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Abst rTactiinvestigate t he fUHPCwrkairgap epd ofranamaec ®
composite beams with wel ded st eeXperhismaundtkaelys b
fopoint bending test. The finibtastocal exmeart i e
resulhtash,e failure mode,anddanrdel adteif Meecpatoameé st g
anal yflze ah f | uoefn cxetsr engt &nd dc me h sWmppootnicameda st e e |
beams WwWeISIK aosn fl exurainpeeifdmd meftd & aodaudcrta d g drys
ul ti mate eneavwegy oitaeskigestt.irngednglals s s@®éllkR Ct jocaadn t e

beamsesbhperior bearingcappaidtuyand! eaofeo rgreabdiillarg iyp
wh ecno mp awri esch NSIC ( nor mal S tc ro enmp gpdsdiut netsenrcplaartcde e a s it
height uppreagledhdwa signi fi ¢ anptr obedi indgictg ombpbargut gl
stiffness, whillsai msdrgea §ii reqa htaheeifiogdttehntamngd d u
ulti mate energy dissipa,tihomwrknlaaefdeadosfgvasgt etehle bye
hasi gni fi canmpreodfbvéiendgt n@gncapacity. Reducing the
yield strengtahdot hE8Knebtsight ght layndi mdrtadwetteh
reduce dgefh@&atet exsurialf ness, ssthe ghadctyi wietakeand

di ssipasidédour types of f aialblerde omo deesaswerrad | @
f or mu lbaeea rfi mrg wecrpgy ae@isy amrde dihhes @dt svwe lhl experi m
resulet s ecsalrh thse t akdmnrads seegiheapplk eclhBHR @ nc conip csstie

beaims ds@pmag anldosahtderauvcyt ur es

Keyworsd ®J#IPC composfilteexbuds lma mi; otre el psalreaanretyk ¢ ¥; s
bearing capacity

l1ntkroducti on

Traditiooalmalst e¢lrength concrete (NSC) comp
cracking and suedbrbeamrosirvefdenviihee eempviorbd re
increase maintenance costs, affect t f2af.f iUHPcCo |
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(u t-hriagh per f or mancki cth teir el @ ¢t disg am @ew,urarbd | hit
concB¢tewith extremely a&ndht eompresstvengtfheg:
durability[4pleor ¢ dumanesceéeweic,glmpaloveelbfeaandgarmtaip
def or mat,i ostiHdT Iciotmp owh tcedmbkianmess t he advant ages
beams, and achieve good perfor,maveeganded dhte
of many Iltad lewlhaesctesl | ent f |l exur al bearing capa
under wul ti mate staantde,e xccoerlrloesnito nd [B6ehshiwshteahnyccep mmp &

wi sh&&IC composite beams.

Nowadary senor mouex menwoiumd ntod! anhdabseeme riicera!l owt
strubehaal odJtHP&ECl composi t e [b]leaewsperLiumeentt aall.y i
bendbenhgavi otUHPRNSEt eemposite beams in negative
t htahe -Quwts pexst mens failed due to crushihge and
damage of UHPC speci mens weatef sRMSH@ICT iccoamptol syi
count.erZphaari@ pextp ea li .meendt & lh es tsthceia r -UpHrPoCp ecrotmipeoss iatfe
and ftohuendshear p enaff @mr madreqpeh ew assh a@am r at i -1 0FZ h u
invesdi ghe pel ¢ ouwuona InddtlddreCl composi te beamaind wa
found that the transverse reinforbememst gnafti
affected the wultimate deformati on. Further mor
beams with both open afdl Zrjlac g @ iknds ¢osutbing antroier@enl X
channel conneciUHPEterhasaead wstcdhelcomposite bea
grooved connector had extremely high sh8ar r
pr opals an UHPC orthotropic bweiidyche doeyc k1,0 %vhtioc h3 (
[14] foundHPPICatcompe elxthe bheghiexur al gagdadctitiyi a
when ¢ ompsatré&&lC ovu b h.e rFpaanr[dgt 5e¢x p @ i. med t tah el &&lsad x U 0 A |
of compo wii tseh abagda m$ abr i csalteamb eWHR@ i n UHPC she:
found bbatibnpecapacirtespd sdantciel ity of composit
UHPC panels were higher than t hHb&le <tobséihed otyle
behaotif oei gl HP &G teemposi te beams without upper
streamgd hconnecti onkedyesgptr weenofc osrhceraet e and ste

perfor mancpeattodr féHd€l rccomposi t e beams.

