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ABSTRACT

The reliability of structural systems has to beifient against failure caused by extreme effectghsas fire and
seismic effects. To the best of the authors’ kndgée there is a lack of studies in the literatunecomprehensive
reliability calculation of complex structural systs; the available studies mainly deal with theatglity calculation
of simple, separated elements. In this study, datetiogy is presented for the calculation of religbof structures
under fire exposure, giving a more complex and aemgnsive basis for the calculation of structuesibbility than
earlier studies in the literature: a) the reliapiltalculation does not focuses on one single ehérhat the whole
structure; b) the presented methodology is ablotwsider any type of fire curve; c) reliability &yss includes the
nonlinear analysis of the structure, in this wag thghly nonlinear structural response is followdilithe structural
reliability is assessed on time basis. The applitatof the proposed algorithm is presented thitougliability
calculation of tapered portal frame structure potae by intumescent coating, as an example streictlihe
probability of failure is calculated using Firstd@r Reliability Method. The resulted probabilite® verified using

Monte Carlo Simulation.

1. INTRODUCTION

There are different opinions among engineers asearehers on the achievable level of fire safettygus
prescriptive codes due to the simplified modellirfidire effect and structural resistance calculaiio the
standards, e.g. in MSZ EN 1991-1-2:2005 (EC1-1) KISZ EN 1993-1-2:2013 (EC3-1-2) [1, 2]. To
guarantee the appropriate structural reliabilityn(@st a synonym for safety, practically the proligbi

that no failure will happen in a certain desigmaiion) is particularly important because of tlie fafety

requirement, however, both the too conservative iamdliable design is unfavourable for the economy

and society. The reliability problem related toefidesign situation is inherently highly uncertan;



significant part of uncertainties comes from thghhnonlinearity (nonlinear and time-dependent niater
properties, stability failure modes, nonlinear temgure-time relationship, etc.) and complexitydéa
number of influencing design variables, modellifgcomplex structural response, etc.) of the design
problem. The above discussed difficulties and thdiss from the literature review point out the esity

of further research in this area in order to dgvetmls assessing the structural reliability mareuaately
than it was possible earlier. As to the literature,an earlier study Holicky et al. [3] analysedt th
reliability of unprotected simple supported steebims with Second Order Reliability Method (SORM)
[4], which had been verified according to EC3-12. [Jeffers et al. [5] analysed protected simple
supported steel beams as well using both ISO stdrfita curve (equivalent fire effect that is comnigno
used for fire design given in temperature vs. tifmenat) [43] and EC1-1-2 conform parametric fire
curves (Eurocode conform curves that are obtaimethe basis of the properties of the compartmedt an
the combustible material) to model the temperaturine compartment. The reliability of the beam was
assessed using Monte Carlo Simulation (MCS) wittinLdypercube Sampling (LHS). They pointed that
probability calculation is needed to ensure thesitant reliability level in the fire resistant ags and
further discussion is necessary in order to dettideacceptable level of risk in structural fire ieegring.
Guo and Jeffers [6] presented a detailed discussioithe reliability calculation theory extended for
calculation of the failure probability under firggosure. They calculated the reliability of a sieplnned
column with FORM (First Order Reliability MethodgORM and MCS [4]. The failure mode of the
protected steel column was stability failure, nantké lateral buckling phenomena, which was colsdol
through deformation constraint at the middle nofithe element. Based on the resulted probabilitiey
have showed that there can be significant diffezdpetween MCS and FORM, where FORM resulted
more conservative failure probabilities. Li et ] investigated the reliability of steel columrerients
protected with intumescent coating. They appliedivaient time concept [1], thus the fire effect was
modelled with ISO standard fire curve. Based olir tlessults, they were able to assess the agingtedfe

the intumescent coating for the structural religpil



Lange et al. [8] have written an interesting paperthe reliability calculation of structures undiee
exposure using the framework of Pacific Earthquekgineering Research Center (PEER), which was
originally developed for Performance Based Seidgnigineering (PBSD). A composite steel floor system
was analysed in their study. They applied the marimtemperature of the compartment (which is
calculated using parametric fire curve) as thenisity measure, therefore the calculated probatsligire

not related to time which is actually an importargasure in fire safety engineering.

Reliability analysis of complex structures can berfd in [9] and [10]. In the first study Boko et al
analyzed an unprotected steel roof structure wiiiRBl and FORM. They pointed that using rules and
recommendations from EC1-1-2 and EC3-1-2 apprapsafety level can be ensured. The analysed truss
structure was not taken into account as structystem, the presented reliability indices are eelaingle
elements. In the second study, Boko et al. predehie analysis of a steel portal warehouse witffiogit
protection. The reliability related to the failuoé the beam was obtained with different paramdirie
curves [1] calculated using different values foelfload, fire area and opening factor. They poirtted

the usage of ISO standard fire curve leads for@wmasive results related to the structural religbdue to

the large compartment size of the investigatedtira.

