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Abstract

A steelconcretesteel composite (SC) element resembles double skin sandwich composite

structure in which the concreteore is in-filled between steel skindMechanical shear
connectoronnect the skins anthey are embedded in concrefEheseconnectordransfer
shearforces anchave anmportant role in performance of composite elem&a element is
proneto different filure modes such dkexural failure debondingbetween steel plate and
concrete and shear failurélhere are 3 aimaf the thesigo study the effects of geometric and
material parameters on the failure modes oefhentsia finite element (FE) met.

Six SC beamspecimen are used to examine failure modeshis researchThe first two
specimens areonfiguredto afour-point bendingtestwith the intention of obtainingexural

failure. The remaining specimens are configuréa a threepoint bemling testwith the

intention to obtaina shear failure Based on characteristics of tspecimes, modek are
created an@dnalysedwith the aid of commercial Abaqus/ExplicRE software A quasistatic
analysis is accomplished to figate theexperimentabehaviourof the specimes Theresults
of experiments and simulatiorsre comparedto validate the modelsFailure modesn

experiments and simulatioasesimilar. Specimen majfail due to yielding othetensile steel
plate followed by buckling athe compression steel plate due tovertical shearcracksin the

concrete followed by yielding dhe shearconnectors

According tothe parametric stugl the failure ofSC beam irbendingis affected by thickness

of tensile steel plate as well agidgeonetry. Failure of SC beam irshearis affected by stud
geometric parametergVith increasing tensile plate thicknassbending thebeamfails only
because of yielding of tensile steel platéeometric parameterand position of studs
significantly affect the end slipbetween concrete and steel plate in both bending and shear
failures Although magnitude of ultimate load is differethe failure modes of SC beam
considered in this studgrenot affected by material properties of steel plates in bendidg an
material properties of tie bars in shear.

Keywords: Failuremode Finite element methgodParametristudy, SC beamValidation
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1 Introduction

A steetconcretesteel composite (SGlement(SC beam)illustrated inFigure 1 resembles
doublé skin sandwich composite structume which the concrete is ifilled between outer
steel skins which acas permanent formworKl]. The thin seel plates are connected to
concrete byshear connector$Stud and Té bar) Studsare welded orthe inner surface of the
steel plate while tie barsare connectingthe steel plate andboth areembedded in the
concretd2]. The load transfebetweerthesestructuralelementss significantly influenced by
the interactions of material interfaces in SC beahi® connectors transfehear forcesn
vertical as well asn horizontaldirections, resist longitudinal slips, and have, therefane, a
important role in the performanad composite elementdhe structural performance of SC
beams shows superiority over reinforced concrete structures in appkcegauired high
strength, high ductility structural integrity, and ability to prevent impact, leakage and
explosion[3].

Steel plate

| ‘ Concrete
— Steel plate
N\ Stud connectors

Figurel: Structureof SC beanj4].

The advantages of SC structures include the elimination of formwork, the elimination of
reinforcing bars, the ability to supg equipment anywhere on the steel plate without any
anchor attachments, and shift of considerable amount of work from construction sites to
fabrication shopsSC construction significantly reduces the-ste installation persehours
(illustrated inFigure 2). Additionally, the quantity of steel needed for SC structure is 25%

lesser thann a traditional steetoncrete structurg5] Because of quicker, efficient, and



economic construction processes of SC structure, it can replace reinforced concrete (RC)
structures in demanding industrial applications or in difficult construction circumstances.

Work Rebar Formwork Placing Formwaork
Structure arrangement fassembling) concrelfe (removal)
Wood form
RC
Tatal 28days 13days ddays ddays
SC
i { Welding)
Total 14days - 1 Odays ddays _

Figure2: Comparison of construction time o€%nd RC structusg5]

(b)

Figure 3: (a) Containment module of AP1000 reacfbf (b) decking system of offshore
platforms[6]

Some representative examplesSé structures include foundation of eshore wind towers,
transfer beams in highse buildings, beams in industrial structures supporting concentrated
2



loads, and composite beams in bridges. In additionstB@tures provide blast resistance
capability regarding to terrorist attagk. Containment module of AP1000 reactor
(Westinghouse) and ieesisting wall of d productian platform (Northstar Islandilaskan

Beaufort Seashown inFigure3(a) and (b) respectively were made from SC strusture

The concept development of SC structiegian during 1970&henSolomon etl. proposed

an alternative solution of girder an@ak for bridgehighway construction.SC beam was
designedvithout mechanical shear connectors. The steel plates were attached to concrete core
by means of epoxy resin adhesive in gosistruction The adhesive acted as a shear transfer
medium between stéplate and concrete core. This beam behavéde same manner &C
beamg8] without shear reinforcements, exhibited satisfactory bending moment capacity but
lack of enough shear strendg®j To improve structural integrity and performance, different
types of mechanical shear connectors were used since 1980s. -BkinbBC construction

with headed studBi-steel SC constructionwith shear bgrandSC constructionwith J-hook
connectorsas illugrated inFigure4(a), (b) and (c) respectivelyepresenthe stateof-the-art

of SC beam constructidaO].