This paperanowmelodcuees bsBbeanh&wogmepOSB&E acti
structur al peUHPRPC mammpeo sdihtees pleesatmss.s o f -UkaPnCu f a c
composite beams with tRer SSKy an gvweH swlesatir eseabs ebreaal r
t hatcuaceondi mdre desiSgunb sdeigiiremstoldyms . f or mwartk i s
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t he cor rtelca dtedverll f heobpdosu rUaHPeB f tUEHrPC pour i ng i s
t he s ucrafraedferVidly endahl el yf, o riviawsemio ved-dasigtuen nH5 per i o
t anpatlem .t hitshfep-pap &nrte xtuersalc awebriud and experi ment
on eighscokagmeed Marefi,ni t e el emwareest BRBY d wand ed n
the teantdhessiremsw&tveer i fi ed. The effectsofof s
upper co,ncyied led $ditxrdkennegstsh fa nt dy ehtel egehikan el fhl aomfg e

| owsetreel avewsslitir emgt h, amacitrmg it kiheis@lwtoe f | exur
behaoB 8K r eisnfébdilR@ dc o mp ossviase clbenp mpe & e a ssetvuedlige d .
Finalffour typeattwerfrned aielfume d. Based fomr mietase n a
bendcianpgaci ty was epsrteadbrleisdahdet oayw eédhi d hteheFE resul t
i's expecteéetbaemmuppoviptladamootfi o8N8 K n fsa rkbddRIC c omp o s i

beams.
1 Experi ment al program

1.Det acifl sspeciemens test

Fi gex hli tbe tge dmenternidseitcarb 5K e o h fsardbddRIC composit e
specsAideln speci mens have a beam Isenagmtdh boefr dlia8r0g0
spad0®f and 650 mm, r estpoeoccde v esicyal €l hies pZ2:ot.ot yp

PIZ* P/2 *

150 | 150 | 400 | 150 |. 150 | 150 |

1800

150 ‘} 591‘50

(a) Front elevation
be

ts
— f—
hs I ‘
HE’\

(b) Crosssection of midspan (c) Details of SSK
Fig. 1 Geometridimensiondetails ofSSK reinforcedsteelUHPC composite beams (unit: mm)

Tablle st ed tdlespd@emtamiehtée sdi mensh amed odit $d8edl be

100 18 Bambil(tsl t)f or all. spPeei memsr ol speci men,
3
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wi t h -scercasisonal di mensbobh)s, odnd 0t He 29DK mamp aci nc
200 mm. I n specimens S2 and S8nctéeesl|l abspactei
of the SSK in specitrxdyxhfpd Bpedi meh® B558nthmS6
(dg of 100 and 300 mm, respectively. The di men
60 I 300 andrersspelct2iovOelnym, Al |l speci mens are s
by vertically welding 8 mm thick |Isnt eoerldep!| atoe s
coordinated curNSaQ us lea bbeeetlweleena ni,h et her-edryc reentaeb
composite beam to eff ¢&tOijveliyt riesi sy piugdlilfy
reinfor N&@e sHoawe,v etrhe i nclusion of randomly d
serves to promote a bridging effect duNBEEG6g be
sl abs. Consequently, swidebhrnbodrhenst ap é e osfl vaibh ih s

100 SSK

5Q1§Q} 150 150 | 150 | 400 | 150 | 150 ‘}‘ 150 ‘}

1800

(a) Arrangement details of welding SStk € 100)
200 SSK

L . . 150,/5050

Y

5Q}§Q} 150 ‘1‘ 150 ‘1 150 ;} 150 ‘}‘ 400 ‘} 150 ‘} 150 ‘}‘ 150 ‘} 150 | 59} 50
1800 .
(b) Arrangement details of welded SSik € 200)
300 SSK
5050 150 | 150 | 150 | 150 | 400 . 150 ], 150,| 150 |, 150 /5050

