour at the bolt holes in thpldit® and bearweb, which can be

used to establish the componé&ased model of the fiplate connection.To overcome
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convergence problems induced by complex contacts within bolted steel connecti¢2808t)
employed the dynamiexplicit solver in her Abaqus connection models, and validated the
simulation results against experimeifd-Jabri, 1999 Yu carried out parametric studies to
investigate the effects of loading speed and mesh size on the simulation results, and concluded
that by ontrolling the loading speed, such qustsitic problems could be simulated with a
dynamic solver. Da2010 built Abaqgus models to simulate fire tests on bstel beantolumn
assemblies with axial restraini®ai et al., 2009 Five different connection types were adopted

in the bearrcolumn assemblies, including flexible eptate connection, flush erulate
connection, extended efdiate connection, webleat connection, and fiplate connection.
Garlock anl Selamet2010 used Abaqus to model the glie-plate shear connections, which are
bolted to the secondary beameb and welded to the girder (primary beam), to study the influence

of slab, heating and cooling on the fire performance of steel plate connections. G&20dt3al.

built Abagus models of flush ermlate connections, which were verified againstirthe
experiments, to carry out parametric studies on the influence of the ratio between tension and
shear on the connection behaviour under fire conditions. Qiang (@0&kh used Abaqus to
simulate the fire behaviour of higdirength steel engdlate connectionsand compared the
momentrotation characteristics, failure modes and ylelé patterns of the simulation results

with their experimental resul{Qiang et al., 2014aRahnavard and Thom&2018 established

three Abaqus connection models, including two boltedaté connections and one welded
comection, to study the effect of fire on the connection performance, and validated their
numerical results against the experiments conducted by (2@0d) and Qiang2015.

Finite el ement model |l ing can produce accur at

factors that affect connection performance.

usually takes a |l ong time, camgltehe @ompuuai @it
Therefore, finite element modelling is not s
especially where global frame analysis is ne

243. Comp o rbearsted met hod

Compared with detailed fi-madedehedeinlti mgdies |
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compromi se between accuf he g m@aanmna sceodm pnuet taht a do nail v icdoes
the joint into several c omp o n etnht sk, n omhni csht icfafnn ebses re
strength. This method was (1i9®i10bi ali myl pt-eposed mbye
rotation behaviour of steel connections at ambi e
Eurocodel(GENarpt0 Asa@ @RsOutmmar i zed the three fundamen
compomasned met hod; namel y, the idenitegdtiicani oim of

component characteristics and the final assembly

24311 denti fication of active components

The active ajoaripmiteheen tpsarafs t hat may cause joint de
strehagkndg. j oi nt -wli athe amommecti on as an exampl e, it1:

are s hdwr3ien

&P Beam web in tension

@ Beam web in compression
@ Beam flange in compression
@» End-plate in bending

@ Column flange in bending
@ » Bolts in tension

Column web in tension

Column web in shear

@» Column web in compression

Fi g9 e Active componentpd adfe a ojnmierctt i wint h an e

2432.Speci fication of component <characteristi cs

Ths is the most i mp-basadt metdepl iimg,cosmpomaent he a
compomasned modelhedgueaendd yomft t he Tchoempcoonnepnotn echhtar a ¢
char acéeaeiusateipgseseheedliobgleac e md rmdeo o asiv ewsh iocf h

can -be nte-bnear or curviinegrand can be obtained through exp:¢

modedrs,finite ellemebBtur onoadede | Bngt he characteristic
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descri bed -pbeyr fgerc aeltya &h edobleren iet i at hceol moppodrsennistt i a |
sti fafdh dpeesa k | adaeds iigsn trheebceosnmpaoniteéestodp pr oach i s ¢
for ambienttemperature analysisoke ver , under fimad edegdadabines
and the compl exi nl ptahgen t thmmb is n-pnlpid et eVveea § hiade qu a't
descr i be-ditshpel afcoernceen t cur v,esanudr et heo nepol neproanire o
rel atisnsf@ddged, riem uti cremp vthaesred model to,be so
whighoul d not be a pihableedmmiofdel hé s nonineamm @ ot ¢

finite el ement program.
2433.Assembly of active components

The final step is to assremamnaltyased mb mé att io mp
response ToHjeotihnet jwoi-thhta toen ec cemndeEit g Bp9riess la@wanm ni i ¢
here as .angak@mpluetrat ed atshead anmmepdneorft t he | o

component is represented by a horizontal spr

Mggand the initi aSjoirIme atoiomtal canmnilhé ngad@2c)ul at

and43pP, respectively

\/
PAN=ANNANAN
PANA=AN—ANAN
M
=N\ AN
s
aAMN~ Column web in tension =AM~ Column flange in bending
AN~ Boltin tension AN~ End-plate in bending
=AM~ Beam web in tension =AM~ Columnweb in Shear
Column web in compression =AM~ Beam flange in compression
Fi g2 @® Co mpboanseendd mo d e | of tpHeatjeoicmotn nveictth oc
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M :a hFi ra (2:
a .. 1
Sj:EZ/?af (2:

i n wihiisc ht he numbsehi soft hbeoldi srtoawn ciet of rtohneo ftcheen t br cel t r

rotatidppi s the design tthheodito.rtorwsbiost dnbe aoabted th
design tensile resistance of the bolt row should

bol t Inrstffmess termk i s the stiffnegs$softheompomentar m, e

m=S,;;/Sis the stiffness ratio.

2434 Research wor k omadéede maodmlolniemg by t he Str

Engineeri ng Raetsheearlenhi vgerrosuipt y of Sheffield

For many year s, researchers from the Structural
University of Shefifitdled cthhanpeodbeen hapgdpltwyinhe si mu

connection behaviour Wmoh@&m®YP»de vel ccpoehddimpielbinagle Lest

compoma&aned model to simulate t hml atoet ad d ommed t iboenhsa,
i ncilnugd component s-plraetpeg esentiemgli egd bolts in tensi
bending and column web in codhabk&BPrompos@anti nui i

compoma&sned modedtseefloranbdarecompmlsate d¢drmrenxe dtl ieo nesn,d

validated his imaretl s(2 @Bdéevadsl to peexdp dara c®@dnprmoealt f or

engll ate connections and incorporated this connect.i
model , a simple analytical model dlewvemeamgeéd by him
curve of the column web in cognpules spgromposaaed by eS@my

20pPpwas adopted to represenplahe tens@anhirbplt Saows
200Yaretaj al)c,ar20@d out a series of parametric st
describe the characipenmnitetians befarb omilgt @anidn befaena we bf
pl ate connections. Based of20Sig3r opjodedequatoimponenT
based modepl dtoe ¢ch2e@d@&®aE 06abl Msthued nmed dip | etna

connections considering | arge deformations and f ¢
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both experiments and {2i0r0jatdes oe Ideemveen to pseidmual arteic
to describe the behaviour of web cleats unde
she further pr-bpesdd madelbenptoneavierbect i ons, w h
ot her componesitsn beahi mg, hlodblets i n tension,
(20)1c6ombi ned Yu's wor k with Bbaoscekd smo dapnlda t péroorp
connectionshandelkevensecti ons, which have al
20P®Pevel oped -hazsodmpmnoecalt -ploat etexowms earddv al
mo d e | against experiment al -brasseul tnse.t hlomd twhild
model the ductile connection, and some work
Fire Engineering Regesdrtogh odr oSuhpe fdti etl le wnil v

compoma&sned models of the ductile connection.

25. Connection behaviour under fire condit

It is traditionally assumed that connections have sufficient fire resistance, since their temperatures
in fire tend to be much lower than those of the structural elements to which they connected.
However, the connection failures observed in many fire accidents and irstaigeframe fire
tests indicate that connections are actually the weakest parts strubture. It is, therefore,

necessary to investigate the connection performance in fire.

251.Behavi oubstetl babpaenections in fire

Thamerstcadhnes heempgmhat urod HsehheaeMi ocuornnecti ons
been summari zed i n Section 2. 4. Therefor e, t
temper at ur e e xspteereil mecnotnsn eocnt i boanrse.

Krulp®ymade the first attempt t mcludirgiirdplatest f i r
angle cleats, fluskndplates, and extended epthtes. The purposef t h ewsads ot eobtt sai n
t he -thengpher at ur e pegitfroemptnic eb wlft sh,i gdhnd t he be
themselves was (h929%089@mNnri ¢dhweuoh tests on e
exposed to the |1 SO 834 standard fireLeémmmdn stud

Jonlesstdones,le di@@meets al)wasl10Be&tfimnst hieo mabniemn
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curves of joints bayt chinfdfuertda mtg ted mpreernattlerseé s on cru
engll ate connections. The experiment al results con
j oi nt sdwlietchr etalseeoif ndreanpxer at ure, |l espefcolall owi mpopreo 5e
AldalAtd abr i, AlJA®D99 etoalkti huFdhEes Hso mvibumdgwe nt y
higlemperature tests -polnatfel uksahibmatinsdf dAlltetxe b | £t wdided t
of sever al parameters on joint b e haanvdi ofuai, | urnec | ud]
mechani sm. 't was dJuarbirnig rtelthids zpgerao jttdheatt | talc &kt oAl ax i
generated by the coonnelcdtead bjeaimnt ¢ hiea htaewsittosure f | e ct
of jtosenitt hi n a str ufcitrue adoonfdiatmeomusnder

Yu carried out a-csenmit e dtith eccte 5 @18 8 0,9 2-pedia e
conne¢Ytui ens @l .an@20PPlag e e mfdun eectt ipalh.s,b 02tOhl 0Oa mbi ent
and elevated temperat wrlesa.t Thea nexdeéroinme mtas ndry wdh
and rotational capacitiesfefenhi kokdndowmbi caninemr s
and shear. |t was found thaiclthe tcwomnmEitmomai | i me

fracture at Theaheahdotdoubhé ewshhear of bolts at t hi

sensitivengocobohditobads, but are more related to t
we-bl eat connections decreases rapidly with the in
capacity is much higher than thaxpefi meheal copasgsaeht

of 14 t epslitast eonc ofninkcti ons under tension and sheal
significant effecpgl aotne tcheen mreecstiisanasn,c eanmd bfalnt shea

mode in t hpel ateestcso mifengtiimongd.s Wi th higher grade ma

mode odl emeetb connections into blAckorshiemg tf@aiYw'rse
experiment al r-esat € sconné dpulisabtnee,ncdd i uescht ieonnds e x hi b
stiffer arehadle @atu-pd iad ef icomnnections. The maxi mum r e

fluspl anhd connections can be achieved when the co

can be maintained unti |l A$ e wic todml neeaet b ipadmadt efs r ot at
connections, the fai-puate modenedt itohne ifsl ugrhe aetnl dy
temperatur e. With the increase @fl at empematewcrta ,0ntskt

changed from fpdialtwer et oo ff atirHienmgentdhfe Ba@ep HeDu od, H

conducted experi-meate oanhéexi dhe, eadd found that
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t he conneccutliactnesd coan t he basis of the Eurocod
test results. The experi mentRilg2sdt Hu@oad by
al so conducted a -sbanhesl otonesm@msisdresrl bdbEmsene ¢
column with this kind of test devicechannewas
connections i ncl uecehafnrneedt wee , 0 fp utntcen i rnegv e ras d

bol ts.

Reaction frame

Camera

Support beam

Load jack

Fi g2l Experimental setup

I n order to investigate the behaviour and du
fire conditions, -Wampgercanhwduet eds tldf rdamngeise swirte
di femér connecti on-ptl yap esl, evdetrb,c | arplti entge o d frpklpadtieb | e
and f lqulssht e ndonnections. Two column sizes we'tl
of axi al restraint to theilbietayn. ecfl et@ah ¢ eweanlintes t
the best among the five kinds of connecti on:

catenary action without connecti-ohaft®i lcomeec

was the wBOpkcloncWanndgged t hat i f the catenary a
resistant design, the influence of connectio
The concept of the novel ductil e cmo,nnteved | MSic

students at the University of -Sbaeféispdccmad
the supervision d0})ll6sredBBMDgepsrsi.ntBmiggagsechni c
austenitstceaslt as mé ecismens, and selected four t
and 650 ) tot emparyatowrne hd@rmpr e$2sOijo8eetde SR2E5 Kt

to produce test specimens and conducted thr
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temperatur e. I n this ryesBarghgs &ahd Kabewadwala d
validate the analytical model s of the ductile con
252.Behaviour of composite connections in fire
Due to the continuity of the concrete slab in co

compositessngquucteurdad fier ent frosnt eteHatstoafucd ammeect i’

composite slab can act as insulation to the conne
restrain the ther mal expansion of ft hehestwheoll ebeam
composite beam, which will al sJoo nfefsfsdlootn etshetconnec
al . ,,L&980d6nes)calry97%d out t hr ee t-pdsttes coonn nceocntpi ooshist e
with constant external l oading and eimperaasireg te

moment rotation characd alflidsptdessedft wbecompasct eoh
engll ate connections at el evatedbaesmpemadal efsor atnidi
kind of co@edetmromerLidevel oped his finite el ement

t he behaviour of composite connecti-onsearn fire,

temperatur e profilteweenndbotlhtes,i nstheeraarct ¢ tound sheand r
vali dated the composite connection madd®@e&ls agai nst |
and the numerical results were in god@lalgr eement

conductedt emperathirgeh t ests to investigate the per
plate joints inflfuerceonfsiaxiraingf oehee.d nlt was f ol
composite joints without stiffeners was controll e
to the beam end, and that the axi al foesge affecte
of the joints. THempmehsmdymade Bui 6t siamalhatte t he bel
composite joints in fire considering the effects
experiment al results, and adgbeevmoldep e d oa cxil mpll iaftiee d F

rotational stiffness and (@moment &d apPuacdionlgXaoif eto malc
01dtudied the perf esrtnmaenncget ho fc owngplockcae d ef yloli nt s un

induced fire, bypbkBrnmmetatblyly and
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26. Chapter conclusi on

In this chapter, the basic knowledge and research work relevant to the performance of connections
under fire conditions have been reviewed. The mechanical and thermal properties of steel and
concrete at elevated temperatures have been introduced. Difiezdithe-temperature curves

have been described. The definitions of joints and connections have been clarified to avoid
confusion, and different classifications of joints according to their rotational stiffness, rotational
capacity and strength have alseen introduced. As the focus of this research is the numerical
study of the performance of the ductile connection in fire, three comrmusely numerical

methods have been introduced in detail, including cfititeg, finite element analysis and the
compnentbased method. Finally, experimental and numerical studies on the fire behaviour of
baresteel and composite connections have been reviewed.

The finite el ement thatskead mendodhear eo mpaen etnwt
adopted iohthobs inefkiemergfad rematnhcee of t hTeo duct
accurately model connect-liiome alre hmarti mruira li np rfoi
temperaturtakermoiuhtdo b&ac c douend hi efvha s Irya ni- repwsti tl
tempature materi al carvess i nto the commeeci al
connection is mMBdelkléodhei degtraeadati on of m &

increasing temperaturebasecomseddaloOomptbméeme chh e

mo d e | should be solved iterativel ybasTehdi smosdheo
is incorporated into a finite element progra
from the Structur al FatetBegiUnéeeersgt Repéash
applied t o -btahsee dc onmopdoenlesntof t he ductil e conne
detail in the following chapters.
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Chapter 3 Proposal of the Novel Ductile

31. Chapter introduction
I n maintaining structural integrity and prev
i mportant role by acting as the critical cor

As mentioned previ oluesliynti enrentgple r fib@mamradkegst oy d ¢ ot
fire can broadly be classified into four st
maj or force carried is vertical shear accom
details of theecdeskeghi bnaddng ¢tarthed by th
connection begins to experience additional (
restrained ther mal expansion of the connect
mat esimabt ivery significant. Eventually, at v
becomes more i mportant than ther mal expansio
catenary action, and the conneatoinores thteao nd

previous stages, the thermal contraction of

on the connection.

However, conventional connection types | ack
compressiagiatlt temsielsementi oned above, and t
take place. This research aims to develop a
and compressive deformations i mposed,by ot e

reduce the connection forces generathdptead

illustratesahnhdei diev e adfp memiesstnegvatduent i | e conr
tensile and compressive model of the connect
simple plastic theory, and the rotational mC

The anal ytiicalcomper par iamghangusa nfdi ni t e el emen
both ambient and Felneavl ahjyé @ stt eemgeiensgh wadr £isngl e b

and Arsme model have hhlipeen foamainedkc adetctitha ndel s

32 Ductility demand and design of the nov

Connections are restrained by adjacent struc
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initial stage of a fire accident a bseadmuewitlo appl
restraint to its free ther mal expansion. When the
| ost mo s t of its bending resistance, tensile for

catenary actThoen eoxfa niphlea BoiegaBiie el d nutsetdr ait e t hi s change
internal force acting on thieg3lt¢esadeandob) The dihtat
free ther mal exp&ngiBd@bfi ¢ hac bermamodant ed by duct

condi ti onsh, tshoe tchoantprbeossi on and tension forces gen

those in (a).
Temperature (°C) Temperature (°C)
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
IF\ 1 ‘\ L 1 I T T T . T T
400 | \ Cool'm\‘ \ Steel tensile 400 \ Steel tensile
\ g N trengtl Cooling \ trengtl
. N L/S ength £ . / strength
o 200 r D o 200 - ~<--__ 0\
Z S S g s e~
4 TENSION ~« _ = = ~«_ TENSION "=~=~_ " —.__
8 0 N Gavmprearmng ~<<y S 0T e
g g
= 200 F & 200 4
= -5 S N
2 400 F 4 400 F o Axial force in
Heating N Heating  1octrained beam
-600 F —7 Axial force in -600 [
restrained beam
-800 -800
(a) with strong axi(éd) weshraknally ductil e ¢
Fig3#rGhange of axial internal f @Brucese sosf ea cadnne c2t0il
It is clear that a structure requires connections
and stability under exposure ticaférc@uciThkeedeshgacHt

is therefore governed firstly by the degree of du

while the beam temperature is below about 600AC,
t he ther mal e xepcatnesd obne aonfi, tthoeg ectohneern dwirtoht atthieo ne faf nedc t
effective shortening due to beam defl ection. Thi s

structure and prevents connecRiigiw(eh)y actheeboit com

end of the connection should be able to withstand

D d| (4a

ow- temp ™

%(aIT hy

wins

Whegpees the thermal expansiohecbeédmicewmperlaédnglrel

of theibe&éame height o#i $ hesbammdedetteicon oandf t he
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Connection Connection
N\

_“___,‘\ e

(a) -tLeoomper ature move(me) ttHe gpher at ur e moveme

Fi g2 e Beam movements in different t emj
I n the high temperature range, when the bean
the connection should beDghl.gtboprevemmotinae

top of the connection and to avoid hard cont

as showmngg2gb)ef oD mB, pan By empmax C@n  be calcul at

Equat i20nsa-B8H3. ( Burther more, the connection sh

force generated by the catenary action of th

(&), iniwhitcthe uni formly distributed Iine 1|o
tension effectively reduces the tensile forec
to |l arge deflection, and thiusein turn helps
4., 1
Dhigh- temp_gdmax / -_2( a hk )‘ ( 2
4., 1
Dhigh— tempmax_gdmax / _E( & h )‘ ( 3
F=wl1%/8d,, (3
To meet this prescribed ductility demand pre

ease of constructi ohi g&3ies o mMdescataiticang essh ocswinc hi
cost and ease of i npt altleaminalh ecqadonaett ¥y omakg
the construction industry.o Thenhéwatcopraedttsi
considered as shaped webplcdteea,t sh olEtaecch tcd etahte
pl at e, bolted to either tchyel icnod ruintnalwesbe cotri ofnl

circul ar ohlraped)l ibpetti-pckad h e typplesdifee.ndT hese def or me
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fabricated by bending a steel pl ate. An alternati
to atskbwmiar secti on, which is a copethoerprarefdemoed.
The -sgmindrical section is t-pelkedutoi proyidahbow
fipnn ate to move towargs aaedi awayderomot aecemdodat
expansion and catenagam,acitn oqnnurovi wihreg ctomer ecit fefde rbe |
as the beam temperature rises. This is intended t
compressive deformations and to minimise the pro

i ni ti astsei we ogalel apse.

