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Summary

In fire, elevated temperature undermine theresistanceof structural materias, which leads
to steeHramed building beingsubject tovery large deformatios. Elevated temperature
also cause the affected membstto expand,and subsequent cooling induces contraction
and recovery of strength. Because of iheversible nature of plastic straining this causes
extremely complexorce combinatons in connections Connections which argaditionally
idealizedasa LJA y g7 8 R&A @ #eRign actually display consideralstemirigid behaviour,
whichmaycontribute to thea i NXzOsiirdzid8i@isgndafter an internalfire.

It will be necessay in future for structural engineers to understand how joints perform in
fire, which has beermphasied by a series of case studjescluding the official forensic
reports on buildings of the New York World Trade complex which collapsed during the
G bk Mmmé S @ SElendallyagianees in analysis, téstjand design codesustallow
engineers to design structures which wilsurvive fires without experiencing
disproportionate collapse

This PhD study describes thedevelopment of a general compnent-based connection
element,which has beemmplementedin the Vulcansoftwarein orderto enablemodeling

of the robustness and ductility of the connect®m fire scenarios The componentbased
method which has beeradoptedis generaly accepted asan efficient intermediate wayof
treating the behaviour of connectionsn smalldeflection ambienttemperature design of
semtrigid frameworks whichisincluded inEurocode3 Part 1.8. This has been developea

the course of several projectt the University of Sheffieldowards hightemperature large
deflection representation of connections anseries obtages, including thecharacterization

of individual componery, joint tesing and component assemblyor some conventional
connection types The RFCSunded project COMPFIREBf which this work forms a part,
extended the datsset to an innovative connection type, the reverse channel, which offers
the prospect of greatly enhanced ductility as a way of improving structural robustness in
fire. The newdataderives from bothstructuralfurnacetesting and detailed Hnite Hement
analyses Used in combinatiorwith the & & (i Hyaakni@solverin Vulcan the use of the
generalpurpose componenbased connection elemerttas been demonstrateth studies

of the performance, including progressive collapse, of planar steel frames in fire scenarios.

The development shouldllow engineers to identify local failure of joints, atedpredict the
subsequent failure of the remaining structyren analytical degn. This will enable
vulnerable areaso be identified in the structureand their design details to be amended
order toproducea building whichs more robusin fire.
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1.1 Backgroundof fire engineering

tdzZNJ Aaad ounnt0 RSTFAYSA CANB alfFSie Sy3araySe
engineeringorinciplesto the effects of firein order to reduce the loss of life and damage to

property, by quantifying the risks and hazards invemvandprovidingan optimal solution to

GKS FLILIX AOFGA2Y 2F LINBOSYGAGS 2N LINRPGSOGABS

People expect their honsand workplaceto be immune from unwanted firg which cause
many property losssand deaths each year. If fire can be preventeegxsinguished m time,
fire deaths and property losses can be eliminated. This requires-disdiplinary efforts,

integrating many different fields of science and engineering.

However, some fires will always happen. There are many strategies for preydingnor
reducingits impact. Combustible material can bkept under proper management to reduce
the occurrenceof ignition. The occupants can be warnaustantly by fire detection.
Sufficient fireescapes allow occupants to be evacuaédticiently. Fre damage can also be
restricted by containmentAutomatically activatedsprinklers have showtheir capability of
controlling or extinguishing fise The proper selection, design and use of these strategies or

combinatiors of them are vital in fire engineering.

In particular, structural fire engineers are involved in thpecification of passive fire
protection: thermal effects of fires on structures, designing memhmgable of resisting
thermal effects and controlling fire sprad. All these attempts arsmtendedto ensurethat
the building maintains its stability foan appropriateperiod. The followingsectionswill

introduce some major evenis structural fire engineering.

1.2 Recent major structural fire events

Interest in strutural fire engineering has led tmuch recent developmentThe following
will identify two key eventgdluringthe last 20 yearsSomeindications haveeome from these

eventsthat joints are potentially the weakest parts of a structure (Burgess, 2007).
1.2.1 Fullscale fire tests at Cardingtof©995-96 and2003)

The purpose of the tests at Cardington was to investigate the behaviour of a real structure

under real fire conditions and to collect data that would allow computer programs for the

1



analysis of structuresnifire to be verified. The tested structures includad eight-storey
steeHramed compositebuilding (Newman, 2006),a sevenstorey reinforced concrete
building (Bailey, 2002) and a sstorey timberframed building (TF, 200D Newmanet al.
(2006) summarized the observed behaviour in the tests on the steel/concrete frame (shown

in Figurel).
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Figurel: Cardington test building prior to the concreting of the floors

The structure generally performed vemell and maintained overall structural stability,
although theconstructionmateriak weakened with increasing temperature. Thesults of
these tests show the difference betweehe performance ofingle unrestrained members

in standard fire tests and the performance of the whole building in fire. In a real building
structure, its performance is subject thoth interactions and changes in lo&arrying
mechanism. This isonsiderablybeyond whatis seen inthe simple standard fire test. For
example, the Cardington tests demonstrated the abilittaocbmposite floor slab to develop
tensile membrane action (Bailey, 2G0@&nd h. This has been adtgd by engineers to

reduce the cost of fire protection.

The connectiorfractures observedn the Cardington tests also called attentitmthe fact
that the axial force ira connection is as important ats weakening material properties in

fire.



There wee a series of tests on the steel/concrete frame.Test 1 a restrained secondary
beam was heated by a purposeiilt gasfired furnace. This 9m span beam was heated over
its middle 8m region. Itsonnections werdeft relatively cool. By visual inspeati@t the

end ofthistest, thepartialdepth end-plate connectios at both ends hagbartly fractured.

In Test 2, the secondary beams on both sides of the primary beams were heated over a
length of approximately 1.0mtogether with the three primary sparia a complete plane
frame. Figure2 showsthat the boltsin a finplate secondary beam connectidrave been

sheared.

Newmanet al. (2006)concludedthat all these failuresof connectiors were caused by the
contraction of beamsduring cooling, which generated very high tensile forcesSuch
connection fracture may cause attachedbeams todetach from the remaider of the

structure, triggeing progressive collapse.

Figure2: Finplate connectionfailure in Cardingotn test
1.2.2 WorldTradeCentre 2001

The Twin Towers of The World Tradeentre collapsed on 11 September 20@dllowing
aircraft impacts In order to understandhe mechanisms of collapse and develop means
of prevening disproportionate collapse, several research studies on thisire-induced
structural collapsehave beenconducted.Federal Emergency Management Agel(i2902)
and National Institute of Standards and Technold@®05 2008) reporéed particularly on

the majorfactorsin the mllapse of the World Trad€entreBuilding 1, 2 and 7.



In particular,Building 7 of the World Tradgentreis deemed to have undergone progressive
collapse due tdhe failureof key connections joining primary beams to columns. Particular
attention is drawn to theconnection ofprimary beams to Column9 on Floors 1244 & the
probable leading factorin the collapse (See Figure 3) these primary beans (44/79)
supportedseveralprotected secondary beams witlong spars, on one side onlywith very
few secondarnpbeams attached on the opposite sidEhese secondary beams were heated
over a long period to temperatures between 530and 600°Cduring the fire. In orderto
restrainthe secondary beams from expanding by about 100then primary beamwould
have needed connections which were extremely strong in horizastiebr. Inthe event,
largehorizontalforces were generatedt these connectios whichhad only been designed
against gravity loadThelocatingbolts at this connection had so little shear resistance that
they were easily fractured by thieorizontalshear forcegproduced by restrained expansion
of the secondarybeams;and the primary beam vas separate from Column 79. This
separation wouldhave sequentiallyhappered on adjacentlower floors, thus depriving
Column 7%f horizontalsupport from these floors anthcilitating its buckling andollapse.

In the processof collapse of tie floors immediately involvedhe fallingcumulative massf
thesesupesstructureswould generate large dynamic forceshichthe lower structure could

not resist.
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Figure3: Typical floor plaof WTC building NIST, 2008)



1.3 Performancebased design

Until recently, most desigagainstf ANB Kl & 0SSy o0 a68dRo-a2yi AGRS® Q&
prescriptive building codes. This prescriptive approach is based on experiences accumulated
through many yeare the light ofpast fire inalents (Wang, 2013). Since it is simple to put

into practice and has displagd a generally satisfactorievel of fire safety, the prescriptive

approach has beemery extensively usetb specifyfire strateges However, design codes

based on various aspexbf performancehave not been extensivenough in scope to be

able to cover all casesDesigners alschave little or no opportunity to take a rational
engineering approach téhe conductof fire safety designThe final alternative is a fully
performancebasedapproach todesign based onthe basic principles of fire science, heat

transfer and structural mechanicandaims to provide information omow an integrated

building perforns under a wide range afjnition scenario¢Custer, 1997).

In 1991, the Building Regulations in England and Walemngedfrom prescriptive to
performancebased requirements. The statutory requirementhst Wi KS o0 dzA f RAy 3 &
designed and constructed so that, in the event of fire, its stability will be maiedafor a

NBI &2yl 6.f BracticighidlagcR @as also given by Approved Documeniviich

amplifies the Building Regulations, & FTANB al ¥Sdeé Sy3airAySSNRAy3
account the total fire safety package can provasealternative appNB | OK (2. FANB &l -

In performancebased design, any fire strategy can be adopted by fire engineers, when they
wishto, and are able tpverify against theagreedfire safety goals. The whole performance

of the building under firas assessedin the catext of boththe active fire safety systems
and passive fire protectionand the performance of the structureVariations from the
acceptable solutions ich offer greatercost savings or other benefits can be assessed.
With a correct level of safety pl82 & & & I @A y IndarkétikgPotentitds thékefoyed Q a

increased, andt will attracta higher income

In order to allow designers to develop structungkich perform well in fires, a trustworthy
method is to model the frame using globabnlinear finite element(FE)analyss, which
takes account of changing temperaturemsmperaturedependent material propertiegand
thermal expansioncharacteristics With this method, designers are able to develop

sufficiently robust connection and strugtl configurations. This cagive more confidence



about the actual structwal behaviour in a fire rather than thesupposedlyconservative

protectionsgivenby a series of arbitrary rules.

Projects world-wide, such aghe China Central Television (CCTV)ding in Beijing,have
started to use this fire engineering approach to justify the sufficiency af fhrescriptive
fire protection (Luo, 2005). The application of performaiased desigmas not only great

potential for improving structural safety baisofor cutting wholelife cost.
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The importance of joints in fire in general has been highlighted in the previous chapter.

accurately predict the behaviour of steel frames in fire, it is essential to include the effects

of connection behaviour, particularly the combined effect of alaate, coexistent large

rotation and the reductios of strength and stiffness with elevated temperatsre

One approacho such a problems to conduct fubscale or isolated fire testindn 1976,
CTICMKruppa, 1976onducted the first experimental fire tests on jointshich showed
that the deformation of other elements preceded boltailure. Since it wasntended to
investigate the performance of higétrength bolts at elevated temperaturesthe
performance ofthe joint as a wholewvas not presentedLawson (1990) also conducted a set
of momentrotation joint testsin fire to measure theresidualstructural continuity afforded
by beamto-column joints at elevated temperatures.The tested joint types included
extended endplate, flush end plate and doulsided web cleatNon-composite, composite
and shdf angle floor beams were considered in this studjl.the joint rotations reached
over 6. The testsverified the rotational plastic capacitgf joints in fire which could retain

up to two-thirds of the ambient design moment capacdythe test temperatures He also
stated that the composite action in fire contributed to the joifeoment capacity, which
could beestimated on basis of the combined moment capacities of the bare steel joint and
the reinforcedconcrete slab. A simplaule was also proposed Hyawsonto design simply
supported beams, taking into account the moment transferred via joints inTinese early
attempts provided some important information for joint modelligigiring the early stages
of the development of pdormancebased structural fire engineeringlowever, these tests
supplied insufficient data to present the momerdtation characteristics of the jointsand
totally ignored the effects of large axial restraint forc&nce that era, a large number of
more focused experimental tests have been conducted to understand various aspects of the
behaviour of joints in fire. Howevesuch furnace testings so expensive that it cannot
economically produce a sufficidptlarge database of results for direct pracsic design

purposes.



The alternative approach is to createmericalmodels to simulate the joinfdbehaviour in

fire. This chapter will concentrate on previous developmentthemmodellingof semtrigid

joints at ambient and elevated temperatures.

2.1 Joint materialpropertiesat elevated temperature

The materiabf which ajoint is composedvill degrade with elevated temperature. E@art

Y 2 R dzfitglza

1-2 (CEN 2005@ummarizsthe relationshig betweenthe, 2 dzy' 3 Qa

yield strengthat elevatel temperatures. These reduction factors are includedTiablel and

Table2, and also plotted ifrigure4 to Figure6.

Tablel: Structuralsteel material reduction facterat elevated temperaturs(CEN, 2005b)

Steel temperature | Yields strength reductior]  Young's modulus
() factor reduction factor
20 1.000 1.000
100 1.000 1.000
200 1.000 0.900
300 1.000 0.800
400 1.000 0.700
500 0.780 0.600
600 0.470 0.310
700 0.230 0.130
800 0.110 0.090
900 0.060 0.068

1000 0.040 0.045
1100 0.020 0.023
1200 0.000 0.000

Table2: Bolt material strengthreduction factos at elevated temperature(CEN, 2005b)

Strength reduction
Temperature ) factgr for bolts

20 1.000
100 0.968
150 0.952
200 0.935
300 0.903
400 0.775
500 0.550
600 0.220
200 0.100
800 0.067
900 0.033
1000 0.000

27
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2.2 Semirigid joint definition

It is generdly acknowledgedhat semirigid design of steel framesanresult in efficiency,
lightness and economical design (Astaneh, 198®)en the connections are designed as
semitrigid, a certain amount ofmomentis allowed to transfer from the beamnds to the
columns, whiclreduces the mid-span bending momestin the beans (Anderson, 1987). As
a directresult, it is possible to reduce the internal beanosssections. Compared to pinned
connection, he provisionof semirigid connection stiffnesalsohelpsthe columnsto resist

buckling

Based oma jointQ eotational stiffness, EC3 Part8(CEN (200%) classifiegoints assemt
rigid, pinnedor rigid (seeTable3).

Table3: Connection type definitions in EC3 Pa& (ICEN, 2005b)

Connection type | Definition

Pinned Effectivelyreleased in terms of rotational constraint. Can transf

internal forces, but will not develop considerable moments.

Rigid Effectively continuous. Has sufficient rotational stiffness to

transfer both forces and moments.

Semirigid Lies between thg@inned andrigid connection types. The
interaction between members is based on the design moment

rotation characteristics of the joint.

As explained in the previous chapter, the effects of joint behaviour are so influential on the
distribution of internal feces and moments within a structure in a fire scenario that they
should be taken into account in structural analysis in fire. The deformations at fire
temperatures can be several orders of magnitude higher than those used in ambient
temperature semigid design, and so the higtrain properties of connectionomponents

become dominant compared with initial stiffnesses.

10



2.3 Evolution of analysis methods for sesrigid joints

The early work osemirigid jointmodelshas beersummarized by Nethercot and Zandon

(1989).Thissummary will not be repeated here.

The incorporation of senmigid behaviour, both axially and rotationallyithin global
structural analysis for fireases isimportant. Infire, the connections are subjesd to high
axial forces and tge deformations, due to the thermal expansion/contractmirbeamsand

degradationof their material strengths andstiffness
In general, there are three different ways of modelling seigid joints (AlJabri, 2008):

1. Mathematical expressionscurvefit models
2. Finite element models

3. Componentbased methods
2.3.1 Mathematical expressionscurvefit models

The curvefit model uses a numerical forggenerally polynomialio represent the moment
rotation relationshipof a joint, which is based on expenental test dataFigure7 illustrates
GKFG GKS 2 2carybérepiesedat& by diferéntidiins of curidting. It can be
implemented in analytical modgekuchasfinite element modes. In order to consider the
effects ofvarious parts within the joint, such as bgltwelding and plats the moment
rotation relationship is generally complicated, and has to be -lwear. Typical

mathematical representationinclude bilinear, trilinear and multilinear curves.

/Initial Stiffness, §j;

Tangent Stiffness, 5,
+«—— Linear |

b

e
T—Rcduccd Stiffness, Sj,

Bi-linear
Curve-linear
Multi-linear

Moment, M (kNm)

Unloading Stiffness, S;

i = S_,l'f
Secant Stiffness, Sjg

0 - L L L L L L

L} L] L} L} L} T L} L} L}

0 10 20 30 40 50 60 70 80 90 100
Rotation, ¢ (Millirads)

Figure7: Different forms of curvditting representation of joints characteristi¢aJabri,
2008)
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EFRimawi (1997) made an initial attempt to usea curvefitting method to model joint
behaviourin fire. A simple equation with three parameters usiagRambergOsgood

expression1943 was proposed in the following form.

o

F=M00BM
A gB

- 00y

2.1)

where the relationship between joint rotatioi/) and moment i) are defined by the
temperaturedependent parametersA, Band n. The parametes A and B respectively
NBELINBaASYyld (KS 22 #thy an®adefinéskha Ky 8IAF SAVR 2 & (1 N\
curve. This model was extended further yestorJones (1997) and Abkbri (1999)fo0 a

model which was capable of closely representiag 2 A nptational stiffness and strength

with increasingtemperature Figure 8 shows that the curvefit model could even be
extended to ombinetwo separate momentotation expressions to cope with noections,

such as flexible endplate connectmnwhich have two stags of momentrotation

behaviour before and after contact of the beam flange with column flange.