1800

(c) Arrangement details of welded SSik £ 300)
Fig. 2 Arrangenent of SSKwith differentSSK spacing(unit: mm)

TabDetlagdreadmeS @K sr eicntfébeiRR@G dc omposi t e beams

No. Concrete types be x he (mm) ts X bs X hs (mm) ds (mm)
S1 UHPC 200 x 60 3 x40 x40 200
S2 C40 200 x 60 3 x40 x40 200
S3 C50 200 x 60 3 x40 x40 200
S4 UHPC 200 x 60 4 x 50 x 50 200
S5 UHPC 200 x 60 3 x40 x40 100
S6 UHPC 200 x 60 3 x40 x40 300
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120

S7 UHPC 300 x 60 3 x40 x40 200
S8 UHPC 200 x 75 3 x 40 x 40 200

l12Mechampiro@lerstad fes m a |

Theni x propforNEBGnand UHPC prepared in accord
2071197] and &GBUOYIIS83 138 espelciTatoed yi2n NSC and UHPC
with manuf wtc Ob b5eaiwmesraangde particle sizePomanhdamgd
cement, respectivel y. Il n NSC, stones with par
aggr efldhet eacti ve mineral admi xgruackas ylgmphiey S85i s
powdam#til00 mesh sAddictai cofpuppeélrsys,terdai ght ws aédle nfsii b ¢
str ehniggihh t B0VP 2218 ngndhi amet ermnn@o R 2,1 @ p e omeir wee layl,s o
i ncorporated ilo alodtaaam nwaotUgdArP &r box yh av&ngalpied
contentwi®3fg ¥alt% r r e dvact ieonp | nyted .

Tab.i X2 MropobriNE§G6nand UHPC

No.  whb Cement  Sand p?vsger fSumngs Flyash  Stone }s  Superplasticizer
(ko) (kgn) s gy KO (ke (%) (%)
C40 0.42 1.0 1.64 / / / 2.67 / 1.05
C50 0.32 1.0 1.11 / / / 2.59 / 1.2
UHPC 0.19 0.55 1.2 0.1 0.25 0.1 / 1.0 15
Notwhi mass rwaatttielri ofsdgrs, vol ume frasction of steel fiber

Mechani cal test sve @fo nN SeCctcaonrdfc AP CROAPA] and
T/ CBMRO3AB, T2CEPN ,7 respectively. THNnO® duHliod
100 mm) for compr es s i-sohna pteeds tc oanncdr ett her esepvesicei nmbebne
madend cured wunder t he s @enei Temdmistei Sdtes nntewci htahn i lx
properties oft eNS@dd.afd;dJHPLCr e @axbiad compr essi v
axicalmpr essi,vetxg@tad e h gatnisdt rmecodeult! dusstyi,c r e[ &dt.i vel

TaB. Mechani cal Rmdde€Cti es of NSC

No. fou (MP2) f. (MPa) fi (MPa) E. (GPa)
C40 45.8 34.8 2.78 33.8
C50 57.5 43.7 3.15 35.7

UHPC 106.4 93.6 7.9 43.2

The steel Wweamadhhd mE88K HKaoaron hQ2 3the nsstieled .t est s
samples were taken fseomsitarelpvesrcedsd @dhidadnigien @ |
speci[2n@Thhe basi c mechasne cwil ewg it chp edritfifees reenft | it $iti a
i mMmabl| enwdfydua nEla ryel ealndll t i,Mmad ed Rilsaisttyi,c r e[RpEcti vel.