In case of reinforced concrete structures, thearebeof the structural reliability is also a dey@tag area.
Eamon and Jensen in [11] presented the investigafiprestressed, simple supported reinforced evacr
beam exposed to fire. For the reliability calcdatihey used MCS. Their results showed among others
the effect of live load ratio, concrete cover, feifnement ratio and the type of fire curve on ttracdural
reliability. In other studies [12, 13] they presahthe reliability analysis of reinforced concretdumns

and conventional beams. Colie et al. [14] analysietble supported one-way concrete slabs using 1ISO
standard fire model. They calculated the ignitiombabilities in consistent with the standardized
constraint for the structural reliability and th&und good agreement with available statisticabigal

from the literature.



It can be concluded that structural reliabilityatahtion under fire exposure is still a developarga and
because of some shortcomings the available stddiest ensure strong and consistent basis relatdubt
reliability level of different structures that wedesigned using prescriptive rules from modern sdqdey.
[1]). For example, the application of differenteficurves in the above listed studies is cleariynidtion

of the results. To ensure uniform reliability levath using different fire curves is questionableedo the
differences e.g. in the heating velocity and maxioasmpartment gas temperatures. It is recommenaled t
model the fire effects as accurate as possibladrdesign process. For example, ISO standard dineec
can be considered only as a non-realistic, compargdfiect which can barely be the basis of realisti
reliability calculation. Nowadays, one or two zamedel calculations [15] can be the best alternative
Furthermore, the fact that the structural relisiin a lot of cases is ensured through the vetifon of
detached structural elements without interactiorkesathe safety level related to the whole more
uncertain. In some cases, even in the availabératiire, the studies on the investigation of the
standardized reliability level confine themselves analysing the reliability level of simple element
(typically simple supported beam elements) neglgct.g. the interaction of different elements in a
statically indeterminate structure or plastic desilj seems evident that in case of complex strattu
systems, the reliability of the structure is raretyual with the reliability of one of its elemenidore
accurate information can be achieved with the nmimgethe whole structure and follow the nonlinear

structural response under high temperature corisgithre spatial deviation of the temperature.

The global aim of this paper is to propose a that is able to deal with the discussed difficultes to
provide more accurate information on structuraiakelity for structures under fire exposure. The
proposed methodology is inherently applicable foy kind of structure that can be analysed as a&syst
with modelling its nonlinear behaviour and not oalya totality of separated elements. The methggiolo
gives the opportunity to apply more realistic amdbtem dependent fire curves. For the time being,
similar framework is not available in the literauiThe application of proposed methodology is fitated

through an example structure, namely a taperedlpioaime structure protected by intumescent paintin



FORM is implemented in the framework due its eff@riess and reasonable accuracy. A given frame
structure which has been designed according tccipéise code, namely MSZ EN 1990:2011 (ECO),
EC1-1-2 and EC3-1-2 [16, 1, 2] is studied. The eacyiand the sensitivity of the calculation aresased

by comparing the MCS results.

2. PROPOSED METHODOLOGY

The proposed methodology is illustrated in Fig. ithwhe help of tapered steel frame as an example
structure throughout the paper. The reliability lgsia is part of a Bayesian probabilistic netwod, [
where the probability of severe fire is accountéthile calculation of failure probability and Bayasi
networks are straightforward and well known, thggastions of the authors are concentrated mainly in
the composition of the limit state function and tieole framework. The limit state function, illusted in

Fig. 1, has the following steps in one iteraticepsof FORM reliability analysis (these steps argcdbed

in more detailed form in the referred section)rmigdelling of the fire effects; 2) calculation oftisteel
temperature; 3) nonlinear structural analysis;h8ck the failure modes; 5) evaluationGii, t) function:

Gxt)=1- (1)
R

Where thd, tr andx are the time (where the time demand shall be gutest), the time capacity and the
vector of discrete design variables, respectivEhe calculation ofr is based on the loss of load bearing
capacity of the elements. The point of failuredsa with the time step where the utilization of frame
exceeds 1.0. This point gives the fire resistamgacity of the structure in time unit, and as gliswn in

Fig. 1, the limit state function is formulated amé basis contrary to other studies [6, 7, 9, 10¢neg steel

or maximum gas temperature, internal force or disginent is used for this purpose. First of alis it
practical to use the time as a measure of capacit demand due to the fact that the interest of the
designer is focused on the reliability accordinghte stability of the structure within the requiréde of
evacuation, which is given by national or interoa#l standards. Using of the maximum gas temperatur

in the compartment and capacity temperature to dtata the limit state function is not so informativ



from point of view of life safety criteria, probablvhen the designer is interested in other perfoea
levels, e.g. no collapse requirement for some reabloe internal forces to calculate the value efltit
state function can be used solely in case sepagtdatknts not in case of a complex structure theisise
of internal forces would overcomplicate the relidpicalculation and separated reliability analysisuld

be necessary for every failure components withctiresideration of the possible correlation.