Semi-cylindrical
section
End-plate

Fig#3 eThe proposed detail of the novel duc

Fin-plate

As mentioned above, the cylindrical section shoul
the connected beam duriempefriat et empleidathhogthhr ahges$

The diameter of the cylindriwhalchs datsi ¢ mei graadreistti

on the ductility of the whole connecti on, and sh
Dow-temp Phigh- tempmax @ N Bhighiemy - The exampl e desi gnbedaentmofstr at ed
l ength 7. 5m, subject to a wuniform line | oad at t

designed t 062 100 WU.KBpHe Bfei -mIinalt e naf the ductile conn
been designed to the Eurocoaree ¢ Hirewrédimeansdi ons of

M20 Grade 8.8 bolts in 22mm di amet er bolt hol es a
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t h

e novel connection type wil!/ accommogchat e t
mperature, which in turn significantly red
nsile forces in the welds and bolts wildl b

signed to Eurocode t oedt akoe,beancd isto ctahley nart

satisfy 30g@B8)iowheft the temper aj,yfef of hehkeea

de
cy
be
ul

us

29mm. When its temperature reaches 8O00AC
nsile strength of the beam. d.]Jhewheifcolr ei,s tHh4
n be calculatedd4gccamdi ng tthebquesadbisad@ndut(ed

to calculate the axial d&fqhmanldgp,o0df th

e beamrag BOMMCand 2JTmmr ef ®s me d tsif Welsye.gb e d
temperature of 800AC, the connection shou
formation. I f the inner radius of the cyli
l i ndrical secti obni Itia yh avoe aecncooumgrho ddaet feo rt nnae
am in both directions. The connetcetmpoenr anmuwsrt
timate Limit State conditions. This involyv

i ng nE3xdu)at iaond verifying the resistande of

8(CEN, RaltObaambi ent temperature, under:

VR d

Wh

S e

T bol t shear,

! bolt bearing,

T shear and bedraitregq of the fin

T shear and bearing of the bolt group,

f shear ol dathee. end

f
:A\I—y (_:5
\/égmo
eYr@anMlare respectively thsecthoanmal capaai toy
ction.
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100
I15
QS
&
"
< © 100 o 'e’f}
Hlg
= =
30 24 30 50
= I R
& 2| B S
e o [ v &
o = =
- - [
Ha [l 4] [} o
o o =
- - -
sta || oliggt| o
o = =]
- [ -
Ha |l e[|
o = o
- [t -
o @ @ o 1 @
F i I
100y, 100}

Fi g%4 e Di mensions of the connection for the

33. Devel opment of simplified analytical model s

Any horizontal slice through the connection i s ma
which causglithédriseani section to bene.ecRliamniti c hir
wher e t hei nmaexrinmaum bendi ng moments oc(BlarneTherefor
20})ids adopted to model therpugbtitbhebelydvinaduri caf

Materi al and geometric nonlinearities are consi de

pl astic moments are neglectBdataepniéde haveatémoyn |

and capacity of plastic hinges. According to the
external |l oads should equal the rate of strain en
hi nges.

331.Cal cul ation ofoft he pEltasatinc emienmge

A bineaststiassel ationship is assumedi aeéamambi ent
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constitutive | aw for highi d8sfgmer ature anal ys

e e
i Bi-linear material

/
» /
> /

® ! Tri-linear material ,
vy U GoO,¢ g< 0, € U< 0
( &)t retsrsain relationships (b) Sdecetsisordi !

Fi g3#Mat eri al properties adopted

Yubs niz@0@&& cal cul ating the strain energy of
process is well documentede. afdesstiresssdnet

the beneiecg ioomososf a plastic hinge FRingdBésre di f

(b). The maxa, moth s$heaimaxi smmum s-BeessQwi tThien

internal moment of the plastic hselcgtei dms. cal ¢

For d1heemaiststarirassel ati onshi p:

B..t°3Ee_ & a1
Whea ¢ M= m Sand W.,.=B,t E?2 K
a¢ ¢ M, > gae_s 0 b Beﬁgel—z q (B
B,4Ee f, B
Whea> p M, =gl 50 ) (9
(; m
3 6 - 4E foo
an\, =B, g 21, ¢ +”—% —é“ (3

For theetarsit sair eassel ati onshi p:

Whe@¢ ¢ the equations drienetalre csasme as for th
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o

Bt'3Eeg, (E-E)e, (E-E) ¢
g— +

Wh < ¢ eM —— E
ERS APV T £ 3 2 & (3
qu éq? 2 3€k q
anw, =B t219 ! 4+ (E - + Y 2 a :
PH ~ Baif 'If 12 ( E[)?? & z'ey _81 (34 C
Bt’g3e,f,+(E -E)B eie-}) e2E, 0 3 I |
Wheq;]>§M __eff i m'u u y. u uu( (_3-]
21 6e’ i
EE & 0 &k K Of k
aanH:Befft2|E[ . g e 6'—"_ 9 u)91I (4ac:
T 3 - C £ q- 2 i

. . de,
in wWKE hE[)Qy—

(4a:

wheMei s the plastic M,nge tnmeemesntBy acsanptabcrieteyd,y ect i ve

wi dt h of-sechtei gcnrsoastsi e r ot ati ohf anigé el emgttheothi nige .

hinge is assumed totolfe tehegueaclt btem ,t e et hiodkartd o an

calcul ated as:

tem
=AQ—=dx=2 a ¢
172 f (
3322 Tensil e analytical model
—> F
Hinge 1 Hinge 2 Hinge 1 Hinge 2 Hinge 1 Hinge 2
N oS
Hinge 3 Hinge 4
Hinge 3 Hinge 4 Hinge 3 Hinge 4
Fig8G elLocation of plastic hinges in a deform
Since the proposed connection is symmetric, the ;
connection. Four pl astic hi nges, | ocated at t he
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section, are assumed to forwmndumisnfgihgBitee daf o
Several assumptions are made forFitghBG8, ettehesi l
positions of the two end plastic hinges ( Hi
deformation process. However, the tocwol ihn dchrgiecse
section wil/| move towards the end hinges as
curvatures of Bsketpant bevtfweeme Hcnges 1 and 3
remain unchanged. Finally, 8ibgemBamB2tama dylrier
section has been stretched flat. Since the s
geometric rel &tiig&d(ed) pbesthwevean itnhe di spl aceme

and the rotation angle of each plastic hinge

Moving point O+a Fixed point c” d 0

(a) Geometric re(laxi©arsthe @t i ocna locfu ldaitsipol na

Fi g3#tGeometric relationships in the |

The centre -¢tyhiendf-$s ¢edatti emr mis s Fsi g@wne Tahse bA a cnk

curve in the figure repr-egknndritbael osegtnah.
solid |Ilines repressenct itchre asth ashmasinma fd mdh gl aregpe
The angle of rotation about the xaka®tits ilsin
assumed that the endpoint A of the »xarxci si st of |
deform the arce totasi obvangkkeshat the four

during the whole deformation process. When t
a smalg(Fag®t(ea) ), the black solid arc becomes
Hi nge 4 should be the highest point ofn tthhee d
vertical l ine (through the new centre point

should be at the mirrored position of Hinge
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the moving Point B is calcul ated as:

Dx =2r[sing ¢os(g a+) cesj (4ac

whermies the radius of the ardg, t(Thendi s$spl adbement si mc

of the moving point is:
dx=2r[cogg -sin(q & }d (Q¢€
However, when the rotation angle of the plastic h

pgoccurs, Fegdme)as Poi nt@€i hs bbeweent Hinges 3 and

state and PopoinH betweencdn npgetsat3i amdstdagae. t Aec o
to the geometric -cnodredi astse mptt i Poi, ntt hed& shoul d b
H. Howaesv eirl,l ustrated iFn g®i@b maginhifs eads pampt iodn i s
true; there i s agphbmmaiveehoPoizonths afd ondciraahadsnddse alsh et heg
hinge rotates. Thereforcee henteweoerni gHinnmmagdsy X adrmcdul At
corrected. Whemitshelgasrigtegt dobheadglepdea@danidntdhe pl ast
hi nge ro/nhahesablg step. AGBE&b6) dAINGG! ys,h oRug uda thieo nnso d(i f i

t'o

Dx =2rgwsin(g /n) cesg a ) coa (47
dx=2rgeodq /n) sin(g a4 (4
According to the virtual work equation:
Fx=f] " 4M,dg - FM,d ¢ (ac

Subst Eguaideg@d 4() 31m8d @1n%t)o, (t he rel ationship betwe
forFeed the rotatigocanobeplbbstioeldinge

For dheelmistsbraeassel ati onshi p:
Eht’g

Wheea ¢ F = K
W 6r[cosg h ) sing & ) (2
ht* &q° f - (12f -8 3
Whe@> g F = | yé_ F (21
6g°r[cos(gh ) sin( ga )
For tHheetarsit sair @assel ati onshi p:
Whe@tt ¢ the equation is the-ldamearasgattleati ailn the ¢
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ht*gEq°+(E -E)(3 § ,e 4 ))e
6g°r[cosg i) sin(g-a )

NN

Wheg< g ¢ eF (2

h2‘ 2f _ 2 3 3 ] 2‘
Whee > ¢ F ht' &g u+(2E E)(Bgue.y)EZE[u 3.
6g°r[cos(gh ) sin( ga }

(2°

whelmies the width oti st hteh e otnmiea Ksrieszstsi aanfd tAh es em
analysis at ambient temperature is neadritdée
resul ts &ri @88 koCwnn vier genc eniiss |lraeragcehre dt hwahne n1 0 ,

is therefore adopted.

80
70
60
= 50 1
)
o 40 A
=
£ 30
R —0n=1
204 e =10
10 - = = =1n=100
= - = n=1000
0 T T T T T T T
0 5 10 15 20 25 30 35 40
Displacement (mm)
Fig3#8& el nf lrwead auee ofn tension curve
333.Compressive analytical model
The difference between the tensile and compr
(Hinges 3 and 4) remain unchanged in the ¢

relationsFii g&9 ehowven cian cul ati on equation for

Dx =2r[cosa {cos(@ -9 s ) (@ ¢
Then, i f ther eg,i st hae sdmaslpll arcoetmaetnitoni ncr ement i
dx=2r[sing -a) eog]d ¢ (@¢

Substituti n@)(Egd)atazed) s (i-dn®)o, (t3he r el ati onshi g
forFeed the rgoatitbe @aha@lséic hinge can be obt

For dhemelmaiststbrassel ati onshi p:
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Eht’g
Whea te, F = K
A 6r[sing- a) +cog| (2¢
ht* &g’ f - (12f -8 3
Whea >e, F = ezy_( ¢ 1 (27
6g°r[sin( ¢ a) +cos |g
For the etarsit sar @assel ati onshi p:
Whe@tt ¢ the equation is thli saame mast ¢hiaal in the ¢
ht?@E0®+(E -E)3 & e 4 3¢
Whea< g ¢,eF gE[qz (E-B)B§,e4)) (2
6g°r[sin( ¢ a) +cos |q
ht* &g f, +(E -E)(3 e 2e -%) e2Ee’ 3f
Whea»> g F SLETLHE B)Bple ) e2ke] 3h ¢ (2

6g°r[sin( ¢ a) +cos |g

e O Fixed point

I

5{ q'\‘—:r{”ﬁt“:_'_':__
prsae

3

C

Fi g83#% e Geometric relationships of compress

3.34. Pu sphu | | behaviour of a connecti on

Appl ying EXQMaRiIZ3dgnsand3 Ex&a-Ht29%0)nsf ofr 3 a connection o

360mm and pl ate t hi-ccikrndewslsers mmawi téd Ba0mmmi fabricat

grade S275, a continuous curve |linking force and |
i ki g8XT@ It can be seen that the tensile curve st
mechani sm has been created, whil e the compressive
l east wuntil it is fully compressed when the two e
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100

Abaqus model

= = = Analytical model

Force (kN)

- .
-
—

Compression

-120  -100 -80 -60 -40 -20
Displacement (mm)

O H——=

20 40

Fi g8 Fulpulpludihep¢@acement curve for the e:

335.Rot ati onal mo d el

The concept obfastehde nteotnhpoodn ecnatn be used here t

of the whole connection using a set of ident
be sdemdlfe t he whole connection is divided i
Rotation centre Rotation centre
Connection strip Tension strip
[T~ Ts +—o >~
I~ T — 7. [~
N T3 — Z4 [~
— _\ T, 123 \
(‘\-..___,_._-/—Q Tl‘-_rzyz"' Q
. || — - C
__Q _’CS J%
Compression strip
Fi g3l Rotati onal con#seacsteido modterli p ¢ om
Whencbheection is rotated about its centre p
nor mal force of each strip under tension or

compression models described pgr d@vieouwshloy.e Thoa

can be obtained by calculating the moment of
N/2

M=a . T €)Z (3¢
I n thi sNiesqutalte ommot al numbetZ isf then da csttiamrmrc es t
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centre potihntc oonfn etchtei on strip and the cAoentre of rc
sensitivity analysis was carried out aN, ambient t

anbdetresul tsFiag@ 2shown in

4.0
7 _z-:-_-""“ﬂ"‘gf__:.
3.0 f
.5 4
E 2.5
<20 - 2 strips
A | 4 strips
'25 L5 1 — — — 8 strips
1.0 - = - = 10 strips
0.5 - — — 20 strips
) — « =30 strips
0.0 T T T

0 0.03 0.06 0.09 012 0.15 0.18 0.21
Rotation (rad)

Figda#lr2a I nfluence of tomdmide mtuimbrermommersttri ps o

It can be seen that the resulting curve of the an:
enough, Dbut the connection models at high tempera

been seBingdirébmat the tensile strength of the <co

compressive strength in the plastic stage. Under
will generathanatlhaer gerrfeecpoeadti ng compression stri
force, which may be the reaction at the centre of
model to which a pure moment i s aptpildnedi nwidrldeerxpe
to balance the total tension and compression for

movement of the centre of rotati on.

34. Val i dation of analytical models against Aba
I n this secpuiumomosalhdmegretn esrcaflt war e Abaqus i s used t
compressi ve, and rotational anal ytical model s p
temperatures. The shell el ement S4R is adopted i

comput ati on tchoempuasree do fwiston i d el ement s.
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341.Val idation of tension and compression

The geometries of the tension and compressi
showfi gB4 e The materi al used is S275 steel

Abaqus modpl atd hes ehhdafptlameddithel aocpe meetng iosf
constrai ned oby hbee ibrea b oMetbed At mesh sensitivit

size of 10mm x 10mm was adeas asHFaogfeudr 8 m he con
100

;7
4
80 1 7
= 60 o
@ Mesh size: 40mm
¥
E w4 ~~ === Mesh size: 30mm
= = = Mesh size: 20mm
20 1 — - = Mesh size: 10mm
— — Mesh size: Smm
0 T T T
0 10 20 30 40
Displacement (mm)
Fi g3#r3® Mesh sensitivity analysis
The analytical model is in satisfactory, alt
the comparison of Fiw@8In®o dlehes iinsi tsihadwns lionp e s
compression cterlwvwesd iicn sttltaeg el iamearequal . I n t he
pulled in tension, the force required incre

reached, owhentitber ©s effectively straightene

on the same |ine. The sl ope of the tension
becomes al most vertical near t o ntthien utoeunss iroend u
of the | ever arm between the applied axial f

Fi gB6BeFor the compe,esshenfouce required to

di spl acement decreases steadily in the plast
at which contact, either within the cylindri
eng ate, occurs. This is opposite to the tren
bet ween the applied force and the top two pl
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342. Val i dation of rotation model at ambient te
For the analytical tobatbemalvi model s twclhescdepned
component sé6 behaviour. Rotation of the entire conr
of each connection strip. Deformation compatibil]i
piecewiasmralntitbdals model; this ignores the horizoni

I n order to make a more reasonable comparison bet
Abaqus connection models WwWeg&X4&€r Eheed, wawhecbsadet
study the effect of the shear between strips on t

I'n the strip modeled obmgptawe éori | adjyad esntmagtinrtiapan e X C ¢

horizont al movement s, although the ends of each s
straight i ne. Alsa sweidt hantaneyt ¢ cmfro mediidte | t helef i ned
connection is constrained toplraotatecalbdwtutwhi @liintt
free to move in the verticadl ddirreedtiioomn. although

Rotation centre Rotation centre

L

(afhe whole connect i(obih e isetcrei p model

Fi g4 Two Abagqus model s

The comparison of the two Abaqus FHFnoglBerl®es Aand t he a

significant difference can be seen between result

model . The difference between the Abaqluast strip moc
an additional moment is generated by the shear f ol
compatibility, mai nly due to compatibBbhisty of t h
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compatibility is hard to iinsplceommesnitd eirne da usninnep
it this might be considered using a safety
Abaqus strip model and analytical model wil |l

anal yti cad amomndcerle gdovreser vative result than e

W
<o
1

Moment (KN-m)

Abaqus whole connection model
= - = Abaqus strip connection model
— — — Analytical model

=
<o <o
1 1

e
o

0 0.03 0.06 0.09 012 0.15 0.18 0.21
Rotation (rad)

Fi g% Comparison of rotation analytical
343. Val i dation of analytical model s at el e

The material properties of the connection af
Eurocode2@BEMRarR0E»ma Abagqgus simulationa- phe
defined temperature and then a pure tensi on,
the model to-dobphaoembet foucee at this temp:é
the Abaqus and anal yti c atle mpared tsu rodvse gidtiat s hamvg
anki g8 %

't can Dbé&i gé&k@nEirgwthat all curves are of t
di fferenceytbhiecaheeaandnfbaqus model s decreases
that temperature does not influence the def
force required to produce a <certain deform
tempature. However, it is obvious thatputlHi s

ductility at elevated temperatures.
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80
60 —— 20°C Abaqus model
= = =20°C Analytical model

40 —— 500°C Abaqus model
z 20 = = = 500°C Analytical model
e —— 600°C Abaqus model
% 0 — = = 600°C Analytical model
|6

= 700°C Abaqus model
= = = 700°C Analytical model
— 800°C Abaqus model
— — = 800°C Analytical model

Compression

I
I
T T !
-120 -100 -80 -60 -40  -20 0 20 40
Displacement (mm)

Fi g3k Comparison of teniuaph/lclo mpordeesls iaogna iannsatl yAbiac

model at elevated temperatures

7.0 —— 20°C Abaqus whole model
= - = 20°C Abaqus strip model

6.0 — = =20°C Analytical model
50 — 500°C Abaqus whole model
= =« = 500°C Abaqus strip model
Z 4.0 — = = 500°C Analytical model
= —— 600°C Abaqus whole model
g 3.0 — - = 600°C Abaqus strip model
§ — — = 600°C Analytical model

——— 700°C Abaqus whole model
= - = 700°C Abaqus strip model
— = = 700°C Analytical model

0.0 r r r r r r 800°C Abaqus whole model
0 003 006 009 012 015 018 0.2I1=:= 800°C Abaqus strip model
Rotation (rad) = = = 800°C Analytical model
Fi g8 Comparison of rotational analytical model

temperatures

As mentioned abover,otwaittihona tfhiex efdo rcceen terqeuiolfi br i um ¢
is not satisfied due to the difference between th
zones of the connection. Therefor e, external axi
modefl t he connection during the rotation process

obtained by the analytichBig&in8 Abaqus model s are
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16
14 — 20°C Abaqus model
12 = = =20°C Analytical model
—— 500°C Abaqus model
> 10 1 — = = 500°C Analytical model
o) g - —— 600°C Abaqus model
§ = = = 600°C Analytical model
o 6 - —— 700°C Abaqus model
4 — = = 700°C Analytical model
— 800°C Abaqus model
21 Al e T T = = = =800°C Analytical model
0 ====----—----"" "~
0 0.03 006 009 012 015 018 0.21
Rotation (rad)
Fi g8 & Resultant axial forces of the cc¢

344 Anal ysis of the discrepancy bneotded esn ar

Di fferences can be seen between the tension/
i Fi gB83Tr@NKEI g8&Y&® I n the initial elastic stage,

Abaqus model, which is reasonable due to the
For exammlga,t itome odl d hes eccotninoenc tii so nMdest caoa wrsssi d e
model . Therefore, the deformation of the Aba
than that of the analytical model hel sttbherget
the two because of the positioné dfs tahlse upreas
pl astic hinge is generated at Ri gRilScnké ge rgo i

32@ hat the end plastic hinge of the Abaqus m
|l ength, which gradually increases and tthleen s
connection proceeds. As described above in t
the plastic hingeUTserehange dfo ltdmegtvlaraofabt e
Abaqus model could be d¢xplaami naendal ys i wail n gnoa

initibdlLaagglreplastic hinge |l engthsUcause gre
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5,511 5,511
SNEG, (fraction = -1.0) SNEG, (fraction = -1.0)
{avg: 75%) {Avg: 75%)

270,588
324533

S,511 s, 511
SNEG, (fraction = -1,0) SNEG, {fraction = -1.0)
(Avg: 75

428
-365.174

Fi g3#r® Stres

5,511
SNEG, (fraction = -1.0)
{avg: 75%)
0.000
0.000
0.000

5,511 %
SNEG, {fraction = -1.0) SNEG, (fraction = 1.0)
(Avg: 75%) {ave: 75%)
365173 364.170
304311 30340
243249 242639
182586 181873
121724 12107
0,862 341
000 0.424
863 1.150
121725 121956
182587 182722
243349 243487
304312 304253
-365.174 -365.019

Fig3#2@® Stress distribution of Abaqus compr e

I n the tension case, the di splacement of the Abac

than that of the anaekbytvbtak, mbdehuat &heepaatnofo
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that is straight and parallel to the force d

i Fi g3B e has some reverskEBig#r®ature, as shown

Fi g8%2% Reverse curvature between the two i

The discrepancy between the rotational me c h a
showki g&Xt®nEi g8 2 The main reason for this ¢
compatibility of the tor sicoinraclulraort actoinonnesc to fo
are more alignedf ipneapentibsulbaent oghbeed i n
showhi g#2xZ2a), the rotational behaviour of t he
namely tension/compression and torsionfbendi
pl ane moment at the éendgIdvEebdvemandst hiepsium o
i's shbiwgpd2idmt he bl ue curve).

