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1. ABSTRACT

In the present paper a new framework is introduaédying the study of the problem of

fire-after-earthquake within a performance basesigieenvironment. New parameters are
introduced allowing the development of completerefafter-earthquake” scenarios
requiring different levels of structural performancAs an example to the introduced
methodology, a steel frame is treated. The framfrss submitted to a seismic action

followed by the outbreak of fire in a specific coanpnent. The numerical treatment of the
example requires the utilization of highly nonlineenalysis procedures. To this end,
coupled thermal-mechanical analysis is performeking into account the various

nonlinearities included in the problem as e.g. nioalinear dependence of the material
properties on the temperature, the nonlinear mechlabehavior in room and in elevated
temperatures, etc

2. INTRODUCTION

Today the design of structures is performed, adogrdo the current design codes,
individually for the seismic and the thermal actiomhe significant progress of the
worldwide scientific research on the earthquak@agase and on the fire performance of
structures has been consolidated to the currendrdesles for both cases respectively. On
the contrary, the research concerning the combafiedts of seismic and thermal actions
on structures is rather limited. The current fiesidn codes are based on the assumption
that at the beginning of the fire event the strreetis in the elastic region of the material
behaviour. This is not valid in the case of a finetbreak after earthquake, since the
structure is damaged due to the seismic loads.



It is expected that the damage induced by eartlguan be present to both
structural and non-structural members. The seigtaimage to non-structural members
(breakage of windows which allow free airflow, btawy of fire proof doors, sprinklers
failure etc.) can be related to different fire-aféarthquake scenarios that should be
considered at the fire design of the structure. ddwer, it is expected that the fire
performance of structures will be different, depgagdn the level of damage caused to the
structural members by the seismic loads. The indluieenage can be related to the plastic
deformation of the structural members and to theigdaloss of their fire protection.
Various studies [1], [2], [3] have been conductediry the last years, considering the
effect of the damage induced in the fire protectoaterials on the load-bearing capacity
of structural steel members. These studies rehealaduction of the fire resistance due to
the partial loss of the fire protection but they wat take into account the mechanical
damage that may be caused by the seismic loading.

It is evident that the fire resistance of struetuis strongly related to the expected
level of damage caused by the design earthqualkend all these into account, it is clear
that the design of structures for fire-after-eauidice scenarios should be approached
through a performance based design framework,mglétte desired fire performance with
the expected damage level (to structural and noistal members) due to the seismic
actions.

Recently, some studies have been conducted, favileation of the performance
of structures to combined scenarios of fire-afetleguake. For example, the post-
earthquake fire resistance of steel moment regigtames is evaluated in [4]. Moreover,
two different moment resisting steel frames aresw®red in [5] for the evaluation of the
fire-after-earthquake resistance.

The aim of the present study is to evaluate the-@adhquake fire performance of
steel frames. In contrast with similar studiesehtbe attention is focused on the behaviour
of a single beam element in which it is assumet dhamage has been induced at the ends
due to the action of seismic forces. The estimatibithe fire resistance is based on a
detailed three-dimensional numerical model whickesainto account the inevitable
geometrical imperfections of steel members as waglithe unfavorable lateral-torsional
buckling mode. As a result, interesting tablespoeEluced comparing the fire resistance in
the time domain of damaged and undamaged members.

3. DESCRIPTION OF THE PROBLEM

The study here is focused on new buildings whegectipacity design rules of Eurocode 8
[6] have been applied. The plastic hinges are @rddo be formed at the end of the beams
and at the bases of the columns. Taking into adcenlatter, the fire performance of the
damaged beams is studied in fire-after-earthqua&aasios. In particular, in this study a
numerical model is used to assist the evaluatiotheffire performance of both laterally
restrained and unrestrained steel beams, congidedifferent fire-after-earthquake
scenarios, leading actually to different levelsdamage at the end of the beams. Various
numerical analyses are conducted in order to dgyath@ reduction of the fire resistance,
in the time domain, due to the damages that arsecaby the seismic loading. The
analyses take into account the geometric initigiarfections of the steel beams and the
non-linear stress-strain relationship of structstakl in elevated temperatures. Parametric
analyses are conducted considering various amphtudf initial imperfections and
different loading levels, in order to study theeeff of these parameters on the fire
behaviour of the damaged steel beams.



