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ABSTRACT

In the fire situation, Bernoulli beam finite elentemre the workhorse used in numerical calculatiodel

for simulating the behaviour of the structure. Sticlite elements treat all sections as class 1cksfo
sections whatever the slenderness of the platéartake the section, allowing the development ofila f
plastic stress distribution in the section whichdg to complete plastic redistribution along theniners in

the structure. This type of element is thus nopsethfor modeling structures that contain sleneéetisns

of class 2, 3 or 4. This document presents a ngsoagh to take into account local instabilitiesiender
sections using beam finite elements. The new agprismbased on an effective constitutive law o€lste
The effective law is not symmetrical with respectténsion and compression because, in tension, the
stress-strain relationship is not modified wher@gaspmpression, the stress-strain relationshipaslified.

KEYWORDS:structures in fire, local buckling, bernoulli, bedmite elements, slender cross-section,
numerical modeling

NOMENCLATURE LISTING

a Plate length (m) Ksi Slenderness reduction factor

b Plate width (m) N Total reaction in the plate (N)

d Plate in-plane shortening (m) Greek

Dest Plate effective width (m) A, Temperature dependent slenderness
D Damage scalar Ac(6)  Eulerian slenderness

Ey Initial stiffness (MPa) Eoff Proposed effective strain

Eunioagine  Unloading stiffness (MPa) & Plastic deformation

fy Yield strength (MPa) O eff Effective width stress (MPa)

fy eff Effective yield strength (MPa) Oef Proposed effective law (MPa)

T eft Proportionality limit (MPa)

INTRODUCTION

The use of slender steel sections has increasegtémt years because they provide excellent stretogt
weight ratio; this trend has also been favoredheydevelopment of higher steel grades. A majorisgth
slender sections is local buckling that may oceucampression zones of the elements made of slender
plates, in the flange under compression for elemanbending, in both flanges and also in the wab f
elements in compression. In the fire situation,rBeili beam finite elements are the workhorse used
simulating the behavior of the structure. The peablis that such finite elements treat all sectamslass 1
(stocky) sections whatever the slenderness of ldtegpthat make the section, allowing the develayroé

a full plastic stress distribution in the sectiohigh leads to complete plastic redistribution ia gtructure.
This type of element is thus not adapted for modes$itructures that contain slender sections o6@2as8

or 4.

1. EXISTING SOLUTIONS

To take local instabilities into account in a psecmanner, the designer is left with no other ahthan to
use shell finite elements that can represent thal Ibuckling phenomena. These elements are yet very
expensive already for modeling single constructimmbers, let alone for modeling complete structures



It is thus desirable to use cheaper beam elementiified to take local buckling into account. T
approach that is most often used is based on theepo of effective width [1,2]; the width of theapds is
reducel in such a way that the plastic capacity of trduced section is equal to the capacity of the ge
plate which exhibit$ocal buckling. This approach has first been pregosnd has been used for analyt
analyses. Yet, because the effective widdpends on the stress level which in turn depemdshe
effective width, this procedure is iterative, whith already a serious complication when it come
analyzing the situation of a single member undeefined loadinc

If this approach has to belied in beam finite elements used in transienstef-by-step analyses of
complete structures, the additional level of iteraton the effective width leads to a severe modifon,
not only in the formulation of the finite elemehuyt also in the frmulation of the solution strategies of the
code. Moreover, convergence problems may occurusecd is not possible to derive the real tang
stiffness matrix of the elements.

One possible approximation is to assume that ttessthas reached the 'd strength in all compression
zones and to perform the complete simulation wite minimum values of the effective width, tt
eliminating the additional iteration level and rgmg no modification of the code; only the defiait of
the sections is mdiied by the user. This procedure yet leads to lirexi value of the stiffness from tl
very early stage of initial loading as well as dgrall the simulation because excessive reductiondth
has been imposed. This is all the more true imaktie subjected to fire because thermal strains make it
difficult to determinea priori where the compression and tension zones will existhe structure
Moreover, different zones may change from tensiooadmpression and vice versa, possibly ral times,
during the course of the simulation as thermairsdrdevelo}. In later stage during the fire, restrain may be
relieved by plasticity or, by the large displacetsewhich generally develop at failurlt has to be
mentioned that some authors proposed a shased approach to determine the effective widtl

Other studies have been carried on modified beanitefielement by adding a complementary local
displacement field on a classical beam elemenbid]it also leads to a sevemodification of the finite
element formulation.