S, Mises
SNEG, (fraction =-1.0)
(Avg: 75%) '

308.079
.E 282.406
256.733

231.060
205.387
—r 179.714
| E ¥ 154041
128.368
102.695
77.022
51.349
25.676
0.003

~u

X

(a) Deformed shape of Abaqus stri
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0.21
0-18 1 _ 4 —Topl strip
.- — Top2 strip
~ 0.15 4 - .
=) - ——Top3 sn}p
Z 012 A 5 — Top4strip
= 7 _ _ ] —Top5strip
E 090 W pZ---——--—— =" — — —Bottom1 strip
'26 /’ ’-_7_-7_-7.-.;.—7._:_:-:.-:-:— _______________ - = BOﬂOInZ ST]‘?p
0.06 - ”,." T ======9 - - -Bottom3 strip
0.03 — — — Bottom4 strip
: = = = Bottom?5 strip
0 T T T T T T
0 0.03 0.06 0.09 0.12 0.15 0.18 0.21
Rotation (rad)
(b) End moments of connection stri
Figs#22 Bending of connection strips
2.5
#
. - ’
2.0 A PR
Q] ].5 7 _ - - - -
= L -
g < - -
g 1.0 A /‘ ."...-"'-
= 'L
s
0.5 A lr
’
71
, -
0.0 ' T T T T T T
0 003 006 009 012 015 0.18 0.21
Rotation (rad)
— — — Moment sum of all strips
— - = Discrepancy between Abaqus and analytical models
According to out-of-plane bending theory
Fi g8&#23® Analysis of discrepancy between rotati
The red cuFvgl8dadseswmbitai ned by subtracting the

Fig3&T%rom

model
t hat t
Abaqus

h

S

e

t he @A.Dbalqtus

stiffer

sum of

al

Abaqus

icnair tvi
than the
the stripsé

model , whi

Il n order

Fi g2 @

S

t

o il

added

ch i

ndi

ustrate

t

o

t

cates

hi

S

val ue i s

end moment s
t hat

di fference

médgdaEn t

i s

mor e

he
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negative,

an

ni

very ¢

o

bendeng/ torsio

ear

tdcce lod s gdFunrgdter Baforad yrt mcalmondi f i ed
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analytical modelg¥d@dder ae, caholwe sa@en from this
is very close to the Abaqus strip model curv
7.0
6.0
~ 5.0 -
Z 40 A
5 3.0 -
E .
2 20 - ,f Abaqus whole connection model
----- Abaqus strip connection model
1.0 — — = Original analytical model
= - = Modified analytical model
0.0

0.00 003 006 009 012 0.15 0.18 0.21
Rotation (rad)

Fi g3%24 Modi fi eadn arloyttaitciaolnanhodel cur ve

Thepliane bending behaviour of a ci(@Gcuk aemanrt
194Br esco}).t Asl ol anet bendi ng Hehffvrioopuors, e dKra

cal cul aad;ont metrhel ati onship between moment a

rj = Asin f Bcos fC+ eosk/  aEf+ sind  Ha#in 4/(VH-H‘COE

. (31
- H gw(fcos feosin ¥ 2K 8 B oy peos f

é 2(a+1) M (a+) (
Wheries the radijus dfodtllaanter irnog Mt s onhdodpn quimé,
momehits the angul ar eseacndiomatod dfhet he ngr o ST ¢
for cbnasmdanrte documented by KrahuA,a,B,aa@d aF,e
kare six constants determined by the bounda

relationship between -abhpl eebhdbmamedfegbtank

323 s calculated by this method, and the sl oy

line in the elastic stage. However, i turi s Vv E
of a connection strip by a theoretical met h
same time as it is bent and twisted. This me
circul ar in shape, and cliagrcgdrar affp enq b rditeantdie .
conditions of the cylindrical section are ha

the cylindricapl aeeti oo tamat thlkkeeelmdundary co
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at this esiidmpglayn ntort eedbtekeedd acss ufipxoepd e d . I n the conte

mo me nt necessary to apply-eandsi grhief intoammetn tr ogteanteiroant

applying the same rotation to the connaesction i s s
bending and twisting of connection strips is not
35. Validation of the analytical model against

Experi medustohnhekelhit s on have been car@d)@hdout at mo
Kal awa@@aBdn this section the experiments conduct
the tension/ compr eambioeintantad mpgercatt umMma,dedndtexperi |

used to validate the compression analytical mo d e |

351.Vali dati on at ambient temperature

S275 steel was UuUz@®}d8ob yrkaluawadweael & est speci mens.
the speci merRsga#xPadshotwwhei hest setup of the ambient
i Fi g&2%b), uksNedSha maOddzu wuni versal testing machine
force to the specimen. The force was measured by
specimens during tension Ring 82 npmde stshencdmpdrsi sa

bet ween the analytical noidgeBtd #Zand experi ments i s s

Reaction frame

v

(o]
—p Testing
machine

o

v
Test Specimen

bench

R T

(a) Di mensi ontse nopfe rtahteu raembtiedsrdt) s pesti meatsu p
Fi g3z mbi-temperesttursettup and speci men di mensi
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(a) Tension testb) Compression test

Fi g2k Def ormation of connection dul

1500 - I
Analytical model |
— © — Tensile experiment 1 |
1000 1 = % = Tensile experiment 2 |
= < = Tensile experiment 3 |
2 500 { ~ o= Compress?ve experiment 1
e — x= Compressive experiment 2
g — ©—= Compressive experiment 3
o o-—-——————""pF"———————
-500 1 @ comanao
-1000 r r T —L— T
-45 -35 -25 -15 -5 5 15 25
Displacement (mm)
Fi g2 % Compaanasloynt iodal model against exper.i

As shdowmgde the initial sti ffnesses ooff tthhee a
experi ment al curves. A potenti al reason for
radius curved section betwephatédecogtinbdoi e;
di spl acement during t heomhy ltehd ocaydliinngd rpircoacle ss
in the analytical models. This simplificatio
at | arge deformation phase and the wultimate
el asti o ogt isftfrruecstsur al fire engineering anal ys
is the key concern. A satisfactory correlati

and analytical model curves. | n sad acmmrgees s inmoam,
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Chapter 3 Proposal of the Novel Ductile Connect

requiring higher force to generate displacement t
this is that contact could occur at high defor mat
bench bol tFi g8 @&hbh)ownThins coul d al so enhance the coc
connection Thete spactmesa. have not been consider e
However, the general trend of the experimental an

both the tension and compression quadrants.

352. Validation at elevated temperatures

The 3D tpedmniiqwe wagq2 uid6omd pl v dBucsidgeghs 6 lisd esetlai nl es s
speci mens. The materi al properties of 3D printed
had been well s@0y§ b eHo wlHwled/i, hEbnésnspeci mens wer e
bet ween 1050AC and 1120AC to relieve residual str

procedure due to kearuliipgpdelyahh diméd at hensffect of e

temperature on 316L stainless steel, and found t he
and ultimate strengths, whilst increasing the duc
three simple material tensisltertessittg,s amadl tWhé ki ommp

properti esTahldée shiofwneriennces can be saare ald etdween a
speci menablia, thAed Briggsbds materi al properties ar

a more reasonabl e comparison with his experiments

Tab3le Compari son of materi al properties

Material te Yield SMPae Ultimate Tensi |l

Test 1
Test 2
Test 3

Average
Wil kinsonds mat

w|o1jo1 o1 O1
NOINN B~
GOIN N
g BN
oo O O
DN N W
(G201 NN (o]
R(o|w o U1

Since Briggs did not mpeual 6 calnl yhi me arsau ree i Md u ntgeds
299. 3GPa obtained by Wil kinson is adopted as the
The dimensions of t hfei gs@ReB@)i Imeen tag st ssheotwinp i ant el e

temperatur Esg¥s®)s.hoArnhiigoh t emperature oven was use
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Reaction frame

E—

25

v . Testin,
v Furnace > : g
* machine

2]

Specimen
Test P

I — bench
L

w] |

(a) Di mensi ontse nopfe rtanteu raembtieésit) sTpeescti nseentsu p

Fig3#2& Higmperature test setup and spec

ur temperatures, namely 350AC, 450AC, 550A
mperature compr eBis @ &82n®E taelslt st.e mpse rsahtouwmne icnur
ner al trend, showing a slight decrease of
creases. The differencesedbprpe wiermehithdEes@manwn vy
y be caused by the uncertainty in the mat
crease oforcoempskewnhonn exp8mmmeént @luecdov & ¢
ich occurred between PpPhateyl iTher icoarnpr esc i
nnection wunder any given displacement sho
we WV, an exceptibing Be2a8¢n fboe ftohuen dc oitmae ¢ thii agrh e a
sistance than the connecbeonhath8a80DiAgg Thm
fore it was | oaded. Speci mens at 450AC, 55
ached the required temper avtagsr eh,el wh @ rhne ash et |
eater period bgdmercali t twhes d>xmareidmentns at
mperature only affects materi al propertie:

nnection.
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0
-200 — 350°C Analytical model
----- 450°C Analytical model
Z -400 — — = 550°C Analytical model
e =« = 650°C Analytical model
[#]
E -600 ©  350°C Experiment
o 450°C Experiment
200 —— *x  550°C Experiment
L 2 650°C Experiment
-1000 -
-0 9 8 -7 -6 -5 4 3 -2 -1 0
Displacement (mm)
Fi g3#2%® Compaanasloynt iodal model against experiment
36. Caseigtoud t he ductile connection
After the development of the novel ductile connec
descri bed above, prelimiedgarrye sntoud iceosn dwscitregd sinn g lhd

t onvestthegastter uct uamd ke f foaimamicee mewesonnecti on.

361.Si mpli hgped beam model

An isolated 7.5m beam of UKB 533x210x109 section
connection at its ends is investigated here; t he
showRi g#&4 e

Simplifications of tFhg3FEMamedleilstad shofwal i aws :

T One half of t he model is created to save compl
applied as aspbamndfartyheatbena m.

T The compl ex c onttvmecan chonldtis i and bkEe-arance hol
convergence of the simulation using a static
this preliminary study. To avoid complex cont a
are not modepl @de dandcthyg tied to the correspc
we b .

T Constraint boundary conditions a+pd aapplied a:
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connecting it to a fixed thick plate repr
T Simple hard contacé spphmeedahdnbdametveben

engll ate and column fl ange.

Y

k> L.

Fi g3#305i mplAibfaigeuds model of beam with duc:

X

The el ement size in the wemmedtni drhemdddIf icso
presented in section 3.4. Since the behaviou
t he simul ati on, i ts me s h si ze can be mu c h

computati onal timet &pplkireadal tboadei bedin fl a

generating a |l oad ratio of 0.31 with respect
of the model is gradually increased until th
0.8% a relatively | ow |l oad ratio in practice
section. It is assumed that the temperature

across ,t mendddapmteh st andarnmio dieilL ef(@®@®D@O)aAbBS umead
that the temperature of the connecti dapwas a
of the beam. In order to study the effect of
two cases are simulated, in which the connec
temperature respectivedcgti ormedureifrog mahe oen toif
is shbwg83i®m It can be seen that the cylindri
t hermal expansion of the connected beam at t
beam devel oposn,c aatnedn atrhye arcottiati on angl e of th
the increase of beam defl ection. Eventually

cylindrical section, and the connectiothi st ar
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can

cylindrical

accommodat e |

arge

s epd taiten tal Imowse

def or mat i

ons i

tt hoew afr-pdisa taen.d

Ductil e

nduced

away

S, Mises

SNEG, (fraction =-1.0)
(Avg: 75%)
309.990
284.158
258.325
232.493
206.660
180.828
154.995
129.163
103.330
77.498
51.665
25.833
0.000

T

S. Mises
SNEG, (fraction =-1.0)
(Avg: 75%)
302.335
E 277.140
251.946
226.751
201.557
176.362
151.168
125.973
100.778
75.584
50.389
25.195
0.000

L

S, Mises
SNEG, (fraction =-1.0)
(Avg: 75%)

187.852
172.198
156.544
140.889
125.235
109.580

E— 93.926
— 78.272
62.617
46.963
31.309
15.654
0.000

Fi g3#3 2% Def ormati on

Def |l ect i o nssp aonf

otfh eb enai nis

¥

L.

Pag& |
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Chapter 3 Proposal of the Novel Ductile
332 It can be seen thatctcocheeectsi creparcseowné idn g
curve representing the case with simply sup|
(Fig83® shows that the axi al f adruccec odheareecrt a toend
significantly reduced due to the high axial
tentati vel ydudrtaowme etchtatont lbeehaves more | i ke ar
considerabl e axi al duatmaltiitoyn tod d4dheommadaetcd ¢
axial fduceha®ltits on wi | | be i mplemented wi:
reduce the axial force of connected beam wi/l
where theteoperatidoe i s 70% of the Ibetalant e mg
when the connection temperature is equal to
0 —————————
-200 -
~ -400 A
-
= =600 -
2
9 -800 A
=
¥
A -1000 A Simply supported
----- Fix end
-1200 1 = = =TC=70%TB
-+ = TC=100% TB
-1400 . . . . . . .
0 100 200 300 400 500 600 700 800
Temperature (°C)
Fi g3#32Compari son -sopfaenb éde mt imio d
400
e e e e e s e s e e e — —-: “
\ -
-400 1 \ el
— “ ’f’
Z ! g
< 1200 { \ s
[:¥] \ ’/
g \ ’
3= \ e
= -2000 A \ ==
é I“ "’a
2800 - \ /'/ ----- Fix end
N - - =TC=70%TB
-+ = TC=100% TB
'3600 T T T T T T T
0 100 200 300 400 500 G600 700 800
Temperature (°C)
Fi g8&#33® Comparison of beam axial fo
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Chapter 3 Proposal of the Novel Ductile Connect
To assess the influence of thecbhbebmespannonf obhe
di fferent beam spans are adopitetdéddBiRe Exaaptspondi |
for the connection depth, the other di mensi ons
cylindrical section radius) are the wame in al/l
Fig384anHi g38% which illustrate the connection rc
generated in the beams of i B2 4 echmttd wtgtaenlis e |t (o
connection can rotate a significant angle before
good def i gpaad®Bhotwwg. t hahcweabhetbt beam span, the b
al so increases. Reason | esadmwmiyt ontdhi samagebei omatw
the most <critical factor affecting the connecti on
| osgn Dbeam. Further studies are required to esta
cylindrical section. I n general, the novel connec
can provide satisfactory deformation capacity.
Tab32e Parameters of the beams of various
Beam Span 6 9 12 15
Beam Sect UKB ng UKB UK
3512133 4017180 4519198 61ia?2 9
Load Rati 0. 4 0.4 0.4 0. 4
Connecti on 260 290 320 410
9
g
g
[~
0 100 200 300 400 500 600 700 800
Temperature (°C)
Fi g8%34 Rotation of connections for beams of
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200

150

100

Axial force (kN)
Lh
[e=]

0 100 200 300 400 500 600 700 800
Temperature (°C)

Fi g&#%3% Axial force of beams of diff

362. Detail ed smodegle beam

Aspael i minary study of failure modes of the
i ncorporated into the Abaqus connection mode
using the 3D soFidg&kemhnt hiCBID8RI dt e with a

constrained is created to represent the colu

~

Fi g3#36& Detail ed Abagqus model of beam wi
As mentioned previously, the complex contact
singulifthet Abaqusi st.asRlde rseoflovreer, t he dgoapmed ¢
here to anal yse tfd amd dcelp.r oTbd esno luvse nag gau adsyin a
speed is of most concern. When a dynamic sys
| oadumagtidon is |l onger than the natural peri o
regaasleappr oxi naned yt Isd¢ att o tca | anal ysis ti me

i's unnecessary and ineffiicnenhhet dismalkdtyeabhte
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time is scaled to a very short time period, as | o
00&Aarried out a parametric study to investigate
response of a bolted connection modédlatuciarsg st he d)
with | oading time of l1s or 0.1s gave smooth rest
simul atdaoantoheebei on @oresisdtxe dotfepprse t he first ste
extelrmaad on the bemme,@mintdardhiee nrte mabanengsédveostep
gradually raise the806mpemheutemdi 8 gehrsed atptilee| t o

ti mealdf hsetaetpisngi s set to O0.1ls. Acc@ridoibng tt cantdhe A
Sorenségnf P2@G@4kinetic energy to internal energy r
si mul athieo nc ocnasn d esteadt iacs, owhaesrieas responses great e
regarded as dynamic amhd makéusiedefrioamt thkekereismlbt a
guasstiati c, the energ¥Vig@3dtti carmsnhibpe issemashdwrom n he
the kinetic energy is |l ess than 10% of the inter
reaches 1.4695, at whi cThheohed, cobherecbhnhochufabphucano

t hatdettleseilneud at dontoheebeion using tise adymami c sol

0.2
Kinetic energy/Internal energy

0.15
.2
g 0.1 1 ~

0.05

0 T T T
0 0.3 0.6 0.9 1.2 1.5

Time

Fi g&#3 % The ratio of kinetic energy to inte

The medle sfurfaces where contiaott may d.eclahrel ed eched &
fai modoef the denmddBiwipgddi&8 s can be seen from the fi
enmgll ate of the connection deforms considerably at
bolt row. This failure mode, whichbf iducethiel emost ccC

connectioadpbi sputh hMeath d uwiel | be studied in detail q
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t he co/mpmoenewmdnd! dafctti h & icno nhheaCphtaeesinp B e adm f | ect i o
from the detailed connection model i dedommar
Fig3#3® It can be seen from the modied el arhqdr tt
t hat of treedehingduief it od tthtee f@cnsttrhaitnt provid
t he -pé mdtehdeon €t i | e iconihkeet d einwe d keadrt mehdasrh st r ai n:

bet weenpl dottddeunddt i | e connection and the thick

S. Mises
SNEG, (fraction =-1.0)
(Avg: 75%)

124.501

103.793
93.438
83.084
72.730
62.376
52.021
41.667
31.313
20.958
10.604
0.250

e

__Pull-outofbolt

Fi g8%3& Failure mode of the ductile

0
-200
£ -400
=1
= .
% -600 1 Simply supported '
A | ====- Fix end '
-800 1 - = — Simplified model '
— - = Detailed model !
-1000 T T T T T T T
0 100 200 300 400 500 600 700 800
Temperature (°C)
Fi g3#3® Comparison of the deflecti
A preliminary parametric study has been carr

effects of three parameters onnédbeisnhyuichala
connection thicknessscytheadirncal msa&ditua®nofantdh