TaBB. Mechani cateptoprrstes!| of

No. Thickness (mm) fy (MPa) fu (MPa) Es (GPa)

SSK 3 258.4 403.8 202
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123
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125
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128
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130
131
132

133

134
135
136
137

138

139
140
141

4 264.5 412.5 204
5 261.5 417.2 203
8 278.8 406.9 206

Steel beam

1.3 Test setup and measurements

Fi gusrhres Bt hsais@tlupyout oAh ynmeraaswlriechemaecgka owii ttyh
1000w&kN used, warsd dti oenrtlibdepd cidmenb élgThe t est s pec
was pr etlocaetctke risacadi ng devnser amentgmmewsnukA cdgpr
| oad control met hod with abdfeomedd icatpck0 kNnwae
then comvel®f &keNr .crTahcekilnogadi ng process was ter |
damaged (fracture of bott oot lsétuesd Ib 0oc@are dagrroepdptieetrg
thanol5%he ulThée maé kol madiaonnd osfe tstp eecmmermetrwat et he
meagurbegyevéadre di spl acelneynctutt raalnosndgu ctdines Ir et gt h ve
bet ween concrbéeammeass baae d osttadlie $pfl agcasumgeenstwn i n
Fi gTh3e data acquisition system "TDS 530" was u

di spl acements, and strains.
Pressure se nsg{ P*
ﬁ‘/oiljack
(=]

«— Spreading beam

200
‘ 1100

*:‘5 200
*'I-+
A LA 100,
150150\ 150 |, 150 | 150 | 150 | 400 |, 150 | 150 . 150 } 150 }50} 50 _AA

1800

=
m Displacement gauge é Dial gauge = Strain gauge for steel = Strain gauge for concrete

Fig. 3 Test setup ardyout of the measurements (unit: mm)

2 Establishment of FE mode

TheEEBBof tAVvBA@UWS s duseconducted pafrlaexeurralc baenhad
SSKei nfsadHRIC compofamicdhi meea@m fpa aesiilslee calddc ul at i

di spl acement increment camittraonld ameat hsood vwass (ismp

adopted

2.1 I nteraction, boundary conditions and el em
Figure 4he | tdumeeesnasti e nta | FE model. The SSK a

perfectly bonded, and the "Embedded trwoghAsnt he
SSK is welded on the surface of steel beam uj
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158

refl ebe ship effestabeét sseeal cbeametkoth nor ma
are considered. The nor mal behavior is treate
simul ated by the penalty function in24JicThiogs

approach permits shear stress to transfer bet

When the critical value is reached, the shea
bet ween the doet €8eDI8Rmernfea gdist. hnodes and heaeh
transl ational wesgreessd ot o cf mefhdfofrmwrde nor mal S
el ement is wutilized to model the steel beam a

Concreteslab

Rigid plate

(a) Boundary conditions (b) Meshing generation
Fig. 4 FE model of ste&)HPC composite beam with SSK

2.2 Material constitutive and damage model
2.2.1 NSC & UHPC

Fi guirlel bsthereatconst otNBSI(2 yje ammdeelJ®@ CPoi s sofn' s |
NSC andai#HPLl | t akeanB@2)edkp rheedampl ge.s s(i Ivet mendds t
strain mskdrt UlddsSphei cph B wee N ox WU pye = G/fe, i = G/fi, B a nid
are the compressive s,Jaaflar eandh ec otrernessiploen dsitnrga i

stress.

CEL5S(- Lx* +0.6%° 0 & 1

= 1
1 oX/Bx-1 g % 2 .

Ye
_fL17x + 0.65%”- 0.83° ,0¢x <

t pY 2.2 2
T x50 g x B ¢2)
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100 10
_ ——C40
TN - - C50
801 ’ N 8 - — UHPC
/ N i
/ N, . \
3 60 / N, 7 6 1
a N 2 |
= ! ’ £ !
5" 40 ./ PR N L= ] o
./ /, N ! \
! ¢ N I \
204 / — C40 24) \
y - - C50 \.
0 o — . UHPC| 0 S
0 1 2 3 4 5 & 00 04 08 12 16 20
(1x10° (mm/mm) (x10° (mm/mm)
(a) Compression (b) Tension

Fig. 5 Stressstrain curvegor NSC and UHPC
The MDODPoncrete damadz6.,pl aGgepicd 6 ys momdipé dees sti hv

failure or tensile, tweh@agehfelhowupet eftamdhce @
dilationraspgéatnikvet ghe Vi scosity par ameter t
regul aanrdaatiioomf second stress invariant on te
respedgficy sl vy he ratio of initial equi akdlle cér

| i esdetails of CDP parameters.