Section 3. - Bayesian probabilistic network
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Fig. 1 is also an outline of this paper, the indidal parts are discussed in more detailed fromhén t
referred sections using a tapered steel frame asample. The parts can be replaced or extendetewhe

appropriate if another type of structure is studied

3. BAYESIAN PROBABILISTIC NETWORK
The result of the reliability analysis is a conalii@l probability which says what the probabilityfaiiure

is when the so-called flashover (simultaneous igmibf most of flammable material in a compartment)
occurs. For this reason, the probability of ocauceeof flashover also has to be taken into accolnt.
quite simple Bayesian probabilistic network [4]ngplemented in the proposed framework (shown in Fig
1 where F and T refer to false and true eventgediely) in order to take into account the igmiti
occurrence, the effect of active safety measurdhdgalculation of the probability of flashoverowever
the user can extend the network to consider otffiecte not accounted here. A more refined net ean b

found in [17] for risk assessment in fire resistaesign.

The ignition probability can be assessed usingstizl data [18] or can be approximated using tfaul
trees. Relevant data can be found in the literati®e 20] according to the effectiveness of thavact
safety measures (e.g. sprinkler system, detectjiohdat, etc.) and the possibility of fire growttorfr
ignition for different functions. For the desigroptem which is investigated in this paper, the piolity

of ignition and fire growth is assumed to be equith P(1)=10107/(m*year) for an industrial building
based on [19], while it was accounted that thetaafien system is deployed and can cut down tlee fir
growth probability on the quarter of the originalwe [19]. The effect of the service life is accmthwith

the assumption that the ignitions in different geare independent. A considerably low 0.01 prokgtd
considered according to the failure of the detectigstem. The designed frame is located maximum 30
minutes from the closest professional fire depantméhus another decreasing constant could be

considered with the value of 0.2 [19].

As it can be seen, active safety measures aretirgsghfer solutions by decreasing the possibiity

ignition and flashover. The calculated flashovertability is equal withPashoer=0.0018 for 50 years. It is



interesting to note that through the ignition arelelopment of the fire structural reliability aciya
depends on the function of the investigated bujdso it seems that the usage of equivalent fiieces
(e.g. ISO fire curve) may not lead homogenous bidiig level. When other active safety measures are
applied, e.g. sprinkler system, the reliabilitydeean be significantly increased and it can hagpanit
may be not necessary to apply passive fire prateciihe optimal solution can be selected only an th

basis of cost and risk analysis.

4. RELIABILITY ANALYSIS

The aim of reliability analysis is mainly to obtaihe probability of failure Fy) of the investigated
structure. The structural failure is modelled vtk so-called limit state functio(X)=0 in Fig. 1, which
separates the saf6((X) >0) and unsafe3(X)<0) potential solutions. Basically, the ratio afes solutions
to the all possible solutions gives the reliabitfythe structure in a given design situati®F1 - Py). This

is theoretically equal with the value of the foliogy integral if the distribution of the random \afiles

can be approximated with continuous distributiomctions.

Pr =P{G(X)<0}=  [f(X)dx 2)
G(x)<0

Where thef(X) is the joint density function, which already cains the random variables from the effect
and resistance side. In case of normally distribjént density function, the integral can be easdd in

the following way.

Py =<I>(— EJ =a(- ) 3)

o
Where,u, o and®(-) refer to mean, standard deviation and cumueatiistribution function of standard
normal distribution ang is the so-called reliability index (frequently dsia literature as the measure of
structural reliability), respectively. In this cagbe high nonlinearity in the structural respomsakes
MCS method computationally expensive, for this oea$ORM algorithm is adopted here, which is based

on Hasofer — Lind — Rackwitz — Fiessler (HLRF) atiesn method in order to find the so-called Most



Probable Point (MPP) [21]. The algorithm can harmerelated and non-normally distributed random
variables. The coordinates of MPP are calculatetherbasis of sensitivity of limit state functiomieh is
approximated with partial derivatives in every geps Due to the complexity and discrete naturehef t
design problem and variables (e.g. thickness of ftaege plate, thickness of insulation), partial
derivatives can be calculated e.g. with centrdediihce method, which means that the limit statetfan
shall be evaluated a lot of times during the iferatlt makes the problem computationally expensines

the use of FORM was preferable.

