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Abstract

The paper presents a numerical model for the bebawf steel structures exposed to fire
capable of taking into account the effect of steekp at high temperatures by using a simple
implicit model. The objective of the simple implicit model is to dify the material stationary
stress-strain curves. After reaching temperaturdesver 400°C, stress-strain curves are
modified by stretching the curves using a calcadlatelue of creep strain at current stress,
temperature and time. Described numerical procedaetested by modelling the behaviour
of two simply supported steel elements that weréglly exposed to high temperatures in an
in-house experiment. Authors are claiming thatithplicit model is applicable for modelling
the behaviour of steel elements with free thermypbhasion or with a low level of restriction
to thermal expansion.
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INTRODUCTION

Behaviour of steel structures at high temperatigageatly influenced by the level of creep
strains that occur after reaching the temperathowe one third of the melting point of steel.
For structural carbon steel, this occurs after mgarthe steel temperature of approximately
400°C. Generally, for simply supported steel eletsm@ith no axial restraints, the creep strain
affects the vertical deflections, while in the etits which are axially restrained, the creep
strain induces development of additional forcesthia structure (Kodur, Dwaikat 2010).
Consequently, creep strains have significant eftectthe load bearing capacity of steel
structures exposed to fire. Most of the creep neodet derived based on material stationary
creep tests, in which the steel specimen is healalg the stress is kept constant (Harmathy
1967, Williams-Leir 1983). Implementation of cresfrains into the calculation of the
structural response is achieved through explicitinoplicit creep models. Explicit creep
models include creep strains directly into theistgaofile of the cross section, where the
calculation procedure involves finding the stranoffle for which the internal forces are in
equilibrium with the applied load forces at one sscsection. Afterwards, the moment-
curvature relationship for every cross section a&cuated, and in dependence on the
equilibrated strain profile (curvature), the bemgistiffness of the structure member is
calculated. Implicit creep models include creepiss directly into the stress-strain curves of
the material, thus creating effective relationshipswhich stress-strain curves are highly
nonlinear. However, implicit creep models only ply take into account high temperature
creep strain at elevated temperatures, since rouladibn of creep strain exists in implicit
creep models (Kodur et al 2010). This paper presamewly developed implicit creep model
that calculates creep strains with the help ofedkisting creep material models in order to
modify the stress-strain curves of the materialnggguently, the implicit model creates
stress-strain curves that are modified accordintipédevel of stress and temperature that the
cross section is exposed to after reaching thieariemperature of steel creep development.
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1 NUMERICAL MODEL FOR STRUCTURAL FIRE ANALYSIS

The model is generally based on a spatial beamyoolelement analysis (spatial frame
structures), which has a detailed description wri¢Tet al 2012). The model consists of three
submodels: a model for structural analysis (Berhndagdam elements with six degrees of
freedom), a model for calculation of the nonlinsaress-strain distribution in the cross-
section and a 3D transient nonlinear heat transiedel (eight node cube element). In the
calculation procedure the structure is divided iatements and subelements. (Fig. 1, a-b).
Each of these elements and subelements has asacssA consisting of one material or one
composite section (Fig. 1-c), and each of the nas$eof the cross-section has its constitutive
material behaviour law (stress-strain curve). Otfieemodel for structural analysis has been
formed and the element cross-section defined, ghéad 3D model for heat transfer analysis
is automatically formed (Fig. 1-d).

1.1 Structural calculation procedure
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Fig. 1 Presentation of the numerical model Figsttuctural fire analysis flow-chart
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The calculation procedure starts with a linear tedastructural analysis. The structure is
loaded with a static load, for which displacemesantsl internal forces are calculated (quasi
static analysis). Afterwards, depending on thellefénternal forces in each subelement, the
structure stiffness matrix is modified accordingtie nonlinear stress-strain distribution in
the cross-section. Strain components in the stemdsesection during fire exposure are
comprised of three components (Purkiss 2007):

et =&n(T)*+ 5 (0. T)+ e (0T 1) (1)

where: et — total straingin(T) — thermal strain (function of temperature &)z, T) — stress

related strain (function of both the applied stresand the temperature T) amd(o,T,t) —

creep strain (stress, temperature and time depesttam). Creep strains are excluded from
Eqg. (1) if an implicit creep model is utilized in the sttural analysis. In that case, creep
strains are implicitly included in the material ests-strain curves. The implicit model is
described in the following chapter. Thermal straare converted into displacements or
internal forces depending on the end restraintthefelement. Once the modified stiffness



matrix of the structure is assembled, new structlisplacements are calculated until the
convergence of the displacement vector is achi¢wedn of displacement vector lower than
norm limit). This phase can be described as aosiaty state of the structure, for the time
period before the structural fire analysis stdftewchart of the numerical model is presented
in Fig. 2.