The endpointbsigdd@té deteemi had bpl ahe &aibh
Pag& |
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i Fi g33 &
0 1 0
~ -200 1 ~ -200 A
g g
= -400 - = -400 A
2 2
g =600 1 g -600 -
T T
A -800 - A -800 1
-1000 T T T -1000 T T T
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
— Control case (thickness = 6mm) — Control case (height = 360mm)
----- Thickness = 8mm -==-=-=-Height = 400mm
— — — Thickness = 10mm — — — Height = 440mm
(a) Connection thickness (b) Connection height
0 -
~ -200 -
-
= -400 -
2
g -600 1
B
A -800 -
-1000 T T T
0 200 400 600 800
Temperature (°C)
— Control case (radius = 50mm)
----- Radius = 75mm
— = = Radius = 100mm
(c) Inner radius of semi-cylindrical section
Fi g84® preliminary parametric studies
As shdwmgdh@at)he increase in connection-thickness
pl ate and thus all ows emoeadhodvefvliee ¢t iexrcesfsi vieei aaon
pl ate thickinkesesdwddill refduefe the connection, which
intention of tThheerredwr @eg n faiattihenr. i nvestigations a

criteria for determining thelhmosctonapyart alpand ahtee gc o |
littl e effectFiog@4i@hbs) )p,ersfoorimasncveal(ue can be determ
to thpd adgregploat didesi gn criteriAdn amryouviedgpkeriay uEer o
| arger the inneylradiusalbfseéebtespemiddadfel gcteciad®eroft h
coeated, beamisRiow@4 & c) . This phenomenon can be e:

Equat32oh$328 for t e3RPpi- @AY andr (compression derived
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analytical mo d e | of the connect i onl s pTohven lianr (
Fi g&taenFli g39 A | arge inner radicasis@&nd ha simalolmi
Equat FR20As2 3 )3 aZned( I B) t o increbbat awhitche meamne
t he -sylmindri cal section increases, | ess forc
same deflom mahe onnias Feafi ulsardeai |l ure of the end

tempey at @sel tcirregasien i an -sighaen fdienfalle chiidon of t h

Howeverinmeéardi he of the cyllietdsrain®gtlh, esheoomni oinn |

Fi g3%2(ea), the cylindrical section may buckl e
of t he conlnecttlids bea@aamt i on, only three values
di mensiammd the results may not represent the
performance oTheradflourree, nfowdretsher extensive pa

determine the optdiuca&ldo hieiemdrn sosinans of t he

37. Chapterionncl us

This chapter has proposed the design of a no

pi eces, each of whipchattea-f laant ¢ehnado ¥ loia md reifmé aal fs

whi ch can provide additionaill i dyctafl i tby i tttol
Tension/ compression analytical models of the
virtual work principle have been developed.

simul ated by purieon emnfsiiomdiowi dcucamp rcecsmsnect i on
the cotwhmesrantmelthheodt ensi on/ compression anal yt
against Abaqus simulations and experiments a
case bavudikbeen carried out using single beam
connection and its failure mode. The foll owi
T A good consistencyw eananmnohécempne beitavreean a
Abagqus model s at both ambient and el eva
proposed analytical model is able to pred
connection.

T A good correlmd ibat imeaesn bteleen dmal yti cal mo
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ambient and elevated temperatures in both tens
concl uded fdriosnpltahcee nfeonrtcecur ves at el evated tem
anal ytical umodmddelt hend®baxperi ments that tempe
def ormation mode of the connection.

The discrepancy between the rotational me c han
The main reason for this disckrepanatyi osstafhttb
parts otitbel aemconnection strips which are mc
fipn ate is i gnored in the meankadiedaalp prhoyd eal . Ho
signi fi ctbhceornonteacstiisonnc h | omoemmernetqanr etdet o apply
t he samda orhoet abteidonme r eafno reex actt amosdiednanmlf r ot ati on
connection strips is not very important to thi
Through the deformation prociempl ioffi etdh eAbdwaitsi |
single beam model, i-cty Iciannd rbi ec ad e esne ctt h aotn tphreo vs &
ductility to accommodate | arge axi al def or mat i

t he connefFcrtoemd thheeanmm.ompawsipaon o@fs | wedmrmidd f f er en

boundary <conditions, it can be concluded that
idealized pinned joint.

From the detailed Abaguouesmmiomghedbeamtmoeaé! faih
of the ductil e codh.neThmloadtnedt aonf bteh eo bcsoenrnveec t i o n
considerably at the top and is streitsched away
named as-oWtol ftaanigludwliel | be i ncl ubdeesde d nmood etlh eo fc o m
the ductile connection in Chapter 5.
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4.

COMPONEBIASED
MODELLI NG OF
DUCTI LE CONNEC
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41. Chapitertrroducti on

The internal forces experienced by connections <cf

compressive force due to restraint of the ther mal

to tensile force caaesadybywcthenevéntbealms at ver)
Therefore, it is difficult to reproduce such comp
in dwdlle tests. Compared with experiments, numer

i nexpensiowe tme i nvestigate the behaviour of conne
materi al degradation and complex internal forces
technique which enables prediction ofnntelhe behavic
However, such detailed finite element approaches
desi gn, becacasees wmi ntgh en attiumee of mo d e | buil ding a
particularly where gl obal An aanhet earnnaal tyisvies wnaeye dosf tcoo
| arsgeal e frame analysis -bastdreamet hotdotasei mhkatem
behaviour in structulrmlttie amasanal ysfirsaunseo,@iit avlar £r ¢
anal ysis for sfeems ctonedidnloynmspradtically feasible
connection befdawmemwsi owiat hifm aane3 anal ysi s.

This chapter presents an i mproved tvermdrofnororhandhe
with that of the p#Hewimeuanowderdsi dn viesicrag ea sdwhdi es
which the ductil e cédnmnentetsi omist hardd fa peprleingd bteca ns wshp a
mo dseol f thel afade compdwmetnit! eofc otnhneec-pli @ne/ saenndi t he
cylindrical componeinn wHhHiPeSyd itctodrpoenamintcomponent and
pl ate component are considered to deform as a w
devel oped. Basempomasdesmoddlwdp for the ductile co
proposed. The l oading and unl oadi ng behaviour h
component behaviour, and -basedematdéebs odr ¢ heommwar
vali dated Abggiusstsimat mati ons and experi-ments. Fin:
based model is applied to two simple examples, to

to the process of connection deformation.
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42. Opti mi zed design of the ductile connec
As nmei oned in Chapter 3, the basic el ement (
simply by bending a steel plate. In order to

the previous chapter ®kagdahececlrhemamsdiafriped na s r skt
t he -sywlmindri cal -pp artte &armad thleenemeépl aced by a

to reduce thesplrashisci medsiceédaby bending.

Fi g4 e Opti mi zed design of the ductil

To check whether this change of specificatio
t wot orepayhpeéane st edé&l g2 amea,s sbhecewin mondel | ed
The di mensions of the origin&igé&nhe Fmmocki fiiseads
to occauarhengyound fl oamdoft hehetaadardThHday
t wo adjacent cold bays on both sides can, t

with known axial stiffness, 44hiclOntagnhlaéfcal

bay is created in the Abagast moAednitfoorsmvlei rc
applied to the beambébs top flange, generating
values for the Fire Limit State, with respec
K= ! (4

21K comectort L/ K conmn
i n whlcoicudanlconnectitesnpecti vely represent the | ate

column and -phlel axt iafl f pasdh of the connections
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¥ _ ) ) )
= 7500 7500 7500
= = ) =
ﬁk Tcolumn =20°C ﬂk

Tconnecu'on =50% Tbeam

A RV

Previous connection design

Tcolumn =50% Tbeam

= B\

Beam section: UKB 533%210%109 ‘J

Column section: UKC 305%305%198 Improved connection design
Fi g#&42 e Subame model (all di mensions in mm)
Rs Rig R16
© 100 S P T AR
< G R~ o//\=
Al o “lleo
IS S
(a) Previous vers{imn I mproved version

Fi g#43 e Di mensi ons of the two versions of connec

Comparing results fr ononnheec tfiroanmed ewsiitghn tahned ptrheev i soaul
the improved connecRiipdntochElE g §Tletaries saaoswinmec t hat
temperature distri butm,omnwi tthhidn atdlsdeenBisganriens uni f c
45i she beam ttempamatblEli ge4teh aftr anmme sol i d curve repr
mi-silpan defl ection of the beam with the i mproved d
the beam witihnprodviconmsnewdrions, represented by t he

of axi al f dFri gaks) e(sshhoowwsn timat t he aximlwiftdr dehegener
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i mproved version of connections is much smal
connections. This indicates the significant|
design, as expected durio9he heairledresi ghi nlge o
the ductile connecti on -dauwt sfthHildla3rgnh(t cahl|l bd &
fraodmgdbtehat , when the beam is under <catenar
connection decreases rapidly after reaching
bolhtaseen pul | edf aepuetatfer ppraotmed At itehre.et heaxtc,e stsh v
deformation around the -plase pawtodbf bohe boh

noomonverogende simul ati on.

0 E_— e e T N —
-200 A
g -400 -
£ -600 -
3
G
2 -800 A
-1000 {4 — — — Previous version
Improved version
'1200 T T T T T T T
0 100 200 300 400 500 600 700 80O
Temperature (°C)
Fi g#44 e Mipdan defl ection of beam
350
= = = Previous version
250 Improved version
z
24
‘g 150 A
S
= 50
-50 'k
150 ——
0 100 200 300 400 500 600 700 800
Temperature (°C)
Fi g45 e Mipdan axial force of beam
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43. Appl i cation of the optimized ductile connec

I n this sdactaimen sFhtogyudli es mbsed t o conduct case studi e
demonstration of the optimized ductile connection
6m to 12m) are consitded eldiineéA lumad oofml 2 d6 4t Kk Nbuon i
beam and the | oad ratio of 0.4 is adopted in all

|l oad rati daddtle AhUKIG3OBAI5198 is selected for the co

As mentioned pregMiiawdgliy,alt seecedamin of the connect.

the required ductility. The radius of this sectio
wiltebexred ,t he axial f oceret getnrer att terdali nme mkeerad j wi |
Therefor e, thecybhdndsi odl tdhectsieom shoul d be det e
ductility demand of the connedti gg®2)bee awrh idcuhr icnagn a f

be calcul ated31u-s(33ygpEgqpasednshaphéeéheprevameser of

sewmiylindrical section should e, !.Bygeandthan the

Digh empmax- T F@l dtien apd at kd wébodheecti on can be designe.

Eur o¢CoEINe, RO 0OTHhee di medscobbeedctitdhres $howmlilncases
Tab42 The connections mugtmper adegeat/et if mat eambi m®
conditions. Therefore, the capacities of the conn
Eur o¢CoEdNe, PO@WHhach include skogaindapaailt pgpecti bhe &
capacity, bolt bearing capaciptlyat es h esahrenagr n da nlde abrei ai

capacity of the bolt grpouap eand shear capacity of

Tabdle Beam sizes and ductility demands

S p an B eam sec L 0a d Dlow-temp( mm Dhigh- temp Dhigh- tempmax( mm
( mm) ( mm)

6000 UKB MI%IMB2 0.40 23.74 7.85 72.90
7500 UKB b231Ba 0 0. 40 29.61 11. 86 76. 54
9000 UKB b331B2 5 0.39 35. 28 20. 00 57.39
1050 UKB B310084 7 0. 40 41. 22 24,17 62. 78
1200 UKB 1IB0I23. 0. 39 46. 88 37.08 39.70
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Tabd2e Connection si zes

Il nner rad]i Fi-ml at e Engl at
SPa cylindricPlate t wididept W dichept Number
( mm ( mm) ( mm) ( mm) ( mm) bolt
600 50 6 10860 10860 5
750 50 6 10860 10860 5
900 50 6 101860 10360 5
105 50 6 12i@30 10@30 6
120 50 6 12i@30 10/@30 6

Mi-dpan defl ections and the aki gt6(fao)r caensd o(fb )t
order to compare the performance of-usbd duodt
pl ate connect-ioamesthehdseedsatbi |l e cphaeet i
connections, are alsoremeutased, usf ngedd b gam
axi al direction without buckling, then the ¢
stage of heating can be simply-23dalcdhat eéed mipy
resul t si aolf ftohrec easx generated in the beams wund
ductohpectiphagtommeadadndnhe axi al fully restra

temperature of HON3e alrte isshoawmviionus that the

generated in the beams aredstcgaohBféecanbhyg. red
F.=E Bad (2
0 - 400 -
Beam span = 6m ’;1
300 7« Beam span = 7.5m r
= -400 - . > ‘
g 400 E 200 4 === Beam span = 9m ,p‘;[!
= _ A\ E = = — Beam span = 10.5m y
S -800 1 Beam span = 6m % 5 100 {1 — - — Beam span= 12m
5 | e Beam span = 7.5m W, “
= | =——-- Beam span = 9m W E op—————————-
5 -1200 4 _ — Beam span = 10.5m ‘\‘; é 100 =T E T == TTEA
-+ = Beam span = 12m : -
-1600 T T T -200 T T T
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
(a) -shiach defl ecti on foMibeemarni aal f orce of
200 0
Beam span = 6m !
150 A e Beam span = 7.5m ! 'g
E, ----- Beam span = 9m 820 1
*g‘ 100 { = = — Beam span=10.5m *g‘ RN
g = + = Beam span=12m g -40 A Beam span 26m \"\"\-._ “
g 50 A Beam span = 7.5m» ‘.:.'-_-t{,.
e EN R Beam span=9m "3 . //
A O - A - = —Beam span=10.5m "~
= + = Beam span=12m
-50 r T r -80 T T T
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
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(c) Horizont al (d) Horizont al

flange at be bottom flange

Fi g#46 e Results of case studies

The horizontal displacements of the node on the t
the beam enldi g#t6dec9h@awmd i(m). These two figures cl e
capacity of the ductile connecti on, which can al
catenary action adanhibgeh seeemmpefrradmrtelse Aase studie
ductile connectionsstagel gfuridme suwittatb| a&i ff foer dmtr eb e
be noted that t-bel irmdii iucsalofs d&chtei osne na f the ductil
i mpotrt par ameter, being basgeaud | omduthel idteynand@hifsor s
determined according to the span of beam, its si

temperature, 4d43(BJ.Eqgheaet daurcs i ( @ c opmndcctaibdrne sthooul

composite structures, but the behaviour of connec
from thadommosa tneonst eel frame, due to the influen
t her mal expansion of heheduwcetaim.e Pcearfoeacortainocnes owi tth
structures will be studied in Chapters 6 and 7.

Tabd3e Compari son of the compressive axial forc«

Axi al f o Axi al for Axi al for

Beam sSp qguctbheect (epdate con (axial full

6 71.41 Kk -824.42 Kk -:3285.01 |

7.5 -75.52 k -985.28 k 4348.72 |}

9 ;77.18 Kk -1139.47 |} 6006.87 |

10. 5 -89.52 Kk -1152.98 | -7133.16 |

12 112,24k -1328.10 | -9479.59 |
44. 1 niti al -campdnmaod el

The new connecti onpldetsd;gyd coamsii sab -peathé bnhilaed a |
active componentbsasefd tcoemneemp omé&mpdrce Eacd shown
spring row obhasde wmodeloneoansi sts of five componen:
t hem, -ptlhaet ef iinn bwveedr iinng ,b ebaeraanmmg and boplteati n shear
component ; characterisation of (Ghesa)coath@didents h
gap between t he w oammpd etshsd orni gipd ilnagr rios desi gned t «

compressive displacement before contact occurs. T
Pagm |
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are | ocated at shbdeweenerbsectebar pocetaxes of
verticabebhvaour, representing the slip betw
not been taken into consideration, al though

relevant-tempambhteaente design.-badded ehodalsumbd ¢

rigid in the vertical direction.
\/
N\
I vAv___'L_J\vA AAD .
H— “v“v-’-‘—"\N""W'Mf A —
=== AN oA o NG0B Ao
! I AN\ A o=\ o= A o AR
H- - \NT=omA A== 0B A oAl
N\
A
Az Gap represents the maximum
A, compressive displacement

before contact occurs
oMM~ Face-plate oA\~ Semi-cylindrical section oA\~ Column web in compression

! Fin-plate part
oA Fin-plate in bearing "\~ Beam web in bearing Bolt in shear

Fig#4t e First schembasfkedt mededmponent
441. Anal yti cal mecdyeli nodfr itchael sceormp onent

The analytica¢mmbideldsi ol tbemponent devel ope

directly used hediesploagemdntd thewnst e mpoRdat (E

-(23) for pulli-26)&mMd Hopuatpibsrmhs a(g3 be asd eom sf r
that the pulling/pushing force increases wit
ductility of the connection decreases with

shear capacitydoegaoaie ekned o msl, ootfe tthlrei ckness shi

442. Anal ytical fae®d®edtoaop o nt ennet

Simple plastic theory is adoptfeaphatoenpdboembdbd
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considering both manlirn@heiamidé sgteioones hiig bet ween |
force and di sfpd-mpeEatmenpiooneht the obtained based on
principle. The calculation of the strain energy
chaptandssooitt descri bed here.

The geometric relFatgid4@8heehwpenl|lt bsetdasptacements an
angles of thehpl Beyi tohsobgesngsthe virtual work e
bolt connected to the column f | amgientprAviisdelsodautld-c

at the edge of the bolt head.

¥ = v
Ay Ay A

— —

|

|
EDC I

Fer ] N
202N)| 02N\ g A——

Step 2 A

Fi g#48 e Geometric relationships

The def or matpikcrnaeo fb etihddt wo dsetde p sf.a-pTehaet eleepg eosfe nt ed

by ABi g#8 e first rotdfThe &ryc tshectainggn eCE t hen def or
horizont al section in the seconddand2mt THies can b
hinge C and hinge D respectively, NF2)t hEomrchsesect
mor e gceanseer,ali f the arc Needmemt CE tiee diNes dte dhii mg e
and the ot hel(d2Mi nagte st hreo tsaetceo n2d st ep. The tot al ho

then be calcul ated as:

D=pB ,D,=[Lsing r)-rcosg Br sif ¢gR) (3
Thenr ¢elh&ti onship between the horizontal force and
the virtual wdrilkeaquanaiten.i akoratbiambi ent temper atu
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Ehtg 4N- 1
2q o 2N ( 4
&N &

ht' g1, - (121, & -8 (P g an-1

N . 5
12ngLcosq r sin or co&zi % 2N (
é ¢2N

Wheeg ¢ ¢: F= 5
12¢l cogy- 1 sing ¥ co
é

Whee@ > ¢: F=

whemlmies t he wicd teHaitso fYowenlg 64,i smod hleusnaxi mum st r

hingan@are yield strain and stress, respecti

For-ltméar materi al at elevated temperatures:

Whea ¢ £, equation is the dadameaas ntahetr iiad .t he

_ht'gEg +(E -E)B G ,e4 )N - 1

Wheg< g¢ :F

- - - %
6q22Lcosq rsin o cofs? %ZN (
e ¢2N
W@y f+(E -E)B e -))e2E | ¥ g1

.F=
Wheea > ¢: g @ N (&

quszCOSQ' r sin ge co o
e U

¢2N
wheEeées tangeagtandtairfef mdss mate strain and stre
A sensitivity anMhasilseem daarer ivead uceutofat a mt

results &i@49%9kckAvwn sihown in this figure, adeql

Nis |l arger than 10, and this value i s, t her e

80

(=)}
o
1

Force (kN)
s
[e=]

0 10 20 30 40 50 60
Displacement (mm)

Fi g&4% el nf |INveanlcuee oofn anal ytical model
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443. Fi-ml at e component and column web in compre:

The-pflian e component of the connectioplabaesinats of
bearing, beam webi ni ns hbeeaé@rOiDiiSgarrerimad d bo bt a finite
parametric study, based 8n whi diesrcima lbips @fhesedc €qu

di spl acement curves of the beiari Gah@@esmponents usi
F_ YD <
Fb,rd (1+ _BS)Z

(8

wheFgis the nominalDipsl atthee sntorrenmagitihs eadndb ol t hol e be

Sar aOpdl so devel oped &Osmodidf iexdpr Ba mnd)a,mg Equati ol
represent the relationship betweed) fatrc edfdaend bol t

adopted in this wor&g&ptacgmepplagiee viee bdaktiemg, bea

in bearing and bolt in shear.