3y —=m

ff;
v

Brtasor (Mildr

Figure8: Moment-rotation-temperature curves for a typical ftéble end plate join{AkJabri,
2008)

a1

In general, hese models predica2 2 Ay i1 Q& NROGFGA2y I f 06SKIFQJA 2 dzNJ

Sincethese models are developed on the basisisaflated joints subject only to moment
and rotation, they are limited impplication to cases where the effect of axial restraint due
to thermal expansion/contraction is not criticahnd where axial forcessuperposed on
moments are not likely to be serioudHowever, as discussed in the previous chapter, the

axial force due tdhermal expansion/contracbn can causecomection failure and trigger

12



progressive collapse. Thereforglobal analysis for performandssed design using the

curvefit model cannot represent the structural global behaviour with reasonable accuracy.
2.3.2 Hnite element models

The finite element method (FEM) is a powerful tool to investigate joint behaviour in fire.
Since Liu (1994, 1996, 1998a an®a8¥) madethe first attempt to model joint behaviouat
elevated temperature,several authors have developed various methods considering

geometrical and material nonlinearity.

As AlJabriet al. (2008) summarized, finite element models can provide good comparisons
against tests on joints in fire. It is a reliable technique, and enadblesder range of

parametas to be investigated than is possible in rather complex and expensive tests.
However, the cost in terms of time is an obstacle to its practical application in structural fire

engineering design.
233 ¢KS WO2YLRYSyil YSGK2RQ

EC3Part 1-8 defines the componentnethod as a design methlp in which a joint is
modelled as an assembly of basic componetaspecifythe structural properties of joints

in frames of any type. Jaspart (2000) illustrated the component methahbalpogywith the
finite elementmethod, inwhich eachcomponent is equivalent tone finite element in the

FE method. It must be emphasized that all of éhabovework was done as part of the
development of semiigid ambienttemperature design methods for steel frames, and is
therefore restrictedto small rotations, elastic rotational stiffness and plastic capacity. It
completly ignores large deflectionsxial force and component fracture; all of these are

vital for progressive collapse analysis in fire.

The component method wagriginatedby Zetemeijer (1974). Aimpleanalytical method

for the behaviour ofT-stubs, as a common elemeim conventional steel connectiongas
developed. This method took into account the plasticity of the flanges and bbits.
different collapse mechasms weredefined based on the determining factor: bolt facture
and flange plate collapseAccordingly,a number of yield line patterns were specified
(examples areshown in Figure9 and Figure10). An WS T T SO Af@d & FstuBwad i K Q

calculatedon the basis of a number of yield line patterrithis method was validated by a

13



series of tests.These yield line patterns have been included irlksbf f SR WDNBSyYy 02
1997), and EGB.8 (CEN, 2005h).

]
L fized edge

Figure9: Failure mehanism 1

_‘ free edge

contours of
|| the deflection

fixed edge

Figurel0: failure mechanism2

After that, Tschemmerneggt al. (1987)improved the component method. Hevestigated
the behaviour compression zone in the column welsefiesof testsfocused onwelded and
bolted baresteel endplate joints. The axi@lumnloading was included in some of these
tests. He proposed the componenmethod as a way ofdetermining analytically the
nonlinear momentrotation relationshig, in terms of initial stiffnessna plastic capcity, for
joints (both welded and bolted) in structural steel framéshown in Figure 11). This
developmentincorporated the most important featuresof the component method: the

joint iscomposed ofseveral zonesachof which & represented by a nelinear spring

14
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Figurell: Forcedisplacement curve after Tschemmernegaal (Block, 2006a)
The component method has subsequently been developed by Jaspart ,(2080

summarized thalevelopmentof componentbased modedinto three steps:

U Identificationof the active components
U Bvaluation of the mechanical characteristics of each individual basic component

U Assembly of the components

Jaspart listedhe relevant components for an extended epthte connectionEach ofthe

basic componentéas itsown defintion of strength and stiffnessn tension, compression

or shear. Theeffects ofinteraction were also consideredwithin a givencomponent when

subject to the coexistence of compression (or tension) and shear. This interadilaiyito

NBERdzOS (GKS O2YLRyYySylQato affécNiSigrédispladenyeRt cuive.A T Ty S .
Jaspart (2000plso pointed out that the component methodould be suitable for the

characteristics of joints subjected to extreme loading conditions such alsceaake or fire.

The componenbased method has been included in EC3 Rait as a standard tool to
calculate semrigid joint behaviour. Compared either with the time consumed in seitipg

FE models or in the prohibitive expense of fire tests, the corappmethod is a relatively
easy way for structural engineers to predict the joint capacity by hand, and also to offer an
intermediate method to model sentigid joints within global nonlinear structural analysis

software

LestonrJones (1997) conducted aggramme of momentotation-temperature experiments
on typical flush engplate connections, covering a range of temperatures. Both {steel

and composite arrangements were considered. A spsiiffness rotational mode(shown

15



in Figurel2) wasdeveloped to represent connection degradation at high temperatufés
model was designed for two bolt row flush endplate connection, considering endplate in
bending (epb), column flaye in bending (cfb), column web in compression (cwc), and bolt
in tension (bt). Similar to Eurocode, an equivalent bolt row was adopted to deal with the
connection with more than one bolt row. A 4imear curve was used for each component.
Sensitivity stdies were then carried out to investigate of the influence of connection

response on frame behaviour in fire.
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Figurel2: Spring model of a flush endplate connection (a) and equivalent model (b) after
LestonrJones (Bck, 2006a)

AlJabri (1999) extended Lestdd2 ys@xp&imental programme from smadkectionsizes

to larger beam and column sections, and concentrated more fully on composite
connections. Using the same principles as Lesttones, haleveloped a componentbased
model to represent his flush endplate connection testat elevated temperaturesHe
extended this model for the partiaepth endplate connection, and achieved a good match

with the tests. Once again this work was purely rotational.

Sinbes da Silvat al. (2001) proposed aurely rotationalcomponent model for bare steel

flush endplate joints (shown inFigurel3). The modelvas designed to assess the moment
resistance and rotational stiffness of a joint at both ambient and elevated temperatures.

The components were defined in compliance with EN 1883 For elevatedemperature

cases, the material strength and modulus reduction factors given in EN-1129%ere

adopted. In validations against-;XAIlF 6 NA Q& GSadaxz | 3It26F€t G§SYLISN
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to 0.925 Qexperimen) Wasnecessaryin order to achieve good agreement between the tests

and the model.
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Figurel3: Typical componenbased connection assembly (Simdes da Silva, 2001)
Spyrou (2002) conducted a series of furnace tests to identify the degradatiadheof
characteristics of -Btubs in tension, and column webs under compression, at elevated
temperatures. Detailed finite element studies were also conducted. Based on these tests
and finite element models, component models for epidte/flange TFstubs under tasion,
and column webs under compression, were develop@dmodelling ofthe behaviour of
steeHo-steel connections at elevated temperature. The influence of axial forces on joint
response and overall frame behaviowas highlighted.Both tensile and comressive axial
forces are recognisedsreducingthe rotational ductility ofjoints, and therefore limit the
ductility of the structural frame. In the fire scenario, the axial force effect will be even more
distinct. Hence, in order to provide with accepta accuracy, it is necessary for the

componentbased model to include the axial force effect.

Sokolet al (2003) developed three nonlinear springs and assembled them to simulate the
Cardington fire test No,7in order to study structural integrity. The three springs
respectively represented tension, compression and shear within the connection. This study
showed reasonably good agreement duritige heating phase of the structurebut

experiencedsome difficultyin representing the cooling phase.
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Block £004a, 2004b, 2005a, 2005b,2006a, 2006b, 2007, 2013a and Pfailtsed on the effect

of axial precompression in columns, due to superstructure loading, on the behaviour of the
columnweb compression zone of stet-steel endplate connections. Both furnace tests

and finite element modelling were conducted, and simplified component models were
RSOSt2LISRY FNRBY (KS 0l aA écludirgthe chliimNBvetz@ider O2 Y LI2
compression. A componeiitased connectionelement (igure 14) was developed and

simulated in thevulcanresearch code, anthis waspartly validated.

One set of tension springs per bolt

Compression springs (columr
row (T-stubs, bolts)

web)

Shear spring (bolts)

Zero length

Figureld:. £t 201 Qa ounncl 0 O2 Yplake yoSngdiion] 3aSYof & T

A collaborative EPSRC project (EP/C5109841/1) conducted by the Universities of Sheffield

and Manchester investigated the robustness of connections in fire condition®t(él,

2008a, 2008b, 2009a,2009b, 2009c, 2009d and 2011etHal., 2009, Daiet al., 2009a,

2009b, 2010a and 2010b). The tested connections encompassed four typicalc&amm
connections: firplate, flush eneplate, flexible eneplate and wekcleat. A selection of
connections under inclined forc€Bigurel5), as well as structuraubframes, was tested to

very high deformationandin some cases tdestruction at temperatures up to 650°C. Yu

(2011) also conducted numericalvestigations of the tested connections. On the basis of

18



the yieldline method, Yu (2009) developed a component model for th&tub, which

considers both geometry and material nonlinearity.

Figurel5: Joint test setugschematic) by Yu (2011)
Santiageet al. (2008a, and 2008b, 2009 and 2010) conduategderimental and numerical

studies of six steedubframes under natural fire conditiong.he objective wato investigate
joint behaviaurr under combinedbending moment andhe axial force developed during a
natural fire.The studyfocused on three types of connection: header plate, flush-plade,
and extended engblate. It was intended to investigate the influence of connection type on
the behaviorof steel substructuresin fire. The experimental investigation highlighted the
fact that the large tensile forces and reversal aainnectionmoment during the cooling

stage can cause failure of bolted joints.

Jones (2008, 2009, 2010a and 2010b), conducted a series of ambietelevated
temperature tests on firplate connectios to tubular columns. These included fin plates
under tension (tying) and shear forgeand reverse channel legs under shear. After these
tests and extensive numerical simulationad been achieveda @mponentbased method
for the tensile behaviour of fin plate connections to concrétied rectangular steel tubular

columns was developed.
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Taib (2012) created an integrated componeiiitased element for fisplate connections

under fire conditions The devieopmentwaso &SR 2y { I NN} 2Q& a6 HnAnTOL
realistic FE model for fin plate connections in fire. The compoehbased element considers

the influence of both vertical and horizontal forces at bolt roas well asncorporating

unloading and coaig properties.

2.4 The COMPFIRE project

COMPFIRRvas one of the latest jointsn-fire projects,and particularlyconsidered the
behaviour anddesign of joints to composite columns for improved robustness in fire. This
project (RFCS, 2009) involved a numlaér academic research groups and industrial

partners, namely

U University ofCoimbra

U Czech Technical University
U DESMO

U Lulea Technical University
U Universityof Sheffield

U University of Manchester

U TATA Steel Tubes (Europe)

This projectcoincidel g A 1 K (0 KS | dzi K2 NQ& extebsiveand dzRfbl &8> | Yy R

and numerical data.

The aim of this project was to provide an integrated approach to the practical application of
performancebased fire engineering design to composite structutaking account ofjoint
performance under natural fire conditions, including the cooling phase. The main objective
was to develop a comprehensive componduatsed degn methodology for joints to
composite columns. The composite joinEgure16) under investigatiorwere traditional

flush endplate and the novelemirigid reverse channel connectiong hese were applied to
connectionsbetween stel beams(UB306x165x40 shown iRigure16) and two types of
composite column; concretélled tubular (CFTSHS 224.5x8 iRigure16b) and partially
encased kbsection (PE 254x254x89 UC ifrigure 16a) columns The reversechannel
connection possesses very higbtational capacity without compromising its ultimate

strength underambienttemperaturegravity load
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Figurel6: (a) Endplate and (b) revershannel connections to composite columns (Huang,
2012)

The projectincludeda number of tests on complete joints, numerical and analytical studies
of components, whole connection assemblie and structural subframes. The project

includedseven work packages:

1. Joint thermal behaviour and modellinthis package was intenddd investigate the

temperature distributiors within the joints in both standard and real fire scenario

2. Component behaviouA comprehensivesetof reverse channel component test data

was gathered bythe Universites of Manchester andCoimbra. The Univesity of
Sheffield conducted 20 isolatgdint tests. Basedn these data, Luled Technical
Universityperformed simulations usindinite elementmodeling, and expaneéd the
test data. The University of Sheffield developed simplified maogléd predict the
load-deflection curve of reverse channel componesiait both ambient and elevated
temperatures.

3. Componentbased joint modelling The component models developed Work

Package2 were assembled and validated against the isolated jointstestWork
Packag 2.

4. Fire tests orsubframes: The Universites of Manchester and Coimbra conducted

total of 11 sulframe tests to assess the complicated behaviour between the

composite joint and the surrounding structural element under different fire
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exposure conditionsincluding an investigation of how the connections behave
duringthe cooling phasef a fire event.

5. Integrated FE modellingThis work package used botlstandard finite element

analysis,and finite elementanalysisincorporaing a simplified componenbasd
method, to model thesubframetests conducted inWork Packagd.

6. Demonstration fire testsTwo fire tests on a complete composite structure under

natural fireconditionswere conductedin orderto provide experimental data anid
demonstrate impact of joints with improved detailing on structural fire robustness.

7. Development of practical design guideBasedon the previous work package, a

practical method was developed to predict composite joint behaviour under fire.

The projectdata was intended tobe used to develop a general compondrased
connection elementto enable global notinear structural programs to model the whole
structure, including the behaviour of connections. The test datula/ also be used to

validate the comonentbased connection element.

2.5 Conclusion

The componenbased method provides an intermediate approach, using the minimum of
computational effort, while retaining the key characteristics of connection behaviour and

offering acceptable predictions of ime behaviour.

The above developments by Zoetemeijer, Tchemmernegg and Jaspart were intended for
semtrigid steel connectios at ambient temperature against normal design lsadhe
elasticandyield material properties were considered. The initial e@sbtational stiffness
was captured. Howevetthis cannot be used forlarge deflection,or for material nor

linearity at elevated temperature.

The main aim of the researdhy LestorJones Al-Jabriand Simdes da Silva was to develop
momentrotation-temperature characteristics of joints.  However, in the wake of
observations from both accidental fires and {fsdlale fire tests at Cardington, the effect of

axial force haalso risen considerably in importance.

The developmergby Spyrau, Soko] Block, Jonesand Taibwere limited to one connection

type, either flush endplate or fin plate connections.
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2.6 Research motivations

Observations from the fulicale fire tests at Cardington and the collapse of buildings of the
World Trade Centreni 2001 have raised concerns that joints are potentially the weakest
parts of a structure (Burgess, 2007). Due to the combination of thermal and mechanical
effects caused by heating, the resultant forces on joints (in addition to vertical shear) are
compliated and vary, from pure moment, to moment and compression, and eventually to

almost pure tension. Additionally, the connections are subjected to large rotations.

Therefore, engineers must take into account the complexity of actions on the connections,
and their response, when designing structures that will perform well in a fire. The
incorporation of realistic connection behaviour within global nonlinear finite element
programs isimportant, as it allows designers to be clear about the actual structural
behaviour and to ensure the adequacy of the connections in terms of robustness and

ductility.

However, incorporation of realistic joint behaviour in the structural analysis is problematic.
The test data is limited, and can only reveal how the connection wofire to a certain
extent, as testing is expensive and there is a wide range of joint types. Although general
finite element packages can predict the behaviour of connections with a good degree of
accuracy, the modelling of connections to obtain tehaviour is prohibitively detailed, and

therefore expensive, in practical design situations.

It would beidealto create a general compones@t 8 SR NBLINSASYy Gl GA2Y
T2yS8Q I -féck $f aCordmdz2d0limn joint. This requires the miimum of
computational effort, while retaining the key characteristics of connection behaviour and
offering acceptable predictions of frame behaviour. It enables engineers to predict the
behaviour of connections within a structure in fire, to track theogmessive collapse

sequence, and to design robust structures based on performaased principles
2.7 Research aim, objectives and methodologies

2.7.1 Aim of research

This PhD research is intended to develop composesed connection elements for two
connection ypes: flush endplate and reverse channel connecticarsd to demonstrate
their use in case studies
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2.7.2 Detailed objectives
The research activities are:

Identification of the active components;
Development of component models;
Component assembly;

Tests orconnection element.

= =2 =2 A

Running demonstration cases as examples of application.
2.7.3 Methodologies

Based on the joint test and detailed finite element analysithlflush endplate and reverse
channel connections are divided into several zgrmalled active compant zones which

either contribute to the joint deformation, or limit the joint capacity.