The failure of a steel frame structure can be ahligeseveral failure mechanisms. Any of these failu
modes occurs, it can be said that the investigltade is failed, so the failure components compmse
series reliability system, where the following appmation can be given for the boundaries of thieifa
probability [4]:

n
ifl‘f?;{Pf iJsPrgsi- i|:|1(1‘ P ) (4)
WherePy;, n andP;s are the failure probability related to tHefailure mode, the number of failure modes
and the failure probability of the system, respet§i. When full correlation exists between the Uesl
modes, the lower boundary for the failure probabi the maximum probability from the n caseghié
value of the limit state function can be calculateith respect to the all relevant components (failu
modes) within reliability analysis simultaneousheh the correlation between failure modes is ajread

taken into account (as it is the case in this gtudy

In case of the whole structure that consists sé¥enaes, the reliability system is also seriesaduse in
the case of failure of one frame we consider thatstructure is failed. If the whole structure isdelled
in the limit state function as a three-dimensiastalicture with respect for the random variablesl (@dueir
correlation) of every individual frame, the cortada between the frames is already taken into
consideration. However, the three-dimensional modelof the system incredibly increases the

complexity of the reliability calculation, thus thproblem should be simplified and somehow

10



approximated. Second is the application of simpteinols [4] or e.g. Ditlevsen bounds [44] to
approximate the system reliability with respecttte correlation between the failures of separataads.

In this case the structural reliability of the fresrhas to be calculated individually first.

5. LIMIT STATE FUNCTION

5.1. Modéelling of the fire effects

Realistic modelling of the fire effects is importam order get realistic value for structural rbiigy from
the calculation. The most widely used represematiothe fire effects in fire resistant designhe fire

curve, which gives the temperature as a functigh®time as it is illustrated in Fig. 2a.
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Fig. 2. — a) The shape of different fire curvespPigsign gas temperatures and zone interface ebevadilculated in
OZone V2.2.6

The authors suggest the usage of fire curves wdrielobtained on a stronger physical basis (e.g.n®Zo
zone model [15] considers the amount and charatiteriof the fire load) for the reliability calctitan.
The design fire curve related to the investigateablem can be seen in Fig. 2b. It is considereth@
analysis that in the first period of the fire there two different zones, namely hot and cold zomés
OZone software is able to calculate both tempeeatand the interface elevation based on the eredy
mass balance. After the flashover, the two-zoneeh@dswitched into one-zone model (Fig. 2b), which
means that interface elevation is assumed to learet only the heat zone temperature curve is fsed
further calculation after ~21 min. As it will bestgibed in Section 5.3., the applied finite elemaodel
gives the opportunity to consider spatial variatiorthe temperature element by element. The predent
methodology (Fig. 1) is able to handle any kindigd curve (e.g. ISO or parametric curves), however

11



simplified curves do not relate strongly actual gibgl conditions. As studies shown earlier, e.g, [0],
the usage of ISO fire curve for fire resistant gesian hardly ensure consistent reliability lesaice the
structural reliability depends on the function grdperties of the fire compartment and on the arhoun

and properties of the fire load.

The uncertainty in the fire effects is considefatigh the introduction of a global uncertaintytfm¢hat
has been calculated by Monte Carlo Simulation. éeond way is used in this study. Since the OZone
[15] is not appropriate for evaluating numerouswations, the uncertainty in the gas temperatuses i
obtained using parametric fire curves [1] withtddimodification according to [23] in order torelnhate
the discontinuity in the calculation (limits sugtess by [1] for some parameters introduced to sépara
fuel and ventilation controlled fires cause an asommable discontinuity in the compartment
temperatures). The investigated compartment canfdomd in the literature [7] (6.4x3.2x2.6m
compartment with 4.4Mmopenings; mean fire load 420MJmith CoV=0.3 according to [1]). The
maximum gas temperature is used as the output péearof 100,000 simulations and it was found that
the uncertainty in the maximum temperature cangmecximated with a lognormal distribution (because
the effect of uncertain parameters may be multipliith each other), which has a mean equal to id0ea
CoV (Coefficient of Variation) equal to 0.25. Untanty is considered in the fire load (Gumbet420
MJ/m?, CoV=0.3), in the specific heat of concrete (Nokm&=900 J/kgK, CoV=0.1), in the thermal
conductivity of concrete (Normali=1.5 W/mK, CoV=0.1) and in the calculation of auetion factor(

(as suggested in [24]) related to the opening fadtognormal;u=0.2, CoV=1.0). Parametric fire curve
are used to approximate the uncertainty since & fittied on temperatures obtained by real firestE20)].

It is clear that the calculation of the temperatsrene of the key issues of fire design problermh trere
may not be method which could be used both effelstiand accurately to calculate the maximum
temperature. For this reason, the uncertainty éntémperature has to be analyzed more detaileldein t

further studies.