(a) (b)

Figure4: Schematic represenian of (a)Double skin SQb) Bi-steel SCand (¢)SC with J-
hookconnectorg10]

I n 6Doubl e skind SC st r todcheionereside ohstealglateland t ud s

terminate withinthe concrete coreThese studs not only develagie betweerthe core and



the skin but also prevent local buckling tfe skin. The first research attie fundamental
aspects of doublskin SC structure illustrated Figure4(a) wascarried out by Oduyemi and
Wright in 1989 ]3]

Corus Construction & Industrial Ltd initially developed the concepts edt®l SC structure

in 1998.Bi-steel SC (illustrated ikigure4(b)) is another type of SC structure which consists

of shear bar connectors. In this SC construction, the strength and composite action of the
structure is improved becausetbE shear bar connectoesmbedded in concrete condich
connecthetop andbottom steel plate The design guidelines for this structure ensure that the
tensile plate yields beforeng other type of failurgll]

Liew et al.[12] proposeda SC structure with-hook conneadrs (illustrated irFigure4(c)) in

2008. A pair of dhook is welded to the inner surface of steel plates, interlocked each other
and embedded ithe concrete core. These connectors provide relatively high tesegplecity

due to confinement by the concrete careltransfer shear force between core and skin. The
interlocking mechanism of-ook connectors prevent local buckling phenomena of top steel

plate, provide cross sectional shear resistance, and retatnuittersl integrityf12]

Apart from SC constructian described abovethere is also undergoing researchon
connectorse.g, angle connector, C channel connector, corrugated strip connifist.of

the SC studies have beenncentrated on théoad bearingcapacity of SC structure under
static and dynamic loading. Although design methodologies and design standards of SC
structures with headed stud anddBeel are available in literaturthey are usually tightly
calibrated fora certain failure mode or a few modasd are not endorsed yet in Eurocode
perspective. This lack of established design and construction guides has led to uncertainty in

the structural design of SC structures.

Research on the SC structure via finitenetat method habeen carried out since 30 years.
Shukry (1986), Kumar(2000), and Sohel (2008)id research on SC structure using
commercial FE software. Fanalysisof a SC structure without shear connectasas carried
out by Shukry (1986)In this reseech, he FEresultsindicated astiffer beamthan the test
results [13] A series of double skin SC plates were analysed by Kumar (ZDB@ultimate
strengthof SC platesobtained fromFE analysiswas ingood agreementsith the test results

but was not able talescribe interaction between stud and conarete [14] Sohel (2008)

4



carried out FE analysisf a SC structure with-hook connectors subjected to impact loading.
The FE modelpredictedultimate strengtlandfailure modessimilar to the experiments but the

results werdimited toimpact tests[15]

1.1 Scope and structure

VTT Technical Research Centre Binland is actively participatingn research activitiesn

SC structurs. In the first phase, detailed design of SC beams at ambient temperature was
accomplished based on available literature of SC structure and Eurocodes. Baked on
design report, experimental analysis of 12 full scale SC mmuimens and ghrout test
werecarried out in the second phase. The interpretation of experiment results and parametric
study of SC beams with the aid of FEM dhe aims ofthe third phas@][16][17] The
objectives of this researclreas follow:

a) Toformulateandimplementa SC beammodel
b) To validatethe FE resultsagainsexperiment results
c) To studythe effects of geometriand materialparameteron failure modes of SC

beam

A finite element (FE) software packagdyagugExplicit is applied for numericadalculatiors
and dataanalysis.The implementation of SC beam modslbased on th@lugin technique
proposed by Donnadieu and Fulg6] which executegn Abaqusby usingPython scripand
Abaqus GUI toolkit The outcome®f six experimentdy Koukkari and Fulé17] are used to
validate the modellhe model is also used find themaingeometric and matl parameters

affecing the failure modesf SCheam

Chapter 2oresents thetructure andurrent design rules for a SC beam applied in Ve
key concepts anfiindamental theorpehindSC structuregpresented in this chapter are based
onthebeam tleory. In chapter 3the failure modes of S€tructuresare discussedseometric
parts,geometric parameterand material moded of the SC beanmodel are presented in
chapter 4 Contactmodelling loading, and boundary conditiomse al® discussedn this

chapter Implementation of S®eammodelin the commercialAbaqug$Explicit FE softwareis



addresseth chapter 5The experiment results are summarisedhapter 6. The@utcomef
FE analysisare compagd to experiment resulia chapter 7 The effectsof geometric and
materialsparaneters arediscussedn chapter 8In chapter 9a set of conclusions derived

from the parametric studynd recommendations agéven for the future work in the same
area.



2 Structure and d esign of SCelement

In this chapterstructure andlesignprinciplesof the SC elementised in VTTare discussed.
Loading is described by shear force and bending moment actirgcoyss section of SC
beam.lt is assumed thdahetop steel plate and concretere@bove the neutral axis are under
compression whilehe bottom steel plate and concrete core below the neutral axis are under
tension due tahe positive bending moment. Longitudinal shetressbetween the interface

of steel plate and concrete core amdtical sheastressare also developed due ttoe shear

force

2.1 Design methodology

The design methodology of a SC beam in VTbased onthe availabledesign specificatian
in Eurocodeand on the beam moddlhe design method involves ultimate lirstate design
of the SC beamand beam columnghe following design standards and design documents

are primarily used4]

a) EN 1990:Eurocode: Basis of structural design

b) EN 19921-1: Design of Concrete Struces, General ruleand rules fobuildings

c) EN 19931-1: Design of Steel Structas, General rules and rules krildings

d) EN 19941-1: Design of Composit8teel and Concrete Structur€eneral rules and rules
for buildings

e) The Design Guide for Ste€lonceteSteel SandwiclConstruction"Volume 1: General

Principles and Rule®r Basic Elements” The SteelConstruction Institute

VTT analysed the different SC beam construaion the basi®f the design standards and
documents listed abov&he design of SC beaat VTT wasproposed (shown iRigure5) to
make use o&top anda bottom steel plate, NELSON headed stagpendixIll ) andashear

bar embedded in concrete cdd.