These active components widach be represented by a lateral spring. This spring is
termpature-dependent and defined with failure criteri&or flush endplateSpyou (2003,
Block 2004a, 2004b, 2005a, 2005b, 2006a, 2006b, 2007, 2013a and 2@t8bYu (2008a,
2008k 2009a, 2009b, 2009c, 2009d and 2011) have develtpednodels forsome of the

key components including Tstub in tension, and column web under corapsion For
reverse channel connections, the component models for reverse channel under

tension/compressionwere needed.

In order to enable global (frame analysis) nonlinear structural software to model the
structure taking into account the sefrigid joint behaviour in fire, it is essential to assemble
these component modelsising rigid links, dzQa A&zt GSR 22Ayd

project provided comprehensive data to validate this development.
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Chapter3. 5SS @St 2LIYSyid 2F O2YLRYSYyld Y2F

OKI yORSYEIY SO A2y a
The reverse channel itself is clearly one of the key components of the reverse channel
connection. In order to build up the componebased connection element for the reverse
channel connection, a foregisplacement relationship was deloped on the basis of the
plastic hinge method. laddition, a bolt puk2 dziT f AYA G RSNAGBSR FNRBY
calledthe W6 2 f -8B dzillJdzt ®dR 8elvelbpedA series of componenéstsandwhole-joint
tests were conductedn the COMPFIRE projecnd these provided experimental data
which helpedto characterise the behaviour of reverse chanoehnectionsunder tension.
Based on these tests, an extensive FEA parametric studwiwasgated by the COMPFIRE
partner at Luled which was intended tofadlitate the investigaton of all the possible
behaviour of reverse chanrslinder tension/compressioand validation of the component

models for the reverse channel under tension and compression.

3.1 Plastic hinge method

The reverse channel supports tensded compressive loads, primarily through bending
action. Therefore, the plastic theory of structurddofne, 1971)xan be used to deal with

the behaviour of the reverse channel under tension or compression beyond the elastic limit,
with particular emphasisn the failure load. With materigropertieswhich degradeeither

as a result of increasing temperature and/or increasing loading, plastic hinges will gradually
form at the most highly stressed points in the reverse channel. Material and geometric
nonlinearitiesare considered, but the effects of shear and axial forcetherplastic hinges

are neglected, because their effects on the bending capacity will be small.

Bhatt (1999) explained the effect of shear force on the ultimate bending capaaity

chaacterised the effect as:
— 2
M=M,[i- 0.75Q/Q, ) G

in which M, is the sectio® plastic moment capacitywhere the plastic hinge formsQ, is
the plastic sheacapacity Q is the shear force anil is the moment. In order to assess the
effects of shear on the bending capacity, the following is a quick assesgst@®wn in
figure 17) considerindl50mm long plastic hinge with 12mm plate thickneBse maximum
shear usedhe maximum tensile resistance basedam8.8M20 bolt
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Plate thickness (where the plastic hinge formst,y =12mm

Plate length (where the plastic hinge forms) L, =1omm

Tensile areger M20 bolt: A =245mnt (Owens, 1989)
. _ P, = 560l

Tension strength gber M20 bolt p: mn? (BS] 2001

_PA _
Tension capacity of M20 bolt: t = 1000 L372KN

The maximum shear is limited by the bolt tension capacity. Therefore,

Q... =P, =137.2kN

The plastic shear force is

Q, =122 =36%N
3
The plastic moment capacity reduction factor is
AQmaxg
f :0-75%?(8 =103%
¢ WP =

F (based on M12 bolt tensile capacity)
N

F~

\ L
T \

Assumed plastic

hinge location

Figurel7: illustration of shear effect on plastic hinge moment capacity



This plastic moment capacity reduction factor can be ignored in the derivation of the
02 Y LR y Sy dispkcerfet NdsSbut can betaken into account as a design safety

factor in later practice.

According to the energipalanceprinciple, the external work is equal to the internal work

absorbedin plastic deformatiorof the hinges:

PO =Woyyy +Wayp +Wyyg (3.2)

Where'Q is the external work done by the applied lokth moving through a displacement
1, andWpy3, Wen2andWepzare the internal plastic workomponeris due to rotations of the

plastic hinges PH1, PH2 and PHS3.

A threephase elastiplastic materiaproperty model Figurel8) is assumedsimilar to that
used by Yu (2009)ford 1 dz6 Y2 RSf dd ¢KS RSGIFAf & RBR dzQa R
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Figurel8: Stress blocks afplastic hinge (Yu, 2009a)
3.2 , dzQsiub todel(Yu, 2009)

Yu (2009) developed a component model festlibs (shown irFigurel9) in fire on the basis
of the energy method. The development tie current component model for reverse
channelconnectionsdzy RSNJ 4§ SyaAz2y | yR 02 Y LIN&doxdchlafe dza S a
GKS aiN}AY SySNHe gAGKAY GKS LI I anicalcQatiigh y 3 S @

the plastic hinge energy.
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Figurel9Y

dzQ anechanismfodlestub
The assumed materiahodel is shown inFigurel8, asa typical elastiplastic threephase

5

characteristic The calculation of strain energy is divided into three possibilities when

strain (m) within the plastic hinge reachéise different stages.

3.2.1 When straimly is lower than yield strain, (&, ¢ e, refer toFigure18)

Stress is

3.3

WhereEis the Yoy 3 Q& Y RiRtdefdidzinZe to the plate centre line, ahd the plate

thickness

The moment at the plastic hinge

2_ X
M =2Be, ﬁ E—e_ xdx
/2 (3.4
o4 2. ~
M=28,58 flee,
¢2+13 'y (35)
WhereBe is the effective width othe plastic hinge.
3.2.2 When straimIy is higher than yield strainl, but lower than ultimate strair,
(e, <€, e, refer toFigurels))
e Ot ~
c, = _yg‘e_g
e, c2+ (3.6)
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The stress can be written as

e X
7 E—e x¢c
_i t/2 m 1
=1 €4 x 0 )
,I\f +Et 289m yu X>C
' /2= 3.7)
WhereEiEA & GKS (Fy3aSyid |, 2dzy3Qa Y2Rdz dzad ¢KS Y2YS
a. x 28 QA x 0 g @
M -2Bbeﬁ$Et/—2emxdx+ ng, +Et§/—2§em - eygg)b(dxg
¢ ¢ & mos 38)
at o £1 1 1 e’ fl
M =2B,& 8 |=Ee, +=(E- E)e, - =(E- E )L
(;2+ IS 2 6 - g/ (3.9)
3.2.3 When straiml, is higher than ultimate straif\, (e, > e, ,refer toFigurel8)
e, ato
C2 :_U%g
€n o (3.10)
The stress is
e X
x E—e x¢c
’:\ t/2 m 1
i A x g 2
s=1f, +Eé .- e, X¢c
i f, X>c,
|
I (3.11)
The momentM is
M = 2Be, 25 E X o xaxr 01 +E B % o Ber 471 xard
“2Be ) gt g T B Al g
' - (3.12)
Therefore,
° ~2.. ° ~ A~
M :2Beﬁ"§‘et»8 fi f, +i2§(E- Et)gel—eyeuz —ey38+}Eteu3 1 fueu2$
¢2712 & € ¢2 3 W (3.13)
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3.2.4 Strain energy

The curvature of the crossectionisg = 5—““2. Thisassumes the length of the plastic hinge is

t, the rotation of the plastic hinge is

qg= n—dx 2e,
ot/2 (3.14)
2t &2
FactorM, = 2B %0
G2+ (3.15)
The momentM is simplified into
el _ O
e, ¢ e.'M =M,1=EqQ
16 'y (3.16)
3 A
e
e, <6, ¢ a:M =M Eg+i(E- E)e- 2(E-£)%
16 7Y (3.17)
e >e: M= M0| > g(E E aeéeyeuz - éey38+%E[eu3- %fueuzgd
2 € N Wy (3.18)
The rotational energy generated at the yield line is calculated by
_ g
Won = gMdg (3.19)
e, te
1
W, =—Eg®
"12 (3.20)
e, te:
3
_ 26y 1 g 1 1 2 y
th - r(-)] EECﬂq-'- rZLyE th+E(E- Et)ey - §(E_ Et)_qu
l 2 é,l ey3 2?
=CEq+(E-Bleger - U
12 62 3 0
(3.22)
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e,>6,:
2e, 1 26,1 1 2 e’
thzﬁygEqdq+::gth+§(E- E,)e, - 5(E E )% % _dg
ﬁe% . izé( é;laez— -Eey3g+1Eteu3 1fueu2€dq
=Ee’+(E- E)[Zeuey - ey2]+ fu%q- 2e é ggE E - %eﬁ?%ﬁej- %fuef‘éj
(3.22)

3.3 Development of the component model for reverse channel under tension

Followingthe flush endplate connection, the reverse channel was introduced between the
composite columrface and endplate. Since the reverse channel is relatively flextmse,
connection deformationcan be large which itself maylimit the connectiof2 &apacity.
Hence, it is necessary to implement a component model to represent the reverse channel in
the cannection element. The following two sections will develop the component model for

reverse channslunder tenson and compressian

The component modedevelopedfor the reverse channel under tension adopts the plastic
hingemechanisnmethod to calculate the force/displacement curve. By investigation of the
component tests conducted in COMPFIRE (RFCS, 2012a), a reverse channel under tension

may form twocombinedplastic hinge mechanisms:
T ! WwO2ySQ gAGK | OA N&bdifheaNFiguie208).0 A O KAy 3IS | N
9 Straight line plastic hingégigue 20b)

Both of the plastic hinge mechanisms adentified in the component tesin Figure21

Figure22. In the straightline plastic hinge mechanism, 6 plastic hinges form. The tops of the

two legs are moved slightly towards each other by the bending deformation in the web.

¢ KS WO AsudnhirjelisNie toltbfe bolt head being pulledt from the bolt hole in the
reverse channel web. The conical wall is under circumferential tension, and a circular plastic

hinge forms at the bottom of the cone due to the rotation of the cone wall.
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[ 1]

a) Circular yield line

)
Q)

b) Straight yield line

Figue 20: Hastic hinge mechanissn

Figure22: Circular yield lingattern and plastic hinge mechanism (RCT3) (RFCS, 201
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3.3.1 Straightline plastic hinge mechanism

For the straighdine plastic hinge mechanism, the reverse channel works similarly to a
singlespanportal frame. From the bending momemtiagram(shown inFigure23), three
plastic hinges (PH1, PH2 and PH3) gradually.feigure24 shows straightine plastic hinge
locations for two types of reverse channa:parallellange rolled channel (PFC) and a
channelcut from a structurahollow-section rectangular tubePH1 is assumed to be at the
edge ofthe bolt head. PH2 and PH3 are respectivamthe legs nearthe root of the tube-

cut andon the web of the PFCnear to theroot. This is because the maximum moment
happens at the intersection of web and ldmit the PFC and tubeut sections have different
local wall thicknessesthe PFC has a thicker leg, aadyraduallychanging thickness in the
root area. PH3 is at the bottom of the reverse channel legarder b allow sufficient space
to install the bolts orsite, it is considered that the minimum clear distance between the

reverse channel leg and bolt head shouldlbg times the bolt diameter.

N Y V' /

Figure23. Bendingnmoment diagranfor singlespan frame.
Based on the plastic hinge metth (Figure25), the rotations of the plastic hinges for a Pl

are calculated as:

h- ,/hz )8
= arcsm"éﬂ *m COE(% *4;) 8
* (3.23)
q,=G,+3q; (3.24)
A (m- 0
g, = arcsii” (m : mo)fosql . 4
¢ VhEm o < (3.25)
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Figure24: Reverse channel under tension: plastic hinge locations.

o A
h
B
a) Cuttube
-—b
h
EA
b) PFC

Figure25: Hastic hinge rotations

For the channel cut from tube, the plastic hinge rotations are calculated as:
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7 +a —arcsm?"DJr (h- h,)1- cosg,)+h,
0

¢ Vhg +m’ : (3.26)

|- O: OOI

q,=q,+q, (3.27)
Jh? )8
= arcsnﬁ"én +m codgs +4,) 0
h- h, 0

+ (3.28)

3.3.2 Bolt pultout Y 2 yirddel mechanism

Thebolt pullout W O 2 yid8dD Figure26) is a simplified modelusedto calculate the local
deformation of the reverse channel web aroundlmlt hole before the bolt is pulled out.
Thework done by the boltension force is assumed be absorbed only bgeformation of

the reverse channel web; the effect of stress concentrations, cracking around the bolt hole
and the nonuniform contact between the reverse channel atige bolt head are beyond

the scope of thisnalysis Equating thenternal absorbed workWqta) to the external work

done

W,

total

=Fd (329)

The internal work\Weta0 AY GKS QO2yS Y2RStQ AyOf dzRSa
plastic hinge W.ircuiar), @and the strain energy due tihe circumferential stretching of the

cone wall Wip).

W,

total

=W,

circular

HWeap (3.30)
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Circular plastic

Average cone wall radius .
hinge cone wall

Iye R(RA/2-2)/2r
e R ) Average cone (92 [ under tension
T wall radius f,, I

bolt head

Circular
plastic hinge 7\ Circular
¥ plastic

/ ave
I | hinge
Circular plastic \( ‘ 4 /

hinge bolt head

2R N
/]

N
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Figure26: Circular plastic hinge strain energy calculation

For the cone wall under tension, the average width of #rsa 4y IS

ave

_‘
1
O %QJO

d
5 2m mo/ 2 (3.31)

In this equation, thed is the bolt shank diameter, and 2mm is the clearance between the

bolt hole and the bolt shank.

The average section area is:

(332
Wheret,, is the reverse channel web thickness.
The average cone wall radius is:
=R 3R 082

¢ ¢2 = (333)
The average length of the cone wall is:
Laip = 2 e (3.34)
The rotation of the circular plastic hinge is:
g= arctar%__{—_ Zm ; 2% (3.35)
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Whered,, is the mean of the dimensions of the bolt head across the points and across the

flats.

The average elongation of the cone wall is:
DLstrip 22,0(R' (R- rave)co$)_ I‘strip (336)

The initial axial stiffness is:

k= EA

Lt (3.37)
The tangent stiffness is:

_EA

k=7

stip (338)

The Yield resistance is:

F=1A (339)
The ultimate resistance is:
Fuo= 1A (340)
The axial deformation along the bolt pwllit direction at the yield load is:
DL =Rk (341)
The axial deformation at the ultimate loast
DL, = DLy + (Fu ) FY)/kT (342)
The work absorbed at a given bolt head movementEdD
%kDLﬁmpAAAAAAAAAAAAAAAAAADLSmp¢DLy
W, = z_i +%(2Fy +k; (DLyy - DL, )(DLuwsp - DL, JA A A DL, <DL, ¢ DL,
Z_i ¥ %(Fy +F,JoL, - oL, )+ R, DLy, - DLJAAAAL,, >DL, 0

Figure26 showsthe principles of therotation calculation foMV;jrcyiar, Where
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c

0
Wircular =M p 3 2:0R3 q = Méﬁ (344)

When the bolt is pulleaut (Figure28), the cone wall rotation ( at unit of radian¥ reaches

its maximum @ay):

m

R- d (
G o= arcco§e—2_

B
O: OO

d o
ZR- - 20
¢ 2 2 (345)
The bolt head maximum movemeni(,) is:
dmax :%z_ 9_ 285|nqmax
c 2 = (3.46)
Therefore, theForce(F) is:
E :VVtotaI
d (3.47)
Accordingly the bolt pultout limit (Fynay) is:
F :Vvtotal,max
2/ (348)

Dn/2 —|

Umax

| 2R |
| |

Figure27: Cone model for bolt putbut limit.

3.4 Validation of the plastic hinge model for revee channel under tension

A wideranging validation was performed using a series of tests and FEA simulations on
reverse channels of various geometries for ambient and elevated temperatures. In
COMPFIRE (RFCS, 2012a), a set of component tests on remselsluinder tension were
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performed by theUniversitiesof Manchester and Coimbra with the aim of providing
experimental data to characterize the behaviour of the reverse channel under tension.
Following the tessetup, the preliminary finite element modeVas simulatedby the author
using ABAUS to investigate the reverse channel under tension behavi@ased on the
tests in COMPFIRE, farther intensive FEA parametric studyas conducted by Lufe

Technical Univerty to investigate all possible modes of behaviour (RFCS, 2012a).

All the test and analysis results are representedf@se/ displacementcurves (singthe
measuremens shown inFigure28). The force is the total reaction force at thadeof the
reverse channel, and the displacement is the movement measured at the bolt. In order to
AYy@SaiaAarasS GKS W(dmedSplasemnéhBiie @ th® Boyf behd putled A 2 v
through thebolt hole) aforce/displacementurve isalsoplotted for some of thetests, for

whichthe deformation is the local displacemeoitthe bolt.

Displacement for

component model

Figure28: Displacement measurements for the component model validation.