12



This uncertainty is considered in the reliabilityadysis through the uncertainty of the steel termfpees
as it is described in Section 5.2. For this redberfire curve, as the input parameter of the aglhas to
be given as a representation of mean gas temperatuprder to calculate the mean fire curve, iswa
assumed that every point of the design curve {8 Pércentile of the above obtained lognormal

distribution (Fig. 2b).

5.2. Calculation of the steel temperature

The rate of heating and maximal temperature ofl glages can be very different even in case of lsgu
structural members due to the variation in the ggoror cross section, in the thickness of thelatn

and different spatial location This variation inetlstructural temperature is more typical in case of
complex structural systems and can cause a coraplgoctural response. For this reason, the calcuwlatf
steel temperature has to be built in the limitesfainction. Furthermore, by using different tempaea

curve for every element, other scenarios (e.g! firegs) can be followed easily in the analysis.

According to EC3-1-2 [2] standard the steel tempeeaof an insulated element can be calculated as

follows:
Ay A Oy —0,+_
DGy =T p/V( gr_a 1)At_(e‘(ﬂ/lo_l)ﬂgg,t (5)
d pcapa(l"' 40/3)
_CpPp
@Y= d, A
Cala p p/V

This is an incremental, time step formula, whertg,td,, Co, pp, Ca, pa aNdAYV are the time, the thermal
conductivity, thickness, specific heat, unit masmsulation material, specific heat, unit masgaiftected
material and section factor of the protected sactiespectively. Theé,: and46; are the gas and steel
temperature at time step An equivalent thermal conductivity for intumesteroating can be

approximated on the following way.

In case of intumescent coating there is not cldsechula for calculating the steel temperatures. The

design of the coating thicknesses is based on ixgetal results that have been obtained by furnace

13



testing using I1SO standard fire curve. We can aesiimat the listed data in the design sheets (e.case

of Polylack A, [25]) give the required thicknessembwith after 30, 45 or 60 minutes the steel teatpes
reaches exactly the critical temperature. Using tdsumption and a suggestion from the European
Convention for Constructional Steelwork (ECCS) ¢afculating equivalent thermal resistance [26], the
following formula can be derived:

_d _ d ﬂ
/]_E_ 1 [mK} ©

A{ t }077

V | 2404T -140)

Where/, d andA/V arethe equivalent thermal conductivity, the thicknessrafimescent coating and the
section factor of the cross section, respectivEtfye equivalent thermal conductivity of the usedgrton
material [25] is calculated for several cases usiirggdesign sheet from the Hungarian producerointp

of section factor, only a relevant range is usetthéncalculation (A/V=160 — 300 1/m), as it canskeen in
Fig. 3a. It may practical to fit a continuous fuooton the observed data in order to extrapolaberot
cases which cannot be found in the design sheetase of the investigated protection material, the
applicability of linear approximation for the eqgalent conductivity is confirmed by Fig. 3a (thectness

of the intumescent coating and the section faasrth be substituted in mm and 1/m, respectively).

The equation (5) is used in this study to calculhgesteel temperature of every element in any-ttap.
The ¢ parameter is neglected due to the fact that: @etjuivalent properties of intumescent coating is
uncertain; b) the is very close to zero; c¢) the thermal conductiigtpbtained using experimental data so

the actual performance of the insulation matesiagpresented well.

In order to evaluate the uncertainty in the steelgerature, 50,000 MCS (which seems to be enoungh si
only few parameters is considered) have been daot¢ similarly to the case of gas temperatureeBas
on the results of simulations carried out with £5), the uncertainty in the steel temperature 3@ tmin is
analysed. It seemed that lognormal distributioditisvell (Fig. 3b) which is not surprising sinceeth

dominant random variables were assumed to be lagalbyr distributed.

14
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Fig. 3. — a) Equivalent thermal conductivity asiadtion of section factor and thickness; b) Unéetyan the steel
temperature

5.3. Structural analysis

The type of structural analysis and numerical mddean important issue from the point-of-view of
reliability analysis of structures subjected teefigffects mainly because of the high nonlinearityhe
thermal effects and in the structural response. ddtermination of the internal forces using onepsém

static analysis and a linear elastic structural ehatght not be reliable enough.

In parallel with the increasing the steel tempergtthe strength and stiffness of steel are deicrg$2],
this causes a complex, nonlinear structural responsler fire exposure. The heating of the elemisnts
clearly nonlinear, furthermore due to the diffeehin the heating intensity and the stiffness Giedint
elements the internal forces redistribute durirgghibating. Time-step analysis is required to folload-
history-dependent response using a structural mbdélcan represent the change in the stiffnessglur
the analysis in case of elements, plates and fila®svell. In this study, the time step of the nrioa
analysis is set to 10 seconds which means thanthémum number of steps is 720, if 120 minutes is

considered as relevant time interval exposed ¢odfifect.