Table. 6 Dvpardmetodr £DP

No. q ¢ Ubo/Cco Ke €

C40 40° 0.1 1.16 0.667 0.0005

C50 40° 0.1 1.16 0.667 0.0005
UHPC 56° 0.1 1.1 0.66 0.0005

Egat( 3x pr ehses edsapntargaeme f er c odyp raensds iddpevh s(iE@ n  (
is the initial Ubamdlibhue bheebampr eebgsuyipvnal @md tp

strains, respectively.

fs. =(1 )(@ ’d
js.=(1-d)E(e- /9

2.1.2 Steel beam & SSK

(3)

Figexhd bthecopsati teai okersbit goeelam ahd ESIkhei |y
al28] proposed a theoretical mo d e | using the ¢
st awWheer e, the shkpeldpaeamaekensto be 12, Thé20 a
el apt asti c achee@eée |t oi sconsi der bhe t mal dtiarsseesrsadif n s

relationship. The yield criterion is von Mis
strengthening, and t h8i httheew srtueled ibse aarms saoncdi aS Se
| ocal buckling or cracking during the bending
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178 s =k f, +Lk3)2(ek2y)e (6)
ey(kQ' ki)
800
0a .-/;'-/;"""" ‘
600+ /,-:_/'
] _ ST T
g b
fy §4oof'/_\
2004 — Q235
: i s - - Q345
i 1 L . - Q420
G g ko T . " Queo
0.0 01 _ 02 03 0.4
U (mm/mm)
(a) Theoretical model (b) Tensile stresstrain curves
Fig. 6 Constitutive of steel beam and SSK
179 2.3 Sensitimeslhy ehemgsi ssiote
180 To investigate the grid sensitivity, the col
181 t hteot al span of the speciareadc, 1ha®,] 0HSMMd2 40 3B,
182 respectively). Figefé e@dtiporesent sva ddhaff mepé@dci m
183 el ement si zes. rElpe e'sBdiditain daen de |"eFnEsSrutl tssi, mAsleastpes
184 the grid size is refined, the accuracy of the
500
400 _
300 P S
& 200{ /
— Test
- - FE-5mm
100+ -+ FE-10 mn
=+ FE-20 mm
0 --- FE-40 mn
0 10 20 30 40
U (mm)

Fig. 7 Loaddeflection curves of S7 with various element sizes

185 The numeri cal results with grid sizes of 2
186 resul ts, oivhs pewitthhengsr i d si za&rsel ofs ebiyragindat Iot drem

187 achi eve at hbeal aamomdEomgdyt ati onal c oasdtaspBe& a8 e mmh
188 st eel beam aenxdp eSS 3K ndcied | moocta l buckling or <craclk

189 were also meshed with a 10 mm gri d.

190 3 Model veri fication
199 3.1 Compahiasactefri stic | oad and defl ection
192 Table 7 illustrahasacther ic®imipa rhicaRedyaaRidardeef |
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212
213
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215

cracki epdll ti mat e elspad thi,yedlya,rtewébft eespondjng d
respectiiwel yubscript "E" is the test result,

the "farthes[29yposi nuts endeetthooidn'e t he Iyo a&d dawpasli ng i
per fedirynroad controdecdrmepp oedodrcaed ioddeywrsthiimg of ¢

Thus, t he | oadp eaarkd pdde fnlte catrieondi rect !l y defi ned
respeclthiev elxy.eri ment al results and numeri cal r
as shown in the Table 7.
Tab. 7 Compharasbarpostic | oad and defl ect

No Pere Perr P?‘E Uer e Uer e Dc/r'E Pye Pyr Pye Uy Uy Uye/ Pue Pur Pue Uu e [V Uue/