F A4F ©

W gD 9
Kv,b (;v,rd@_ (

wheKegi s the shear sEjféness oeshear hmxctotngmegt . tThree i r

curvature of the response curve. HAsspbracementol un
curve propo(dehiésh yadBlpotcekd i-hasdd smodempon®&€hits compr
curve is divided into elastic a-26) pblhlt,(dd part s,

respectivel y.
Wh ed¢ g: F=dk (4c

Whed, < d¢, : F=F, < %,/az @ ¥ (41

whek es the tangent stiffness of el astaimmd part and

The detail edk,apdrbacbat bensooh@| ookReRO&80O6énce

444 Loading and unl oading process of spring ro

When the connection defor ms, the forces in each ci

def ormati on of the whole spring row is the sum of
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of each spring row is govesrnseedr ibeys.t he weakes
4441.Unl oading at constant and changing te

Il rreversible deformation occurs when the def
Bl o(2@DPabn d [RoONgbmp | oyed t he c(Gasst lg,e Massdehdy ornu | we
the unloading curve is obtained by doubling
represent this &émemeryhefteosdveHawdvermpsis
cylindrical componemts agrree $nhbpart eedil leanbti £bd Nans is
rul e is not suitable for this connection.

simplified to be |Iinear, wiellsslicappaequal t d

as shbwg4l(

80
Loading curve Intersection :point. Otmter,T
ol =7~ Pulling unloading
= - = Pushing unloading
40 1
Z ) s
o4 Reference point, &, ¢
o 20 A
3}
: /
0O 4———- r-———————————
| Intersection point, Sy ¢
220 ;‘/ .
° Referenge point, 6, 7
Compression \r
-40 T T T T T T T
-120 -100 -80 -60 -40  -20 0 20 40
Displacement (mm)
Fi g#4¥® Unl oading at constant tempeil
The intersection between tadnei unilo adeéfnignedtas
Point, representing the permanent def or mat i
unl oading path and the | oadRmigntc.uries glsa demd |

adopted to cdicsplatcemeht f esparsseed omo denhle. chhwn
calcul ation process, the @Wia@mpd atclteante naf otfhd hre
lhbat the endcefmesmdclhtakipspls stored. I f the ap

i s | arlgeértthrean oading path will be followed

updated accordingly. Therefore, bodhttlkhe att nt
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end of tihiss | :=teehutthlafnar ggyr tthheanunlhoeadi ng path wil |l
and the permanent def oirsnat eipp tvimdbbapgkoicuchanger |

tensi on -boarc kt hceu rpvuel Inff owi Iclo nbper efsosliloo we d .

Loading at 20° = = = Unloading at 20°
Loading at 600° = = = Unloading at 600°
60
(0
£.40 1 )
9 Intersection point I
= i (5 s Finter)
F-E 30 inter inter \:\I\A
20 - 0o,
N Refesence point. 3, 1] ;]
| al
u{al}a,
0 T T T T L}
0 5 10 15 20 25 30
Displacement (mm)
Fi ga4kle Unl oading with changing temperatul
When the connection is exposed to fire, its temp

di spl acement rceolnmaptoinoennst hsi past eep & rethigpeetr .at Tuhree 6 Ref er enc
concept i s introduced to generate the unl oadi ng
temperda@ahiusecsoncept, assuming that pl astic strain
temperatuné] ywasednlWyPtOBr adnessscerni be t he unl oading

composite beams aiRd ma@vd ptéon sd e sacnrdi bbey tEhle cool i ng b
steel beams$BadHfldd fecbsedmh e concept to incorporate u
mo mernat ati on conneecnt itohne separrilnyg veelresmneomt oif Vul can.

Bl o2RpPpand [@RoOnNigsl so adopted ehel opmeeifptl @it ret talmade d d

revemhaeanel connection el ements. When wusing this
behaviour of a component dat sphacgmegtteumpeeat arn e ¢
temperatures unloaditnd ,t haef isgdibdenRé fn@Nence hRe s e mi
cylindrical componentl,gesn el roaatdiendg tao pae tdn adnpel natc edneefnot r
the next step, it is assumed t h0at, tahned ttehnep earpapt! u reec
di spl acemen th Tehte tchoirsr esstpeapeddicdasg tfoorbcee cal cul ated i n

The first step -dsspbagemenateuthe d&br6e0 . The se
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interseclhdibiR)ecpwnsgntt he di spl acemelof atheé hpr e e
step at 20 and ¢ehastsiloppanttf ohethénleaadi ng
i's to deter ndiinsep | valciearte nft orrced at i o n sbhaicpgk (olro apduil
bac k) should be usedFf oont hdhec blacsulsatoifn hef r

U nt@en gy

4442.Combi ned |l oading and unloading curve

Fi g##ara2hows the calcul ati on pr o ecedeidsuprlea cfeome neta ce
of all five components (springs) -dinsgla@de men
relationship based on the fact thafotbheskewg:

di spl acement of-ditdel acoaenrhe mtedc droveei s t he sur

components under this force. The | oading an
previously. The maxi mung deofw rdnuartiinogn pluil mhiitn go fi
component in a row reaches its failure force
as shown in Eihge#&X2 owc htahret doeff or mati on | i mit
di spl acement of this spring row wil!/l be ou

Reference Point of each component swiclolnsh e eup
having failed and is deactivated. A spring r
compression, when the applied displacement
di spl acement oflhotfhea hree fpereevn coeu sp csitaecpk. -bTahcel ucl o n
curve needs tDheepuashk camidanlpdtlur vescydfi ndhece
component can be obtained using the compr es:
ChaptereBB,wibhethe existing def ebracak i comnr vod o
fapkeate can be obtained usyhigntdhiecalbmeemeit o

deformation of the already deformed connect.i
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Read in data for new step
(Geometry size, Temperature T, Applied displacement D)

[ Calculate F/D curve for each component at temperature T ]

[ Calculate combined F/D curve for the whole spring row ]

v

Calculate reference point displacement for the whole
Spring row

0p=2_ Og1; (Op; 1s the reference point displacement of

Y each component) )

v

Calculate the intersection point for the combined force-

L displacement curve (8ier» Finter) )

v
| D>6u | | 5 <D <8y | [ D<s, |

-

Loading Unloading iﬁfﬂﬁlibaiu
Y Y g ac Y
Deactivate Calculate force Calculate the combined 4 Calculate the A
the failed on loading curve unloading curve for the combined pushing-
Spring row whole spring row back or pulling-
A back curve for the
v \_ whole spring row Y,
Determine oes the L2 - ‘ N
which spring row [ Calcula‘r.e force on ] Calculate force on
component reach its unloading curve pushing-back or
fails limit? L pulling-back curve )

Update the reference point
displacement 6,; for each component

A Y h

[ Store the updated reference point displacement and output the force and displacement of spring row ]

Fi g#4¥2 Cal cul ation procedure for each spr

Foll owing this pr oedeidsuprlea c etnmheentc onep laetti eo nfschripe und e |
example connecti ofri gi3(eh)e, sfiaber ischaotwend iinn st eel of
establishe&j g&2 shhewrbdiaop starts in pulling, and t

unl oaded -madk ptus hietds or i gFingait s tdatr emag@lp,usthloevn i n
foricnecreases sharply when the displacement is aro

force ofhactke cpuslpl aft et teompadoent i s simadck er t han
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curve ofcyt hemdsemial compmplnaetnd ,c ampbwsoptt hiieield ale

its original pbackiohcy¥lhiersdeimdTale pamponent t !

increase in force. The red |l oop starts in pu
to its original shape.
— Tension loading —— Compression loading
= = = Tension unloading = = = Compression unloading
= - = Pushing back = - = Pulling back
40 I
| |
fm === -1 I
201 — | //’ll
! I
z ' Tension :
g 0 pF+H———————— - —————— —+—
=1 | .
=] 1 . !
- X [ Compression !
I
220 4 ! -— .
\JI , _‘_\ |
. ~._ |
-40 | r

-90 -60 -30 0 30 60
Displacement (mm)

Fi g#&4r3* Loading and unl oading process

45. Alternati vébacemp omoe et

Az Gap represents the maximum

compressive displacement before
/\’ contact occurs

AN~ Face-plate/semi-cylindrical component ="\~ Column web in compression

! Fin-plate part
I A Fin-plate in bearing ~ =/\/\~° Beam web in bearing =AM~ Boltin shear

e e e e e e e e e e e o ———————————
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Fi g&4k¥4 Second schemédacsfedt moded mponent

I n the scheme given inb&eedi noddadlyltithide i cddlhi sempbDa0

and tipd ataceare treated as two separate component

actual def ormation process, athewet hweaphroshef dt
Therefopekat ac/lyslagomédr i cal (FPSC) component is adopte
t he co#wmmesrantmodel . Thicsyldanmdgii ccearls stplicad {t ®emmiand t he

single componehitgd-lLas Tsvlmowlne fiommati on cases gener
considered when developing the FPSC pompenent, a (

bolte; atrkedescri bed bel ow.

451.Case 1 B8O ctohnep oFnPe nt

I n Case 1, theplheéeglilkegofromethacedge of the bolt
is |l arger than-ctyhe nrdardicuasl osfe cttheonsenmit i s assumed
be formed during the deifcohr nmaartei olno coaft etdh ea tc otnhpeo ntewnot
edge (considered as twoyladfparieandal hs egteisgn,ofandcdett

head, asFigd®n The position oflythédikBolit ©99.6EmMhi ¢ar

example component. The dimensions of the exampl e
i Fi g43(eb) .
ya D r 4
1 1
Hing 5 Hing 2 Hing 5 Hing 2

Hing 4 Hing 3 Hinge’4 Hing 3

Hing 1 LIl Hing 1

(a) S (b) g

Fi g#4¥r® Schematic diagram of Case 1

4511.Pul |l ing

The pulling of the FPSC component can be divided
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1, 2 and 5 rotate; in the seconHi g4&#lafgel,n ablot h
stages, the rotation of one (the fAcontrol & h

of the other hinges are then calcul atdetde AsSs

sum of the rotation angles of all/l pl astic hi
offAccording to the virtual work principle:
FG @) d@ Md A ) dA Dal (4:

wheD@is the t odiaéplha)M,é[H(@)]niltts,a It he pl as A@d smome

the sum of the rotations of all/l plastic hinc

documented icthatph@&hper eei atts onship between for

from:

M, [A@Q)] GIA §
F= :
dD(g) (4

(c) Stage 2 (d) End of stage 2

Fi g#4¥& Pulling analytical mo de |l of

The key to sol3d) nigs Etquu adteroinveg 4t he rel ati onshi
hi nge and the total hori zamgtalondiys pli ageme 1t .
the dDédberéween Hinges 2 and 5 remains wunchan

Hi nge 1, t he contditonhe haimgglee be 6&ahgal &dltde)d.sby
According to the geometric rel at(@ibgandip, thi

respectively. The total horizontal displacem
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415 addp . (

aj=arcsingg,( cos, Cosk, ¥)) D (4

D =,(sin(A, &) sinA) B L2fcos, Cost, +f | (4c
] 2 i 2

D =2|—2 cost, &) L’ sin(A, +g)[ cosA, - cosh, :7]) ﬁ ( (4
a \/DZ— L,’[cosA, -Cost, )

Stage 1 switches to Stage 2 when HFhgek& l1l, 2 and
(b). Hi nges 3 and 4 ar evet hteonwaarcdtsi vtahtee de n da nhdi nt gheesy
cylindrical section is stretched. Hinge 2 is the
rotation of HingebRingeditst2yamdsbmabdwaws form ¢
di stimee ween Hinge 2 and Hingel®d) ,i suscial g utl md etde rwg
anal ytical mooydleil n dorfi ¢ éhle seotii on devel oped in the |
D"=D ®”r y&in(b /n) cesb 1 (47

whenies a parameter used to modify the-calculatio

cylindrical section (see detail in previous <chapt

rotations of Hindeir, ,1bbd8nd+A-iAnd eS paclTehievel y.

horizontal displacement and its incrl8nenandn this
(49). The end of Stage 2 i s whemn gt4iré& dc)o mpaonndent i s
then the component is purely in tension. By subst
the control hii nmlea aenrmde nth el B Yod attlyedat o one (dan be obi
first and second sbheemésmofelt hareompopamnéeéd agai n:
Fi gar %

This figure shows that t hieasseedc omald eslc hreantec hoefs tthhee
results better than the first scheme, due to the
t he churoveepr esenting the secaebnads edlehineomes ofa utstead dgompc

transition from the first stage to the second sta

2

D:\/§D %Zagsing cosh 18L21§ (, eod, ) L, sih, D (4 ¢
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2D+2r%sin£ +€0sh —18L;r g?g &&b sinb
n ue ¢
2

= n
D =—= (4 ¢
é & . b 0,, @
éD+2r§@sm— +cosh -18L2+ u L cod, ?)
é ¢ n T U
100
Abaqus
= = = First scheme component-based model /
80 4 = - — Second scheme component-based model ,
R
= 60 I'
Z .
— -~
3 -
rE 40
20
0 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110
Displacement (mm)
Fig#4r® Pulling curves of Case 1 con

451.2.Pu sbha c k

Similarly to thesedi moptddetompdmrentoadi ndhasctkage
or -patk) of the FPSC component in the seconc
offi g2 For pushing back, there are two cas:
Stage 1 of pulling; and 2) the component is
I f the component i s pushed-bbaacckk dferfoomn ntatea goen 1
process of the deformation-deff orlmatfiiomst edtadq
connection when it is pushed back from St age
compomaesed model schEmgdgt &rker csnh otwme i qompar i s
Fi ga4r8 both the firstHhasrerd snodend schmrpmesemctan
are generally in agreement wiytth ndhecabagest
Abaqus momdelsl dghody (around 2mm) in the firs
back, causing the suddleacki nKhéosvabasddbmmgal
scheme assumesg |ti matr itclad semiti on doe$ patl dat

and so it cannot model this phenomenon.
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The deformati onbpc&cesstbhbe thenpaoshon from Stage
in Abaqus, 6 Fiigdtshovn si i gur e -pd ladves itsh gtu sthlreed fbawce
original state atxtyfindgtjcahdsebenobhhesspmbhed bac

back of connection from St ahgoewnBiigl2® ul | i ng includ

Abaqus
— — —First scheme of component-based model
= - = Second scheme of component-based model

40_ -_-.—l-l"*

Force (kN)

'50 T T T T

0 5 10 15 20 25 30 35 40 45 50 55
Displacement (mm)

Fi g#4r8& PRuasthk curves of Case 1 connection from

S, Mises
(Avg: 75%)

=

w
—
(o)}

=60 O <103 O

Swao NH®:

IO OO LI\ 0O
45 0000 = <M 1 W04 \Oh
~1=A\O WO NO

of

O A~ = == = P R 1D
ONOON = 1 5 0O =N 0O

—

Y
Xind

Fi ga#4¥%® Def ormation process of pushing back of

The initial di stance between HingeDatandcdheHi nge 5
reference point (when pushing bal)stamt d)he dna sit

stage -bodadc kp,usthhe contr ol pl astic hinge is Hinge 1.

d, am®ajglse calfcwlimatEgadt)i. oBac4ed on geometry, the rote
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Hinge 8 @rA,  andd aj Ai ¢ respectively. The t

di spl acement and its incremh2hnt a2a3de ( dSalacguel alt e
to Stage 2 when Hinge 2 has rotated back to
I i g42 @ c) . Stage 2 is theybpustdingalbasé&cwbifon
mo d e | o f-c ytlhien dsreintia | section in compression d

used heuleatte tchad cf orce and di splacement of t

. LY
\/\ Ulnitial

Aj Initial M-

A\
s
all

Al Initial [ =3

4[%\}

Nitia)

|
|
|
|
|
|
|
|
-
2,c)
|

(a) Initial state (b) State 1

Dinitial

(c) End of state 1 (d) State 2

Fi ga#42® Puashk anal ytical mo d el of Case

The {fdospé acement relationships of the Zoaohe:
pulling, resulting from the fbiarsetd amd Adbagnud
are compagdd®i The sudden -bancckr efasrec eosf sphuoswin

indicates-pitlaate thlas-blam&e t pushed or i gdylailndrtiace
section has bagkn (Theb e eghoanddedt ormopdoenl e nstc h e me

fapkbate being pushed back to its original po
because this model assumes t hat ipnl atthee dfeifrosrt

whereas the other two models al-sgl codsi dalt &

at the same ti me, which is insignificant.
Dyia =y/(Der #,SiNA, BY (H;cosA, § L, (2 (
aj=arcsingl, ( cod, - CoHyie 9 ) D (21
DD, (D, D+ LsinA D, comj L, sih,) (@
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gl-z CosA, - L, cosB,, i G ) QLQ Sinfy i &
R 2
Dlnitial \/ D|ﬁma| - 8'—2 COSAz 'Lz COS(Azmman q )8

dD =, cos(A i &) (@:

Abaqus
— — = First scheme of component-based model
= - = Second scheme of component-based model

0 10 20 30 40 50 60 70 80 90
Displacement (mm)

Fi g#42l Puuasdhk curves of Case 1

452. Case 2 B8O ctohnep oFnPe nt

SimitarCpse 1, it is assumed that five
of the FPSC compogdé&ad, The kdpwdi i herence
2 is that i nL,basawednt Hengesagtlhand 2 is
cylindrical Lsiesctdmal,| avhierteaacsfctyth b emids ¢ mia |

2. The size of the exampl e

di mensiisonequal to 46. 6 mm.

Hinge 5

Hinge 4 Hinge 3

Hinge 4 Hinge 3

(@) (b)

Fig#422 Schematic diagram of

Pag%® |
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4521.Pul |l i ng
The pulling of the FPSC component can be di
seqmiyl i ndrical component is stretched. I n the
i Fi g4 3>
ya D’ r
1 1
Hinge 5
Al
Hinge 4 Hinge 3 Hinge 1
(a) Stage 1
Hinge 5 b”

Hinge 4

Hinge 3
(b) Stage 2

Fi g#423% Anal ytical mo d e | of Case 2 i

The anal yti calcymadnedlr iocfalt hseecsteinmoin i n tensi on
is adopted here for the first stage of pul i
i's more complex than thauref sBag€2ds Theleive
to calculate the force and displacement of

i ncreédseandothe | ength bet webBinc i mge o R2d ianngdl

-
o

rFgeused t o stayelticrhdrtihceals esvbhest @ pme s sntcsal tchud a

_;
o

tation of Hinge 2 in Ahiensectomel rsatagtei, omhol
1. Thedobdbt Ht hga 1 t h®inr e nmmacirnesa suensc mehnigoeed. Th e
d, namndg.d Bs cal cul a#2fd.dirsom eEguhaetdi omh e(n Hi nge

a straight 1| i nea, Wheehifrocdhreeeda snecadwneraseewedeér be r e

i Fiijs bi gHBg @oskihvami ch is the horizontal compon
t he -syelmindr i cBlijss esanailF p@osdf fh atnh & 4 rodiicsep | ac e mer

Di,jare ouOpber wi-cyel,i ndrei sc&lmisecti on will be f
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of Hinge 2 Wwi+.Ab Bhowegaitd® the secomased mpohelnt

scheme |l eads to a better compaFBE€ooompbhebhhe Abagq
Grnax; =arcsin( €, o, )/D "L, ) (@ ¢
' ™\

Increase the rotation of Hinge 2 to

)B.f (ﬁi :i x )Br;l:axhl) (i:L 11)

3

\ 4
s N

Calculate the new length D;"and the force
used to stretch the cylindrical section F

Y

Increase the rotation of Hinge 1 to

9,1" (9 J:j X gmm',f "'rm-) (j:l, m) =l

A J

Y

[ Calculate the force F;;and displacement A;; ]

A 4 Y

[ F;j <F gyiqicosa” ] [ F;; > Fggcosa’’ ]7

h

4[ Output F;;and A ]

Fig#424 Cal cul ation process of Stage 2

1

Abaqus

= = = First scheme of component-based model
= - = Second scheme of component-based model

140

120

100

[#s]
<o

Force (kN)
[=)}
o

.
[e=]

(=]
<o

0 T T T T T T T
0 10 20 30 40 50 60 70
Displacement (mm)

Fig#4z® Pulling curves of Case 2 connect.i
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452.2.Pusbhack

There are two di f-backninsiCagset 2ondheh pheh c
from the first stage of pullimgyritchheé sralytoin
devel oped in the previousr cehamtde rdiisspH Ba€& eednetn

component , Fag4XxGown i n

Abaqus
— — = First scheme of component-based model
— - = Second scheme of component-based model

60

Force (kN)

-60 r T T T
0 3 6 9 12 15 18 21
Displacement (mm)

Fi g#426 Puasdhk curves of Case 2 connection

Abaqus
— — = First scheme of component-based model

120 = - = Second scheme of component-based model

Force (kN)

Displacement (mm)

Fi g#42% PRuashk curves of Case 2 connecti on

When the connection is pushed back from the

Pag%¥ |
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Case 1 is al so apptbiaccakb Iceu rtvoa s@a see 02f.b yThh€e speucsohn d s
of the dampadneaemtdelFiigd2@®l andedompared with the fi:1
Abaqus. The resulting curves-bfarserd tmbaeed$dedsnd ns dhe

accordance with the Abagqus results.