The decreasing in the stiffness causes higher miefowns under the loading, which effect has toaber
into account using geometrically nonlinear analysiaterially nonlinear analysis gives the opportymnd

account the plastic behaviour of the material, dlenents and the structure really unfavorable efféc

15



the decreasing in the stiffness is that the stglddiilure of the elements (e.g. buckling of platisxural
torsional buckling of columns, etc.) becomes dominailure modes. The stability resistance can be
calculated using reduction factor method or usiaglinear analysis on imperfect structural model MSZ
EN 1993-1-1:2009 (EC3-1-1) [27] which is typicalgferred as General Method according to [27]. In
order to evaluate the structural reliability asuaate as possible, the nonlinear time-step andfgsgo be

built in reliability analysis through the limit s&afunction.

In this study, an open source finite element codamely OpenSees [28], is used with its
OpenSeesThermal extension [29] analysing the nesalistructural behaviour on high temperatures (with
considering the temperature-dependent propertiestesfl material and the connections). For sake of
simplicity, a two-dimensional structural model (Figa) is developed in OpenSees with equivalent
geometrical imperfections (that involve the effeof the geometrical imperfections, structural
imperfections, residual stresses, variation ofyleéd strength) according to [27]. The second franoe

the system is modelled only with its loading coiatis assumed that purlins are constructed as et
beams. Due to the function of the investigatedcttine, it can be assumed that the stored combestibl
material is nearly uniformly distributed under thmdelled frame, thus the gas temperature may also
uniformly distributed. In order to represent wdietresponse of a tapered frame, the column and beam
elements are divided in the analysis into 10 ands@aller elements, respectively. Geometrically and
Materially Nonlinear Imperfect (GMNI) analysis isarcied out on the developed model. Using the
calculated steel temperature for every sub-elentlieatanalysis can follow the change in the propentif

the steel material according to [2] and the devwelemt of additional internal forces from the consed

thermal expansion.
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2D stuctural model in OpenSees:

2x10+2x20=60
ForceBeamColumn Elements

4

3.5r

= Column base conn. T=20°C
===Column base conn. T=500°C
= Column-beam conn. T=20°C

=== Column-beam conn. T=500°C

—— Ridge connection T=20°C

===Ridge connection T=500°C

My [Nmm]

2505900

e = ¢m+% =0,003095900+

092mm

L

I = =299 475mm
{ 2[20C 2[20C

Fig. 4. — a) The imperfect 2D structural model ipe@Sees; b) Bilinear material models for connestion

The properties of the connections [30] are notaldes in the analysis, their stiffness, strengtd an
nonlinear behaviour (Fig. 4b) is modelled with noear spring elements in the analysis. The temperat

dependent reduction factors have been calculated sfiffness and strength according to the
recommendation of EC3-1-2 [2]. The connection prtige are changed dynamically in the finite element

analysis according to the calculated temperatutbeo€onnections.

The applied loads on the structure beside thedfifects are the dead load of the frame, sheetimg an
equipment (e.g. ventilation system) and the metegical loads, hamely wind and snow loads, caledlat
according to the EC1-1-2, MSZ EN 1991-1-3:2005 M&Z EN 1991-1-4:2007 [1, 31, 32]. Due to the
fact that not a specific frame is analyzed in thégper, there were no available data on the frequehc
meteorological loads. For this reason, the distigou of one-year-maximums is calculated from
characteristic values based on [31] and [32, 38, Si#nilarly to [33], the Turkstra’s approximatigg4]
(commonly used and conservative way to transfortima-variant problem into a time-invariant one) is
applied for the combination of the time-variantdesanamely snow, wind and fire effects. The firfeef

is been considered for 50 year service time agitimeinant action. With the help of detailed statsiti
analysis on the intensity of meteorological loadsy.( wind velocities, snow water equivalents) the

accuracy of the calculation can be increased. As@yshowed in his study [33] on a similar probléne,
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above described approximation results in lowemlglity indices then time-variant analysis, it igarly

conservative.

5.4.Structural failure

Based on the results of structural analysis, theevaf the limit state function is evaluated rethte the
relevant failure modes. The considerable failuredesoare usually problem specific. In case of the
example structure, the investigated failure modedtee follows according to the regulations of EG3:
EC3-1-2 and MSZ EN 1993-1-5:2012 [27, 2, 35]: aprggth or stability failure of beam or column
elements; b) shear buckling of the web plates; lastic sway mechanism by the plasticity of the
connections. In conformity with the fact that thereents (columns, beams, connections) of the freame
be considered as a series system, the maximurzatitiih is selected for the basis of the evaluatifotihe

limit state function.