(b)
Figure5: (a) Steeframeand (b) after concretingf SCbeam[17]

2.2 Strength of SCheam

In the strengthanalyses of SC bearthe crosssection is simultaneously isject to bending
momentand sheaforce For structural integritythe beam should satisfy the conditida8]

ph (2.2)

wherew is thedesign shear force) is thedesign bending momend) ;; is the design
plastic shear resistance in the absence of moment) apd is the design plastic moment

resistance in the absence of shear.

2.2.1 Moment resistance of SC beam

The momentesistanceof SC beamis calculated on the basis pfastic approactecauset
hasfewer assumptionthanthe elastic approacH19] The design plastic moment resistance

0 j of SC beam is calculated byktag moments about the cenwéthe compression steel

plateandis given by[18]



f (22)

where0 ; is the compression force in steel plaie ;; is the nominalcompressivedorce
in concrete 0 ; is the tension force in steel plat is thethicknessof the tensiorsteel
plate 0 is thethicknessof the compressiorsteelplate "Q is the depth of concrete core is a
coefficient, andk is theplastic neutral axis positiofhe plasticneutral axis positiodcan be
calculatedby equating nominatompressivdorce in concrete)  hcompression force in
steel plate) ;, , and tension force in steel plaie; . The equations for the different forces

andplastic neutral axis position agéven by[18][20]

-0 by

) wWw"Q .

0k r h (24)
wQ .

65 —h (25)

o pQ o o0 .

where™Q is the characteristics cylinder compressive strength of the cong€ketes the yield
stresf the compression/ tensisteelplate wis the width of theSC section~ is afactor,|

is asafety factorf/(  pin all case$, and/ is alsoasafety factorf/(  p).

2.2.2 Shear resistance strength of SC beam

Theshear forceauses longitudinal and transverse shear stmaponentsn SC beamShear
stresscan lead to the failure of shear connectdusing the trangfr of longitudinal forces

from steel plate to concrete and yielding of shear connectors @dueattsverse shear failure.

[21] The transverse shear resistance capacity of SC beam consists of two parts: shear
resistance providk by concrete acting with steel plates, and shear resistance provided by

shear connecterThe design plastic shear resistance streagth is expresseds[18]



W ®»pf wh (2.7)

where @ | is the shear resistance provided by concrete, ands the shear resistance
provided by shear connecs. According to Eurocode 2, the design shear resistance of a

concrete withoutlsear reinforcement is given 1p8]

r 6 FQpmm 7T Q, o'Qh (2.9

whereé 1 @ for normal weight concreté, is the partial safety factoiQ p

C A ¢ with "Q in mm, 'Q is the depth of concrete cord, & 70 'Q, 0 is the
cross section area of tensile feircementg is thesmallest width of the cross sectiéf, is
the characteristics cylinder compressive strength of the condeter® yand, is the

shear strength of concrefene shear contribution by mecheali shear conneat® is given by
[18]

(2.9)

where¢ is the number of shear connectors either in top plate or in bottom plate across the
width of the section)O is thetensle strength of the connector§) is the depth of concrete

core,and"Y is thespacing of the connectors.

2.3 Rigidity of SC beam

The deflection of SC bearaused by bending moments and shear forag be restricted for
various reasonsf the heght of the beam is not small compared to the length, shear force may
give a significant contribution to deflectioBond strength betweesteel platesnd concrete
core significantly influenceshe bending stiffness of SC beanihe total deflection of the

beam consists of bending, shear and slggnponerd i.e[22]

T 1 1 1 h (2.10)
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where] is bending deflectiori, is shear deflection, arid is slip deflection defined
accordng t o Wright a n (3] essduning zaio Glp ahe top @dte. The
detaiked formulae to calculatethe slip deflectionis given in Appendix IV. The bending
deflectiori for a SC beam due #opoint load "Oat a midspanis [22][24]

A (2.11)

where0 is the length of thebeam,0 "Ois the bending rigidity ®is the distanceof pointload
from thebeamend The shear deflectidn for a SC beam due to point lo&dat a midspan
is [22][25]

"0Q
1 C_w (212

where"Yis the shear stiffness of the beapppendix V) and & is the distanceof pointload

from the end of the beam.

2.4 De-bonding resistance strength of SC beam

De-bonding is possible due to insufficient numbersh&arconnectors. Hence, the total-de
bondingresistancetrength of theshear connectoiis calculated on the basis of the number of
studs and tibars betwen plates and concret€he resistance of the connectdrg to the
shear forces transferred by the steel pletdisnited to 0.8 timeshedesign shear resistance of
the welded stud connectdss (when attached to compression plate) &ridtimesthedesign
shear resistance of the welded stushrectors0 (when attached to tension plate)
Accordingto Eurocode 4, thequations to determinie design shear resistance of welded

stud connectorss [26]

. Q. Q QO .
0 a‘né”@w e @ r K (213
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where™Q s the ultimate stress of the stidjs the diameter of the shank of the studss a
factor (coefficient),Q is the characteristic compressive cylinder gitbrof concreteQ is
the elastic modulus of concrete, dndis a safety factorf ( p). The coefficient can be

chosermas

T8 -5 P AE.|.oc‘> Q TQ v Th (2.14
p EAI'D 7Q Th

whereQ is the diameter of the studs afd is the overall nominal height of the stud.
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3 Failure modes of SCelement

According to Oduyemi et al3], SC elements can faiinder static loadingue to at least one

of the failure modsglisted below.