2. NEW PROPOSAL

It is here proposed to take local instabilitie® account in beam type elemeby means of an effective
constitutive law of steel. The effective law hadederived with the same objectas the effective width:
the plastic capacity obtained with the effective Ia the full section is equal to the capacity lod slende
plate with the real material under local bucklifigure 1 shows the difference between the effeatiickth
approach and the new proposal of an effectivestres
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Fig 1. Difference between effective width methteft) and proposed effective stress method (right)



Because local buckling develops only in compressibastress-strain relationship needs to be modified
only in compression and remains unchanigeinsion, which leads to a r-symmetrical law with respect
to compression-tension.

The tangent modulus at the origin of the law is naidified (which comes fromhe fact that low
compression stresses do not produce local ingdiab)li but the development of local instabilities
reflected by a reductiorof the limit of proportionality,of the effective yield strength and of the
characteristic strain correspondinto the beginning of thehorizontal plateau in the stress-strain
relationship.

The effective stresstrain relationship in compressidepends on the slenderness and on the boundary
conditions of the plates, either supported on fides(as in a web) or supported on three sides (aslfn ha
flanges) and possibly also on the steel grade, but theaditions are known at the time of creating
model and can easily be entered by the user aswaerial propertie. The material law also depends on
the temperature, but this is already tase for the real law considered ugnow and this can be easily
accommodated by the numerical code.

The method used in this research to determine tfeetie stres-strain relationship is based on the
simulation of isolated plates modeled in SAFIR \aih shell elements, simply supported on threeoor
sides and subjected to progressive imposed shogémione direction. The simulations are perforrfiext

at ambient temperature érthen at various elevated temperatures. From smchlation of a plate, th
effective strain at any time is considered as tiwetening of the plate divided by initial lengthtbe plate
see Eg. (1), whereas the effective stress is ceresidas theeaction force applied on the edge of the plate
divided by the sectional area of the plate, seqEq.

If the obtained curves would be very different rage from these currently used for the virgin male
new effective stress-strain relationship o be developed. It has been decided here to kbe
relationship proposed by the Eurocode.

From the effective stress-effective strain cuoiatained eac plate, the effective yield strength, the
effective proportionality limitand the effective strainorresponding to the beginning of the plateau were
determined, depeling on the relevant conditions of the p.
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Fig.2 Method used in thissearch to evaluate the str-strain diagram of a single plate

(1)

s—d
effa

_N ()

bt



The tables that give the values of the parametktheneffective law (limit of proportionality, effgive
yield strength and characteristic strains) at wawiovalues of the temperature and slenderness are
established for both boundary conditions. It lrabd noticed that a simple adaptation of the subreat
the material level can be made and easily introduceny computer code. The user only has to inited

a different material model for the web and for flamges, to give the slenderness of each plate resna
material property, and the software automaticallkes care of the temperature, of the stress lewklod
the direction of the stress, tension or compresisi@ach integration point. This procedure can $edwalso
for analyses of structures at room temperatureastto be underlined that, compared to existinghou,
there is no stepwise variation of the behaviohatinterface between the four classes; in factetieno
need to define the class because the adaptatidheofmaterial model is a continuous function of the
slenderness. The limit of this approach is thaaitnot capture local buckling produced by shearefgrbut
this is also the case for the effective width appto

3. PARAMETRICAL STUDY ON PLATES

The main difficulty of this research resided in thetermination of the parameters that influence the
effective stress-strain diagram and the selectiothe appropriate values for these parameters.heurt
information about the principal parameters are idesd in [6].

The dimensions of the studied plates were baseth@rbase of the elastic theory of plates [7,8].e Th
minimal critical stress for a plate simply suppdrien four sides and subjected to uniaxial compo@ssi
appearsfor an integer value of the length-to-widtiio of the plate. If the plate is infinitely lonthe plate
buckles into an integer number of square cellsmedsionsxb.

According to this, square plates simply supportedaur sides were used in this research to deterthia
effective stress-strain diagram of webs.

From similar considerations, rectangular platespginsupported on three edges with a length-to-width
ratioof 1/2 are used to determine the effective stress-stiagram of flanges.

A wide range of plates has been modeled to seénfhence of the amplitude of the initial geometric
imperfection. It has beenobserved that the initigderfection has a major influence on the effectiiaid
strength but it does not influence as much thectffe limit of proportionality and the stiffnesst ghis
time, the amplitude of the initial imperfection Hasen taken as recommended byEurocode 3 part 11-5 [9
(min (a/200; b/200) for webs, b/50 for flanges).

Is has also been shown that the slenderness watias almost no influence on the stiffness of théepla
With an increasing thickness, an increase of th@qgntionality limit and of the yield strength issdyved

From the preliminary analyses, it was decided thateffective stiffness of the new material remahres
same as the real stiffness of steel. The effegtiekel strength and limit of proportionality are denined
for different slenderness of the plate but the eispsio of the plates remains constant (one valuglates
supported on 3 sides and one value for plates stggpon 4 sides).