2 NEW IMPLICIT CREEP MODEL

2.1 Introduction

The idea for a new implicit creep model was devetbfrom the observation of results
obtained from classical stationary and transienterel tests. For steel, stress-strain curves
obtained from transient test differ from those oi#d by stationary test, mainly because of
the influence of steel creep. Steel creep devebmrause steel specimens are heated with
slow thermal gradient while under stress, whiclultesn a distorted stress-strain curve due to
existence of implicitly included creep strain imgoearison to stationary curves (Lu et al 2003,
Méakelainen et al 1998). The main difference is ol in the reduced modulus of elasticity
Eyotrans)Over the whole stress range, and depending onethedrature level, in a slightly
lower yield strengthiy owransy Fig. 3 presents a typical stress-strain curvaiobtl by stationary
and transient steel testing for a fixed temperatwel 6.
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Fig. 3 Comparison of typical stress-strain curvietained from stationary and transient steel
tests

From Fig. 3 it is evident that for each stress llevethe curves; , the total deformation on the
transient stress-strain curve can be divided iwm ¢components: stress related strainand
creep straireersi (thermal deformation excluded). In case of the sstad transient test, the
level of creep strain that is implicitly included the stress-strain curve depends upon the
level of stress that is kept constant during tlst #éad the imposed heating gradient on the
specimen.

2.2 Implementation of the new implicit creep model

The new implicit creep model is based on the olzem of dual deformation division of the
total sum of deformation observed on the transsémss-strain curve (Fig. 3). The model is
based on the calculation of realistic values otpretrains depending on the level of stress
and temperature to which the cross section is edgdgealistic values of creep strain are then
used to modify the stationary stress-strain cur¥egs. modification is obtained by adding the
calculated creep strain to the value of stressa@lstrain in order to reach values that should
correspond in maximum degree to the observed sotal of deformation on transient stress-
strain curves from Fig. 3. By adding the calculategep strain to the stress related strain for
each stress levedi, the new modified stress-strain curve is obtaimddch reduces the



modulus of elasticity on the curve and createsdildumaterial curve that is similar to stress-
strain curve obtained by transient testing of tlaeamal.
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Fig. 4 New implicit creep model for stress-straimve modification: (a)
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Fig. 5 Temperature measuring points and struchaeel



Fig. 4 summarizes the proposed implicit calculatipmocedure. The proposed implicit
calculation procedure is modifying stress-straimves obtained from stationary tests and
using them to recreate equivalent transient ssgas curves. The procedure in this manner
creates curves which are influenced by a creemgtnat is likely to occur in a certain part of
the cross section. The model for calculation okprstrains applied in this study is based on
Harmathy's research (Harmathy 1967). Parametergdtmulating creep strains are derived
for steel grade A36 (Harmathy et al. 1970), whkquivalent to steel grade S275.

3 NUMERICAL VERIFICATION

Verification of the proposed implicit creep modehsvconducted on the results of two fire
tests (Boko et al 2012). Two simply supported sbesims | 212/180, steel grade S355, with
2.5 m span were previously loaded and then heatedl dour sides of the element inside the
furnace (Fig. 5). First element (E1) was loadedwiincentrated vertical force V = 200 kN at
midspan and the second element (E2) was loadedcamitbentrated vertical force V = 200 kN
and horizontal compressive force H = 400 kN. FigorBsents the disposition of discrete
temperature measuring points in which temperataveldpment was observed over time, and
the structure model used for numerical modellingb.T1 presents basic input parameters for
the heat transfer analysis.

Tab. 1 Basic input parameters for heat transfalyars

Thermal Specific heat Density Convection ) Emissivity At
L X 5 Config. factor®d
conductivityh | capacity C | pa [kg/n] ac [W/m#K] €res [s]
EN1993-1-2 | EN1993-1-2 7850.0 50.0 1.0 0.8 0.5
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Fig. 6 Comparison of results obtained by model exjgeriment (Element E1)
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Fig. 7 Comparison of results obtained by model exjkeriment (Element E2)



The numerical analysis was done by using two differsets of stress-strain curves:
experimental stationary stress-strain curves whiehe determined for steel that was used in
the steel beam itself (Boko et al 2012) and thesststrain curves proposed by EN1993-1-2,
generally used for engineering analysis of the biela of steel structures under fire. Figs. 6
and 7 present the comparison of results betweercdhducted experiment and the model
predictions.

4  DISCUSSION OF RESULTS

Figs. 6 and 7 show good agreement between the tatpes predicted by the 3D heat
transfer model and the measured temperatures del@ngent testing, indicating higher level
of precision for temperature predictions if usiriy Beat transfer modelling in case of local
heating of the element. Both of steel elements w&posed to temperatures above 400°C for
at least 70 minutes, thus enabling the developmihigh temperature creep strains. Figs. 6
and 7 show unconservative results when using baperemental stationary stress-strain
curves and steel curves from Eurocode in structamalysis. The unconservative results are
obtained without the inclusion of the implicit cpemodel, for the time period in which steel
element is heated above 400°C. The presented itmpiteep model is used to modify the
initial elasto-plastic steel material model andates an equivalent visco-plastic material
model by modifying stationary stress-strain cunkRasults of the deflections obtained by the
numerical model show good agreement with the erpart when using the proposed implicit
creep model, and therefore, indicate the validifytlee applied implicit creep model.
However, some discrepancies exist because theedppieep calculation model (Harmathy
1970) is sensitive to input parameters, which aghli variable depending on the type of
steel. Creep model was used with the help of ewparial parameters derived for steel grade
S275. However, steel beams were made of steel §a88. The present study is focused on
the behavior of unrestrained steel elements. Futdsts are necessary to confirm the validity
of the proposed implicit creep model, especiallythe case of restrained steel elements.
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