a) Flexural failure
b) Shear failure

c) Horizontalslip failure

These failure modes observed experimentallyare outcome of various local failure
mechaisms In flexural failure, yielding of steel plates and flexural cracks (smeared vertical
hair cracks) in concrete core atbe common failure mechanismm Shear failure is
characterised by diagonal shear cracks developed in concrete core from the testqiate

to the vicinity of applied loadApart from thesdailure modes, end slile-bonding between
steel plates and concrete conay occurdue to failure of shear connectors. Thekling of
compression steel plateay also occudue to combing effects of normal stress and shear

stressFigureé6 illustrates schematically different failuneechanisre of the SCbeam

Slip Failure of connectors , Buckling of

compression pla7 Stud pull-out

-

Shear failure/
Flexural cracks

Yield of
tension plate

Figure6: Typical failure mechanisms of SC elemé€|i3{
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3.1 Flexural failure

Flexural failure is common failure mode @4-point bending test. Failurem SC beamis

initiated by tension yielding of the steel plafellowed the crushing of concrete in
compressionFor these dilure mechanismsthe maximum compression strain in concrete
needs to be smallehan the failure strain of steel plate (i.e. yield strain of st&eitive

bending moment produces compression stress above the neutral axis and tensile stress below
the reutral axis (Figure 7(a)). As the seel plate atthe top surface issubjected to high
compression stresbuckling of compression steel plateay occurafter yielding of tension

steel platg3][9]

> P
Inclined flexural-

shear cracks

by M

- |
v g I
|
Vertical ( ( } |
flexural cracks |
Y Ry ( |
[} |

e

(a)

(b)

Figure7: (a) Stress componenia SC beanmand(b) Concrete cracks during loading

Concrete isassumed not to take any tenshartit is good at resisting compressidrnerefore,
smeared vertical haoracksare developed in the concrete due to tengiaime beginning of
the deformationWhen the deformation increasable cracks gradually tend to incline and

become flexurathear crackéFigure7(b)).

3.2 Shear failure

Shear &ilure in SC beam occsimear a support where shestress componenigre high.
Although shear connectors play an important role to resistudden occurrence of shear
failure, there is no fully convincing methodfor predicting the horizatal shear failure
Vertical shear failug has two principal failure mechanisies diagonal tension and diagonal
compression. Iithe diagonal tensio failure,aninclined shear crack idevelopedwvhich split
the beam into two pieces. Crushing of concosteursdue to digonal compressiorj27] The

14



schematic representation of diagonampressiorand diagonatensionvertical failure mode
are shown irFigure8 (b) and (c) respectively.

—si— Shear Span —h-l

T (a)

- = = -
-
~ A
N / e
N /
. y
N\ /
~ i o
;r> 1 i

This plane is subject ) LTl:lis plane is subjected
to compression to tension

(b) (¢)

Figure8: (a) Vertical shear failur¢b) diagonal compressioiailure mechanismgc) diagonal

tensionfailure mechanisms

Vertical shear cracks shown Kigure 8(a) can be either wethear crackor flexuratshear

cracks. Web shear cks occur from an interior point of concrete core when the principle
tensile stress componerggceed the tensile strength of the concrete. Flexalmahr cracks

occur after the inclination of flexural cracks. These cracks develop when the combined shear
and tensile stress exceeds the tensile strength of the cof2rgtafter the faiure of concrete

core,atie bar mayyield due to stress concentrating in shear connectors.

3.3 De-bonding failure

De-bondingfailure between el parts and concrete of SC beam occurs in the high stress
concentration regions, which are often associated with material discontinuities and presence

of cracks. Propagation path of-dendingdependson the elastic properties, strength of the

15



bond, subtrate materialsand their interface fracture properties.-Bending failure can occur

due to flexureshear crack, flexural crack, plate end shear failure, and shear failure. It has
either plateend debonding mode or intermediate crack induceebdadingmode. A plate

end debonding initiates at the ends of the beam and propagates in the direction of increasing
moment illustrated inFigure 9(a). An intermediate crack induced -dending initiates at
flexuralshear crack region wiin the shear span and propagates towards the plate end in the
direction of decreasing moment shown Figure 9(b). De-bonding failure weakens the

bonding strength between steel plate and concreteandrenay produce aand slip.[3][28]

Intermediate Crack
N

PR T

| eropagation [ ] [
(a) (b)

Figure9: (a) Plateend debonding (b) Intermediate crack inducedkmnding
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4 SCbheam model

This chapter describes tf®C beammodel, structual parts and their parameters, material
models, and the contact modelas well asthe loading and boundary conditionghe
geometrical parameters mctangular SC beam shownhkigure10 are length(L), width (W),
height {), shear tie distanceS) in longitudinal direction, sud spacing in longitudinal

direction(Sswd_long, @and sud/ tie barspacingn transversatlirection(Sswd_trang-

| A (,.JTop Steel Plate Stud /,—— Tie bar A-A
| | 1 | 1 I | | | |
H Concrete

I N T N N N N N N O 0

| |T ' Bottom Steel Plate || |
I L 1 H, 1
& + 4 + 4 + 4 + 4 + 4 + 4 + 4 + " + &
LI s + o + s + o + s + o + . + " +
Sstud _trans
t b + + + + + + +
Stie Sstud long

FigurelQ: Front, side (section) aridp prgectiors of aSC beam

The structural parts of SC beam are core, top and bottom plate, tie bar, arfeigivel1Q).