The stability verification of the beam and columaneents is carried using the so-called General btkth
(GM) [27], where the in-plane stability failure ¢®nsidered using imperfect structural model (Sectio
5.3.), while the out-of-plane stability failuretaken into consideration with reduction factorse Bteps of
checking stability failure are presented in Figwlereyo, andauik are the reduction factor taking into
account the out-of-plane stability failure and th@nimum load multiplier in order to reach the
characteristic resistance of the critical crosgisec The effect of elevated temperature is takeo i
account in both effect and resistance. The redudtiotor is a function of the following non-dimensal

slenderness:

Aop = : (7

In Eq. (7),acop is the critical load amplifier in order to readtetcritical intensity of internal forces
causing out-of-plane flexural buckling or lateraisional buckling, respectively. In this study, tréical
bending moment for tapered steel member is cakdilating an approximation from the literature [36],

where calculation is based on an equivalent noertpelement. The critical load amplifiers for eifint
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stability failures, namely flexural buckling (FBhé lateral torsional buckling (LTB), are combinetthw
Dunkerley theorem [37] (which can be used as amceppate superposition technic of critical load

amplifiers related to different loading conditiomsthe following form:

-1
Ocrop =( ! + ! ] (8)

Qe FB Ao LTB

The aare andag, s are obtained considering the reduced stiffnesthefsteel material. Theg,, is
calculated as the minimum of the reduction fact@iated both of the flexural and lateral torsional
buckling, because the interpolation is considemshfe [38]. Both of these reduction factors areioled

using the global relative slenderness Eq. (7).

The decrease of the stiffness and strength hagdisant unfavorable effect on the buckling remmte of
the compressed plate elements, which has to bédeved in case of the classification of the sedtion
every evaluation of the cross section resistangesording to [35], thes parameter of [2] for section

classification can be formulated as follows:

£= k_E 235 =085 235 (9)
kfy \/ fy \/ fy
The standard [35] approximates the effect of tewmdpee in case of the section classification with &b

multiplier, which actually underestimates the buulcapacity of the plate under 350 °C and overest

it over 550 °C. The derived formula is used in 8tigdy in case of the classification of cross secti

The failure of the purlins and sheeting is not adered here, although they lose their load bearing
capacity very early because of the thin wall arghlgection factor, but due to the relatively lowdong
and the possible catenary action [39] (similarlgtomposite floor slabs [40]) they may not fall dowine

serious deformation and damage of sheeting seeavidlable in fire design situation.
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6. RELIABILTY CALCULATION OF A TAPERED STEEL FRAME

6.1. Example structure and deterministic fire design

The investigated structure in this paper is a gizall, which has altogether 8 frames, as it @shin

Fig. 5 where the important design parameters & @lesented. The structure is divided into twdspar
the first part is a small office, while the backrtphas the storage function. In this study the agjer
compartment is analyzed only. The tapered intefraahes are welded, while the conventional frames at
the end are made from hot rolled sections. Thé gtade of the material of primary frames is sedddor
S355 structural steel. The columns are restraigathst torsion approximately at the middle of tawee
height, while there are altogether six brace elgéragnally distributed in the roof level in ordergopport

the compressed flange of the beam elements. At teigiperatures, the sheeting and purlins cannot be
considered as supports for the flanges, becaugddbe their stiffness very quickly because of ligh

section factor and the thin walls.

The frame has been designed first according tptéscriptive design rules of ECO, EC1-1-2 and EE3-1
[16, 1, 2]. The internal forces were obtained irr@xe design situation, according to [16], using a
materially linear imperfect model with geometrigationlinear structural analysis. In the elasticlysia
the initial stiffness of the connections was coeséd with the help of rotational spring elementshat
base, the frame corner and the ridge (Fig. 6).rtemto represent the stiffness of a tapered frahee,
column and beam elements were divided in the aisalpso 10 and 20 smaller elements (Fig. 4a),
respectively. The temperature effects were consilér the analysis and summed with the gravity and
meteorological forces. Since the sheeting systemmuported by thin-walled purlin elements, it was
assumed that the elements of the frame are heated four sides. The equivalent geometrical
imperfections were selected according to [5] ineottth consider the in-plane stability failure. Td-of-
plane buckling was considered with reduction facésr it is described in Section 5.4. The connestion

were verified in terms of load bearing capacitye(tesistance of the connections was obtained f&8@);[
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shear buckling of the plates was also checked. Wit to the prescriptive design rules of [1, 2let

effects and resistances were compared on desigasv&onsidering the code suggested safety factors)

= 50kg/n? rubber tire is stored on 45*m
= the total design fire load 'q;d=1500MJ/n‘%;