The first task is the design of the steel frameostiag to the current codes. For this
purpose the seven-storey steel framé&igf 1la is considered. The steel frame is designed
for the ultimate limit state (ULS) combination adft@ns for the gravity loadings. The ULS
combination can be simplified to 1G5+ 1.50Q. The dead loads that is used for the
design is equal to 27kN/m while the live lo@dis taken as 30kN/m for all the storeys
except the last level where the live load is com®d to be 12kN/m.
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Fig. 1a: The considered frar. Fig. 1b: The beam sectio.

The design for the seismic actions is performedmiog to EN 1998-1-1 [6] and the
lateral force method of analysis is followed. Fbe tdesign, Type 1 elastic response
spectrum is considered wity=0.16g and soil type A (S=1.00), according to Eoote 8.
The behaviour factoq is taken equal to 6. The steel frame is desigmedife (ULS)
combination of actions, for three different casésclv correspond to different values of the
combination coefficieniy,;. For the three different ULS design combinatiohadions,
the value ofy,; is considered to be equal to 0.3, 0.5 and 0.8 otispéy. According to the
previous considerations for the seismic design,ctileulated cross sections of the beams
and columns are given fig. 1la. The beams are haunched for a lerigtk1.2m at both
ends. The cross sections at the ends and in thdlerade given irFig. 1b.

The evaluation of the seismic behaviour of theldteene structures is conducted
through push-over analysis. The results of theyamaindicate that the formulation of the
plastic hinge mechanism follows the provisions loé tcode for the local and global
ductility of the structure. All the plastic hingase formed at the beams and at the base of
the frame structure. This indicates that the masgherable structural members of the
structure when the fire follows the seismic loademg the damaged beams, since the
columns (apart from their base) are expected tcamenm the elastic region during the
earthquake. Thus, the present study is focused tmlyhe assessment of the fire
performance of the steel beams.

The fire design is based on the loading combinatwraccidental design situations
which is given in EN 1991-1-2 [7] and it can be glified to G+y1Q. Three different
cases are considered again, using the three diffeases for the quasi-permanent value of
the combination factoy,1 (y21=0.3,0.5,0.8).In this study the fire resistance of the steel



beam results from the subsequent numerical analises steel beams are submitted to the
standard ISO fire curve and the temperature profildéne beam during the fire exposure is
calculated according the provisions of EN 1993{8]2

4. CASE STUDIES — PARAMETRIC ANALYSES

This study is focused on the parametric analysia steel beam of the second level. Two
case studies are considered. In the first caseb#@@ns are supposed to be laterally
restrained Beam LR) while in the second case the beams are latevallgstrainedBeam
LU). Two different fire-after-earthquake scenarioe eonsidered for both case studies,
considering different levels of damage caused ® steel beams by the earthquake.
Additional parametric analyses are conducted cemsig the amplitude of the initial
imperfections and the level of the imposed loadmgboth case studies. Three different
loading combinations are considered, as indicatefbre, for different values of the
combination factofiz1 (w21 =0.3, 0.5, 0.8) corresponding to the utilizationtloé¢ 40%,
50% and 58% of the yield stress of structural sstebom temperature. All the different
parameters that are considered are summariZ&able 1.

Beam LR (laterally restrair Beam LU (laterally unrestraine:
Fire-after- |Loading level: % of the vyield stre|Loading level: % of the vyield stre
earthquake 4¢ 50 58 40 50 58
scenario Maximum amplitude of initial Maximum amplitude of initial
imperfections (mn imperfections (mn
A 2 5 2 5 2 5 2 2 2
B 2 5 2 5 2 5 2 2 2

Table 1. The considered parametric analyses.
5. NUMERICAL ANALYSIS

The numerical analysis is carried out using thelinear finite element code MSC-MARC
[9]. The models for the simulation of the fire belwaur of the steel beams are developed
through four-node shell elementad. 2). The yield stress of the structural steel is étpua
235MPa at room temperature. The numerical modedstakto account the non-linear
stress-strain relationship of steel in elevatedpeenatures. Additionally, the yield stress,
the proportional limit and the elastic modulus avpposed to be temperature dependent
according to EN 1993-1-2 [8].

Both the ends of the beams are rotationally restchi while the longitudinal
displacement is not restrained. In the case stutlyBeam LR the out-of-plane
displacements are restrained while in the cas@earin LU there is no lateral restraint at the
nodes.