The core is made fromoncreteand ithaslength( s a me as b enadthsamelae ngt h)
b e a miilth), and height (h;) equals height of the beam minus total thickness of top and
bottom steel platasthe geometric parameter§he geometric parameters of steel plate are
length( same as b ewdhd(ss almen gatsh ) b ewsd ntdcknessitdy).dThen )
geometric parameters aftie bar are diametedf) and length I(;c) (same aghe height of

concrete core Stud is the fourth structural pdravingdiameter @siug and lengthl(sy,q asthe

geometric parameters.
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4.1 Material models

Bottomsted plateis madefrom structural steel S35&hile top plateis made from eithe®355

steelor stainless steellhe quality of stainless stedbk austeniticgrade 1.4307. Shear bisr
manufacturedrom either S355 steel drom Gr 8.8 steel. Studs are madenh structural steel
S235J2G3+C450, a special grade used for NELSON stud. The concrete has nominal C30/37
grade.[17] All thesematerialsare considered assotropic The stress strairrelationshipis

given by[29]

., Od h (4.1)
whereO is the elasticity tensawhich dependenYoung s Oaod®ol ssorfds r at
and - denotes the elastic part of the strain which is assumed to be Jimalimaterial

models of steel and concretme described as follows.

4.1.1 Isotropic elasto -plasticity with hardening

elastic
g, unloading

plastic
deformation
(hardening)
stress at
initial yield

subsequent
yield surfac

elastic
loading

initial yield
surface

Figurell: Isotropic hardening

Structural steel S355 exhibits adeal stressstrain curve in which a plastic plateau is
developed after yielding. The matdrbehaves initially elastiGaccording tdeq. 4.1)followed

by strain softening and then changes into pla$ti@ yield criterion of steel is based won
Mises stress measure whose yield surfacdlistratedin Figure 11. The relation between

stress, and elasticstrain by Hooke[®F | aw i s
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» O0¢ 0O0d- - h (4.2

where - is thetotal strain and- is the plasticstrain The yield function for isotropic
hardeningnaterial i529]

O, , - h 4.3

where, is the equivalent stress which is given by

n ” (% 8 (44)
The plastic strainincrementQ - according to the flow rule is given j39]

Q Q 2 hQ
- 0. 4.5
where_ is nonnegative plastic multiplier, ari@is theplasticpotential.

4.1.2 Ramberg-Osgood model

The stressstrain behaviour of stainless steel is different from that of S355. Strain hardening

of stainless steel takes place at significantly higher ranges than low carbon steel without clear
demarcation of the yielding point. The grade of stagmbdsel affects the degree of roundness

of the stress strain curve, and austenitic grade exhibits the maximuhmeanity and strain

hardening. Ramber@s good model wi t h illutiatésithé stressstoamhi f i c at
relationshipof stainless stealith minimum number of required paramet&scording to this

model, the offset yield stress of stainless steel is assumed to be 0.2% proof stress. Strain
hardening behaviour of the steel depends on Rarbsggod constanh). When stress level

is higher tlan 0.2% proof stress, plastic strain graduéigcomesgreater tharthe elastic

strain [30] In multiaxial casethe Rambergdsgoodmodelis [29]

. , <0 N i
O- p *i p ¢in OE' — ih (4.9
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where- is straintensQiEi s Y o u n g 63si smoPdou | susisis 1thé stress deviatog ,
is the equivalent hydrostatic stre€3s the identity tensor, is the yield offsetrj is the Mises

equivalent stresgindn is the hardeningonstant

4.1.3 Damage plasticity model

Concrete contains a large number of micro cragki&h are developed due to segregation,
thermal expansion, shrinkage, or loading. Micro cracks affect consigehsb mechanical
behaviour during loading and contribute to generate the -uigtde behaviour of concrete.
The nonlinear quastbrittle) behaviourof concrete can be analyséy smeared cracking
approachor by damage plastity approach29]. The crack initiation process at any location
occurs in smeared crack concrete approabkn stressreachesone of the failureregions
either in the biaxial tension region or in a combined ters@mpression regionThis
approachis proposed fom relatively monotonic loading anfibr a materialwhich exhibits
either compressive crushing or tensile crack@gcking is assumed to fee most important
aspect of this approacand the representation of cracking and fmoatking anisotropic
behaviour dominates thanalysis Plastic straining incompression is controlled by a

compressiotyield surface[29]

Concrete dmage plasticityapproachis a modification of the DruckéPrage strength
hypothesis developed by Lubliner et al., 1989 and elaborated by Lee & Fenvef29]998
describes the complex nonlinear behaviour of concrétés model provides general
capability foran analyss of concrete structure under different loading condition which is
characterised bw yield criterion, flow rule, andca hardening/softening functiof31][32].
Initially, stiffness dgradation of concretis isotropic andt is defined by damagegariables

Strainrate decomposition igiven by[29]

- - - h (4.7)

where- is the total strain rate, is the elastic strain rate , and is the plastic strain rate.
The stress strain relationshgy{29][32]

” p QO q- - O0d4d- - h (4.9
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whereO s the initial (undamaged) elastic stiffness of the matédal, p QO s the
degraded elastic stiffness, adds the scalar stiffness degradation varidideing the range

from zero (undamaged maitaito 1 (fully damaged material). The effective stress tepsor
is defined a$29][32]

,KOd- - 8 (4.9

Cauchy stress tensay effective stress tensay, andthe degradation variabld are related by
[29][32]

(4.10)

(a) (b)

Figurel2: Yield surface in (ajleviatoricplane (b) three dimensiofi33]