3.4.1 Preliminary finite element simulation

While the University of Manchester was conducting the reverse channel component test
(shown inFigure29), a preliminary finite element model wageated to investigate the
behaviour ofthe reverse channel under tensioithis preliminay finite element modeivas

generalin nature, but was particularfiocused onrest7 (RCT 7).
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M
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Figure30: Manchester componest test ragrangement (RFCS, 2012a)
To conduct the component tests, the University of Manchester designed the test rig which is
shown inFigure30. Thisconsisted of two side columns providing reaction forces for two
opposed channels (shown Figure31). The tensile force on the channels wasplied via

hydraulic jack, supported by the top crelssam.
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Figure31: detailed vew of tested channelin aManchester component test (RFCS, 2012a)
Figure32 shows the FE model setughich was createdising ABAQUBynamic/Explicit It
adopted the methodology and material properties in Yu (2008b). All the elements used the
element type C3D8Rvhich are8-nodedsolid (brick) elementg=igure33 showsa sectioral
view of the FE model. In order to sas@mputationtime, boundary conditioa representing
an axis of symmetry werapplied.A fixed boundarywas applied at the reverse channel leg,
and vertical movementvas appliedat the top ofthe bolt. In order to simulate the contact

between bolt head anthe channel web, a 1mm gapas initially assumed

UKPFC 230x90x32

\Vertical movement applied

‘5

S

Figure32: FE model of Manchester RZTest 9 (3D view)
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Figure33: FEmodel of Manchester REMtest 9 (side view)
Figure34 shows the deformed channel atrelatively early stagef the analysis. Theakled
line shows the straighiine idealisation of theplastic hinge mechanism. The channel leg is
rotating inwards, and has one plastic hingear toits bottom. One of the plastic hinges is
locatedat the inner side of thébolt head; another plastic hinge iscated near to the root
radiuson the channel flange. The bolt shaomes intocontact with the bolt holenner

side, and islightlybent, which is also shown in the 3D viewigure35).

Figure34: Mancheser RCT test preliminary model deformed shape 1
42



Figure35: Mancheser RGT test preliminary model deformed shape 2
Figure 36 shows the deformations at the end of the simulatiorafter the bolt has

completelypulled out. The bolt hole ishen conical, which is alsoighlighed in Figure37.

Figure36: Mancheser RCT test preliminary model deformed shape 3
Figure38 showsa comparison of the force/displacemeptedictionsagainst the test results.
The forceplotted is the total reaction at the reverse channel legsk and the displacement

isthe upward movement of the bolt head.
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Figure37: Mancheser RCT test preliminary model deformed shape 4
The Force/Displacemenf(D) curve from the Finite element model starts from 1mat,
which the assigned gap between the bb#ad and channel wels fully closed and contact
force is transmitted TheF/D curve from the FE model is neadfthe same shapas that
given bythe test. The peak reaction fora@ecurswhen the bolthas very nearlybeenpulled
out. The predicted boltpull-out limit from the ABAQUSnodel isalso veryclose tothat
experienced irthe test. Thiscomparisonat least partlyalidates the FE modélhe detailed
information given bythe FE model shows the process of bolt ymult, and the gradual
combinationof deformation from thedstraightline¢ plastic hinge mechanism arite local

oconee modelrepresenting bolt pulbut.

It can besummarized from Figure 38 that, if the initial gap imposed in the FE model is
closedup, the experimental and modelling curves very nearly coincide, although the peak
load in the test produces a very sudden ctofp in force, probably because the test setup is

not sufficiently stif to allow a gradual negativstiffness path to be stable.
3.4.2 Selected tests conducted by the University of Manchester

One test result (RCT7) from Manchester, which measured the reverse channel deformation,
can be used directly for component model validatiomhe key parameters are shown in
Table4.
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Table4: Material properties in Manchester component td&2CT7

Coupon |Thickness E E fy fu
Test No. | Element | position | (mm) | (Nmm?) | (\/mm?) | (N'mm?) | (N/mm?)
UKPEC Web 7.5 |190190.4| 6035 442.11 | 669.48
RCT-7 | 230x90x32 | Flange 14 186669.9| 6008 416.21 | 643.142

The forcedisplacement relationship for the reverse channel (RCT7) given by the component

model is compared with the test data Figure39.

The bolt puli2 dzi Y2 RSt Qa O2y iNRodziAzy (G2 GKS RSTfS
component model deflection is shown in blue. The component model clearly successfully
captures the stage at which the first plastic hinge forms. After the formatibthe first

L FadAO KAy3aS:T GKS O2YLRyYySyiliQa altATFySaa Aa
this stage, the reverse channel web contributes most to the overall component model

deformation.

RCT-7

200

150

50 AT T T T T TTTTTTT —Test 1 EE

Force on each bolt (kN)

—Abaqus model

0 10 20 30 40 50 60

Displacement at the bolt central line (mm)

Figure38: Mancheser RCTtest preliminary FE model .vs. test results

Figure39 includeslocal deformationof the bolt holeat any applied force levelWhen the
bolt is nearly pulled out, the local deformation contributes abdwo thirds of the
component deformationThiscan be seen from the tegihotograph(shownas Figure40).
The final deformed shape combimé¢he straightline plastic hinge mechanism atige cone

model aroundhe bolt hole, both of which are highlightedn Figure40.
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Figure39: Component model for reverse channel under tension component model and bolt
pull-out model validation against Manchester test RCT

Bolt hole local deformation

-

Figure40: Posttest photograph oMandester test RGT (RFCS, 2012a).
3.4.3 Selected tests conducted TheUniversity of Coimbra

The component model validation againat selecton of the tests conducted by the

University of Coimbra (defined ihable5) uses the verified FEA simulation resutsm

Luled Technical University (RFCS, 2017ag bolt pullout model prediction is plottedn
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Figure4lto show thecontribution that localbolt hole deformation makes ateach applied

force level.

Table5: Reverse channel component tests conducted by the University of Coimbra

Reverse Test
channel section Temp Steel
Test N. | section type applied load | (C) grade h(mm) | tw(mm) | tf(mm)
1 | 202x90x7 Welded | Tension 20 S275 202 7 15
2 | 202x90x10 | Welded | Tension 20 S275 202 10 15
3 | 202x90x12 Welded | Tension 20 S275 202 12 15
Cut
15 | 200x90x8 tube Tension 20 S355 200 8 8
Cut
16 | 200x90x10 tube Tension 20 S355 200 10 10
Cut
17 | 200x90x12 tube Tension 20 S275 200 12 12
18 | UPN200 Rolled Tension 20 S275 200 8.5 11.5

In tests1, 2, 3 and 18shown inFigure41l), the bolt pultout model prediction is close to that

of the component model, which means that the reverse channel is relatively stiff.

In the Coimbra component tests, the bolt separationsw8smm with M24 bolts. The
reverse channels in tests 1, 2, 3 and 18 have thicker legs, Therefore, the bolt head is close to
GKS NBJSNES OKIyySfQa NR2G T2ySeo 1'a GKS NBa

has barely formed, and the bolt ptdut model dominates.
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3.4.4 Further parametric studies

The COMPFIRE component tests provide a good opportunity to validate the component
model. The followingparametricstudy aimsto expand the component test data furthéo
investigate the reverse channel behaviour at both ambient and elevated temperatures. All
the parametricFEA analysesere conducted by Tim Heistermann frobuled University of

Technology.

Table6 to Tablel2 list the parametric study simulation¥he SHS 350x8 ectutbe section,
gAUOK £ S3 f Sy 3likFiggreddy ¥ seteciel & a hechmayk. Two general types
of reverse channe{PFC and tubeut) are considered. All the tests are analysed for both

tension and compression cases.

Bolt Endnlate
- 1O O O
 — T | — \ 1
a
tw root Bolt hole
: “ O O
v 30
le L N
€ >
75 , 150 150 75
Flevation Top view

Figure42: Reverse channel parametric studies layout (showing three bolt rows)
For the tension tests, analyses were intended to carry on up to boltgoll As the bolt
pull-out limit was beyond the specification of this parametric stuiliyese FEA results do not
necessarily show the maximum resistance, and were often stopped due to solution
convergence problems. From this parametric study, the general locations and formation of
plastic hinges in the reverse channel under tension/composssan be identified at
intermediate stages of loading, using the strain contours. This identification is difficult to

capture accurately from experimental component tests.
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This investigationncludes the effects on strength, stiffness and failure mechanism of the

following parameters:

Leg lengtroh® Figyfe42);
2f 0 &85 ad Niyied)?2 v

Endplate thickness;

ow

Rolled channel (PFC) or const#mitkness channel cut from a tube;

Group effects;

Temperature.

The detailed results of the validation studies for the reverse channel utetesion are

T
T
T
f Reverse channel tbknesd Tt I y3S t QKA @§RY 8 B &t QWHIgH€12);y
T
T
T

S

~

a a

presented inFigure43to Figure55. Comparing the model with the tests and FEA analyses,

the compment model generally predicts the behaviour ofthe reverse channel under

tensionwith an accuracy that is acceptable for simplified modelling
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Test4: H=60 mm, a=150 mm

Test5: H=90 mm, a=150 mm

Test6: H =120 mm, a= 150 mm
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Figure44. RGin-Tension component model: parametric studies (Te€ts4
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Figure45: RGin-Tension component model: parametric studies (TeSs7
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Test 21: 350x8 (cut), a=150 mm, 450AC

Test 22: 350x8 (cut), a=210 mm, 450AC
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Figure46: RGin-Tension component model: parametric studies (Test22)L
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H=60mm, a=90mm

H=90mm, a=90 mm
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Figure47: RGin-Tension component model: parametric studies (Tests2p
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Figure48. RGin-Tension component model: parametric stud{@ests5254)
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Figure49: RGin-Tension component model: parametric studies (TestS4b
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Figure50: RGin-Tension component model: parametric studies (Test88)L
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Figure51: RGin-Tension component model: parametric s

tudies (Tests86)
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Figure52: RGin-Tension component model: parametric studies (Test88yY

62




PFC 200x90x30

200x7 (cut)

——Component mode| |

Bolt pullout model

0 10 20 30 40 50 60 70 80

Displacement [mm]

250
200 /
Z 150 — g /
3 ,// 3
3 100 3 —Test 74 L
——Test 73 = Component mode|
50 ~——Component model | Bolt pullout model——
Bolt pullout model
o I I I i I I I I I I
0 5 10 15 20 25 15 20 25 30 35 40 45
Displacement [mm] Displacement [mm]
(a) (b)
PFC 230x90x32 230x7.5 (cut)
300 300
250 Peu 250 /
_. 200 / _ 200 /
5 150 pral < 150 —
I I
3 / —Test 75 S
100 f ——Component model | | W = =TT [ [T —Test76 N
50 y Bolt pullout model || 50 _EZ:] s:?:unt“m“:;eellf4
0 0
0 5 10 15 20 25 30 35 40 45 20 30 40 50 60
Displacement [mm] Displacement [mm]
(©) (d)
Figure53. RGin-Tension component model: parametric studies (TestsGB
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Figure54: RGin-Tension component model: parametric studies (Test80yY
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Figure55: RGin-Tension component model: parametric studies (Test38)L
3.4.4.1 Plastic hinge mechanism

Figure56 shows the deformed shapfom the tension parametric studypasedon Test8.

The FE analysis has supplied detailed data on the component behavigure57 displays

strain contoursfrom this test capturedfrom an ABAQUS output video.These are the
principal plastic strains in various parts of the reverse channel connections. The notation 11
indicates the principal bending strain, 22 is the strain in the orthogonal direction t®Hel.
video clearly showhow the plastic hingeform, and their locatiors. It is obvious that the

three plastic hingeare located near tobolt holes, reverse channel roots, and legs.

Figure56: Tensile parametric Test 8 deformed shape by FEA
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(a)leg Pe22 inner

(b)leg Pe22 outer

(c)maxprincipalstrain

(d) plate pelltop

(e)web pellbottom

(f) web pelltop

Figure57: Tension parametric Test 8: strain contours by FEA

3.4.4.2 Ambient temperature

The ambienttemperaturecases 1 t® areshown inFigure43 to Figure45. Generally, the
Y2RSt Q0

force-displacement curve of the reverse channel (callee WO 2 YLI2 y Sy (i

typical three stages (shown Figure58):




1 Stage 1Theelastic stagebefore the formation othe firstplastic hinge
1 Stage 2Thereverse channel stiffness is redudayl plastic hinge formation;
1 Stage3: the reverse channdégs approach pure tensiofhe component becomes

relativdy muchstiffer.

Not only does th&eomponent model capture the formation of the fingair of plastic hings,

but it alsoquite reasonably predicthe subsequenbehaviouras new hinges form

A
Force T F :I:
Stage 3 L :!:
Stage 2
®
'\Formation of 1% plastic hinge
Stage 1
E=E Stage 1
Displacement " (b)
(a)
te ¥ tF
:‘:
:F :’:
Stage 2
Stage 3
(©)
(d)

Figure58: typical formation of straight line plastic hinge mechanism
3.4.4.3 Leg length

When the reverse channel is subject to tensitsegs will rotate inwards.For tests 1 to 9,
the comparisons between the component model and FE redqdiee beenincluded in
Figure43 to Figure45, which show that the component model is capable of predicting this
trend as well.Figure59 showsa comparison taken from thecomponent model of the
effects ofdifferent leg lengtis on the behaviour Generally, larger leg lengtlincreasethe
reverse chann& ductility. Howeverthis effectis more obvious when the bolt separation is

small for example,whedlQ A a nYYO0 ®
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Summary: H = 60-120 mm, a =90 mm Summary: H = 60-120 mm, a =150 mm Summary: H=90 mm, a =210 mm
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Figure59: Comparison of leg length on RETension component model
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Figure60: Bolt separation effects on one bolt row in tension; FEA results (Tes2s 1
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3.4.4.4 Bolt separation'¢ | ®iguked2)

The detailing of thereverse channel web is the key to its ductility. The bolt separation
defines the first plastic hinge location (shownRigure24) and the distance between the
first and second plastic hingeBigure 60 summarizesbolt separation effects on reverse

channels undetension. In these figure$ lis®he leg length, an® lisGhe bolt separation.

Generally, the reverse channel with tHarger bolt separationhas larger initial elastic
stiffness The tangent stiffnesgStage2 in Figure58) in the plastic range wiljenerally also
increase. This is becaudee space between the outer boénd the channel leg controls the
range ofductility. In the connectiof design, acompromise value obolt separation is

necessaryn orderto give sufficienductility without sacrificingiltimate capacity.

3.4.4.5 Reverse channel thickness

Figure61 comparestube-cut reverse channels with differerthicknesseg8mm in Test 1,
10mm in Test 49 and 12mm in Test 6djich are predited by the component modelhe
validation of these component models have been presentedrigure43, Figure47 and

Figure50. It is clear that thicker reverse chansélave considerablygreatercapacities

600 //
500
——Test1 / /
400 |- ——Test 49
——Test 61 / / /
300 / / /
200 //_//
o | | | ! !

0 10 20 30 40 50 60 70 80

Load [kN]

Displacement [mm]

Figure6l: Effect of reverse channel thickngssbe-cut) in the parametric studytension
cases)

3.4.4.6 Rolled channel (PFC) or constdmntkness channel cut from a tube

Figure62 shows comparisors of the rolled channel (PFChda constanithickness channel
cut from a tubewith the same flange thicknes3he main difference between these two
types of sectioriesin their definition of leg thickness. Usuallhe web thickness of tube-
cut channelis equal to its leg thickness, wherei@s PFChe leg thickness isisuallynearly

twice the web thickness.Comparing these types the tubecut channel shows higher
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ductility, due to its thinner legsTherefore,in choosing between channelgith the same

capacity the tube-cut section vould be recommended.
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Figure62: parametric studyPFQompared withtube-cut channelgtension)

3.4.4.7 Group effects

Figure63 presents a comparison of group effecteenin the tensie parametric studies

using detailed FE analysigests 2, 5, 8 and 11 are sinbldt-row cases, Tests 14, 17, 20 and

23 are twebolt-row cass and Tests 26, 29, 32 and 35 are thm#t-row cases. The

distance betweemmultiple bolt rows is 150mm in all these tests.

The force is the total

reaction force at the bottom of the reverse channel. The deformasibownin Figure63 for
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two-bolt-row casess that of anyone ofthe bolt holes, and the deformation of threeolt-
row casesis that ofany ofthe edge bolt holes. Due to symmetry, the deformations of the
bolt hole inthe two-bolt-row cases and of the edge bolt holes in thisat-row cases are
the same. The FEA results also show that the edge and innehddeltdeformations in the
three-bolt row cases match. At the same deformation levegure63 shows that the forces

in the two-bolt-row cases are twice #ir equivalens in the one-bolt-row cases, and those
for three-bolt-row cases are three times those of the singtdt-row casesThisindicates
that the force distribuion between the bolt rowss nearly uniform. Therefore, providethat
there is a reasonable bolt rogeparation it is practical to assume that the effective length

of areverse channel in tension is equal to the distance between bolt rows.
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Figure63: Parametric studies on group effect (tensjéit resulis
3.4.4.8 Boltpull-out model

The bolt pulout model developed earlieris a submodel, whichis incorporated into the
component model for the reverse channel under tension, to calculate tttal local
deformation at any force level, and to predict the limit at which ehbolt hole deforms

enough to allow the bolt to be pulled through.
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The AISC limitg force (AISC, 2005R, for bolt pultout through the wall of a hollow

structural section is giveby

R, =0.85d,tf, (349)

Whered,, is the average diameter of the bolt heatdis the tube wall thickness arfgis the

ultimate strength of the htbow structural sectio®d & (i SS¢
ThecorrespondingCIDECT lim{faspart, 2006for punching of a single bolt through a tube

Wa", Fpunch’cp |S.

tf
Fpunchcp :lajm \/éyc
Gmo (350)

Tablel3and Tablel4 show the prediotd bolt pull-out limitsusing the AISC, CIDECT #re
current bolt pullout models on the component test&igure64 shows the compason of
these bolt pulout limits. Generally, the CIDECT limit is thghest, and AISC is the most
conservative for design purposes. With a proper design safety factor, the bolouiull

model can be used safely in practical connection design.