The numerical analysis for the simulation of thddeour of steel beams under
seismic and thermal actions is based on the felgement method. It must be noticed that
initial imperfections are incorporated in the getnyef the steel beam for a more realistic
assessment of its behaviour. There are many diffevays to introduce initial geometric
imperfections in the structural members. A simplayvin the context of finite element
analysis is to extract the buckling eigenmodesiatrdduce them as imperfections with a
fixed amplitude. More specifically, the normalizkedckling mode is multiplied by a scale
factor leading to certain maximum amplitude andregmulting displacements are added to



the initial coordinates of the structural membeor Ehe case study oBeam LR the
eigenmodes that are used are related with the lmoeling at the upper flange of the
beam at the mid-span and at the haunched endsdéads in Fig. 2). The buckling
eigenmode that is used as initial imperfectiontifi@Beam LU is the one corresponding to
the lateral torsional buckling.

Fig. 2. The numerical model and the initial imperfectafriocal buckling.
5.1 Fire analysis

First, numerical analyses are conducted in ordefini the fire resistance of the steel
beams for both case studies. The beams are expms$ieel standard ISO fire curve for 60
minutes. It is noted that no thermal analysis isdtwted. The temperature profile of the
cross section of the beam is assumed to be knownisrdefined according to the
procedure that is proposed in EN 1993-1-2[8] fa fine exposure. Moreover, it is noted
that there is no thermal gradient in the cross@eend that the temperature is supposed to
be constant along the beams. At this stage, theenocah analysis is conducted for both
perfect and imperfect steel beams.

5.2 Fire-after-earthquake analysis

In the sequel, the analysis for the fire-after{eguke scenarios takes place for both case
studies. The seismic actions are simulated thrdbglstorey drift displacements that are
introduced during the earthquake excitation. Mgrectically the storey drift is connected
to the rotation of the column nodes. The beamshefftame structure are supposed to
rotate in the same direction at both ends, follgwtime rotation of the columns due to the
earthquake forces. The rotation which is introduaedhe end of the beams due to the
seismic actions and the deformed shape are dermatswstinFig. 3. The total imposed
rotation 6« has two components, the elastféy)( and the plasticéfy) one. After the
earthquake excitation, the remaining part of thaltinposed rotation at the beams, is not
necessary equal to the plastic part of the rotdtisinis strongly related to the deformation
response of the structure for the specific grouradion. In this study it is supposed that
after the earthquake excitation, the plastic phthe total imposed rotation will remain i.e.
the columns will no more be vertical.

Taking into account the previous, the numericalysms of the steel beams for the
seismic and thermal actions has three differemgestaAt the first stage the steel beams are
submitted to the same rotation at both ends uhgl target rotation is reached. The
unloading stage follows, where the reduction ofriitation is equal to the elastic pét



At the third stage the steel beams are submitteth@ostandard fire 1ISO curve for 60
minutes. The temperature profile of the steel bé&amsupposed to be constant along the
beam and at the cross section and is derived fnenpriovisions of EN 1933-1-2 [8].

Two different fire-after-earthquake scenarios aefinéd connected with the level
of the target rotation that is imposed at the esfdbie beams. In the first seismic scenario
(A) the total rotation i#hy=20mrad while in the second one (B):=30mrad.
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Fig. 3: The induced rotation at the beam ends.
6. RESULTS OF THE NUMERICAL ANALYSIS

The results of the analysis regarding the firestasice in the time domain for the first case
study Beam LR), are presented ifable 2. For the laterally restrained beam, the reduction
of the fire resistance time in the case of fireafarthquake with respect to the reference
case, which is the fire situation, is rather lirdités it is expected, the reduction becomes
greater as the amplitude of the initial imperfectidncreases, but the difference is not
considerable. Also, it is noticed that the fireistce is reduced as the level of the applied
loading (i.e. the coefficients,;) increases. The reduction in the case of the diter
earthquake is similar for all loading levels.

Loading level: % of the yield stre
40 | 50 | 58
Analysis Maximum amplitude of initial imperfectio
2mmr smrmr \ 2mmr smrmr \ 2mir smir
Fire resistare in time domain (minute
Laterally restrained be¢ (Beam LR
Fire 24.F 24.F 23.t 23 21t 21.5
Scenario / 24 24 22.t 22 21 20.t
Scenario | 23 22.t 21.t 21 20 2C
Laterallyunrestrained bea (Beam LU
Fire 25.t 24.t 23
Scenario / 18.7¢ 17 13
Scenario | 17.t 17 14

Table 2: Parametric analyses results.

The reduction of the fire resistance in the caskrefafter-earthquake can be attributed to
the available rotational capacity of the beamsl@vaed temperatures. Experimental and
numerical studies indicate the considerable rednctif the rotational capacity of steel
beams in elevated temperatures and this is dubetdact that the local buckling takes
place at an earlier stage compared with the caigeaioom temperature. Moreover, in the
case of fire-after-earthquake the rotational capasieven more reduced because during



the phase of the seismic loading, some parts ofnti@bers have already developed local
buckling.