A yield surface is a surface in the stress space enclosing the volume of the elastid regjion.
means that the state of stress inside the surface is elastic, wdle states on treurface
have reached the yield poiniThe yield criterion described blubliner et al.(1989) and
modified by Lee and Fenves (1998) to account for different evolution of strength under
tension and compressiogiven by[29][32]

o L anria &ra, &, (.19
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wherern[is the effective hydrostatic pressurgis the vonMises stressneasure,, is the

maximumeigenvalue ofeffective stress- is the plastic strain; is the plastic strain in
compression,,, is the principal effective stressn compression,and | and [ are

dimensionless material constamsfunction! is given by

I =p | p I N (4.12

where, is the effective compressive cohesive stress,and the effective tensile cohesive
stressThese material constants mainly depend watin of the strength in the bil state to

the strength in the uniaxial statigo(/ fcg) andratio of the distances between the hydrostatic
axis and respectively the compression meridian and the tension meridian in the deviatoric

cross sectionK;). The flow rulefor damageplasticity modelis given by[29]

- _——h (4.13)

where_ is nonrnegative plastic multiplier, an®is the flow potentialThe flow potential is

the DrickerPrager hyperbolic function and it is given [2@][32]

‘0 7, OAT A nOAI (4.19

wherel is the dilatation angle, is the uniaxial tensile stress at tag,7 is the eccentricity

that defines the rate at which the funatiapproaches tresymptote.

Dilation angle is defined as the angle of inclination of the failure surface towards the
hydrostatic axis. It is also described as concrete internal friction angle. The value of dilation
angle is ranges from 3@o 4@ for nomal concrete C30/37. Eccentricity improves the
hyperbolic form of plastic potential surface. It is calculated as the ratio of tensile strength to
compressive strengtii32][33] The nature of stresstrain curve fomuuniaxial compression of

concretds illustrated inFigure13(a).
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Figurel3: Stressstrain curve of concrete foniaxial load in (a) compressidh) tersion[29]
Uniaxial compressiostresd). andthe effective stress tensgr are related by29]
., P Q, p QO- -HA (4.15

whereQ is the degradation variable in compressid@,is the initial modulus of elasticity of

concrete,- is the total compressive strain,Huis the compressiveplastic strain - Huis the

compressive elastitrain andl, is the uniaxial ultimate compression stress.

The stres-strain relationship founiaxialtensionbehaviour of concretis illustratedin Figure
13(b). It is setlom determined through a dirdension test because of the difficulties involved
in its exeution and thedrge scatter ofthe results.Tension behaviour of concrete can be
describedon the basis of differentvays Wang and Hsy34] defines tension stiffness
behaviour of concrete on the basis of stigs®rsus cracking strainHu. According tothem

tension behaviour of concrete is given by

. H° § (4.16)
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where(y is thetensle stress applied in concrei®, is themodulus of elasticity of concretgy;
is thetotal tensile strain of concretetUis the cracking strain of concrete, afigh is themean
concrete tensilstrength.

i ]
@
L S , g fomd
£ 090 f-m- =
n =
= 'E Gf= area under
§ 2 the stress-crack
o % opening relation
= =
& S 0.2y,
= =]
= [¥]
o : -
0.15 Wy =G /g W,=5.Gg/f
concrete strain &t [%o] crack opening w
(a) (b)

Figurel4: Uniaxialtension behaviour afoncretg(@) precracking stresstrain relationship

(b) postcracking stressradk displacement relationsh|B5]

Tension stiffnes can also be expressed in terms of fracture en@gyycracking criterion
based on Hill erborgds ([29P9 Tebs)on Hemawourt ofi qorecrete n e r g
based on this ppwsal is illustrated ifrigure14(a) and(b). The equatiorior thetensile stress

crack opening relatimship of concrete i5]

0 o
Q pgt T A0 0

0 \ ) (4.17)
Q@ v o A0 O 0 h

where 0 is the uniaxial tensile stress in concrdig, is the mean value of axial tensile
strength of concrete in MPwj is the crack opening in mmy; = Gg/fem in mm when U, =

0.20fm We = 5 Ge/ferm in mm whenly = 0, andGe is the fracture energy in N/mm.

Concrete degradation variabiedefines thedamageof concretein SC beamranging from
zero(undamaged materjatio one(fully damage materialDamage associad with the failure
modesof the concrete (cracking and crushing) results in a reduction in the elastic stiffness.
The stiffnessdegradations isotropic in natureThe degradatiorvariables are computed by

using the following expression 9]
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Q p — h (4.18)

whered is the damage variablaly is the true compression or tension stress, BReaxis the

maximum true compression or tension stress.

4.2 Interaction models of the structural parts

The composite actioaf concrete and steel SC beanrelies on the bond between fle¢wo
materials. Part surfaces are not perfectly smooth and even highly polished surfaces possess
some degree of roughness. Surface roughness has a significant effect on how loads are
transmited at the contact interfagpl] Structural parts of SC beam interact at their
geometrical boundaries, referred to as mating faces. To model the behaviour of contact
surfaces, it is important to model both the structural peamts their interactions with each

other and their surroundings properGontact interactionsf structural partare defined by
specifying surface pairings and setintact surface€ontact interface mechanics of SC beam

consists of two componentsormalinteraction andangentiainteraction[16]

A

/-Any pressure possible when in contact

Contact pressure

y

//- No pressure when no contact
el

Contact clearance

Figurel5: Contact pressurelearance relationship

In normal interaction, contact pressure is acting perpendicular to the contacting sdifaces.

relationship ofcontact pressurg andclearancéQbetween two surfaces at a poilhistrated
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in Figure15 canbedescribedasny TAI'® 1T PAdndQ nAIRO m Al T Othd
contact constraintan beenforced with a Lagrange mudtier representing the contact
pressure in a mixed formulatiomhe change in contact pressure that occurs when a contact

condition changes from Aopeno (a posimkive cl

sudden Thi s model i s akcnt oOwm oa smafl H@3hd eccanct i on mo
1 (shear stress) slipping
Terit - / ) >
sticking ) :

\;

v (slip)