3.4.4.9 Temperature

The component model is also tested for elevatezgmperature situations (shown ifigure

46). The component model prediction is higher than ttig Especially at the kink created by

the formation of first plastic hinge (refer téigure58) .This is because the component model

only congders the energy absorbed by the yielding of the material at the plastic hinge
locations, and neglects the gradual reduction of elastic stiffness with temperature. The
mainly-elastic zones between plastic hinge locations also deform and store strain energy
CKSNEF2NBYX GKS 0O02YLRYySyild Y2RSfQa LINBRAOUIAZ2Y 3
of deformation, and at elevated temperatures, when the modulus of steel degrades more
quickly than the yield strength. However, the component model still mtsdihe higher

deflection and putbut limit behaviour reasonably.
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Tablel3: RGin-tension test bolt pulout limit calculation by AISC & CIDECT

Bolt Bolt
head shank Yield Ultimate AISC
Test | dia dia ts strength | strength | tem Limit CIDECT

testlist | (kN) | (mm) | (mm) (mm) | (Nfmmd | (N'mm?) | (C) | (kN) | (kN)
RCT1 95 323 | 20 5.5 325 594 20 89.6 | 104.7
RCT2 43 323 | 20 5.5 203 203 550 | 30.7 | 65.5
RCT3 13 323 | 20 5.5 55 55 750 | 8.3 17.8

& | RCT4 96 323 | 20 5.5 325 594 20 89.6 | 104.7

%‘Uj) RCT5 41 323 | 20 5.5 203 203 550 | 30.7 | 65.5

2

S | RCT6 12 323 | 20 5.5 55 55 750 | 8.3 17.8
Test1 135 | 38.8 | 24 7.0 287 581 20 134.1 | 141.4
Test 2 174 | 388 | 24 10.0 | 287 581 20 191.6 | 202.0
Test 3 251 | 38.8 | 24 12.0 | 287 581 20 229.9 | 242.4
Test7 78 388 |24 10.0 | 179 179 550 | 59.2 | 126.2
Test8 97 388 |24 12.0 | 179 179 550 | 71.0 | 1515
Test1l | 20 388 |24 10.0 | 49 49 750 | 16.1 | 34.3
Test12 | 23 388 |24 12.0 | 49 49 750 | 193 | 41.2
Test15 | 140 | 38.8 | 24 8.0 347 420 20 110.8 | 195.4
Test16 | 238 | 38.8 | 24 10.0 | 516 592 20 195.2 | 363.1
Test17 | 295 | 38.8 | 24 12.0 | 471 540 20 213.7 | 397.8
Test18 | 200 | 38.8 | 24 8.5 344 605 20 169.6 | 205.8
Test19 | 67 388 |24 8.5 215 215 550 | 60.3 | 128.6

S [ test20 | 21 388 |24 8.5 58 58 750 | 16.4 | 35.0

'E Test21 | 100 | 37.0 | 20 6.0 96 255 550 | 48.1 | 38.6
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Figure64: Comparison of bolt puthut limits.



Tablel4: RGin-tension bolt puHout limit calculation by bolt pubut model

bolt pullout model

test Test | R fave F
list (kN) | (mm) | ° n (mm) | & 5, By Wtrip W. Wiotal (kN)
RCT1 | 95 | 204 | 104|725 |162 | 0128|0002 | 0.040 | 329834 | 327649 | 657483 | 91
RCT2 | 43 | 204 | 104|725 |162 | 0128 | 0.002 | 0.002 | 121243 | 204780 | 326023 | 45
RCT3 | 13 | 204 | 104|725 |162 | 0128|0004 | 0.004 | 32811 | 55700 | 88511 | 12

5 | RCT4 | 96 | 204 | 104|725 |162 |0.128 | 0002 | 0.040 | 329834 | 327649 | 657483 | 91

1)

£ |RCT5 |41 | 464 | 050 | 16.38 | 29.2 | 0.071 | 0.002 | 0.040 | 492728 | 222197 | 714925 | 44

C

S |RCT6 |12 | 464 |050 | 1638 [ 202 | 0.071 | 0.003 | 0.003 | 133189 | 60438 | 193627 | 12
Testl | 135 [ 338 | 076 | 1359 | 239 | 0.113 | 0.001 | 0.155 | 918625 | 564519 | 1483143 | 109
Test2 | 174 | 363 | 071 | 1455 | 25.15 | 0.107 | 0.001 | 0.155 | 1457339 | 1162596 | 2619935 | 180
Test3 | 251 | 36.3 | 071 | 1455 | 25.15 | 0.107 | 0.001 | 0.155 | 1748807 | 1674138 | 3422944 | 235
Test7 | 78 | 36.3 | 071 | 1455 | 25.15 | 0.107 | 0.002 | 0.002 | 672320 | 726622 | 1398943 | 96
Test8 | 97 [ 363 | 071 | 1455 | 25.15 | 0.107 | 0.002 | 0.002 | 806785 | 1046336 | 1853121 | 127
E’St 20 | 363 | 071 | 1455 | 2515 | 0.107 | 0.003 | 0.003 | 181949 | 197641 | 379591 | 26
ESt 23 | 363 | 071 | 1455 | 25.15 | 0.107 | 0.003 | 0.003 | 218339 | 284603 | 502943 | 35
I;’St 140 | 431 | 0.62 | 16.89 | 28.55 | 0.095 | 0.002 | 0.044 | 1576153 | 930269 | 2506423 | 148
IgSt 238 | 395 | 066 | 15.69 | 26.75 | 0.101 | 0.002 | 0.049 | 2448107 | 2121136 | 4569243 | 291
E’St 205 | 359 | 072 | 14.40 | 24.95 | 0.108 | 0.002 | 0.067 | 2285664 | 2742991 | 5028656 | 349
IgSt 200 | 343 | 075 | 13.79 | 24.15 | 0.112 | 0.002 | 0.178 | 1233626 | 999283 | 2232909 | 162
ISSt 67 | 343 | 075 |13.79 | 24.15 | 0.112 | 0.002 | 0.002 | 622708 | 624552 | 1247260 | 90

o ;g“ 21 | 343 | 075 |13.79 | 24.15 | 0.112 | 0.004 | 0.004 | 168392 | 169878 | 338271 | 25

o

-5 ZESt 100 | 442 | 0.65 | 19.40 | 281 | 0.116 | 0.001 | 0.137 | 629675 | 154984 | 784659 | 40

3.5 Development of the plastic hinge model for reverse channel under compression

When the reverse channel is subject to compressiamechanical model Emilar to that

under tension.The flange is subject to bending. The legs are under compression, which is
opposite to the channel under tension. Since the stiffness of flange under bending is less
than the legs under compression, the two ends of flange will rotate inwarts.plastic
hinges at thetops of the two legs are moved slightly away from each other by the bending
deformation of the web (shown inFigure65 and Figure66). Since the legs are subject to
compressionpPlasticHinges 2 (PH2 shown irFigure68 and Figure69) will move from the

channelweb to the reverse channel legs.
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Figure66: Plastic hinge rotations (ll)

3.5.1 Failure modes
For a reverse channel under compression, there are four pos$#dilares modes:

1. Large deformation of the revse channel in a plastic hinge mechanism, leading to
contact of the web of the reverse channel with the column flange/face. The detail of
the plastic hinge mechanism is explaine®ib.2

2. Web fracture, by punchinthrough of the endplate(Figure 67). This can be
estimated simply byapplying the material shear strength over the punch perimeter

area, although this assumes that failure is simultaneous around the perimeter.

F =f,&8,/V3 (351)

punching ™~

Where f, is the reverse channelegld strength,c is the perimeter of the punching
shear area, antl, is the reverse channel web thickness.

3. Leg buckling, in which the bucklifgrce for a legs based on the PersiRobertson
method (oates 1989 for an effective lengthactor of between0.5 (fixedfixed) and
0.7 (fixed-hinged). Conservatively, the latter is more reasonaliince there is no
AYF2NNYIGAZ2Y | 02dzi GKS FOlGdzrt 3IS2YSINRO A
the original formula based on tests in the 1920Rokertson 192b seems as
justifiable as the more recent formulae, for example those included in Eurocode 3
(CEN, 2005a
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T A SO7LY (352)

2
le 3 Lo o1 & .3 0
s =§éfy % 6.003- & U\/Z fé 1%0 OE)é'— £6 gy . (3.53)
c r u e c r
The buckling resistance is
I:buckling =SA= Slefftf (354)

Where l¢ is the reverse channel effective length, atids the reverse channel leg

thickness.For stocky legs this is equivalent églcrushing.

a) Before test b) After test

Figure67: Test 13: welded reverse channel 202x200xnpressive load; 750°C
[University of Coimbra].

3.5.2 Plastic hinge mechanisn

Due to thevariety ofdimensions and stiffness of reverse channels and endplatedich

are possible a reverse channel under compression has two possible plastic hinge
mechanisms. When the endplatessstiff that its bending is negligibl®JlasticHingel (PH1
shownin Figure68) will form in the channelveb at the edge of the endplate. In cases where
the endplate is relatively thin, a double plastic hinge (PH1) will be locetadtothe root of

the weld connecting the beam web and endel@igure69).
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m=(l-le-ts-ty)/2
ho=root+t,,/2

|
[€ L 4l I( L >|

> et

>| |<sww
—m —>| —m—>|
- Al
o "
imn yNimn Ao  gimn
@~ _)| |<— root/ @ _)| |<—
ho ty ho ty
e lo >| h 3 le
> <t m= (| th-2*Syw-tw tf)/2 ts m:(|-tb-2*SWW-tW -tf)/2
ho=root+t,/2 ho=root+t,/2
L > |« L

Figure69: Reverse channel under compression (Plastic Hinge Mechanism 2).
The rotations in the two modes may balculated(Figure65 and Figure66) from:

— — AOAGEI+— (355)
_ (3.56)
— O Qi : (357)
_ (358)

Figure66 shows the rotation direction of each plastic hinge within the reverse channel.
Whend; is less tharth, then d;, d; and dz increase with the displacement) (Figure66 a).
Whend; is larger thardy, the d; rotation will change directionAccordingly, the mechanism
will change and the channel resistance will enhanceortier to simplify the modelthe
component model wilcontinueits analysisuntil d; is equal tody. Theforce is assumed to

stay constantafter this point until the reverse channel reaches its maximum allowable

deformation under compression.
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3.5.3 Further parametric studies

Duringthe COMPFIREroject, intensive parametric studiedisted inTable6 to Table12)

were conducted by LueTechnical Universitusing ABAQUS. Tharawas to expand the

component test data in order to investigate the reverse channel behaviour more

extensively at both ambient and elevated temperaturd$e detail of this parametric study

is included ir8.4.4

Thedetailed results of thevalidationstudies forthe reverse channel under compressiare

presentedfrom Figure70 to Figure86. In general, by omparng the modelwith the tests

and FEA analgs, the component moddk seen to be able tpredict the behaviour bthe

reverse channel undecompression;the remainder of this sectionis a discussionf the

parameters considered in this study

i

Plastic hinge mechanism

Leg length

Bolt separation

Endplate thickness

Reverse channel thickness

Rolled channel (PFC) or constant thickness channel cut from a tube

Post yield hardeimg in the reverse channel under compression
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Figure70: RGin-Compression component model: parametric studies (Tegts
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Figure71: RGin-Compression component model: parametric studies (Tests
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Figure72: RGin-Compression component model: parametric studies (T@<t8)
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Figure73: RGin-Compression component model: parametric studies (T2%{24)
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Figure74: RGin-Compression component model: parametric studies (T25{28)
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Figure75:RCin-Compression component model: parametric studies (T8%t40)
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Figure76:RCin-Compression component model: parametric studies (Té%t44)
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Figure77: RGin-Compression component model: parametric studies (Tes#48)5
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Figure79: RGin-Compression component model: parametric studies (Te3{56)
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Figure81:

RGin-Compression component model: parametric studies (Té%t84)
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Figure83: RGin-Compression component model: parametric studies (T@3{82)
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Figure84: RGin-Compression component model: parametric studies (Té3{86)
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Figure85:

RGin-Compression component model: parametric studies (T€st80)
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Figure86. RGin-Compression component model: parametric studies (Té%i84)

3.5.3.1 Plastichinge mechanism

The FE analysisas supplied detailed dataon the component behaviourFigure87 and

Figure89 show the deformed shapefor the parametriccompressionTestd and 48. Their

strain contours are showm Figure88 and Figure90; theseclearly showthe plastic hinge

locations They illustrate the two types of plastic hinge mechanism, wiiakie been

discussed ir3.5.2

Figure87: Compression parametrgtudy Test 1 deformed shape by FEA.
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Figure88. Compression parametrgtudy Test 1 strain contours by FEA

¥

.

Figure89: Compression parametratudy Test48 deformed shape by FEA
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Figure90: Compression parametrgtudytest 48 strain contour by FEA
3.5.3.2 Leg length
Figure9lpresentsa dzY Y NAS& 2F C9! NBadz Ga m G2 mu F2N
GKS £S3 fSy3adKzZ YR WFIQ Aa GKS o02f éctai SLI NI
reverse channel leg length is not recognizable. This is because the analyses terminated early

due to convergence problems. In fadtestl (leg length 60mideviated from Test 2 (leg

length 90mm) and Test 3 (leg length 120mm) after the deformat@tined 60mm.
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Figure9l: Leg lengti{H) effect on one bolt in compressiqrarametric strudyFEA results
(Tests 1-12)

3533. 2f 0 aSsal Ngyiew)zy oW

Figure 92 shows a summary of bolt separation effects on reverse channeldennboth
GSyairzy FyR 02 YLINBHDRE AAY & KISy {aBKI A S R KRB 4R 4 ¢
Since bolt edge distance is constant in this study, larger bolt sepasatoply larger

endplate width. The larger bolt separation (wider endplate) will increase the elastic
stiffness.This is similar to the tension cases, where the bolt separation defive plastic

hinge locations. Therefore, a reasonable bolt separation is necessary to increase the

connection dictility.
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Figure92: Bolt separation effecta) on one bolt in compressigmarametric studyFEA results
(Tests 112)

3.5.3.4 Endplate thickness

Figure93 showsa comparison of FEA results fone-bolt-row cases with different endplate
thicknesgs (10mm and 20mm). Except for cases with 90 mm bolt separation, the thinner
endplate shows greateductility. This is because the thinner endplate changes fpbastic
hinge Mechanism 1 to plastic hinge Mechanism 2 (showfigare68 and Figure69).Figure

94 showsthe deformed shape and the different plastic hinge locations.

3.5.3.5 Reverse channel thickness

Figure95 compares reverse channels with different thicknesses (8mm in Test 1, 10mm in
Test 49 and 12mm in Test 61). Similarly to the tension cases, the stiffness will be increased

considerably with @hicker reverse channel.
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Figure93: Endplate thickness effects on reverse channel in compregsiaametricstudy

FEA results (Tests1R &37-48)

Test 4

..

Test 40

Figure94: FEA images of compression parametticdy tests 4 and 40

3.5.3.6 Rolled channel (PFC) or constant thickness channel cut from a tube

Figure96 shows the comparison of the rolled channel (PFC) at a congiakiness channel
cut from a tube, which have different definition of leg thickness. Similar to the tension

cases, the tubeut section with thinner legs shows the higher ductility.
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3.5.3.7 Post yield hardening in the reverse channel under compression

Figure97 presents the FE analysis results for the compression parametric sinmdyepolt-

row cases). The cases with wider endplate (210 and 270 mm) show pegield hardening

after the plastic Inges form. This is because the reverse channel leg in compression is
relatively stiff at the beginning. At large deformation it starts to show its contributien,

Woste A ST R KIFENRSYAY3IQ KI LIISY ad L postpiddih&dding 2 & A Y I

is excluded from this development.
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Figure97: postyield hardening in the compression parametric study
3.6 Conclusion

Based orthe plastic hinge method, the component models for the reverse channel under
tensionand compression have been developed. In particular, a boltquillimit has been
RSNAGSR TNRBY | WYWO2yS &R SY ARSOMPEIRREoO iaf SR Wo
supplied comprehensive test and FE dabacharacterise the behaviour ohé reverse

channel under tensionParametric studies are carried outereafter to investigate the

reverse channel behaviour. These studielt showthat the component models are capable

of reasonably representing the reverse channel behaviand that they areready to be
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implemented within the component based connection elemetd model the reverse

channel connection behaviour in fire.
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Over the past 30 years the components whizdn be assembled to represent ambient

temperature smatdeflection momentrotation behaviour of common connection types

(mainly flush and extended endplate connectiohaye been investigated by researchers all

around the world, and a number of componentodels havebeen developedFigurel3

shows the componenbased connection assembly by SimdesSilva(2001) for the flush

endplate joint.