The results of the analysis regarding the firestasice in the time domain for the
laterally unrestrained bearBdam LU) are presented imable 2. The reduction of the fire
resistance time in the case of fire-after-earthquaith respect to the reference case which
is the fire situation is remarkable. The reductiorihe case of the fire-after-earthquake is
increasing as the loading level becomes greates. réduction of fire resistance ranges
between 31% and 39% (for percentages of utilizatibthe yield stress of the structural
steel at room temperature 40% and 58% respectively)

7. CONCLUSIONS

This paper presents a numerical model for the ewialu of the fire performance of steel
frames for two different fire-after-earthquake sm@wms. The results of the numerical
analyses indicate considerable reduction (withe@espo the reference case which is the
fire situation) of the fire resistance time fordatlly unrestrained beams in both the
examined scenarios. However, further research dhbel conducted in order to obtain
solid conclusions, considering various parametach s the type of the cross section of
the beams, the restraint conditions, the type eftklermal loading (e.g. parametric fires)
etc.
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ITEPIAHYH

To cuvdvaouévo GeEVAPLO TNG TLPKOYIAG LETH A0 GEIGUIKE YEYOVOTO OOTEAEL £val TTOAD
KOTAGTPOPIKO YEYOVOS, OT™G £xel amodeybel 16TopiKd. e TOAAEG TEPIMTAOGELS M TLPKAYLYL
elye TOAD TO KATAGTPOPIKEG CUVETEIEG GE GYECT LE QVTEG TOV TPOKAAEGE O GEWGUOC. To
YEYOVOS anTO €xEL avayvoplotel amd moALOVG EpELVNTEG TAYKOGHLN, OAAG LEXPL CNULEPO
dev mepthopPdvetal 6to TANIGLO TOV KOVOVIGTIKOV O0TdEemy Yo TOV GYXES0GUO TOV
KOTAGKELOV. AT TV GAAN TAELPA M apPOUNTIKY TPOGOUOIMGT] TOV GLVIVUGUEVOL
oevapiov aVTov €ival TOAD OTOLTNTIKY. X€ VTN TNV TEPIMTOOT TO ONUELD EKKIvVoNg TOV
VIOAOYIOUDV  €ival o, KOTAoToon HOVIiHoV PBrafodv (avelaoTIKEG TOPUUOPPDOGCELS,
yabupéc Opavoelg, PAaPec o un SoUKA OTOLEIR) TOL TPOEPXOVTOL GO TIG CELGHIKEC
katamoviosls. H mepimtoon oavty dweépel onuoviikd amd Tov KAOGIKO GYXEOUGHLO
KOTAGKEVADV GE PMOTLY TOV TPOSLOYPAPETAL OO TOVS TPEXOVTEG KOVOVIGLLOVG.

To apbpo emkevipdveral Ge VEES KATAOKEVLEG OV £YOLV OYXEONOTEL GUUP®VA UE TIG
amolrthosl tov Evpokdoke 8. XTI TEPITTOGEIS GLTEG Ol TANGTIKEG 0pOpDOELS
OVOULEVOVTOL VO, ELPAVIGTOVV GTO GKPO TOV 00KMOV Kol 6TIS PACELS TOV VTOCTUAMUATOV.
Emopévog, sivar okomypo va peretnei n copmeptpopd tov S0KOV Yo T0 GLUVOVAGUEVO
GEVAPLO NG TLPKAYLAG HETO OO GECUIKE YEYOVOTO. XVYKEKPLUEVE OGINV EPyacia
mpoteivetal €va aplOuUNTIKO TPOCOUOIMUE YO TNV EKTIUNGY TNG GULUTEPLPOPAS TMV
UETAAMKOV O0KDV O KATAGTUGN TUPKAYIAS, DE@POVTIG SIUPOPETIKA GEVAPLOL GEIGUIKNG
déyepong mov odnyodv TEAIKA € dAPOPETIKG emimedo PAAPNG oTig dokovs. MeleTtdvTal
dokol evaicOnteg kot pn evaicOnteg oe orpemtokapuntikd Avyiopd. Ioapdiinia,
SteEdyovTon TOPAUETPIKEG UPLOUNTIKEG AVAAVGELS SLUPOPOTOLDVTOG TO EVPOC TMV APYLKAOV
atelel®v kot to péyebog tov emPardiopevov eoptiov (Kivntd Kot povipa).