453. Pus hi ng -baancdk poufdClt hempg-d&®n e nt

For pushing, when tmei tcompoineinal i st pueheidt fr® ass:|

cylindrical section deforms in both Cases 1 and 2z
cylindrical sectioninnpcewipoessicbapdevelsepadopt e
conneEopiubrbh.c k after pushing, the pulling model s de
be used, exdegtortmeat ctomemnemgnteé on geometry needs to

noted that the chopuoshibfhaCks mlek-desrsted sfbar bmpes®td on
the deformed connection geometry. For instance, t

but Case 2 for pulling back.
46. Comparison of t-bastdomodmpenagti nst experin

I n this section, -tboeloexpeti mast oo u@mod el by Kal av
are used for compari shaars ewi tno dteh e stcvw@e mesmmpao ro@mots e d
di mensions of the tested specimens are document e
Kal awadwal a conducted three experimmeretssj oonl oadir

7.9mm (Exp-26i 6enmt (Expe2d4dmeémin QExpeadi ment 3) .

NZAOVvNINS (1)
N340 POE/NYOOE ALDVAVD
——r OMISO-LYE N Livd
nzavwrs [ p ¢
POE/NY0O0E ALDVAYY
OPESO-YE N V4
[) ¥

HOE/NYOOE ALDVEVY
0I50-E9E N Lavd EoD

(a) Initial state (b) Pushing (¢) Pull-back (d) Pulling

Fi g&428& Experi mental photos
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The deformed shapes of the specimens from all
3 are Fhagwadd&Hingd#&2& a) il lustrates the initial
shows the deformed shape RiIngld2t8he) besgoweasi b de
specimen is pull ed Fbiagcdke &tdo) isthso wesr itghien ad p esctial

eventually stretched fl at.

e Experiment
Abaqus

= = = First scheme of component-based model
= - = Second scheme of component-based model

Force (kN)

—
<o
]
Lh
o 44— ——
Lh

10 15 20 25
Displacement (mm)

Fi g#42%® Experiment 1 results and mod

®  Experiment

Abaqus

— — = First scheme of component-based model

— - = Second scheme of component-based model

6
]
5 1 /
/. -'
4 4 . .
.l
L
Z 37 T
52
3]
[

20 -15  -10 -5 0 5 10 15 20 25
Displacement (mm)

Fi g#43@® Experiment 2 results and mod
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t

h

*  Experiment
= = = Abaqus
= - = First scheme of component-based model
— — Second scheme of component-based model

6 T
| o
5 4 : /’ I |
4 4 | ff / .o
I 1,7
; 3 - I ’/ ..;. -~
'Ck_% 5 | /;’ .05
g —— | peseseast ¥ 7
1 A '_f___ ..M'ﬂll
_l-!f oo I
01— ?{c’- ——————— I A
1 - &£ KAl
- desesae sesansiavy’ [
-2 T T T T T ! T T T T

-30 -25 -20 -15 -10 -5 O 5 10 15 20 25
Displacement (mm)

Fi g#432 Experiment 3 results and model l in

e experi ment &li getd Su Igtd @ nBh gvhleiaar e compared wit |

e Abaqus model abnads etdh emotdved csacnhpeonreesnt These figu
ope of the initial l'i near el asticby otaldé ng pat't
peri ments are | ower than those g¢gi vhbeanselddly t he AbD
dels. This may be because of slip between the cl
€ pushing cur vesbacsfedt meo dtewes, asrimp aeheen 6t hm as s u me

l'y t-bgl isrednmii cal component def or ms during pushi
mp olma&anded model scheme are <closer to the test
mp oma&sned model scheme.

Example applicoapobdbestedf molde |

e aim of the researchbased omddmepll earfe ntt hd hau actoimpe

to global frame analysis. Before this is done, i
simul ating isobattedasesnactei ans.cufwedl| in this
ctions indicate -bhatdtmedekbcentiememdehéenmers the

sults of the two, and so Fi g432 aad ogpad rerde dtni otnh i osf

e same di mensi &mngdh@eb)t hiag cihwiwhedi ni nt o five sp
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representing a bol't row. In Load Case 1, a

connection first, andctemegm ea |l mteatoifor hies caomp

of rotation as shown?2inatherfizguat al tompoasd

applied first, foll owed by a similarly app

compoma&sned modpedr edhi g &8 @2 mT hed ifoplcecement rel a

each spring row of tFhiegstid atniko g &3 & e B h arrdetoastdieown
relationships of each spri ARigg4dd®nkifgdIheese t w
Spring Row 5
Spring Row 4 Tension 30 mm Compression 30 mm
_ Rotation centre . Spring Row 3 3 3
Spring Row 2 Rotation 0.45rad Rotation 0.45 rad
Spring Row 1 Load Case 1 Load Case 2
Fi g#&432 Division into 5 component rows f
7 5
67 4
g 54 g
g 4] g 3
g 3 === - B B A
g il g 27
S 24/, §
= 14/ Abaqus 1 1 Abaqus
= = = Component-based model = = = Component-based model
0 T T T 0 T T T
0 0.1 0.2 0.3 0.4 0 1 0.2 0.3 0.4
Rotation (rad) Rotation (rad)
(a) Load Case 1 (b) Load Case 2
Fi g#433® Compari son of moment generated wi
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20 -
| ——— Spring row 1 p
| = = = Spring row 2 ;
15 1 | —. - Spring row3 /'
| — — Spring row 4 o
10 A I — .. Spring row 5 o
7 I L=
<) I =
o 5 |
o
E I
0 S e L ——
I
-5 -
I
'].0 T T ! T T T T T T T T T
-30 -20 -10 0 10 20 30 40 50 60 70 80 90 100
Displacement (mm)
Fi g434 Fdisel acement relationships of
20 -
—— Spring row 1
— — — Spring row 2 /
159-.- Spring row 3 o
— — Spring row 4 -
10 { =— - - Spring row 5 =
=~ c == ]
o4 e =i -
g 2\
2 \
- o+v+—"——— - - ]
\
\
-5 A \ ‘ ---------- -~
-].0 T T T T T T T T
0 005 01 015 02 025 03 035 04 045
Rotation (rad)
Fi g#43% Footeation relationships of al
8 -
— Spring row 1 I .
6 {1 = = = Spring row 2 _ - L
— . — Spring row 3 = T N7
4 1 — — Spring row 4 I |
. — .. Spring row 5 ) I
7 2 7 ﬁ I
C) |
g 0
g
|6
Displacement (mm)
Fig436e Fdisepl acement relationships of
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8

64 0 = -_— -

1
Z 24 | | —Spr:mg row 1
S ool ___ _______ZZZSpungrow2
8 | | - - = Spring row 3
R — — Spring row 4

}’ — - - Spring row 5
-8 T T T T T T T T
0 005 01 015 02 025 03 035 04 045
Rotation (rad)
Fi g#43® Footation relationships of all/l sSp

The a@apamacy bet werent & thieo moanernu ebsa soefd tnhoed ecl o napnodn

is quite | aFiggek I Fa g hssowm sicmepancy may be due

seqiyl i ndri cal sectrironl arnds eadipel atnendif s t hgn of rae
compomasned model . hAlve oruat otfi e hal eme i re conne
which are pulling/ pushing ofcyeaicnhdrsiped |lmganrda ms
parts. However, it is very difficult to repr
since each bolt row is simultaneously subjec

of the moment necessary to apnpdl,y tahes inmgonmefnitc a
by applying the same r otnadt isoon atno etxhaec tc onmondeeclt
as torsion of the connection section is not
adjacent spring -comwpgati isbloal iyh pt &ed ewo dgegbnewhi
that the horitweetal adhaaentospeibg rows i s i
rows experience pulling unti/l 30mm, at whi ch
rotation, spring rows -Hdaakhdard upudehFiggd+d ed ©® ad|
ankli g#43% The reason rfears et lod s<wdnpearesisnowve forc
and 2 at around Omm di splba,cleanemd eri rsi regx pg wad mie
Stage 2 of pulling. Since Spring Row 3 is on
does not cause additional di spl acement to t|

Row 3 remains a3dmm.durpirnghgr Rtows 4 and 5 ar
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because they are above the centre | ine of the con
subject to 30mm of compression (pushing) and t hen
pubé&c and finally Mpiud#d3dienngd gdt3 es8pwnngnRows 1 and 2
al ways under compression. Spring Row 3, on the

compressive displacement of 30mm during rotation.

48. Chapter conclusi on

This chapter has introduced an i mproved design ve
enhance its practical feasibility of design and
i mproved kRaqnilkei¢tnioanl | v ¢ omparvd b uwi tvhe rtsh-aotn afs i tnlge a
frame model . hRiivveec lzceagsiee ¢ t arwddi yecst o h evédr & tadpoontl & e d

t o fsumdbmes with diTherfint st eamabsapstaends anho dceolmp oinrecnitu d i
a fmlcete componemtdemoddictdedlIseaminductil e part, ba:
plastic theory, has been-bpsepgdogsmodlel Tha ngé¢adndgc
component , i n-cwhi aldr itcdhhal seaonmppolnaetnet caonndp onhleat f ac €
considered toedefhasmbaenaaiwbol devel oped. The res
schemes o fb acsoendp ommoednet | have been compared against ¢
Abagqus simul ati oFfnisnaddddype&pemi manys appbleiecnati on ex a
condudtneecksttd gate the perf or mamsecad Dficediedh@l powipog ed

conclusions can be drawn based on these studies:

T By comparing the axial force of tth@aft bkam with
beam wpt bBvddmrsecaamnhe iffound that the i mproved
smal |l er axial thrust than the previous version

T The five case studies illustrate the design r
demonstrate themasatoinsttapciyydefothe ductil e c
the axial forces generated in the beams with d
with rigid connections.

1T The OReference pointd concept i s adopted to

i ndual dcomponent s, and this i S devel oped to
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unl oackilmpdi ng behaviour of the ductil e c
The results from t hebasseecdo nndo d(eHP SaC)e cnoonrpeo

behaviour gi ven by Aebafqiursstt hmmd etlh o sTeh efrres

compoma&sned model wi || be incorporated int
wor k aimed at facilitating gl obal frame &
There i s some di scr erpoatnactyi obne tcwierevnebst boefd ntohn
model and Abaqus simulations in the pre

probably due to negl ecyliinmgdrtihccealt o smpmn eol
compomasned model. However obijjrrcdivennmecittioo

as -mometnrtansmitting at ambient temperatur.

beaetmd movement in fire, the moment resis
that it is | ow compareesd oWi tthhet t® nmemdretd m
the two simple examples illustrate how d

connection defor mati on
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PERFORMANCE OF
DUCTI LE CONNEC
STEEHRAMED

STRUCTURES
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51. Chapter introduction

I n order to simulate the complete behaviour
col | ap(ssun Seutn al . , 20tieael 2PpEBAba PpuncedOl2) wt
and dynamic solvers to madkh. flun It huisse wday,t hveu
static solver to simulate the static behavio
the dynamic solver is activated to track th
Combini ngh tthhies pwir al | el d-baséedpmenheofi onmmoort
capable of tracking the behaviour of connect
i ndi vi dual component s, to eventual failure.
Thichaptiemrs t o i nc opropnebrmast eed tnmoedadotwifinatelce i on i
Vul can. The anal ytoiutal hanmebbenfaddé d-bpmdd he
moddhe tangent stiffnes(®O0DMhatsr i Ixe edneri vyeed thy
compoma&sned moddeulc tcaofinemtelce i on i nto a connecti o
principles of the finite el ement method. A s
has been model | ed luasqguwnsg, biont horvdid rc atho aendt aAb | i
based model in Vulcan adequately repres-ents
frame models have also been <createdduicnti oed
connecti on owmivtem ttihoantalofconnecti on types. Diff
thes€ramb models including idealised r-i gid
usedpleade -andawedbonnecti on typ-ebeatnconogct't
Vul can, the analyti(ccal0d0mbae!| bedenvel mpedmébényt &d
the same way as the new el ement. Parametric
the perfordmatodeefcttiloen uxidaelr thecéesngeher at e
catenary action of unpr otFea ckteeyd pbaeraanmse t aetr shii gn
temperature of the connegtliiod, itclnd isrercgrn ornad
the bolandeptalminmgct anpe mé&l @il dty.;dytntaani £t astoil o e
been used to simulate t-Beopepbpgybpbame €tohmap

ductohprecti ons.
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52. l ncorporation -basetdemodemponend Vul can

To gmate t hebacsoemlp omoedndili ,g &% recovin tihre connecti on i nto
analysis, -bhsedompdekenneeds to be converted into
incorporated intob&skdamodi@&hephceo pppeeavdmius chapter

the behaviour moeé¢gdxates cxominetced owmist H{ bfoilt and pl at e
those oktythedsemial section (plastic bending and t
Abaqus simuiahi d83n6. 2 ns lsoeustt tfhaaitl urod Ithtpeuthazb he Mmayge

be the most critical failure mode in practical de
out failure has been added to elmazdhedpamsodagl row (b
separate component, befor ebascsemyv entotdienn g itnhteo vah ocloenr

el ement and incorporating it into Vulcan.

AN~ Column web in compression
AN~ Boltin shear

AN~ Beam web in bearing

>\~ Fin-plate in bearing

aAN~ Web-cleat-cylindrical component

AN~ Boltpull-out

Fi gbl e Compboanseendt model of the ductil e connec

521. Anal ymadceall of-obobltaiplulte

Don@0)ldbevel oped a simplified o6plastic coned model
stedle mraound a beolutt ,hoalseFische@nden gionpdl hg to the vir

work principle, the ekteasnhFei @vov &rtdiomal bd/i stphlea cbheon
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i ncr edasientshoul d be equal to the dw,cr emehnitcho
includes increments of the pWasand twoa kpliastti

i nduced by <circumferent 'dVitrlp( Equ &5tligd)m Tmge od o ntthe

bet ween the bolt head and steel plate in tfF
deformation of the cone wall according to th
Fi gb2 e However, the proposed 6éconed model i s

pubout fail ure ibnatsoe dt hneo dced mp ofTnheentef f ect s of st
the steedr @urmad the bolt hole and the compl ex
the steel pl ate when the steel plate is wunde
52 ) (57) derived by Dong ar eF-Dacduarpvtee do fh ebrbee thboo |

component . The plastic work induced by stre

movenméman be cal cul a%2ed auscionrgd i Ehggu atoi abhg( r el a

Dband,. The goft athencone wall relative to its

EquatBpnahd iFsi gsbitdelypi snt he average elongatio
wall circumference,543bdarnmh agiev erre sipre cE g weetliyo nt

of the cone wal/l under yielcdlanhedulusbimgt &€ql

Equati6onsad@(ydl are respectively used to cal cul

wordw,,, the maxi mum movedpeand otf hd hmmaiorhu m hreat

conegwal Fibeurves of the other components are

devel oped icmhatphhedrnpsw ervd wivsa d edo mpalwee tdif e & chtei o n
is shbhiwgpbhli e@mThe gaps included in the compress

beam flanges represent t hfl amagé smuamnfdalceea ebaeet @der

contact occur s. Since the wvertical shear be
compomasned model is assumed to be rigid in
unl oading behaviouedhameobeke indbvpdual C o

enabl e simuompliionatoéddtlheadi ng conditions exp
conditions.
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Average cone wall radius r,,,: R-(R-d/2-2)/2

Circular
lil?snc —> d,/2 — Cone wall
unge T Average cone under tension
wall radius
Bolthead
Circular

plastic hinge

Bolt head
2R 2R 2R
Figbsz e Simplified '"cone' model
F :dWotaI/ o :d( VYtrip Wrcular)/ de ( 4
e EA
; DL, O LD,) LR LD
’l‘ strip
i E.A )
W, =i EAE D) (L Ly & LY DL LR« (&
| strip
i B}
T quOj( I:gtrip) LQip E.I D
i
c7=arctar135h751 LALSI d g= dd
R 2 §1+&1ﬁ5‘ AL 266? d,/2) ‘e
(R -
g cR- /2 <y
DLstrip :ZpéFé (R I;we-) COSC]U legp’ dDLstrip :2,0(R %ve)sm qd( ( 4
DL _fyLstrip DL _fyLStrip S_fu' fy)Lstrip (_5
Y E E E
dw, =M, 2pR d éftz 9 da
circular P q éf“-_ E a d+t 2 ( B
é+ 0@R -d, /2)
g cR- /2 <
G =arcco R -d, /2)/R €d/2 2), d,. =(R -d/2 2)sin g, (&

i n wdiisc ht he dianﬂehaengJFBf-él%t(d/é 2))-'@2|its the average radi

of the d&grer,nasl It,the average circAm$etbacavefagae

cressestional aretasot hehehcokhaeewdidf thhket bon&nwabkl| c
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the bolt head.
522. 1l ncorporation into Vulcan

The existing subroutine SEMIJO of Vulcan was
including rigi-djigipdnonedneaantdi osnesmi Thi s subro
di spl acement vector to the cotninfefctd o mdtermex
vector to the main prdagramaeaeTthe omr @p emteing s dc
researrechaccessible to this sub2®iabnidn dRoOnigd i ¢ h
for their connection el ement s. Foll owing the
stiffness matr 22X Déerrei pvreeds ebnyt eBH )obcylB B q  a tdi cardso p
here to convebrats etdh emocdiogent i dortieargthitei on i nt o a cor

The syambdhs Eqb8Fiepnegent the two end nodes ¢
i j

u Vv W R R R U W R R R
4K, 0 0 0 Kg 0 -K, 0 0 0 K, 0pU
20 s 0 0 O 0O O -=mw 0 0 0 o0 gv
i 0 0 K, 0O 0O O O O0-K,; 0O 0 o006w
20 0 0 = 0 0O 0O O 0 -m 0 O0gR,
$K51 0 0 0 K, O -K, 0 0 0 K, O gR(
20 0 0 0 0 = 0O 0 0 0 0 -—8§R
K comecion K 0 0 0 K 0 K 0 0 0 K 0o %u
6é 11 15 11 15 o
@0 -© 0 O O 0 O = 0 0 0 008V
e (0]
=20 0 -Ky 0 0 0 0 Ky 0 0 0gw
j®0 0 0 -= 0 O O O O = 0 O06O0R,
e S (0]
wKy 0 0 0 -Kg 0 Ky 0 0 0 Ky 0GR
o o 0o 0 0 -z 0o 0 0 0 0 =afR
(8)
in which
. 2, n 2
Kn:akT,i +akc,i Kis Kg %kn lri,o Eﬁ ch
i=1 i 4 i E i 1= (_9

n 2
Kas =K, Kss A Ky If@ ake; Iéj O
i=1 [
in which trhk@nstebseseptsthe springs working i
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respectimnied yt handumberk, &f, rbeoplrteseows. the stiffne

tension/ compreslgirepresreintg thwe. | ever arm of the i

spring row to the centre of rotation.