4. PROPOSED M ODEL

The proposed effective law of steel is presentetthimysection. The first part specifies the apphoased to
take into account the reduction of the yield stthndghe proportionality limit and the charactegsti
deformation in the compression zone of the strassasdiagram. The second part describes the tidbs-
strain relationship in case of unloading.

4.1 Slendernessreduction factor

The influence of the slenderness on the yield gtrefor different temperatures for single plateny
supported on four sides submitted to compressiaanandirectionis represented in Figure 3 with si@fps
100°C. A steel grade of 355 MPa was used for tineseerical simulations. The yield strength decreases
with an increasing slenderness.



400 -~

——20°C

350
300 4 &N 200°C
250 --—---300°C
200 4 N NN e, 400°C

Wer 150
————— 500°C

100
50 ——— 600°C
0 L T 700°C
120 - - - 800°C

Slenderness ratio b/t [-]

Fig.3. Effective yield strength measuried plates for different temperatures in functidrtie slenderne

The same results using ndimensional parameters for tslendernessas given at Eq (3) and Eq. (4), and
introducing a non dimensional parameter for ¢fffective yield strength according to Eq.(5)are shown in
Figure 4.
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Fig 4.Reduction of the yield strength for different tenrgtare:

It is observed that these curves can be sepanatethiee different groups, one for ambient temperature
(20°C<6 < 100°C), another onat 200°C and the last offor higher temperatures (300%®). It can also
be seen that these curves look similath® buckling curvewofEurocode3 part 1. It was thus chosen to



approximate those results with the Perry-Robertsquation E.(6) [10]as it is the case for the buckling
curves equation in the Eurocode.

p=a(1+B(7,+y)+27) )

1
k, = <1 )

o -a)

At this step of the study, differentalues of the parameteia, B and yare considered for ambient
temperature, at 200°C and at elevated temperaB88°C). The values differ also for the two considere
support conditionBetween these different temperatures, a linearpotation is useEven if this model is
developed for structures in tliee situation, it is crucial to know thvalues of the parameters at ambient
temperature. Indeed, in fire situatiorthe structure is generally heated after beingléddaat ambier
temperatureAlso, some parts of the structure may be unaffebtethe fire The proposed effective law
must thus be able to catch the behavioulaider steel sections at room temperat

Table 1. Parameters useddefine the slenderness reduction fe

Supportsconditions | Temperature a B y
Cold €100°C)| 0.31] 3.9 0.09
Flange (3 sides) 200°C 0.24| 6.0| 0.15

Hot (> 300°C) | 0.19| 10.0 0.14
Cold £100°C)| 0.100 8.9] 0.15
Web (4 sides) 200°C 0.10| 8.7| 0.25
Hot (> 300°C) | 0.07| 16.5| 0.21
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Fig.5. Proposed slenderness reduction factor at amarehtelevated temperatu

Figure 5 shows how theniaxial results are approximated by Eq. with the values of Table 1. The same
reduction factorky was applied on the yield strengthe proportionality limit and the strain corresponding

to the beginning of the plateau. The proposedssteain relationship icompression is shown at Figure 6
for a plate simply supported on three sides wisteaderness ratib/t of 20and a temperature of 600 °C.
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Fig.6. Proposed effective law versus actual stestemal law from the Eurocode (EN1993-1-2)

It has to be noticed that at this step of the stubdg proposed effective law reproduces the belavio
observed for single plates. Slender cross-secioasonsidered as an assembly of plates thairapys
supported on three or four sides. The contributibthe web to increase the stiffness of the halfidies is
thus not taken into account. In reality, the pliateot simply supported on the side shared withttaaro
plate. The actual support condition is betweerm@pk support and a fixed support. The assumptiadem
in this study is thus conservative. This will beegtioned in further studies if the proposed maeggears
to be too conservative.

4.2 Unloading after loading

As the proposed material law will be introducednimmerical codes, it is important to observe what
happens when unloading occurs after loading finstension or after first loading in compressioneTh
proposed model to catch these loading paths iepted hereafter.