These researches have taken place in the context of the development ofriggandesign
principles (embodied in Eurocode 3 Part 8 (CEN, [20@6r stesl and composite structural

frameworks.Figure98 shows another assembhlyhich isconsistent with Eurocode Bart

1.8, by Burgess2009.

Bolt
Cﬁ%IrL]Jmen tension
bendin End plate
2 bending
V C(‘?‘I’ggm r Beam web
tension —> | tension
NN WAVWWWWWAWWe,
Hogging
Moment
\Wieje\\\\efe- Mo
Beam
C%g‘n Column web flange
shear compression

Figure98: Component assembly for endplate connection (Bueg2009

The previous researchobjectives have been rather limitedThe componenbased
connection modelshawe been used only to calculate the elastic rotational stiffses of
connections and their moment capacity; they do not need to include stra@versal

properties, fracture of individual components or the effects of elevated temperatures. In
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contrast, the componenbased connection models which are intended to bged in
structural numerical modelling of framed building structures under fire conditions have to
deal with the net compressive forces and distortions caused by restrained thermal
expansion of beams, as well as the tensile forces and distortions caussddmnary action
of the same beams at much higher temperatures, when the strength of steel has been

greatly degraded.

Block (206a) has summarized the procedure to develop a mechanical model into three

steps, whichare shownFigure99Figure .

Step 1 ldentifiation of the active component#ctive components are those which either

contribute to the deformation of a joint or limit its strength.

Step2 Specification of the component characteristiosorder to extendmaterialproperties
G2 GKS TFANB OFaSz SIFIOK O02YLRySyiQa oSKI QA

temperatures using F.E. studies and experiments, and described with a simplified analytical

model.

Step 3 Assembly of the active joint component$: the behaviour ofthe individual

components is known, it is possible to assemble them in a stiffness model and to represent
the joint as a joint finite element. Each component is represented as a translational spring

A x> 4 oA o~

AYGSNO2yySOGSR 0@ N 3IArRantefnyfife wilthen leSnodIRd y 1 Qa 2

This procedure is very flexible. It can consider any types of, githier bolted or welded. In
order to model the connection constitutive behaviour in fire, some specific effects such as

component fracture, progresge failure of component can be introduced.

Component models which can be assembled to model both flush endplate and reverse
channel connections under tension and compression at elevated temperatures, including
their ultimate (or fracture) conditions, havbeen developed and characterized by the
author as a part of the COMPFIRE project. These components can be assembled to model

various connection specifications.
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Step 1 Identification of the activ
component

Step 2 Specification of t
component characteristics

Step 3 Assembly of the compon

Figure99: Componerdbased connection element development procedure

In this chapter, the key components for flush endplate and reverse chaonelectiors are
identified. On the basis othe flush endplate connectiorthe assembly of an appropriate
number of components withira generalpurpose component assembly generalized to
represent connections of different specificatiors)d this isbuilt into the Vulcansoftware.

In this expandable assembly, the tension and compression components are represented
using nonlinear force/displacement curves, which are defined by the user. This is actually a
componentbased connection element with flexiblec@ess, and is called a ustefined
connection element.Beyond this several of the adopted component models are reviewed
and incorporated into the genergdurpose component assembly to form connection

elements forboth the flush endplate and the reversannel connectiotypes
4.1 lIdentification of the active components

Table 6.1n EC3 Part 1.8 lists the basic components for endplate joints:

0 column web panel in shear
U column web in transverse compression

U column web in transverse tension
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U column flangen bending,

U endplate in bending,

U flange cleat in bending

U beam or column flange and web in compression,
U beam web in tension

U plate in tension or compression

U boltin shear

U bolts in bearing

U Welds

These active components are also showfigurel00.

'
’ Tensior
Column wel
Col flan
olumn A%gEnd plate
. ensiol
& . Beam wel
Column we| Slip . Beam wel =8
Beam
flange
Column wel web
Compressio
i
U

Figurel0Q: Endplate connection active component (Burgess, 2009)

FigurelO1llists the active components which are considered within the connection element

under this development.
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Column flange in bendil

Bolt in tensiol
Endplate in bendir

Column welin compressio

FigurelOL Zones of structural actiom endplatejoints (Spyrou, 2002).
Based on the experimentsonducted in COMPFIRHuang, 203a, 2013b)and FE studies
(RFCS, 2012a), thmones of structuralaction for the reverse channel connection are

identified inFigure102

Reverse channel in bend

Bolt in tensiol

Endplate in bendir

<

Reverse channel in compression

Figurel02 Active component in reverse channel joints.
4.2 Development of the usedefined connection element

The userdefined connection element is a compondpaised connection element developed
from the assemblyof a number of componeniswhich follows the distribution of key

components in the flush endplateonnection Figurel00). Users are allowed to define the
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basic behaviour of all components at ambient temperature as nclinear
force/displacement curve. Reduction factors are applied the material properties of these
in order to define the component behaviour at elevated temperatures. The following

sections will cover

U Basic assumptions fothe structural properties ofeach tension/compresion
component,

i How to combine these tension components in series into one effectodt-rowe
spring,

U0 How to assemble these spring rows as a connection element,

U How to fit this connection element intdulcanto deal withthe structural behaviour

of buildings at elevated temperatures, includipgogressive collapse.
4.2.1 Assembly of components

Figure 103 depicts the genergpurpose component assembly of a simpgigo-bolt-row
endplateconnection together with the action of the adjacent shear panel towards the end
of the beam Figure 104 illustrates howthis componentbased connection elemerénd
shear panelcan deform in responsdo the combination of axiaforce, shearforce and

momentwhich can happewduring a fire.

In order to tackle the changing force combination during a fire, gapswn inFigure105)

are utilised inFigurel03and Figurel04. FigurelO6uses aeverse channel connection as an
example to illustrate the function of these gaps. The gap between a compression spring row
and a rigid face is designed tepresentthe space betwee the reverse channel and the
beam endplate. Oncéheseare in contact, the compression spring row is activated, which
ensuresthat it only works under compressive force. The gaps between the rigid links above
bolt springs in tension (explaingd detailin 4.2.5 are formed and increasedvhen the

boltQ glastic deformatiorbreaks the contact between the mating plate surfaceewever,

the bolt doesnot act in compressianwhichis transferreddirectly by the contact between

the reverse channdbr column) faceand endplate springs.
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0/\/\/0 Reverse channel in compression 0\/\,0 Bolt in tension
o/\/\/0 Reverse channel in bending o/\/\,oEndplate in bending

Figurel03 Component assembly and beagnd shear panel (Block, 2006)
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Figurel04: Deformation of component assembly and be@md shear panel (Block, 2006)
The columAace connection (shown iRigurel06), removing the shear panel from these, is
assumed to have its components assembled between rigid surfaces. In its implementation
the connection assembly has been designed to include a maxiofuire tension spring
(bolt) rows and two compression spring rows. Node 1 is located at the intersection between
the beam and column reference axes. Node 2 is the-modk of the beam. The vertical
shear behaviour, representing slip between the columeefand the beam end, has not so
far been included in this assembly, and the connection is therefore assumed to be rigid in

the vertical shear direction (as shownHRigurel06).
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oAA0 Compression compone
oAA,0 Tension componel

Figurel06: Schematic@mponent assembljor the columnface
connection (Block 2006)

The columAace connection element is assumed to have no physical length. According to Li
et al. (1995), the length of a modelled connection is so trivial compared to the length of the

attached beam that its influence on frame behaviour is negligible.
4.2.2 Tension component

In the generaburpose component assembly, each tension bolt row includes thresiden

components, which work in series. The middle component in each series is designed to
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represent the bolt in tension, and how this is represented will be explained in detail later.

The other two tension components in a bolt row represent the columngiaim tension and

the endplate in tension for flush endplate connections the reverse channel in tension

FYR SYyRLIFGS Ay {(Syarzy F2NJ NBOSNBS OKI yyS
Force/Displacement behaviour is represented by a mimdar cure without any

WR S a OQnedgufivy giffness) part. A typical mditiear curve Figure107) consists of 5
intersections, which can be expanded if more are required, to plot relevant aspects of the
component behaviour. Iffigure107= t 2Ay G0 p NBLINBaSyda G§KS wdz
point the component has its maximum resistance and deformation. Beyond the ultimate
strength, the component is deemed to be fracturedPtint 5 is reached, the whole spring

NEg Ay HKAOK GKAAa O2YLRYySyll ishdirechver@oleiilBilR & A f f
y2G O2yUNROGdzS (2 GKS 22AyidQa aldATFySaa 2N N

Point 5 (ultimate)

Force

Point 3

|
|
|
|
|
|
|
|
Fracture |
|
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|
|
|
|
|

>

Displacement

Figurel07: Typical tension component force/displacement behaviour
4.2.3 Effective Force/Displacement curve of a component at constant temperature

When a component carries a force it may become inelaatid will then have irreversible
RSTF2NXNI 0A2Y OWNBaARdzZf RSTF2NXNIGA2Y Q0 6KSYy A
GKS Ofl aaA0 alaiay3d NMzZ S ODSNBRIGfSE mMpyyo A&
Masing rule the unloading curve is tlmgiginal loading curve doublad scaleand rotated by

180°.

If the initial loading curve (Block, 2006) is represented by:
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D= f(F) (4.2)
then the unloading curve can be described as

(DA' D): féEEFA- Fg

> = (4.2)

where Da and Fp (shown inFigure108) are respectively the displacement and force at
which unloading was initiated. IRigure108, the node Fa, Dp) is called the Intersection
Point, and the intersection of the unloading curve with the zBmwe axis is called
Reference Point 1, which represents the permanent deformation caused. The intersection of
the unloading arve with the zeredisplacement axis is called Reference Point 2,defthes

the point at whichthe component is pushed back to its original positlmncompression
F2NOS® LF GKS FLILXASR F2NOST 2N GKS 0O2YLRY
intersection point, its displacement and applied force lie on the loading curve, and its
permanent displacement will increase accordingly. On the other hand, if they lie below the
intersection point, then they are on the unloading curve, and the permanentrdeiton

will not change. Therefore, theold solidline in Figure108, incorporatingthe loading and

unloading curveshas becomeil KS WSFBOMMBEIS M 2 NBLINBASYyd (K

behaviour.

Intersection Point (Fa, Da)

© \

© frmmrmrm e TR

o H |

L | Loading curve ; . .
—_ i Point5 (ultimate

| strength)

N Ur:lloading curve

Displacement
Reference point 1
<

\Reference point 2

Figurel08 Typical tension componer¥/D curve
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4.2.4 Unloading with changing temperatures

When a component is heated in a fire, F#D curve is temperaturalependen and the
GSYLISNI GdZNE A& O2ylAydz2dzate OKIFyYy3IAy3I RdzNAY 3
concept is introduced to locate the unloading curve. Block (2006) describes the principle of
0KS WwSTSNBYOS t2AyiGQ O2y OSlcEd by a temipedhtdred G A O &
GENRAFGA2YQ® CKSNEF2NBEX GKS O2YLRYySydQa LISI
when only its temperature changes. When moving to the next temperature step, the
O2YLRYSyiQa OdNNByYy(d LISNXI y Sy llasRs®ef andwH behA 2y A :

updated at the end of each calculation step.

Force

Displacement'
\ Reference point 1

Figurel09 Unloading at changing temperatures
Figure 111 explainshow this concept is implemented iVulcan Reference Point 1 is
updated at the end of the step at temperatuifig, on the basis of the applied force and the
O 2 Y LI2 yPFerfelDizplacement/D) curve. When moving to the next step (temperature
0 GGKS dzyf2F RAy3 OdzNBS gAff 0SS LE/DPineSR 2y

Therefore the new unloading curve will be located by starting from a point on the new
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loadingcurve, passing through Reference Point 1 from the previous step (temperafure

Finally, the effectivé&/Dcurve is formed for this temperaturé.
4.2.5 Typical tension bolt row

In the calculation process for this connection element, the three componantsach

tension bolt row are combined into one effective spring at each temperature $tepie

110. The forcedisplacement curves of the tension bolt rows are used to define the
O2yySOiAzyQa 20t FT2NOS yR aiAFFySaao ! Fi.
equilibrium (exphined in4.2.7), the forces in the tension bolt rows are established, and the
displacements of each tension component are calculated; these aredbgut in order to

help the user to evaluate the state of the connection. The related information, such as each
O2YLRYySyidQa LISNXYIYSYyld RST2NX¥IGA2YyS A& GKSy d

In accordance with the principle of springs working in series, the force stays the same in

each spring within a spring row. The maximum resistance of the effective spring is defined

08 0KS 4SIH1Sad aLINAy3a Ay (GKAA aSNASamD ¢KS 7
curves are sorted in increasing order, aady force above the weakesO2 Y L2 y Sy (1 Qa

dzt GAYFGS NBaAadlyOS Aa AIy2NBR® !'G SIkOK ¥F2NI
F3IaINBIFGS 2F Fff G§KS O2hé cadrgsoydingoee 1&val.aWhen OS Y Sy
calculatingeachcomponentQ deformation, the unloadingurve will be used if the force is

belowthat at the previouslyestablished intersectiopoint.

F , , F

-----------------------------------------------------------------------------------------------

L {4 id
""""" Sy bl el 1
P /* ; i

D D

Unloading curve Unloading curve

Figurell10: Assembly of the individual tension componemt&tension bolt row
The middle component in each tension bolt row is allocated to the bolt in tension. This is
only able to transfer tension forceFigure 111 illustrates the typical effective
force/displacement curve for a bolt in tension, for which there is no Reference Point 2
(Figure108). Thisis because the bolt does not take compression force in either the flush
endplate connection or the reverse channel connection. In compression, thefeftright

hand components will contact directly to transfer the force.
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The endplate connection is nowsed to explain this principle. In this connection, the three
tension components in each tension bolt row include the column flange under bending, the
bolt in tension and the endplate in bending, are represented by twsiub components.

FigurellZ2illustrates this as a picture of astub tension test.

Point 5 (ultimate strength)
A

Force

Displacement
\_Reference Point 1

Figurelll Typical tension componerf/D curvefor bolt in tension

1 -

Figurell2 T-stub test picture (Spyrou, 2002)

Figurel13shows the deformed shapes of thesub at various stages af sequence oxial

force. The applied force starts with increasing tensiaich reduesto zero, changsto

compression, redugsto zero again, and finally chaasgtto tension.
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Figurell3 T-stub deformed shapeat different testing stages

-
-

The typical tension bolt row Force/Displacemehtl) curve consists of foyparts Figure
114): tension, bolt plastic deformation, compression, and residual compression. Each part

may be used at different stages ofiee.

¢ KS Wi Sy@Eigueyl3ddb bdd @ shows all three componerits parallel under

tension.Two Fstub flanges are subject to bending, while two bolts are under tension.

CKS Wwo2fid NBO2@PSNE gFigurelld d) fefrasénts Bi& FageNdetivded 2 y  LJI
0KS WwiSyairzyQ YR WO2YLINBR&aaAz2yQ LI NIGasz RdzZNRY

the deformed endplate and column flange have not yet come into contact. As thenbolt
tension component does not work under compéed 2y > (G KS GSyairzy &LINRAY
zero after this. The plastic deformation of the boltésidual andrrecoverable, even during

the reloading which is shown Figurel13g, h and f.

¢ KS wO2 YLINFmure\123ye andHNdpfesents the state when the plastically

deformed endplate and column flange are pushed back until their centres come into

contact.
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¢ KS WNBAARdzZ f (Fog@ed13NIE dasdddry the akstiniion that the tension

bolt row can transfer a certain amount of compression force. However, as the parts of the

connecton represented by the compression spring group are much stiffer than this, most of
the compression force will be transferred by the compression spring group.

A

Force

N
>

Displacement

=—=Tension
== Bolt plastic deformation
m— COMpression

— Residual compression

Figurell4: Typical tension bolt row force/displacement curve
4.2.6 Compression spring row

A compression component characteristic is represented by 3 intersection points, which can
be increased if necessarFigure 1150 @ I O2YLINBaarzy O2YLRySyl
under tension forcewhen its stiffness contribution is zerand it transfers zero tension

force. Point 3 is the ultimate strength point beyond which no change of force occurs.

Force

Point 1

N

Displacement

Point 2

Point3

Figurell5: Typical compression component force/displacement behaviour

109



4.2.7 Solution process of Vulcan

Since the genetgurpose component assembly haew been developed, consideration of
the effects of interactiorat connectionswithin framesunder elevated temperatures can be
addressed, once it has been incorporated into the global nonlinear finite element software
Vulan. The principle and procedure are also applicable to othgpe of connection and

can be incorporated into othdinite element packages.

Vulcanis a nonlinearfinite elementanalysis software for structural fire engineeringghen
modelling adiscrete structure, the whole structural system isrepreseried with a large
number of elementsA joint will be modelledas a2-noded connection elementThe whole
structure forms a global systemwith global coordinateswhile each element forms an

internal systemwith its own local coordinates.