During the cal cul ateisonanprionccersesme nvtuad lc adhi spprloavci edme n t
el ement based on the previous stepbs stiffness, ai
and the incremental force vector i s updated. Th
incrememrt alect or are returned back to the main proc
ouaddal ance forces is carried out to determine whe"
wi |1 be applied to the model or hehecocnuwrerregnetn cleo ad

criteria are sati sf8i)ed.toHpesaomboandi noEguanhabnDéBbs ¢

to be connected rigidly and without interaction,
i mportance in steel structures.
53. Val i dathence@hnecti on el ement against Abaqus

I n order to verify whether the connection el ement
shown by a detai hglddrFliB&adma@vwdegtheheecti ons at both e

is modelled using both Vulcan and Abaqus.

) 360 )
140,70 70 70 70 407
1T i jul i T

o r® ¢ @

,&,\Rlﬁ

Fi gbt3 e Single beam model
't is difficuibteatmo moa@rmri f witlihe coinmglce i ons at the L
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verifications of the beam and connection pa
connection part of the modelchapt earlsy eagai rbset
experi mentsscadre m@pdkeaeli mens with good agreemen
results. The beam part of the model i s check
beam under i ncreasidaigf fddrsedmti bueée mpl e rl otadri engg (a

comparison of Fegh4 td nidi catowrg itmat the Aba

with tdel dwmlnadti ons before inelasticity occur
—— 20°C-Hand calculation = - = 20°C-Abaqus
0 — 500°C-Hand calculation = - = 500°C-Abaqus
| |
1 1
1 L. 1
220 - ~ Inelasticity !
= S 1
G ' RS !
E '\‘ Py 1
sz -40 7 : \ ~ y :
_§ . [ - 1
5 o | Inelasticity | ! S
g L N

D 1 1 «
1 “ 1
-80 1 Lo :
: “ 1
1 . 1
-100 r L T T —1

0 10 20 30 40 50 60

UDL (N/mm)

Fight4d e Compari son between Abaqus and hal

A uniformly distributed |ine | oad of 42.67 Kk
of 0.4 is adopted for all the cases with res
are five cases Tab3leotCampaanbsotnstbdt wanen r es
Abaqus arlki ghGodving BMAes can beFisgehdné if gbofitreh at

the sbndeam span andibehem satltuemakalpant he
beam axial fotempeuvunt ngé&tOée agewwbehoi s contra
obtained by adopting tradi Tabd3pThiconinectduen:
excell ent axi alhededafucrtmd keiwhibtayh eacflainorm c c o mmo d a
expansion of.ladonmseotbed cusamhat the wultimate
decreaseisnovig@gdsd hef connection tempegahere r

Fi gb8aenHi gh9,e as expectlridgvihelFs g oW wa )itnh-€p ann d
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d

temperatur e

connected

t

temperatures

ef |

he

ection of t
beam

rapid

he
curve
t hen

decreases

Vul c &8n0 modwert iilnctrleeaselsopepofdl tyh

i's near |l verticatouti.ndiheati ng

ummi and s

y

det achkeal fcomsthai aol

6f g 6-Hh(eb-)Aixg @¥ (ebt) ehtsa | fea iflourcee s

predict eédrkry hAlgdaeus tihmnCadeose2 pard i

This is because fr acAbuargeu scrmodeerlisa, arrees unlotti nsgeti n nut
def ormation rather thanht®trcécstessr emo dTeh d efdaiilnu rvVeu | mad
bol towtulflai l ures, which are consistent with the ¢
Figbl@ Except for the final failure stage, the di
Vul can are very close to t hodsuec tgihwmesrc th yo nAbed geurse,nti
adequepeéyents the behaviour of the connecti on.
TabStle Parameters for different cases
Beam s| Beam sect Connection te
Case 6m UKB 4§7T1€) Tconne%tiSrOb%OamT
Case 7.5m UKE533I2V10I TconneTti 3MoYaml
Case 9m UKB 5331 31 TconneTti 3Mo%aml
Case 7.5m UKB 5337121 20
Case 7.5m UKB 5337121 TeconneTtid D Pe%m T
0 250 :
— — = Vulcan
~ -200 > 200 1 Abaqus ff\|
5 g -
= -400 2 I
8 g !
g -600 b I
= -
2 “
A -800 { = = =Vulcan \
Abaqus Y
'1000 T T T T '100 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
(a) -siach defl ection ¢bh) bstpaaodm axi al force of be
Figbdh e Comparison results of Case 1
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Deflection (mm)

Deflection (mm)

Deflection (mm)

0 1 400
= = = Vulcan
-200 o ~ 300 A Abaqus
Z
-400 - o 200 -
2
[=]
-600 - = 100 1
=
-800 4 = = = Vulcan \ é 0jfg————————fF— — — — —
Abaqus " SETT asvw-a
1000 T T T = -100 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
(a) -spiach defl ecti on of bsepaaom axi al f orce
Figbhtt e Comparison results of Case
0 1 300
- — =Vulcan .
-200 - Z 200 - Abaqus y
-400 1 3
= 100
[=]
-600 1 =
=
|
-800 1 = = =Vulcan \ 4 0
Abaqus v
-1000 T T T T -100 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
(a) -shiacth defl ecti on of bsepaam faoxicael of beal
Fi gt e Comparison results of Case
0 - 400
= = = Vulcan
-200 - ~ 300 - Abaqus
Z
-400 1 3 200
3]
=1
-600 < 100
-800 { = = = Vulcan \ 'E 0
Abaqus ey
-1000 T T T — -100 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (°C) Temperature (°C)
(a) -shiath defl ecti on of bsepaaom axi al f orce

Fi gbht& e Compari son results of Case
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150

-200 100

Lh
<o

-400

o

-600

Axial force (kN)

h
S

-800 4 = = = Vulcan ||
Abaqus [

= 1000 T T T . T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000

Temperature (°C) Temperature (°C)

Deflection (mm)

—
=
S

(a) -siach defl ecti on of bsepaaom axi al force of be

Fight e Comparison results of Case 5

S, Mises
(Avg: 75%)
161.905
148412
134.920
121.428
107.936
94.444
80.952
67.460
53.968
40.476
26.984
13.492
0.000

L.

Fi gblr® Bototutpulali | ur e

Fi gbT® aBi,gb6rZnkEi g6 & as)how t ke sfporacement curves of
sprinfgorroGases Rt damnbe5seen that each spring r o\
as the connection defor ms; pbuaschki nagn d ufnil maldli yn gp wlf
During t-thaeckudtl aga, a spring rsotwaties apfutlelre dc obrmapcrke sts
deformati®HnsiheceCahe temperature of the connectio
beam, the temperature of the connect itboanckr eaches n
stage. The mechahidatyr pdepeapi esyoadfseereed00 , whi
of compressiviei drfe)sTdatodwvmp egreat ur e curves of each
in Caséare@ sahmadwhblrikerb) FagbrFFb) As expected, the evol

t he axial force of each spring row al most corresp
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the initial stage of heampmgssieae hhf apcéeé ngduve
thermal expansion of the connected beam. Whe
the catenary action phase, and the force of
l imit i steeathedfothe of each spring row inc
Since the failure temperature of the connect
t hat b,n whaisceh i s around 660 |, t hea ouM tiinmaCtaes et
hi gher than that of ®6he corresponding row in
60 - 60 -

— Spring row 1 — Spring row 1
50 1 S = 50 ;

— — — Spring row 2 — — = Spring row 2
01— Spyjing row 3 . 40 1 — . - Spring row 3
Z 30 1 — — Spying row 4 7 30 1 — — Spring row 4
"5’ 204 — - Spv_ng TOW 5 E’ 20 4 =— - - Sp]ulg TOW 5
[#]
B 10 T ———————— g 10 A
0 - 0o ———————
-10-’ -10-&
'20 T : T T T T -20 T T T

40 -20 0 20 40 60 80 100 0 100 200 300 400

Displacement (mm) Temperature (°C)

(a)
Fi gbhtlrle Resul t s

-Gbspkacement cur(vhke)s -Femperature curyv

fortkacmoswselri agnmeat iodn i

100 I

| = Spring row 1
80 A | — — — Spring row 2

| -

| — - = Spring row 3
60 A :

I — — Spring row 4

| ]

— - - Spring row 5

40 | prng

I

I

Force (kN)

-20 T T T T T T
-40 -20 0 20 40 60 80 100
Displacement (mm)
Figblr2 Fdis@el acement curves of each spring
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20 T— Spring row 1
15 1 = = = Spring row 2
109 =-= Spring row 3
A et 7 5 4 — — Spring row 4
< Ly —_——— < o HUN—— Springrows _ _ _ _
3 ——Spring Tow [ S
2 - — — Spring row 2 i B
— - = Spring row 3 -10 -
i — — Spring row 4 15 4 At
-20 T : T — : ; Sp}‘ulg 1‘?“’ 5 -20 T T T T T T
40 -20 0 20 40 60 80 100 0 100 200 300 400 500 600 700
Displacement (mm) Temperature (°C)

(a) -&Bbspkacement curves -temperature curves

Fighttr3® Results for each spring row of the nov

54, Compari son of the duceéemntieom@ahnechneant womn ht ¢

100
G
I|

—
(=]
(=]

W
[«
[9¥]
[«
& OW

Beam section: UKB 533x210x 109 30
Column section: UKC 305x305x198

1

Y » |7
Teouma = 20°C 4
4

B

i

~
o

LN
.

Tconnection =50% Tbeam

BV g

Tcolumn =50% Tbeam

.

.

R e . s o 0
Rl R S

40470 | 70 { 70 {70 {40
360

LN

40470 J_70 { 70 { 70 {40
360
360

407 70 T 70 T 70 170 190

3
¥
\
¥
v
¥
—
h—
(o)
o
o

Attached to Attached to
column flange beam web

N\
N

|

(a) f®3wmbme m (b) -pEmd e co (c) -cWeebat c¢

Fi gbhtr4e Th-eramb model

The motive behind introducing the ductile connect
so as to accommodate the | arge deformations gen
temperatures rise, in order troe itnhper opveer ftohremarn creo bouf

new connection type with thatf odmeomecal ., osladbwmr ol

Figbl4a), i's used. It is assumed that the connec
protected to the same | evel, and that 50% is a
temperaheranppoottect ed beam temperature. Therefor

temperatures are both set to 50%ndf thlee stmapdat @c!
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curve .i Diddedent types of confnreacrhe omo dheglv,e ibn
idealised rigid and pi nned -ucsoendmedecattdieo rash,d aanse by
connecti omlsat Ancemmdecti on el ement has alreac
Bl o2 RPabnd [RoONg6 Al't hough the Structur al Fire |
University of Sheffiel e&lhaast dcomer escdme nrse s @ anrc
(Yu et adnd t20ed 9 ¢ rainvad tyitd(nirad e mo dad l.tsh €2 Oala%d )

connection had not yet beencliemxztor ponatedi o

i mpl emented in Vulcan in this chapter.
541.l ntegraticomadf cweamecti on el ement 1into
TF
1 .
E : Beam web T
i
T 81 cnd (o 9"1{
L L ? ‘ 01.end M,
1 4 I
lllll L '
F‘_._._._._._._.z‘_‘j_."‘ LO I

Column flange

(a) Mechanical model

A 4

(b) Deformation of Beam 1 in stage 5

Figbhll®e The modéladf cwamecti on

During the process of develmolpgatg ddrEn2a@odtOildarm,i
made three assumptions=xl éad &he tewoo soal retghse gofi
cantilever beams connected at the middle of

the bolts attached to the column flange can

Pagld9 |
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beam web all ow movienewe b, naFd lysdr ggvad rHdnacft itc hi nges
are formed at the ends of Beams 1 and 2. Dependi
mo me NitiesnM, {Fi gbY¥T R a)) at theMbgaml dndheos ment hcapacity
pl asti c Ma(iunlgtei)maatned moment capacity of the plastic
can be divsdadesntodohéifver ces acnlde adte faorrematth eonn sd eorfi

di fferently depending on the current stage.

wt? f 2

My: 4y!Mu:Wt4fu (_5'(
1 el F 1
L =L +2(E—I)2§2_0F2L% —(Flo MLY% ~FLo M L% (41
(L - L)EI #L3L,/3 )
0o~ 2 ( A 7
12/6+2L,L,/3

FL3/3- M L%3/2 .
dl,end: : E| Lt ( _a_ :

in whactthre respectively the effectdélveatwi dTthe and
meanings of the other pararretgrtr®ail)n Aheseayeqpalie

externBlcchor be found iterativeld) affnteo-Eqgbati omt {

11). LOnsc eo b Mmainnde dt,he vertidgaaalt dihsepleancde mefntBeam 1 c

obtained frdmf)E@n3t,(dnessgeéctivel y.

St ag(My <M; OMya nMeO (M
At this stageki ndree &axd e rnpHRA fnomaalel h Masneeupn, $ eadn d
as the controlling incilememt atlh ep aprraenvei toeurs. sTtheep viasl
initial valwue for each step,; it is-17(xens apdated a
variable used te79i mmiidEyilsEgedt u-beng b@gaouati on (5
anldare known, the dgcanché defarmeti8psing Equati ol

_SEI(L, - L) 8,152

H
1

(47

o Mo+M, HMOLA/(2E1) (K, HE)EM (L, L¥ HLA/2 gE!)
- L, - HC /(3El) 42(K, HL,)/(2El)
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C,=M,(L, 1L, %FLZ0 %HLZ2 (8¢
L-L 2F%L3/15- FM LS /12+M2 #C ) I3 MLCLE CA, (8

0 2(El)?

3 2

a:lLend:FLO/g M,Lo/2 €L, (8¢
‘ El

St ag(My<3r1\@ uld N My < D uM
I n this stage, the two cantilever beams beg

moments have r eacHemrddatrheeisrt iylile lcda |l vcaultligkt)se.ch nuds i
(8a7), resppCareebpht ai ned -I19r) o m-BEIQ Y briecmpe ct d Vv ¢
these parameters are umg.actaend, b et hoeb tvae rnteidc aflr oc
18) .

o _ (Mo +M,)El HML2/2 (K, HEJE2M, MEI/K, HL3/2 M, L)
ElL,- H3/6  12/2

(4 ¢

C,=2(M, -M,)EI /K, %FL% %—HLZZ M#L, L, (B

St agd 7 M nM,< N N)
I n thiFenGlbhageupdated ux2)ngaBdu@Ficeopmicétd sellyl
iteratively calcllVptedhesveguEocamnt deh obati ine

EquatR2ah. (5
_2(M,- M))EIL, /K, MLE/6 M, (L3513 Li,) HLL%/2

a.. = B 1
Lend El+HL2/6 (
F=(M, M, Hd/L, (8-
C.=(Eld,, -F/3 ML5/2) /L, (B¢
St ag(d =Mua nMo=My)
I n this stage, both ends of Beam 1 have reac

Beam 1 actwually rot aRiegsbhYXd&sb )a d&Tlhien kdée,f oarsmas h o\

Beam 1 can be calc24pted using Equation (5
dl,end: %nd -H—d C@S (-a Z
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The mechani calkclmadelc omfnea t @l at>IpOR)@2 ¢ ht ads by

been incorporated into Vulcan fdlddwowheaegcttihen s ame
el ement . 5BuadfBddos e( used to calculate the tangent
cleat connectionekll eméeéntconhleetVYwlnc el ewmment was ver
using a single kéeamt mncoeahewit it bnwe At both ends. T
cleat connections were assumed t ospan hdhdffl edt ittt
and thefaxc¢a of the beam, as obtai Reghbhlbyg Vul can at
It can be seen from the figure that Vulcan resulf
beforeA5®@r that, the beam of the Vulcan model de
moa(Fi ghtrgal)lhmh addition, the compressive connection
decreases at a highertemdicel enat evxehowat |l yempenpae

predicted by (Fhghlh®@bhfhesmbdetlue to the fact that

—

of hcel eneetb connection is of | ower stiffness in pla

(Yu et ahAlt h”OPML d) he comparison i s nrboats emler fect,

model lai mg mpd i fi ed met hod, iitsciagd esdfrfaimei eamtaltycilse i
0 400
':" ~ 0- ____________
g -200 Z
z 3 400 A
2 -400 z
o = -800 -
3 600 - E
Q- — — = Vulcan Y 21200 { = = = Vulean ~,
Abaqus 1 Abaqus ~s
-800 . . . -1600 . . .
0 200 400 600 800 0 200 400 600 800
Temperature (°C) Temperature (°C)
(a) -siach defl ecti on ofbpeashmadn axi al force of Dbe
Figblree Compari son restlltesatt oc omanleicd a toen teH ee meenkt
542. Compari son of the ductile connection with
Af ter i ncorpolaatngohhectwieon -eFramentmodel /ulbt arn, he

geometr yFishwlwma )i nwere created, using different typ
t hat fire occurs Hfnamee fhindst hatodoemperaherseshbof
connecti ofnst mate dhfaltthe beam, whereas the upper col
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Five different types of connection were sele
and pinned connecti-phat e aaddatwwatemrée ataindn £.n 4
of the dpucattiel emine@leamvdedonnecti ons (the | atter t

3 Pal(CEN, P 0 Oabrae  sFhi ogverB, &ii g -1 ¢ b) Famgdsi & c) ,

respectivel y. 't s-pbatd -apdawéebadnntdati admse Ra
di mensions as the ductile connecti on, i nclud
as wel | as their boltyspalkhénbehawi emrsuof Clo

di fferent end conFiegchitliobnisgbir® compared i n

0
-100 A
-200 A
~ =300 -
£ -400 -
& -500 A Risid :
8 -600 - = Y
= = = = Pinned AR
& -700 A AT
c00 — - — End-plate ‘\I
- 1 — — web-cleat I~
900 1 __ .. Ductile connection | :
-1000 s

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fi gbr®e Mipdan defl ection of beams with va

As shéewrghirfe t hepam ddef | ect i onduocft othheee chteiaom swiit
close to that ecfl etalte coemanre cwiitomswellhe rotati
ductohpections are muchplhatgd ealnd ahia end dFrihnyesicet eiwg |
518. The axi al force gameicar readc tiino ntsh ei sb evaenr w
reduced compared to those with HRildbd¥t®h el hetsteer
phenomena i ndiucdctiodneteltdati ohhe@rovides much hi
ductilities, which successfully accommodat e
as their temperatures ri se.i oMss paaret ionfsttrhuinse
reducing the axial forces to which the surro
of duhcetoheection under the tensile axial for.
of the heatgl bemmer aturmhes i s plahehiahamwetd

connections. This performance coul d 8decfuleéeh
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connection, which wil!/l be described in the next s
0.35 — .
— Rigid iy Pinned

0319 — — — Pinned Ductile connection ;I !

= P I‘/
< 025 { — — End-plate - 1
= : [
5 — — Web-cleat [,
- . . . [
g 0279 — .. Ductile connection -, ¥
2 o1 )' ¥
= Web-cleat T ::
S -, /Iu ]
£ 0.1 1 >7\‘. B

3 .- Al  Endpglate

3 0-05 1 -=" - // : I:
- - i [
0 __#':a;'-‘-_—rf‘—; e — ':: ! .I

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fi gbtr® Rotations at beam ends for different

400
0 i — e — — — — — — — — — —
-400 -
Z -800 A Failure of the cofinection
> -1200 - under tensile force
=
< 1600 A Rigid
o
'5 -2000 - — —Pinned
2400 = - = End-plate
—_— e Weh-cle
2800 4 Web-cleat
— - - Ductile connection
-3200

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fi gbhtlr® Mipdan axial forces of beams with differe

55. Opti mi zati onc @rinddtei aflucde diegn

I n this section, parametric studies dreamearried o
showhi gmr4fea), to opti mdae ttotheeeadesiogn i oif ttelmens of t
failure temperature.