-

Figure16: Coulomb friction model

Tangential behaviour of contact interface is associated with surface friction between contact
parts. Coulomb friction modedhown in Figure 16 candescrile the interaction of contacting
surfaces which is based on classic laws of friction. The model is used foiutoitated
contacts as well as boundargnd mixedlubricated contacts. Interactingurfacesallow
separating but not permitting to penetrateh otherThe tangential motion is zero until the
surface traction reaches a critical shear stress walueh depends orthe normal comact

pressuras given by[29]

t ol (4.19

where* is the friction coefficient and ] is the normal contact pressure between the two
surfaceslf the idle friction modeldoes not model the slip conditions accuratatyallowable

Nfel asti c wdotiep lne isFigwedmayp beintroduced29]. The fAel asti c s
the small amount of relative motioretiveen the surfaces that occurisen the surfaceare

sticking.
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4.3 Loading and boundary conditions

The 4point bending test iperformed with the intdion of obtaining flexural failure. In this
test, there are 2 loading points and 2 supports. @& bending test isarried out withthe
intention to obtaira shear failureFor this test, there is one loadipgint and 2 support3.he
schematiaepresentation of-point bending tesand 3point bending tesatreshownin Figure
17 and Figure 18 respectively The parameters of load and support conditions @adirg
distance from left en@..), support distance fronthe end(Ls), and distance between the two

loading points ().

Ly

Figurel7: Load and suppodrrangemendf a4-point bending test

L —ﬁ

z @ oy
X

Figurel8: Loadand supporarrangemendf a 3-point bending test

4.4 SC beam specimens

Six differently configuredSC beamsre used tstudy failure modesThe varied geometric
parameteramong the beam specimemglude thickness of steel plates, tie bar diameters,
shear reinforcement ratios, and overall dimensidiakle1l showsthe dimensions of SBeam

specimens
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Tablel: Dimensions of S@eans[17]

& _ Stud spacing in longitudinal
2| Length | Height | width | "% %) (Suuq 1ong and transversaBiug wen)
81 . m | (H,mm| W, mm distance directions (mm/mm)

Q (S(ie) mm

n Top Bottom
S1 9.54 800 640 600 300/240 200/240
S2 9.54 800 640 600 300/240 200/240
S3 8.34 800 800 600 200/160 200/160
S4 8.34 800 800 600 200/160 200/160
S5 8.34 800 800 1000 250/160 200/160
S6 8.34 800 800 600 200/160 200/160

The front view and side view of specimens S1 and S2 with dimensions are shBigaori

19a) and(b) respectively. The ratio of distances between stud and thickness of compression
steel plate is high i.eSudtc equals 30 in these specimens. S1 and S2 are ideitical
geometrical parameterdetail drawing with dimensns and section views of these

specimengre given inAppendixl.

1 " Y " | a0 e r A .
SERN : ;
[

(a)
Figure19: Drawing of specimens S1 and B2

In Figure20(a) and(b), the front view and side view of S3, S4 and S6 with dimensions are
shown respectively. Shear reinforcements are conservatively spaced i.e. distances between tie
bars equals to 600mm. The ratio of distances between tie bars and height ofttben8&

0.75. This ratio satisfies the shear reinforcement distribution liméxMmum 0.75 times

height of SCbeam$ according to EN 1992-1: Eurocode 2 (Clause 9.2.1 and Clause 9.2.2).
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S3 and S4 have identical geometric paramedgcept the diameter of shear b&88 has tie
bars while specimen S4 has threaded bars. There are wii#sref arrangement of tie bars
and stud along transverse direction of S6 with respect to S3 and S4. Detail drawing with

dimensions and section views of these specimens are also g&ppeandixI.

A0, 200,200 200,200 200,200, 200,200 200,200,200, 200,200 200 200 200 200,200,200 200, 200,200 200, 200 200, 700 200,200, 200, 200,200,700 200,200, 200, 200,200 200, 200,200, 700

(a) (b)
Figure20: Drawing of specimens S3, S4 and[8pb

Figure21(a) and(b) illustrate the front view and side view of specimen S5. In this specimen,
shear reinforcements are very rarely spaced i.e. distance between tie bars is 1000 mm. S5 has
0.064% minimum shear mdorcing ratio. Both shear reinforcentewlistribution limit
(maximum 0.75 timesheight of SCbeam$ and the minimum shear reinforcing ratio
(minimum0.11%) according to EN 199R1: Eurocode 2 (Clause 9.2.1 and Clause 9.2.2) are
violated in this specimemetail drawing with dimensions arsection viewf this specimen

are also given idppendixl.

f0 ,,,200, 750 280, 760, 760 750 , 750, 250 750, 250, 750, 700 750, 770 279 775 725 229 229 279 725, 250 750, 250, 250, 250 750 760 260, 750 750 750, 780 200

Ik B
1.

I

i

1] r‘||7i'r _:|r,_£ s LLL1g. "‘.' “ 1 p
i

— 1 -
20002000200, 20,5090 20,020,200, 20 B, 80,8, .
T I IR

H3L0

(a) (b)
Figure21: Drawing of specimen S4]
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The major structural pastparameters of SC beaate thickness of steel plates, diameter of

shear bar, stud lerfgand stud diameter. These parametersadmadlated inrable2.
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Table2: Parameters of structural parts of SC b¢an)

% Steel plateThickness| Tie bar Stud Stud
% (tsp) mm diameter | diameter length
% Top | Bottom | (die) MM | (dswd MM | (Lstud MM
s1 10 15 24 19 125
S2 10 15 24 19 125
S3 15 15 18 19 125
S4 15 15 M16 19 125
S5 12 12 18 19 125
S6 12 12 18 19 125

The first two specimengS1 and S2)are cafigured to a 4point bending test and the
remaining specimengS3 i S6) are configured to a-Boint bending testin Table 3, the
dimensionof supports and loadingrrangementlesigned for the tests are list8the rotation

is redrained inthe y and z direction and thdranslation inz direction. The distance of the
supports from the end is 270mm in all speciméhgiraulic actuators are used to apply the
load incrementally during the test wertical downward directianThe loadcells are used to
measure the applied load. Initially, the loading process starts with slow loading, complete
unloading, and then the test is subjected to loading wotib the maximum displacement of

the actuatarThe distance of loading point from tead is 3870 mm id-point bending test

and 3270 mm i3-point bending tests.