After applying loading such as temperature, force afwl deformation, a structure ray
stay stableor lose its stability and collapsA.stable structureetainsequilibrium of internal
and external forces, compatibilitgf internal and external deformations, arits defined
constitutive relationships betweennternal force and deformation (Izzuddin, 200%ulcan
is intended to track the equilibriumwhile retaining itscompatibility and constitutie

relationships whichare represented by the following three equations
{P}=ITT{ ) 43)

This equation represents the equilibrium of internal and external forffss the vector of
applied forceshasedin global coordinatesand {} is the vector of internalorcesbasedin
local coordinates|[T] is the geometric transformation matrizetween the global and local

coordinates
{d} =[TKU} (44)
This equation matches the internal and external deformationdd} is the internal

deformation vectorbasedin local coordinatesand {J} is the external deformation vector

basedin global coordinates

{ £} =[KI{d} (45)
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This equatiorrelatesthe internal forceto deformationusing the constitutiverelationships
{f} is the vector of internaforcesbasedin local coordinatesThelocal stiffness matrix §] is

variable due to both geometrical and materiabnlinearities

For linear elastic analysis, the unknovis} €an be determinedar a given P}

{P} =[KKU} (46)
where

[KI=[TI"[KI[T] (47)

The commonly used NewteRaphson iterative technique (Sun, 2012) is adopted to achieve

a converged solutiorin the load control method, equilibrium states are hunted for various

load leves RS TA Y SR ®RPBF <dzy Y26y SldzAf AONRdzE &l G S
obtained through an iterative procedurghich startsfrom the lastknown equilibrium state

Ay (GKS fi2ahdRonsisted & Gtepsdt should be noted thav/ulcanhas both static

and dynamic solvet the followingis anillustration of procedureon the bags of static

solver. In the static solver, the rates of inertial effects from the change of loading and
temperature are ignored.The relationship between static and dynamic solver will be
includedin 4.2.9 The following is the calculatioprocessto find the equilibrium at load

f SoPgt 20y (GKS 0 3% Thispdcedui is Riso SHoWhBjureil6.

Loac
P

AT

ni

Uo Ui Displacemer

Figurell6: Newton-Raphson iterativ@rocedure
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1. Calculate incrementap{% from load level pto load level P.

2. Using the stiffness fKon the last step, solve the incremental global displacement

{DU;} =[K,]"{DP} (4.8)
3. Update the global nodal displacement

{U}={U+a{bu} (4.9)
4. Update the global nodal forces

{R} ={R} +{DP} (4.10)
5. Update the local element displacement

{d} =[THU} (4.11)
6. Calculate the global internal force

{R}=[TH f} (4.12)
7. Calculate the out of balance forcesf&R}-{P}

{G} ={R}-{R} (4.13)

8. If G; does not meet with the convergence criteria, the above calculation will repeat.
The stiffness will be calculated for the next step. The iteration will be carried on,

until the convergence criteria is met.
4.2.8 Incorporation of the usedefined connection eleemt into Vulcan

Within Vulcan this new connection element is attached to the existing subroutoealed
SEMIJO, which is specified for the existing simpler spring elements and which Block (2006a)
also used for his connection element. In each calculasitep (or load/displacement step),

the connection element receives the necessary incremental displacement vector from

SEMIJO and returns the tangent stiffness matrix and force vector (shdwiglirel17).
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Vulcan

Incremental displacement
—
—
Tangent stiffness matrix
Force

Connection element

Figurell?: interaction between connection element aMiilcan

Block (2006) first derived the tangent stiffness matrii () of the connection element,

shown as Equation 24. Based on the element local axisnode hadotal six Degrees of
Freedom (DOF), including X, y, z, xx (rotation abeaiis), yy(rotation about yaxis) and zz
(rotation about zaxis).Thex-axis is the axial direction of the connectidrhe y and z-axes
are the shear directiosiof the connectionThe connection element local coordinate system
is also illustrated irFigure118. Accordingly, the tangent stiffness matrix will be 12xTBe
out-of-plane and torsional DOF are assumed to be connected ricadiy without

interaction, because these are currently under development and are in any case of relatively

minor importance in steel or composite building structures.

WV&;/LY‘

Figurel18 Connection element local coordinate system
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in which
A SR I
Ki=a ke +a ke,
=1 =1 (4.15)
TR S
Kis =Kg =a I+ ke +a lcike;
B! =1 (4.16)
K =k, (4.17)
' n ' 2 '
Ks=a |T2,i K + a Ié,i Ke;
=1 = (4.18)

In which the subscripts @ad y,rgpresent components working in tension or compression,

andn s the number of bolt rows. Theubscripty dgnotes a shear component.

Ki1 represents theaxial stiffnessunder the axial force imxisx shown inFigure118. Kis is
the axialstiffness inaxis xunder the bending aboutthe y-axis.Ksz is the shear stiffnesm
axis zunder shear in z directiorkss is the bending stiffnesabout axis y under theending

about axis y.

However, the static solver only converges on the ascending part (positive stiffness) of the
force-displacement curve. The change to a descending part, with negative stiffness or

unstable equilibrium, will lead to a numerical singdlafr @ | YR A& 0S@2yR (KS
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capacity. It will stop the analysis without accurately predicting the failure of the whole

structure. At that time, a dynamic solver is necessary, which is include@.m
4.2.9 The static/dynamic Vulcan solver.

As a key part ofperformancebasedstructural design the structural engineering should
ensure that the possibility of disproportionate structural collapse in fire avoided
Scenariebased nodinear finite element modelling of the structure is necessary for the
performancebased structural fire engineering building design, particularly for large and
complex buildings. Therefore, the numerical modelling must be capable of predicting the
real structural behaviour, not only before the first loss of structural stability, but also from

the local instability to total collapse.

The following takes the comction as an exampléne component failuren a connection

such as fracture of a bolt, maydeedtriggera progressive structural collapse, but does not

in itself constitue failure of the whole structure. Generally, a component failure will cause
the dructure to lose its stability temporarilyas other components and members of the
structure share the redistributed internal forceéfter the load path is Hormed in this

way, it is possiblefor the structureto re-stabilize. This is a common phenomen in
experimental testing under loadontrol, where the forcedeflection trace is sawoothed
because of a sequence of releases of internal force as local fractures occur. When
equilibriumcannot be achievetietween the external loading and the redistributed internal
forces a more widespreadtructural collapse occurs Figure119 shows schematally the
situation in terms of applied force and deflection when part of the structure reaches its
peak load capacity. Since the load level remains constant the deflection accelerates
dynamically, and will become extremely high unless -atabilized cafiguration is found.

The figure shows the initial quastiatic equilibrium path, followed by a dynamic phase
which restabilizesand once again becomes quasatic. Figure120 shows the alternative

(or eventual) situation, when no sstabilization is found and a real structural collapse

occurs.
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Figurel20: component failure causing structural collapse
Figure121 shows thegeneralflowchart for modelling of astructure and itsconnectiors,
including itsfailure sequence. Generally a quasatic analysis solver is used, up to the point
at which the fist component fails. From this point the dynamic solver is activated to track
the motion of thestructure. If stability is not regained, this initiates a cascade of failures of

the other components, leading to complete detachment of the members.
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Figurel21 procedure of connection failure modelling

4.2.10 Preliminary application of theserdefined connection elemeirt examples

The development ofthe generalpurposeconnection elementwas intended to cope with
reversechannel and flush endplate connect®nn which the componentharacterizations
will be defined internally on the basis of connection geometries, temperatfierelopment
and temperaturedependent material properties. However, the connection element also
allows the definition of component behaviouby users which is calledhe userdefined
connection element. The foredisplacement curves andhe temperaturedependent
strength and moduluseduction factos for the componentsre required for the inputThe
element provides a tool to investigate the interaction between connecsicand the
adjacent connectedtructure, andto understand the demarslposed by the structuren its

connectiors.

The userdefined connection element has been successfully incorporated Vatlzan In
order to testits functioningin limited subframeexamplesrather than in more extensive

structural framesfour cases were created to test the element:

U Case 1: Isolatedbeam with connection elements, without axial restraiftigure
122)

U Case 2: Isolated beam with connection elements, with axial restrakig(ire123)

U Case 3: 2Dsubframe(Figurel24)

U Case4: H5 G NUzA @ &frade Figlrel25)
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All these cases wereanalysed with the statidynamic solverusing different connection
details, andhe results werecompared withthose obtainedusingidealizedrigid and pinned
connections. The connection behaviour in the cooling phakehe fire has also been

examined.

In all of thesetest casesthe beam section was 254x102UKB2&hd the column was
203x203UKC7The beam endplatéhickness was 12mm and the steel grade was S275. No
out-of-plane deflection was allowed. The jomtails(Figurel27) were designed to test the
connection elemersQ ¥ dzf f  @&ndSb@txoivgof VihRH\the lowest would normally

be considered to act only in shear

The component behaviou(Figure 127) for both arrangementswas based on a set of
derivations from earlier studies (Hat al., 2007 and Yet al., 2009). In order to consider the
O2YLRYSy(iaQ o0SKI @A 2 dzN) rddictiorSfact®d land JIdctiliti BerorsS NI d:
(Figurel28, Figure129 and Fgure 130 respectively were temporarily introduced to reduce

the ambienttemperature resistance and to increase the ductiityhightemperatures.

W= 10kN/m
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Figurel22 Isolatedbeam with connection elements, without axial restraint

W= 10kN/m

VILPLVLL VIV LIV
E

g E ﬁ
M- \

L 5500 mm Jd
K A

#

o

Figurel23 Isolated beam with connection elements, witingedend, fixed in position
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Hgure130: Ductility factor for tension component.
Case 1: Isolated beam with connection elements, without axial restraint

Case 1 was tested for mgpan deflections against cases with the ermgh perfectly
restrainedlaterally, but allowed to move axialgnd unrestrained against rotatiorrigure
131 plots the bolt row force againststeeltemperature forthe 5-bolt-row case. The foree
in the bolt rows all start reducingbeyond 500°C, while thespring row deformatios are
noticeably increasing ifigure132 Fromthe output file, the fracture otthe first tension
bolt row trigges a progressive structural failuresincethe remainingcomponentscannot

resist the applied load.
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Figurel31 Bolt row forcesfor Casel (5-bolt-row case) [load 10kN/m].
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Figurel32 Spring row and connection horizontal movements for Case-iolfsrow case)
[load 10kN/m].

Figure 133 and Figure 134 respectively show the bolt row force and spring row

deformations against temperaturdor 3-bolt-row case, in which the forcstarts toreduce
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beyond 400C, while the spring row deformatiortasts increasing sharply. It can also be
seen fromFigurel35that, in both of the connection element caseteflections liebetween
those for the perfectly rigid and pinned cases. Logically, thelérow connection is stiffer

than the 3 bolt row connection and also has higher resistance.
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Figurel33: Bolt row force for case 1 (Bolt-row case) [load. OkN/m].
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Figurel34: Spring row and connection horizontal movement Case-bo(Brow case) [load
10kN/m].
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Figurel35 Beammid-span deflections for Case 1 [load 10kN/m].

Case 2: Isolated beam withconnection elements, with axial restraint

In Case 2, the deflections for the rigid and pinmetinections Figure136) come very close

at high temperatures (above 600°C), when the beam is in theatenarystage ands under
nearly pure tensionthis is logical for a case with fixed ends is also noticeable that the
deflection of the beam with connection elements initially lies between those of the beams
with rigid and pinned connections. Above 685C, the beam with connection elements has a
larger deflection than either of the rigidr@inned cases. This happens because catenary
action causes a net shortening of the beam which is greater than the thermal expansion,
and some of this net shortening can be accommodated by extension of the bolt rows. The
bolt row deflections, together witlthe net movement of the beam end, are showrFigure

137, andillustrate this point.

125



800 1000 1200
-200

-400 |

-600

Deflection (mm)

800 I — Connection element 5 bolt
row
—Fixed

-1000 r Pinned

-1200
Temperature (°C)

Figurel36: Beam midspan deflections for Casgldad 10kN/m].
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Figurel37: Spring row and connectidmorizontal movement Case 2 [load 10kN/m].

Figure138 showshow the connection element deals with the combination of forces in the
joint when the beam is heated in Case 2. In the initial stage, the top 4 tension bolt rows and
the bottom (2%) compression spring row work to resist theamend rotation due to the
applied load. After the beam is heated it starts to expand, and the conneexiperiences
combination of compression and bending, at which stage all the top 4 tension bolt rows are

AN} Rdzl f £ &8 WagA i OKS R the tbpfofxhelsection iK dfsetib$ tyieitiengl T 2 NX
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expansion. Once all the tension bolt rows have temporarily stopped working, the top
compression spring row starts to work together with the bottom compression spring, and

the whole section is under comprasa. With the temperature increasing further, the
0SIHYQa RSTESOGA2Yy AYyONBFraSa akKFINLXE& FyR GKS
the top compression spring row in resisting the combination of compression force and
moment. Above 600°C, the beanrqmgressively develops catenary tension and reduces its
bending action. Eventually all the 5 tension bolt rows are working and both of the
O2YLINB&AaA2Y &LINRAY I TeBnidial failirédit thefaspténgicd Kt Pw,2 T T Q @
and the remainingomponents cannacthen resist the applied load.
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—— 2nd compression spring row|

Figurel38 Component force for Case 2 [load 10kN/m].
In Case 2, the assembly was examined during codfilggie139 and Figure140). InFigure

140the simulation was stopped due to the fracture of the bolt in the first tension bolt row,

which wasdeterminedfrom the Vulcanoutput file.
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Figurel39 Beamdeflection with cooling from 750°C for Case 2 [load 10kN/m].
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Figurel40 Beam deflection with cooling from 800°C for Case 2 [load 10kN/m].
Case 3: 2D subframe

Figue 141andFigureld?2respectivelyshowcomponent forca and displacemerstin Cases.
It follows the same trend a€ase2, in which the 5 tension bolt rows and® compression
spring rows switch on/off in sequence while the beam is heated upexp@nds About
above 550°C, the beam progressively develops catenary tension and reducesndmsdp
action. Eventually all the 5 tension bolt rows are workiagd both of the compression
ALINAY 3 NRga | N firsk tailure imOtkeSilkt teBsF Idrow,after which

the remaining components cannot resist the applied load.
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Figurel42 Spring row and connection horizontal movement for Case 3 [load 10 kN/m].
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Case4; H5 & NXz3ILF2ea (32 HENJ Y S

Figure143 and Figure 144 respectivelyshow the component force and displacemergtin
Case 4Case 4 is similar to case 1. The fopr tension bolt rovs work until thefirst tension

bolt fails triggeringthe connecton failure
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Figurel43 Component force for Case 4 [load 10 kN/m].
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Figurel44: Spring row and connection horizontal movement Case 4 [load 10 kN/m].
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Summary

The maindifferences and similaritieshown bythe four cases outlined abovée in their

degrees of beamend restraint in the axial and rotational degrees of freeddmparticular,

Cases 1 and KBave limited axial restraint stiffness, whereas Cases 2 and 3 have very high

axial restraintFigurel45showsone aspect (the migpan deflection) othe effects ofthese

boundary conditions in the 4 caseBhe midspandeflectionsof Case and 3 are nearly
overlapped.The deflections of the isolated beam without axial restrd@ase 1and the 2D
dGwdzdodRAFHKE TNFYS o6/ 1 AS n0 |abiBe60DC.Baih€ased YR Ay
and 4initially deflect very little, since vg low axial forces do not induce thermal buckling of

the beam, whereas the cases with high axial restraint very rapmdlyce sufficient axial

force because of their restraint to thermal expansidfowever, the same axial restraint
equilibratescatenarytension which acts to control the deflections at high temperatures,

gKSYy GKS fSaa NBAGNI AyYySHReIl@lEa SRECHANER thed 2 Y 6 f
mechanisms mainly consist of bendingCase 4 can generate some axial tension at high

deflections becausef the elastic and plastic resistance to piallof the two columns, and it
Oly 0S5 &SSyl dilkd & N&KSYd:dEzyt Saa NILAR (KFy GKI

0
( 200 1doo
-200 -
—|solated beam with
— connection elements
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E 600 - cc_)nnec_tion elements
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Figureld5Y ¢ KS K S I (0 Span deffettivh(ai 4 césibad 10 KN/m]
4.3 Development of the connection element for flush endplate connection
The preliminaryapplications of the usedefined connection element havehownthat it is

feasible to usecomponentbased connection elemenia numericalmodeling of structural

131



framesin fire. Once the component models for the column flange in bending, endplate in
bending, bolt in tension and column flange in compression are fittedargeneralpurpose
component assembly, the connection elemewill be capable ofmodeling the flush

endplate connection.
4.3.1 Adopted component model

As connections are subject to large deformatiaméire, each component spring model must
be developed not only to consider the initial stiffness and failure modes for ambient
temperature cesign, but also to include the plastic resistance and ductility over a range of
elevated temperatures. Component models have been intensively developed by
researchers from the University of Sheffieldvho have spent some years on the
characterization of component behaviar at elevated temperatures. The current
componentbased connection element mostly adopts the component characterifisted

in Tablel5) which have been developedt the University of Sheffield.