It is generally assumed in these studies that the

that of the connected IbeanCoinnn etchtei oomosd etl e nuds etdo ienx pSee
temperatures than the members whisgsmak hey seonech
fact drower exposed surface area, and fire protect.i
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attached Aosemsunitivity analysis has been co
bet ween the connection temperature alhidguathe b

52 ndab32eThe beam temperature at which the ¢

when its temperature is reduced to 40% of t
connection tlawerlaittutrlee raftfi @ect on increasing
This is due to the fact that the temperature
to be | ower than 40% of the beam toe nppreortaetcutr e
connection to prevent its temperature exceed
the connection temperature will only increas
0 300
250 A 20%
~ =200 - ~ | == =-30%
g 7 2901 - - 40%
= -400 - o 1301 — —50%
2 20% £ 100 -
g -600 1 - - -30% = 50
5 - = 40% B o0 ———————f—————
A -800 1 — —50% 5o
— . 60% || B
-1000 . . . . -100 . . . .
0 200 400 600 800 1000 0 200 400 600 800 1000
Beam temperature (°C) Beam temperature (°C)
(a) -shiacth defl ection 6b) bstpaadn axi al f orce
Figbsa® The effect of different tempera
Tabsl2e Beam failureditkeimprerat urempemnatur e r 8
Connection temperature ratic Beam f ai |l ur e Difference from original design
Tc=20%Ts 889 14.3%
Tc=30%Ts 887 14.0%
Tc=40%Ts 886 13.9%
Tc=50%Ts* 778 0.0%
Tc=60%Ts 745 -4.2%
*Control <case
I n the dampadnemtnnecti on el ement, i f the axie
| oad of +tohe kolmpomelnlt, then the spring row I

occurrenceouctf fbaoilltuypeudiclhy beddelag the axial

spring row. This can be achieved by i mprovi
i ncreasing theyrladidus cafl tsteectdemi. Anot her we
t he bwodtt gamdonent is to increase the thickn:¢
| argest tensile displacement when the connec

Pagles |
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top bolt row towards the bottomt omew déer daenes |

pr

ogressively. I n order to reduce the maximum te

reducing the vertical bolt spacing could also be

seqiyl i ndrical section, sphat @egshihakeedbdbeesn amdodpbeld.

these vari atsipams dern | telee¢ i mind and t he aFiigadr ef orce of

5-2

TFi gb23 nTda b5t3eTa b5t5e As shiogvtniz B mida b53e i ncreasi ng

the radiusybifntdhecakemsecti cammparsrse d/ec d otrice agrxinar

beam. However, its effect on the maxi mum tensil e
final beam failure temperature, is negl-igible. Fo
cylindricatreaseéedonoi 80mm, the beam failure tempe
the control caseyl(imaodei caadsestobnsembO0mm) . Il ncr e
can significantly improve the performgaeacebypyf the

enhancing the ultimat e Fiaibld@rd@a bSelenpldo vaed we re,, talse s h

increase of plate thickmregsonalesadi oaducesul hé ndudt

forces generated in the connected beam. For exan
connection of 10mm thickness is 13.2% higher t hae
maxi mum compressio®e hbyxi 2a07f2d2Wceéeuiincgetbe initial

plate thickness should not be increased excessive

decrease sharply, and this may iHMmpeps2zeawvery high f

Tabstse how t hat the bolt spacing hmperatulke bDhfl hen

connedheon.ast parameter studied is the steel gr 8

connections is the saméga#zdhahdabibdhedibeams .t Hotwetvie e

us

e of a higher grade iofe sStneealaifsdrngc darhree cftaiidus ei s
240

200 — 50 mm
~ =200 - . = = =60 mm
g @160'-'-70mm
= = 120 A
= -400 - o 12
2 — 50 mm = 80 1
& =1
2 -600 1 - = = 60 mm — 40 1
v == 70 mm = e ]
R -800 { — — 80 mm S < _48 i
— - - 90 mm =
-1000 T T T T '80 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Beam temperature (°C) Beam temperature (°C)
(a) -siach defl ecti on of bsepaaom axi al force of be
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Fi gbhal The effect of chasgmigygi hdei cahesec:t

Tabbl3e Beam failure temperaturegyWwimnhkdrdicfafl erse
Connection temperatureratic Beam f ai |l ur e Difference from original desiy
50* 778 0.0%

60 779 0.1%
70 781 0.4%
80 782 0.5%
90 785 0.9%
* Control <case
0 - 400
~ -200 1 ~ 200
= -400 A 9 0
8 — 6 mm 5]
+= =1
g -600 { = = =8mm — 200
% == 10mm 5
A -800 { — —12mm -400
=+ 4 mm
-1000 T T T T -600 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Beam temperature (°C) Beam temperature (°C)
(a) -siach defl ection ¢bD) bstpgadn axi al f orce
Fight22 The effect of changing the plate
Tab5t4e Beam failure temperatures with diff
Plate thickness Beamfailure Difference from Maximum compressive Difference from
(mm) t emper at original design axial force (kN) original design
6* 778 0.0% -59.75 0.0%
8 878 12.9% -116.48 94.9%
10 881 13.2% -183.54 207.2%
12 888 14.1% -253.01 323.4%
14 894 14.9% -346.81 480.4%
* Control case
0 300 .
—_— mim
~ 200 1 _291---40mm
E Z 200 1 = - = 50 mm
= -400 - e — — 60 mm
.§ —30mm (E
8 -600 1 = = =40 mm =
% == 50mm 5
A -800 1 — — 60 mm =
— -+ 70 mm :
-1000 T T T r -100 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Beam temperature (°C) Beam temperature (°C)

(a) -shiach defl ection ¢b) bstppaom axi al f orce

Figta3® The effect of different vertd.i
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Tabbtbe Beam failure temperatures with differert
Vertical bolt spacing(mm) Beam failure Difference from original design
30 791 1.7%
40 786 1.0%
50 783 0.6%
60 780 0.3%
70* 778 0.0%
* Control <case
0 350
300 A S§275 J'i
~ -200 A & 250 - ¥
= < 200 A
= -400 1 3 150
— [=]
o -600 < 100
= = 50
o) 8275 5
A -800 { - — - §355 0 -
. -50
S420
-1000 T T T T -100 T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Beam temperature (°C) Beam temperature (°C)
(a) -siach defl ection ¢b) bstppadn axi al force of be
Fight24e The ef f eccannnoefc tdiiofnf emaetnetr i al s
Tabstée Beam failure temperatures with differer
Steel grade Beam failure Difference from original design
S275 751 0.0%
S355 772 2.8%
S420 800 6.5%
* Control case

I n order to test the effectiveness of the connec
thickness is -fardomde emiod eli gdHedvay bi nThe i nner radius
seqmiyl indrical section is 70mm, the temperature of

of the connected beam, and Fi lyé-2 sserotwisc atlh alk o Itth es p «

optimized ductile connection delivers a much hig
original design of the ductile connection (inner
spacing = 70mm, connectionatempérater evef | 5% wi t h

pl ate -ahdawebonnecti ons.
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0 400 =

-200 - P | S —+ ==
s 7, -400 -
5 . o4
g 400 < 800 -
g -600 - £ 1200 -
G = -1600 -
2 -800 - 8-
z %2000 -
-1000 A 22400
-1200 . . . . -2800 . . . .

0 200 400 600 800 1000 0 200 400 600 800 1000

Beam temperature (°C) Beam temperature (°C)

— End-plate — End-plate

= = = Web-cleat - — — Web-cleat

= - = Novel connection before optimization = - = Novel connection before optimization

— — Novel connection after optimization — — Novel connection after optimization

Figs2a®e Compari son of beam performance wit
56. Progressive collapse model l ing
Once a connection fractures, the connected &
|l eading to an increase in the column sl ende
Connection failures can also tofgherethnetaeco
compartments. These may | ead to a sequence
the entire structure. I n order to effectivel
| ocal i nstabil iat yc othnob i onvaeri aolnl ocfo lsltaaptsiec, and d
by $&mn et al ., 2 0 1laznad, i2nPpll 2ebme nSverd, i 2n0 1V2u)l c an
computationally efficient and is used to tr
instability occurs, the dynamic solver is ac
is mnedai and then the static solver <comes be
alternately to analyse the structure under s
the -dymaamicc solver i s -suwagdPptagylhmeeelf r ame whit
connectiorrs gs@ewhoinllustrate the progressi:
Al t hough t hi ® rcnoondpeols iitse fforame ,n t he contri but
to some extent: 1) the restraint to | ateral
is considered bypfptamet daignieceg Dhefoeefdem of
external |l oads from the slab to the beam i s
into a distributed | oading applied to the be
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ground floor, and ther hoolizmms$ adbf spachgtl oar t Aee
| ateral sway instability of the frame. Only half
to save computational effort, given that the stru
|l oad ¢éd Bppthe beam on each floor, generating a I
supported beam. A concentrated vertical force of
intermedi ate columns, representingnegepgeéernntsr aantdur e
columns at ground floor | evel are assumed to be h
Beam section: UKB 533*210%109  300kN 3000kN

Column section: UKC 305*%305%198 J, Load ratio = 0.4 J,

/L§Mé[[[l[llth@l[l[l[[l@dlll]IJJIb

4000

Load ratio =0.4

£ ol Ll Ll LIl LI L Ll LI LI LI LT L L]

4000

Load ratio=0.4

TP 1 1 1 R

Beam 1 Beam 2
Column 1 Column 2

[N

4000

S e e - - e .

AN\ = ===
) 7500 D 7500 ) 7500

/ 7 7

\
4

Fi g2 Thesttchrreelray hf e a me

The calcul ation procedure for pRibg®2Z sHivres tcloyl,| ap s
i nput data is read imr fsdratda cneswltvempersatuisreal dtoe @m.n
soon as one component of a spring row reaches its
failed, and is deleted. When all Sspring rows in
considédarledd ,asanfda its stiffness matrix i s set to ze
connected beam detaches from the col umns. It i s t

its degrees of freedom.
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Fi
co

co

f a

Read in data for new ]‘ Yes
temperature step J

[ Static ‘;nalysis ]

Stability regained?

No

Does any spring
row ofthe
connection fail?

[ Dynamic analysis ]4—

3

No

[ Delete the failed spring row ] [ Delete the connected beam ]
A

Do all the spring
rows ofthe
connection fail?

Delete the failed connection ]

Yes

Numerical
singularity?

Fi gbha®e Sdgnhiaemi ¢ cal cul ation proces:

g2@& howesmpesf arcee and -fddrscpd acermeens of t he s
nnections at the ends of Beam 2. Spring R
mpressive displacement and maximum tensil
ttoimt br ow) undergoes the maxi mum compress

spl acemedit spTheementecurve of Spring Row 1

cur s. However, the tensile capaciftgilodr & hie
verned -byt boFor puhdately, sever al measur es
| ay the occwrurterfcada |afr eholsto mwl It o i ncrease
e beam. I n t he duncctei lae scporninnegc trioown fealielnsentt,|
l'ls to zero. The sequence of failures of t
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bolt bow has pulled out at around 390AC. Once alll
i s sctadrered as having failed.
180 - 180 I -
160 4 — Spring row 1 160 - | — Spring row 1
140 4 — — — Spring row 2 140 - |~ Spring row 2
—~ 120 4 = — Spring row 3 —~120 Tl Spring row 3
a 100 4 — — Spring row 4 a 100 - | = — Spring row 4
o 80 4 — - - Spring row 5 - 80 | — Spring row 5
9 9
F g fel
T i I
20 - 20 - e ———,-/
e s S R
-20 T T T -20 T L) T T T T
0 100 200 300 400 -40 -20 0 20 40 60 80 100
Temperature (°C) Displacement (mm)
(a) TemPperae uc (b) Disfloacemer
each spring each spring

Fig®s2& Variation of spring rowBfef@amce&s of the coc

As can be seen from t he pHioggr2ebshs)i tvlee cod l regctei mrfs t
the ends of Beam 1 and Beam6 88Cf,aialn dwh ehre nt hBee ahre alm
Beam 2 are del etig®&2frcgm.t Aé tferaméat, Column 1 and
to be heated, although it is assumed in this case

bot h dofempleiart ures reach 550AC, at which point Co

increase of its slenderness ratio. CBlgmnel does
529(d-)(fThe progressive collapse simulation of t h
emphasizes the importance of connections for the

Column 1

—

Beam 2

AN~
AN~
-

Column 2

(aaea_-r;ﬂsoo
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Columnl Column?2

Column1l Column?2

Columnl Column?2

(€doi dH50 (fdoi B 50

Figsa2%® Progressive coll apse of the

57. Chapter concl usi on

This chapter has described the incorporation
Vul can. T-oet bobmppoéht , repr es dretved olpye dt thy
(201 6shaen added t-baskd mopbnenhtthe ductile
pubobt failure. The tangent st i(20p@asvse nbaeterni xu
to convert -btahsee dc oomopdoenle nitnt o a connection el e
finite el eSuenngtl emebtghaomli.moddlct i |l e connections
model |l ed using both Vulcan and Abadqwes atnalwalil

mo d e | ocf| ematwecbonnecti 62008 des| dped bhynpYuwe ment
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foll owi mgmehdoslamsed for the dfurcamd emadealnewas owns e
to compare the performance of the ductile connect
Di fferent types of cohneaemei onodwér ecidn sré dyd idn gatnidd 8 a k
pinned connecti onsp,l adred-ahdmwerbtoinmreac!t | emda . Par ame!
have been carried out to optimize the performance

forces generated by fheéehevempualt ecaedndbreymwmac@itotii

Five key parameters including the temperature of
cylindrical section, the plate thickness, t he bol |
Finalhlewysdyoami c solver in Vulcan was wused to si mu!

t hrseaor epayhfeame with Tdhuec tfidlel ccwinmge cad mamlsusi ons ¢
based on these studies:

T The simulation resullisambmad alesd drye Vuércywmnclso ag
Abaqus single beam models, which indicates tha
represent the behaviour of the ductile connect

T By comparing the perrd®actmanmc ewiotf h tditehaelrucd o ree ctc
can be concluded that the ductil egtoonnecti on
accommodate the deformations generated by conn

T 1t wa sf rfoonu ntdh e partahmeeits i o ssstiubdlieest o opti mi ze
thickness, protection-clyéveldri zméhecerheomisommf
mat eirn adr der to delay tohd dadudmumrenceanaf thalst e
beamb6s ultimate failure temperature.

T The eroldi ng of the prbhrdegiewa yhdlelaanbsaes haofwst h e
failure of all the spring rows of the heated c
the t-opwbat ta certain temperaturege Whehedhe co

the connected beam was then removed from the r

to the deleted beam wil!/| eventually buckl e du
This progressive coll apse simul atsi drorermphleasi ze
survival of the entire structure in a fire
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FI RE PERFORMANC
DUCTI LE CONNEC
COMPOSI TE CONST
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6.1. Chapter introduction
Compar ed -swietehl bfarraemi ng, composite construction ha
| ower cost , becauseel tstaddlowsedthieouss.e Tolersenaolrle ,

composite structures hatver dyeeoomwstdred ¢yt iucsre.d T hne npue
composite structures at elevated temperatures has
(Wang, ,S1aMm%8 etFmdt.er 2610 0adt ,al2DWWe29dtd7uct ur al behav
connections in composite structwrtesli rcofninreectiionguy
due to the existence and continuwireyg,oft htheompopo $ |
sl ab acts as insulation to the top part of t he
enhancing its performance. The top flange of a cc
|l ower temperature thammplke adupes ad ffgaenrteqniceamdyt iv

40%ai nman and. KAcbygr dil®gBYy, the degradation rate

connection should in generalstbeel oowvemne ©tainon hadue
beneficial effect eodfuctthiiosn.palrnt iaadditteinopne,r atthuer ec ormp o
t hermal expansion of the steel beam in the initia

al so affects the performance -sotfagiet sr octoantnieocntsi.ons b

The behaviour of t hestdaelt idter wothnreecs i loanss a Inr ehaad e |

the previous chapters, it is appropriate now to
struct urcesmpolsn treonst eel framesa tbompltdétee mbeamxpan
absorbed by plastic deformation of the ductile ¢
i mposed on the surrounding structure. However, in

of shear studs aroe nferdgc ttuhree dd edrorhmiaghiloyn cdodf t he du.
mai nly be caused by rotation at the column face,

of the composite beams. Hence the influence of th
i s Iseislsy epar edi ct ed.

This chapter i nvestigates the application of t he
Equations have been proposed to represent the axi

positions; the rebafateyethetbennenonhieonhi battom sul
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bottom fl ange. I n the calculation of ductili
by ther mal bowi ng of the composite beam he
reinforceméent wobompococensi defsréehefpoputing bar s
weld points in meshs;composhdaden dadcdded et @ otnme cn
a suitabl-eacsedmpooealt for the composi tbheeduct.i
composite ductile connection model has been
detailed Abaqus FE model . Parametric studies
effect of three paramet er seothi drhe, piendlou diiamg
thickness, t he i ncnyelri nrdadicwad @&fect hen samid t h
reinforcing bars within the effective width
the comperantcomposdctieon model, an Abaqus mod
has been established to investigate the infl
The method of simulating the composite conn

expiement s catdraifgdPpd@ut by Al

6.2. Duct demamfd composite beam in fire

The defortmapgiimaal odomposite beam as Fiitgdltee mpe
The connection needs to be able to accommoda
effect of the effective shortening of the be
I n a composite beam, as the sl ab does not e X
the steel ds ther mal expansion is included i

composite beam. There are flacr meayt mdsitthieome

to be taken into consideration; the rebar | e
of t he connecti on, and t he bottom fl ange 0]
experiences t he nma xaiwauym fdrioeénp ttehcee mohoel ruenans i nt

may occur at the connectionbés bottom surfac:e
bottom flange and column fl ange, whi ch may

di spl acemeam boéttbom fl ange is also consi der e:

The displacements of these fDub, Beanbgositic
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respectively, and can be -8§)(mp)ly Tleé clué medredamums nigs

the distances between each key position and the ne

previously, thédesimalb reaptamasinwnsm ©het he composite b
bowing, and the deflection due to ther mal bowing
the composite beam. The tot al defl ection of the
cased by external |l oad.

Connection

Neutral axis
N — A = — ]

- - L] L]
_______ Ay — — —

orom?
7 J
1+
HCOFJ‘ /
e -] = ’ i . — — - % —

<
—========F====

Beam mid-span

Fi g6t e Def or mati on of composite beam in f

4 .
Drzgqotalzl ta‘n( gtal) (IQ hc) ('6-
4 = y Hcon
Dctszg total2/ ta'n( glal) % E-F— hc ) ( 2
C 2
4 +H
chs:§ total2/ tan( gtal) g.,@ E-'.— hc ( 3
C 2
4 R
Dbbf_§ total / tan( gtal) (IQ h2+ h:) ( 8
in wbhiphD,,and,respecepvebgent the axial ductility
at the rebar | evel, t he consec fanade ,tthoep bseuarni abcoet,t otn
fl amge.s the total rotation of tdypei scotmpeosti dealbeal

deflection of Uhe deompodddd Lhemmnl, represent

the | ength of tHised adotdipe ikt e blraaamct,dm@telct i on dept h,
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respechtanidedryeveheical di stances fromnéehtr alop

axi s and to the | ongitudinal rebar, respecti\
To calcul ate the ther mal bowing deflection o
her e:

1) the sl ab is assumed to remain at ambient

2) the temperature di stiroanbuitsi ounniwficrhm;n t he |

3) full shear connection between the sl ab al
As shdowmb2fea) , the mechanical strain is obt e
from the total strain, and is then used to e

L

L
R

Figozd e Cal cul ation of the ther mal bowi ng

Due to the assumption of full shear connecti
beam (Equ)a)t.ion (6

Ml MZ
Elll E2|2

=i (6

i n wBjiAdndare the Youngoss entotd uolnu sar etah ea ncdr otshse

Pagls9 |


















































































































































































