Compression after tension

Figure 7 shows the behaviour observed for a sipigiie simply supported on three sides with a slarets
ratio b/t = 20 at a temperature of 500°C when thé&egs at first submitted to tension and then Sttiehto
compression.
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Fig.7. Proposed effective law when unloading dfiading in tension



The difference between the behaviour observed &edproposed modelis in the peak observed in
compression after elastic unloading. The numeriesllt is obtained from the modeling of a singlatel
forced to enter into severe strain reversal. Atke, proposed model has been developed for strigctare
fire situation and not for cyclic loading. Fronteage number of numerical tests performed on sirestor
building assemblies subjected to fire, it was nguessible to find any point of integration reachihis

part of the diagram before collapse of the strgcturhus, this peak of the stress-strain diagrasnriua
been taken into account and a simplified model agpted. Once the stress becomes negative, thus whe
compression stress appears, the point followsritiiali curve with an offset corresponding to thasgic
deformation in tension.

Tension after compression

As for the unloading after loading in tension, &ismot possible to find integration points goingkomto

the tensile stress zone before collapse of thetsiret Thus, a simplified relationship has beernpéetb for

this part of the diagram. Nonetheless, as it casdem on Figure 8, a reduced stiffness is obsatuadg
unloading (here for a plate simply supported oreghsides, with a slenderness ratio b/t = 20 at a
temperature of 500°C). This phenomenon had to kentanto account because some integration poirits wi
reach this part of the diagram. The questionwaslietiufor a large number of plates, for different
slenderness, temperatures and support conditiboseach case, the plate was first loaded in cossjoe

in order to reach different values of plastic defation and then unloaded.
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Fig.8. Proposed effective law when unloading dfiading in compression.

It has been observed that the reduction of stiffigdinked to the plastic deformation, the slendes and

the support condition but doesn’t depend on theptature. For the same plate under various terypera
conditions, the ratio between original elasticfsdfs (EN1993-1-2) at this temperature and therebde

reduced stiffnessduring unloading remains constant.

Steel generally does not exhibit damage mechanigiked to micro-cracks as it could be the case, for
example, in concrete. In this case, the loss iffinsss in unloading is probably due to the plastic
deformation of the plate that develops under fiostding in compression. Nonetheless, as for coacret
models, it was chosen from phenomenological obsiensto adopt a damage scalar to capture thisteffe
[11].

Eqg. (8, 9 & 10) gives the damage scalar for plates Table 2 gives the values of the parameters tasbd
in these equations.



Eunloading = EO (1_ D) (8)

. ©)
£p|+b
b=cli+e (10)
Table 2.Parameters to determine the damage scalar
Supports conditions a C d e
Web (4 sides). 0.84 0.0003 -3.5 0.0015
Flange (3 sides) 0.95 0.0010 -1.9 0.0010

Figures 9 and 10 show the evolution of the damagkasrespectively for plates simply supported aur f
sides (as a web) and on three sides (as half figngehe damage scalar is represented in functidheo
plastic deformation for different slenderness.

‘l -
0.9 - _
0.8 — A;=1.300 | b/t =100
0.7 _
0.6 ——Ag=0.650 | b/t =50
D[-] 05 _
H 0.4 ———Ae-0.260 | b/t=20
0.3 _
02 /e As=0.130 | b/t = 10
0 0.05 0.1 0.15
Epl [‘]

Fig. 9. Evolution of the damage for webs
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Fig. 10. Evolution of the damage for half-flanges



5. VALIDATION AGAINST SHELL FINITE ELEMENTSMODELS

In order to validate the proposed model, it wadditto compare results obtained with the new maalel
results obtained with shell finite elements. Thadidation study was conducted on a large rangecafis
and columns with the software SAFIR. The resultaimed for two different beams are presented here.

To use the proposed model when modeling beamgjdbehas to declare two materials, one for the half
flanges and one for the web. If the bottom and ufipages do not present the same slenderness ttatio
user has to declare a third material. For both rizds$e the useronly has to give two additional paaters
compared to the classic steel material law fromBhecode. One parameter is the slendernessafatie
plate, the second parameter is the support conddfothe plate (half-flanges are represented byepla
simply supported on three sides and webs are remiexs by plates simply supported on four sidesg Th

slenderness ratio is calculated as recommendeditpcide 1993-1-1. Those parameters are knowneby th
user before creating the model and do not requesplex calculation.

The validation tests were first completed at ambtemperature and then at elevated temperature. The
example shown here below consists in a simply stp@obeam subjected to a distributed load.The

dimensions of the beam are given in Table 3. Figdrshows the results at ambient temperature \inde
results at 500°c are shown in Figure 12.