. (kN) (kN) Pur (mm)  (mm) s (kN) (kN) /Pye  (mm)  (mm) Uyr (kN) (kN) /Pue  (mm)  (mm) U r
S1 202.199. 1.0 2.8 2.9 0.9 257.246.1.0 4.9 4.8 1.0 341.330.1.0 19. 19. 0.9
S2 92. 155. 0.5 1.5 2.4 0.6 202.204.0.9 3.8 3.3 1.1 264.265. 1.0 8.7 8.7 1.0
S3 129.162.0.8 1.9 2.5 0.7 209.216.0.9 3.9 3.7 1.0287.279.1.0 12 11. 1.0
S4 212.205.1.0 2.3 2.3 1.0261.252.1.0 5.0 5.1 0.9 352.336.1.0 19 19. 1.0
S5 221.201.1.1 2.5 2.9 0.8 262.249.1.0 4.0 4.6 0.8 353.344.1.0 18. 18. 1.0
S6 210.195. 1.0 3.5 3.1 1.1 230.240.0.9 5.0 5.1 0.9 320.324.0.9 19. 21. 0.9
S7 214.229.0.9 3.0 3.2 0.9 269.273.0.9 5.0 5.2 0.9 383.380.1.0 28. 24. 1.1
S8 218.223.0.9 2.9 2.8 1.0307.275.1.1 4.9 4.8 1.0 415.386.1.0 24. 18. 1.3
AVG 0.9 0.9 1.0 1.0 1.0 1.0
Cov 0.1 0.1 0.0 0.0 0.0 0.1
3.F2ai l ure mode

The f aniolde radible asme c i @reenisr tiuchd ntyi cal . Speci men

example here. At tdineicddagrd i &€t stlagebotcr@amkasf ¢
bendipmghenbbhéeéom flange of section st eyeilebedk c e €
With the Iinomouketspl oftl @o@aeadeelr sen drhaeckssur f ace o
bendsihneggpr@ mesx hi bnt Edg. 8ag3log@dubtehdwse etni meh,e end
sl ab and stleoeald bgeraonwt ha nrd&it gen isfliocwaendt dsolwnp. occu
speci(mesxhi bint efd g . 8abmo,uvandch d wit chteh o f-s pcarna ciknsc r aeta
signi fTihcea nlt d yd tpseake hvhaklnu ec own cbreegtaen r filmahls ul @i ng
subsediasemelas,a@d t nmat elay tlyepaidcianlg .filoex pr avetsaiobbaib
stiffenehst webstopfeevberbedaln®hschl remgult of SSI
no |l ongitudinal bondi ng cr adcektseam aerdeahlel eslurtf@ac ke
speci men at t,hea npdeifchagidwntige f@ancdl wcoomo r di nati on bet
stbeldsm further tdheemoaebklt enati ager alrlei pdgafrdddRIG n c e

composist e beam
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DAMAGET
(Average: 75%) Jp—

(a) Cracking at shear span of concrete slab " b” Endslip
Fig. 8 Railurephenomenon

Figuriel |l 8sstrhée compari son of drh®&c¢ knu ldatsd on b
exper irneesnutldbhsei £ rdickplsaywgdt he tensile damage f
the tensile damager diek tddars prl eageldes nl.rGk,d,t hendi c
cracdxed] . | Asdthriagt.efh e d c c tpealt sfeirtnww ¢ |hé xtpheer i men t
resuletmo,nstratingheéehéi abt &iitey fefoskontti vieolayed p k € d g «
behavior and .trmradk tdiont ritthet ict&ki@C k ¢ o ggppoesdsignee no f
(S2 and S3) i s HairPgCe rc otrdpeamsnitteSqiamoeh n d dmby r i but
steel fibers playdal #ibeivked iomgneat k eodg" That UL
randdmky rsitbeuetle df i blrearsd @dmiamnm@tandngodoodstomghaeset
the deformation chaegpaampetymand. ductil ity of

— -

— g

DAMAGET
(Avg: 75%)
1.0
0.5
0.0 1 .—_—-__——-———-—.—

i - - o 5 )

DAMAGET

(Avg: 75%)
1.0
0.5
0.0

(b) S2
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DAMAGET
(Avg: 75%)
1.0
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(e) S5

(f) S6

(9) S7
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