Table3: Position of supports and load during tésf]

Total Bending points Support Loading distance Distance
Specimeng No. of No. of distance from from left end(LL), between two
Supports| loading end(Ls), mm mm loads(Lm), mm
S1 and S2 2 2 270 3870 1800
S3, S4,
2 1 270 3270 -
S5, and S¢
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5 Abaqus Implementation

Finite element method (FEM) is a robusimerical technique to obtain approximate solutions
of mathematical model§he domain is discretised intsuldomairs called elemerst and the
solution issoughtin terms of discrete values of field variabl&se advantages of discretising
whole donain into suldomairs include accurate repsentation of complex geometry and
capture oflocal effects.The application areas of FEM ranges from stress analysis of solids to
fluid dynamic problems, and from thermal problems to the analysis of electromagnetic

phenomena[16]

Figure22: A finite elementepresentationf SC beam

SCheans arecharacterised bguastbrittle behaviour of materiamultiple failure modes, and
numeroussurface tosurface contast Consequentlystructuralanalysisof SCbeamrequires
nontlinear analysig16]. CommercialFE softwareAbaqugExplicit is used forthe nonlinear
quasistatic analysisin Figure22, a finite element modelf SCbheamcreated in Abaqus/CAE

is illustrated.

APlugl n named ¢6SC B eanmdadiefl@ and furthgr engrovbdyin this thesis
is usedto generatehe FE modé. It executes Python scripts as well as GUI toolkit, and
provides general user interfate create a customized FE mod2B]. As a benefit the
modelling cost and time is reduced significantly. All the datded forthe plug-in are input

in Sl units.[29] The geometry material propertiespadsand supporarrangement, as well as
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mesh and job propertiesan input through the PlugIn6 s

user

Thenmemaining a c e .

properties of the model are constant tfeneetheyare defined in python scripts.

5.1 Geometry

The geometry of the specimens listedrablel andTable2 areinputin the user interface of

the Rug-in illustrated inFigure23.

1‘.? SC Beam

Geometry | Material Properties | Load Arrangement | Mesh and Job Properties |

Overall Dimensions

Lenght | 9.54

Height 0.8

Width |0.64

@ Quarter () Half ) Whole
Plate

Tension Plate Thickness |0.015

Compression Plate Thickness | 0.01

Reinforcement

Tie Bar Diameter |0.024
Stud Diameter | 0.01905  [+]
Stud Length 0.125
Upper Side
Murnber of Lines |3
MNumber of Studs Outside Tie Bars | 0
Lower Side
Murnber of Lines |3

Mumber of Studs Qutside Tie Bars |0

Section A

Length | 0.2

Reinfercement Type | Stud B
Upper Side

Mumber of Rows (Tie Bars + Studs) 2
Lower Side

Mumber of Rows (Tie Bars + Studs) |2

Distance from Side in Longitudinal Direction | 0.07

Distance from Side in Transversal Direction |0.08

Section B

Lenght |0

Number of Tie Bar Rows |0
Upper Side

Mumber of Studs between Tie Bar (Long.) 0
Mumber of Studs between Tie Bar (Trans.) |0
Lower Side

Mumber of Studs between Tie Bar (Long.) 0

Mumber of Studs between Tie Bar (Trans.) | 0

Section C
MNumber of Tie Bar Rows |16
Upper Side
Mumber of Studs between Tie Bar (Long.) |1

Number of Studs between Tie Bar (Trans.) |0

Lower Side
Mumber of Studs between Tie Bar (Long.) | 2

MNumber of Studs between Tie Bar (Trans.) 0

Cancel

Figure23:Us e r

i nterfaceln@dome8C beamb

Pl

Mirror symmetry techniques opted toreduce the number of elements and degree of freedoms

and thereb the computationalvorks This technique definethe symmetry about a particular

plane or multiple planes in which geometry, loading conditions, supports, and material
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properties are identical among sections. Single plane symmetry reduces a modelaifito a h
while doubleplanes reduca model intoa quarter of the originalize. [29]

SpecimenS1l andS2 are symmetric ifboth longitudinal and transvergdanes In addition,
support and loadg conditionsare alsosymmetricwith respect tahese planes Hence,the
model of theses specimengyigarter of the original sizé& quartersizemodelis illustratedin
Figure24.

Figure24: A quartersizemodelof SC bam

Geometriesand support®f specimenS3 S4, S5, and Sé&re symmetricwith respect tahe
longitudinal and transverga@anes However the loadingcondition is onlysymmetricwith
respect to thdongitudinal plane Therefore,the model of these specimeanis half of the
original size In Figure25, ahalf sizemodelis shown

Figure25: A half sizemodelof SC beam

The structural partof SC beamare modelledby usingpre-defined elementin library of
Abaqus/ExplicitFE software Each elements characterized bwttributessuch as family,

number of nodesntegration methodformulation, andlegree of freedoms (DOFE£Joncrete
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