Table 3. Dimensions of the tested beam

Beamspan Cross-section Web thickness Cross-section Flangethickness
[mm] height [mm] [mm] width[mm] [mm]
6000 300 4 150 4
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Fig.11. Displacement at mid-span of a simply sumggbbeam subjected to an increasing distributedidiba
a temperature of 20°C
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Fig.12. Displacement at mid-span of a simply sufggbbeam subjected to a distributed load at a
temperature of 500°C

6. VALIDATION AGAINST EXPERIMENTAL LABORATORY TESTS

In the scope of the European project FIDESC4 (Béieavior of steel members with class 4 cross ssitio
eight tests on columns axially loaded have beerechout in the fire laboratory of the Universitfylaége.
The main objective of this project is the creatafra full range of experimental evidence about fire
behaviour of steel members with welded or hot-tbttass 4 cross sections (I and H shape).

Numerical simulations have been run to reproduee é¢kperimental results from the fire tests. The
objective is to simulate the tests using the resgsured) properties of the steel of the coluniresyeal
global and local imperfections, the real tempegatlistribution along the column, the real valu¢hef load
and the measured eccentricities of the load.

For these tests,the load was first applied;thercthemns were heated along the whole length anataat
velocity of 200°C/hour.The results for three difet tests are presented here. In the charts, sdtgef
the experimental tests are compared with numesicalilation using shell FE and beam FE. For beam FE
two different curves are plotted, one for the resswbtained with the theoretical law of steel frome
Eurocode (EN 1993-1-2), and the other one for topgsed effective law.

Table 4. Dimensions of the specimens N°2, 3& 6

Specimen Web Cross-section Flangethickness
Columnlength | Cross-section thickness width[mm] [mm]
[mm] height [mm] [mm]
N°2 & N°3 2700 450 4 150 5
N°6 2700 360 4 150 5

For the specimen N°2, a load of 122.4 kN was afdphigh an eccentricity in the direction of the wesks
of 5 mm at the bottom and at the top of the colunihe initial global imperfection is 2.7 mm in the
direction of the weak axis.Figure13shows the evofubf thetransverse displacement at mid-heigtihef
column in the direction of the weak axis. Tablékeg the final temperatures observed for the tedtthe
numerical methods.
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Fig.13. Displacement at mid-height of the columihia direction of the weak axis for specimen N°2

Table 5. Failure temperature for specimen N°2

Lab.Test | SAFIR Shell | SAFIR beam EC3 | SAFIR beam proposal
Failuretemperature [°C 604 594 608 564

Specimen N°3 has the same dimensions as specim2n ANfoad of 204 kN was applied with an
eccentricity in the direction of the weak axis ofrdn at the bottom of the column and 13 mm at tipeoto
the column. The initial global imperfection is 5% in the direction of the weak axis. Figure 14w
the evolution of the transverse displacement attmaight of the column in the direction of the weads.
Table6 gives the final temperatures observed ®itdst and the numerical methods.
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Fig.14. Displacement at mid-height of the columihia direction of the weak axis for specimen N°3
Table 6. Failure temperature for specimen N°3

Lab.Test | SAFIR Shell | SAFIR beam EC3 | SAFIR beam proposal
Failuretemperature [°C 452 459 495 337




The dimensions of the specimen N°5 are given inlda A load of 231kN was applied with an
eccentricity in the direction of the strong axis7df mm at the bottom and at the top of the coluffihe
initial global imperfection is 2.2 mm in the diremt of the weak axis. Figure 15 shows the trangvers
displacement at mid-height of the column in the=diion of the weak axis. The table 7 gives thalfin
temperatures observed for the test and the nurhen&thods.
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Fig.15. Displacement at mid-height of the columthia direction of the strong axis for specimen N°5
Table 7. Failure temperature for specimen N°5

Lab.Test | SAFIR Shell | SAFIR beam EC3 | SAFIR beam proposal
Failuretemperature [°C 508 528 600 465

7. CONCLUSIONS

The proposed effective law is a simple way to timte account in numerical models based on beartefini
elements the local instabilities that may occursiender sections. The stress-strain relationship in
compression is modified by a reduction of the prtpoality limit, of the effective yield strengthnd of

the strain corresponding to the beginning of thazlbotal plateau. The elastic stiffness during adiog
after first plastification in compression is alsmluced according to a damage model in order toitdake
account the plastic deformation of the plate.

The level of reduction depends on the slendernisaah plate that makes the section and on thedzoyn
conditions of the plate; these two parameters @edsily evaluated by the user and introduced as ne
material parameters. The numerical code in whiah tlew effective law is used takes care, at each
integration point, of the variation of temperatarel mechanical strain.

Some comparisons have been made with numericdtgeshtained by much more expensive shell finite
elements and with experimental test results. Thalt® are generally satisfactory although sometitoes
conservative. A possible way of improvement coutdtd take into account the support provided by the
plates to each other which create some supportsithanot completely free in rotation; the slenésmof
the plates may thus be lower than considered sethpplications.
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