Tablel5: list ofcharacterizedcomponent moded

Component Adopted component | Reference

model
End plate in bnding T-stub model Spyrou (2002), Yet al (2009)
Column flange in bending| T-stub model Spyrou (2002), Yet al (2009)
Bolt in tension T-stub model Spyrou (2002), Yet al (2009)
Column web in Column web in Spyrou (2002), BlodR006)
compression compression

Reverse channel in tensig Reverse channel in | RFCS (2012a)

tension
Reverse channel in Reverse channel in | RFCS (2012a)
compression compression

The component model for the column web in compression has been well documented by
Spyrou (2002) and Blekc(2006), andthis work is not repeated here. The details of
component models for the reverse channel are included in Chapteftg& Tstub model

was originally developed by Spyrou (2002), and developed further ley u(2009). It has
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been validated gainst a series of component tests. In order to fit into the component

assembly, these-3tub models were combined.

4.3.1.1 Previous development of thestub model

In the endplate connectian tension zone, the three tension componentsolt in tension
endplatein bendingand column flange in bendingre equivalent tadhe two T-stubs (shown

in Figurel46), connected by bolts

The behaviour of th@-stub has been widely investigated over the past thirty years, both
experimentally and theoretically, even if most of this research has been for relatively small
deflections Coelho (2004) summarised the earlier worksZmgtemeijer (1974)Packeret
al.(1977), Yeet al. (1986), Jaspart (1991Bursiet al. (1997),Faellaet al. (1998),Gebbeken

et al. (1999), Swansoret al. (2000) and Pilusat al(2001). These works have been
selectively included in ECBart 1.8 (CEN, 20®@j. In particular, the development by
Zoetemeijer includes the basic principles of the component methods. thesmost

importantamong these developmentndis even nowbroadlyappliedthroughout Europe.

Figurel46: Equivalent tub (one bolt row)
Zoetemeijer (1974) derivedis T-stub model based on the yielthe principle; this can be
used to assess the ultimatelastic resistance of the -Btub. It assumed that the plastic
deformation is large enough to allow the adoptiontbé most favourable static equilibrium

condition. The three classicfailure mechanismsonsideredare illustrated in Table16. For
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each collaps mechanism, the resistance can be calculated from the equilibrium in the
plastic conditiontaking into accountiny prying forcevhich exists The resistance of the- T
stub is the smallestf thosefrom these collapse mechanisms. Zoetemeijer also sucdissfu
introduced the concept of effective lengflof the Fstub in the dimension perpendicular to

0 KS L3 Iy Sfor @8esignipi¢ddsest The éffective length is dugiivalentlength of the
flange platewhich contributes to load transmissigrit does nothave to be the physical

length of theplate, or the interbolt-row spacing

Tablel6: Failure modes for the-Stub (Spyrou, 2002)

Failure mode 1:

1 First plastic hinge forms in the-]
stub flange
Bolt yielding

1
- Ny q Bolt fracture

I

Failure mode 2:

1 First plastic hinge forms in the-]
stub flange

1 Second plastic hinge forms in the

stub flange

Bolt yielding

Bolt fracture

= =4

A7 77 777 777,

Failure mode 3:

1 Bolt yielding
1 Bolt fracture
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4.3.1.2 The development of the§tub model at the University of Sheffield

Two component models have been verified against temtsl can be used to represent the

tension component behaviour at elevated temperatures.

Spyrou (2002) tested a large number of boltedtlib assemblies at elevated temperatures,

and thar force-displacenent characteristics were measured. Spyrou developed a simplified
analytical model on the basis of classic beam theooyresponding to the three possible

collapse mechanismsTéble 160 @ Ly . f201Q&a owunncoyv 02yySO
formulations were used to simulate separately the endplate in tension and the column

flange in tension. The-T( dzo Qa STFSOUAWYSRIKSY¥FIGK28Y AARSWW
| 2y aiGNHzOGA2YY a2YSyid O02yySOilAz2yaQ o6{/LZ mdpdT

{ LENRdzQad RSNAGI (A 2y -sthbg QvithdfBus Bolts.( Th@ mokleR §ives A O f
acceptable resultsand is straightforward to use for the prediction of the tension zone

beKI GA2dzNJ 0 St S@OFGSR GSYLSNI Gd2NBad |1 26 SISNE
formation of the second plastic hinge is slightly conservatbezause the location of the

second plastic hinge is considered to be at the bolt centre line. In realityi-sitebs can be

held together by sufficiently stiff boltsand canonly form a hinge at the edge of the bolt

head or nut. On the other hand, in the caseouote sufficiently thick Istub flange, working

with a relatively small bolt, the bolt can also rotadee to the very stiff and strong-§tub
FEly3aSe ¢KSNBEF2NB:Z GKS &4SO2yR LIXIFLadAao KAy3
strengths of the plate and bolt.

Yu (2009a) developed a yidide model in accordance with the plastic work principle
(Figure 19).

Fa=Woyy +Woy, W, (4.19)

In the above equation, the worled) done by the applied forcg is equal to the sum of the
rotational plastic workof the two plastic hinges plus thiensile work in distortion of the
02t laod Ly . -dhask elastBpRSic mateinkmodstare assumed for both the-T
stub flange and the bolt. The bolt reaches necking after it has reached its ultimate strengt
The modelconsiders material and geometritonlinearites (Error! Reference source not
found.), which enable the component failur® be preciselycaptured The \alidatiorns

against both finite element models and tests at ambient and elevated temperatuaes
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shown that this model represents the behaviour ofiTi dz6 & @SNE ¢St f @ dzQ a

5

to implement within the component assembly for guldte connections.

4.3.1.3 Revised component model fossiub

Thissectionwill focus on how the tension componentsiub is characterised and built into
the assembly. The general assemidyrér! Reference source not foundconsiders the
three tension components in a row te working in series, and consequently the same
force is present in all the components in a bolt row. The active tension components in the
endplate connection are theolumn flange in bendinghe bolt in tensionand theendplate

in bendingwhich are represented by the-Stub model (discussed #3.1.9. However, due
to prying action, the force in thbeolt can differ from that which it applies to either of the
two flanges In order to implement the -5tub model in the general component assembly
(Figure103), the bolt in tensionis included in the weaker side of tweslubs that with
lower maximum resistance)zigure 147 shows typicaforce/displacementcurves forboth
the Tstub flangs and whole Tstub. Theplotted force is the applied force, and the
displacements for the column flange and timair of T-stub flangesare (-1,) and !
respectively &sillustrated inFigure 19). Therefore, the effectivé/D curve for each tension
bolt row (Figurel48) consist ofthe sum ofthe deflections froman effectiveF/D curve br

the weaker side ofhe whole Tstub and an effectivé/D curve fromits stronger side

/ F/D curve for T-stub flange

Force

\ F/D curve for the
whole T-stub

Displacement

Figurel47. Force/displacement curves plotted by thestlib model
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Force
Force

\Effective F/D Effective F/D — Tension bo
k4 curve for the curveforthe T- = gffective F/D curve
whole T-stub ~ + stub flange
Displacement Displacement

Stronger side Weaker side

Figurel48 Effective tension bolt row/Dcurve in an endplate connection

In order to efficiently model component behaviour and capture the failure, the compenent

based connection element adopted to representthd@ i dzd6 A a | O2YO0A Yl GA2Y
,dzQa O02YLRyYySyid Y2RStad |, dzQad &ASft Rpldcemgs Y2RS
curve and to capture the failure point. As it is time consuming to consider such a detailed

F/D characteristic in each component within the connection element, fi@ curve (shown

in Figure1l49 has been simplified and divided uniformly to be represented by just 5 points
(nodes 1 to 5konnected by straight linesAs the initial stiffness is a basic element of the
componentbased c¢’ Y SOUA2Y St SYSysiif salculaibdS dd Att@ (basis yoE (1 K
{ LJ&é NRgia® &noddl. Figure 150 shows thatNode 2 is relocated at the intersection

between the line representing the initial stiffness and the extendede 2. A typical

simplified curve is shown iRigurel51

Node 3 Node 4 '\’\_'OdeF’

—
Tnes] |Line4]

Force
D

»

Displacement'

Figurel49 Simplification of component mod€&¥D, curve (a)
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Node 3 Nc;de4 Node 5

Extended Line 2

Force

Movement.of Node 2

~ Initial stiffness

»
N »
Displacement

Figurel50 Simplification of component modé&¥D, curve (b)
A

Force

Node 1 -
Displacementr

Figurel51 Simplification of component mod&¥D, curve (c)
The geometry of a-$tub is shownn Figurel52

The initial bolt stiffness) is given by:

K, = A (4.20)
Lb

Wherely, is the effective bolt lengthe,A & G K S 2dzy3Qa Y Afsdhe dalt 2 T

. 0
shank area.
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Figurel52 T-stub geometry

The whole Tstub deformation{) is:
| (4.21)

Where] is the Fstub flange deformatiorand] is the bolt deformation. The ratio of bolt

force (on) to the total T-stub force F) isdeveloped bySpyrou(2002) andjiven by:

i%‘ n* g

Fool El &°16 128

= FPooit _ . (422
F 1 Dh®n nm2 nl2, Dh®Q@

an®
2+ - -
EI®s 24 2 8 3849

WhereEis the Fa (1 dzo |, 2 dzy T@ &0 ov7p RidZ6 the dffective width of the T
stub flange and; is the Fstub flange thickness:is the tension force applied to thestub,

and Rt is the bolt tension force.

The initial stiffness of the-3tub (Spyroy2002) is

[EEN

K= 423
L rag m m2Le Dh?n@ (423

48E| EI 4 24§

The initial stiffness of the-$tub flange(Spyroy2002)is

K, = (424)
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4.3.2 Comparison with flush endplate joint tests

The connection element wasgalidated Table17) against the flush endplate joint tests,
which were conductedby Yuin the collaborative EPSR@ject (EP/C5109841/1) conducted
by the Universities of Sheffield and Manchestéris projecinvestigated the robustness of
connections in fire conditions (Yet al, 2008a, 2008b, 20092009b, 2009c, 2009d and
2011; Huet al, 2009, Dakt al., 2009a 2009b, 2010a and 2010b)d2xannection tests
focused on highemperature structural behaviour of components and assemblies under
combined tying and shearing foreeA large number of connectior{shown inFigure153

and Figure154) were tested to destruction under inclined fas, at temperatures up to
650°C The tested connections covdour typical beamcolumn connectiortypes including

the flush endplate connectioflisted inTablel7).

Reaction frame

Macalloy bars

= =

]
(o] ]
i Lo
o] ]
] ]

S th
I il \ Furnace bar Y

connection

Reaction frame Load jack

Figurel53 Joint test setup by Yu (2011)
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Figurel54: Joint test side view by Yu (2011)

Tablel7: Selected list of isolated flush endplate joint tests

Erldplate Initial Number of | Temperature

Test ID thickness

angle bolt rows (°C)

(mm)

EP_20_35_062-08_8mm 8 35 3 20
EP_20_35_082-08 20 35 3 20
EP_20 55 282-08 20 55 3 20
EP_450_35_231-07 20 35 3 450
EP_450_45_230-07 20 45 3 450
EP_450 55 102-08 20 55 3 450
EP_550 35 112-07_8mm 8 35 3 550
EP_550 35 _172-07_15mm 15 35 3 550
EP_550_35_271-07 20 35 3 550
EP_550 45 160-07 20 45 3 550
EP_550_55_182-08 20 55 3 550
EP_650_35_301-07 20 35 3 650
EP_650_45 190-07 20 45 3 650
EP_650_55_182-08 20 55 3 650

4.3.2.1 Material properties

The material propertiesof the endplate connection tests at ambient and elevated

temperatures were summarized by ¥tal.(2011), and are listed ifable 18.
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Table 18: Simplified material properties for endplate tests

Temperature (C) 20 450 550 650
Column | Yield stress (N/mnf) 357 176 106 63
and Ultimate stresg{N/mm®) 568 300 211 105
beam [ 2dzy3 Q& Y2Bd 176000 | 82900 63050 32450

Second modulus (N/mfh 1062 532 398 137
Endplate| Yield stress (N/mnf) 293 145 87 52

Ultimate stress (N/mrf) 492 297 173 86

L, 2dzy3Qa Y2 % ¢ 149000 | 70150 53350 27450

Second modulus (N/mfj | 1002 768 432 170
Bolt Yield stress (N/mnf) 677 341 135 49

Ultimate stress (N/mrf) 998 519 285 128

L, 2dzy3Qa Y2 % ¢ 210000 | 157000 111850 54500

Second modulus (N/mfj | 1629 899 751 397

4.3.2.2 Model setup

Figurel55shows how the tests were set ypndthe form in which they werenodelled in

Vulcan The bargheavy black lines between hingegere assumed to be rid.

Force

Figurel55 Model setup
4.3.2.3 Results

Comparison between the componebaised connection element and tests (furnamar
force versus the connection rotation) are presented-igurel56to Figurel69. In general,
the connection element is isatisfactoryagreenent with the test results especiallyif its

simplicity compared with comparable Finite Element models is recallad prediction of
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initial stiffnessgiven bythe element matcheshat from the tests. More importantlyin the
context of robustness analysishe element also captures the maximum resistance
conditions well enough, and in most cases conservativetemodelling resuls have been
plotted until one componentis predicted tofracture, so that the curves showhe peak
capacities; the experimentalurves show the full extent adachtest. In some tests failure

occurred; otheswere stopped in order to protect the furnadeom damage
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50 | ===Connection element — Test
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o R R R R ,
0 1 2 3 4 5 6 7 8 9 10 0 ’
Connection roation(c) 0 1 2 3 4 05 6 7 8 9 10
Rotation (°)
Figurel56 EP_20 35 002-08_8mm Figurel57: EP_20 35 052-08
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Figurel58EP_20 55 282-08 Figurel59 EP_450 35 2B31-07
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Figurel60 EP_450 45 230-07 Figurel61 EP_450 55 102-08
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Figurel68 EP_650 45 190-07
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4.4 Development of the connection element for reverse channel connection

The componentcharacterizatios reported previously in Chapter Bave been builinto
Vulcan and are accessible to thgeneralpurpose element modelThe component model
for reverse channetonnectiors was developed in the COMPFIRE projant this enabled
20 tests under axial force and moment to be carried antl compared with analysidt is
therefore possible tovalidate the connection element for reverse channel connections

against the joint tests conducted in the COMPFIRE project.
4.4.1 Comparison with reverse channel joint tests

As part of COMPFIRE, the University of Sheffield performed 20 cotestapérature tests

on isolated joints to Concret€illedTube (CFT) and PartiaBncasedPE) Hsectioncolumns
under different combinations of axial and shear forces and moments. These isolated joint
tests providel valuableexperimental data to identify the behaviour of the composite joint
and validate the componertased elemenunder conditions which combine a number of
bolt rows, working together in the context of a fairly general form of joint distortion, in
contrast tothe isolated bolrow tests carried out at Manchester and Coimbraable19
shows the list ofl4 of the Sheffield jointests which hae been used in the following

validation.

The test setup was similar to the flush endplate tests (shown schematicdfigume155).
Slected testphotos are shown fronFigure 170 to Figurel74. The geometry of the
individual test specimens is well docunted in RFCS (2009) and is therefore not repeated

here.
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Tablel9: Isolated joint tests performedt Sheffield witth COMPFIRE.

No(ID Column| Temp|Connection type

1 [CCFRC200_550_55 1@1-2011 °© CFT| 550 |RCcut from SHS 200X6
2 |SCFRC200_550_55_ @@1-2011 A CFT| 550 [RCcut from SHS 200X6
3 |CCFRC250_550 55-10-2010 °© CFT| 550 |RCcut from SHS 250X8
4 |SCFRC250_550_55_ 1®-2010 A CFT| 550 |[R@ut from SHS 250X8
5 |CCFIUKPFC230_550_55 -06-2010 °© CFT| 550 |[UKPFC230x90x32

6 |SCFIUKPFC230_550 55 -0Z-2010 A CFT| 550 [UKPFC230x90x32

7 |CCFIUKPFC230_20 55 03-2011 ° CFT| 20 |UKPFC230x90x32

8 |[SCFUKPFC230_20 55 -p4-2011 A CFT| 20 |UKPFC230x90x32

9 |CCFIUKPFC200_550_55 -09-2010 ° CFT| 550 |[UKPFC200x90x30
10|SCFIUKPFC200_550_55 -08-2010 A CFT| 550 [UKPFC200x90x30
11|/CCFIUKPFC180_550 55 -29-2010 ° CFT| 550 |[UKPFC180x90x26
12|SCFUUKPFC180_550_55 -03-2010 A CFT| 550 [UKPFC180x90x26
13|PEUKPFC150_550_ 55 -03-2011 P/E* | 550 | UKPFC150x75x18
14/PEUKPFC150_650_55 -09-2011 P/E* | 650 | UKPFC150x75x18

*Partially-encased Fsection column

o

Figurel70 CCFRC200_550 55 1M1-2011 side view after test
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Figurel71l CCFRC200 550 55 i1-2011top view after test

Figurel72 SCFRC200_550 55 @d1-2011 side view after test
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