= 30 MJ/kg combustion heat of the tire [1] with féist
growth rate [1];

= ventilation: 20 m, 10n? and 24 m openings are
assumed for ceiling, sidewalls and end walls,
respectively;

Type Value Source
dead load of the
calculated -
frame
dead load of the 0.2 kN/? )
roof system
welght of the 0.2 KN/I? )
equipment
snow 1.25 kN/rA [31]
velocity Pressure o co | N/n? [32]
of wind

Fig. 5. — Investigated frame [41]

In order to calculate the critical temperaturefad lements, the temperature has to be found where
utilization (demand to capacity ratio) of the eleineesaches 1.0 considering the reduced strength and
stiffness of the steel material [2]. Due to thetfdwat the structure is reactive to stability faduthe
process is iterative, however usually within 2-&ative steps the critical temperature can be fowitial
reasonable accuracy. Inherently, the structurdlysisashall be repeated in every iteration stepe Ttoss
section properties, the critical temperature-relate: o, outk values and the calculated critical
temperatures can be seen on Fig. 6. The dominidurefanode of the elements was loss of stabilitgan

be seen, that that the original structure has bedihdesigned because the critical temperaturew shat

the structure is almost uniformly utilized.

Intumescent coating fire protection is used moeguently in the last decades, for this reason,typis of
protection is analysed in this paper. In case @fitlumescent coating protection, typically therappate

insulation thickness is simple selected knowing d¢higcal temperature of the element (which can be
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obtained on the above described way) and the tengadd (e.g. 15, 30 or 45 minutes) related to thd lo
bearing capacity of the structure in fire. In Ewgpphe appropriate thicknesses are typically obthin
according to EN 13381-8 standard [42], which priéesr furnace tests for the producers using standard
ISO fire in order to exclude reaching the crititanperature in a given time for a specific secfaxtor

(the ratio of the heated surface and volume foelament) [2]. The intumescent paint of a Hungarian
producer (Polylack A, [25]) is considered in thiady, the thickness of the intumescent coatingefch
element (Fig. 6) has been calculated for 30 minfitegesistance using data sheets given by praodofce
the intumescent coating. The cross sections otldments are very slender; the section factor tiwdsn

250-310 1/m. The protection of the connectionstiesn selected for 0.55 mm.

Olerop=2.066 ‘o
Otk = 1.73

200 7= 1.00
Oerop=3.523

K,= 1.44-10" kNm/rad

Gy = 1.387 H380%6+165%8:;
7n=0.953 T, =590°C
e t=0.5mm
K,=3310 k;“‘;/;"z‘ H700-380%61165%8
Qcrop = 4. T..w=570°C
iy = 1.525 t,.=’0.55mm z
n=0981 H500-700%6+180*10;
T;'rij:SSOOC o
Gerop=3.034 | | 4=0-55mm "
atgk1:01~374 H300-500%6+180%10;
n=1 T.=650°C -
K,= 1510 kNmirad |} 4-0-4mm

Fig. 6. — Section dimensions, utilization and ckldted critical temperatures of the investigatedea

6.2. Random variables

The random variables, considered in the reliabdinalysis, are shown in Table 1. The variabilitythe
global geometry (building width, ridge height, gtis. neglected since they have a small variatiahtaey
do not affect significantly the global behaviouheTmean value of the meteorological loads is catedl
using distribution and CoV values from the literaty33 and 34] and the assumption that the

characteristic values are related t&' @@rcentile of the distributions one-year maximugts 32].

Uncertainty factors are related to the resistantehe bolted connections according to the JCSS

Probabilistic Model Code [24]. Respect to the Maitiy of cross sections, different uncertaintytfars are
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considered for beams and columns, respectively.s€btdons are welded and the part of tapered elesmen

thus a little bit higher CoV values can be foundable 1., than it is suggested in [24].

Random Variable u CoV | Distribution Reference
Yield stress [MPa] 388 0.0 Lognormal [24]
Equipment [KN/m] 0.2 0.2 Normal
Wind load [kN/n?] 0.252 | 0.5 Gumbe Calculation, 32, 33]
Snow load [KN/rf| 0.444 0.7 Gumbel Calculation, [31, 34]

Resistance factor for the column-bas
connection [-]
Resistance factor for the column-beam

® 125 | 0.15| Lognormal [24]

; 1.25 | 0.15| Lognormal [24]
connection -]
Resistance factor qf ridge beam-beam 1.25 | 0.15| Lognormal [24]
connection -]
Right column section modulus factor [{] 1 0.05 Naim [24]
Left beam section modulus factor [-] 1 0.05 Norma [24]
Right beam section modulus factor [- 1 0.05 Norma [24]
Effect model uncertainty factor [-] 1 0.15 Lognoima
Resistance model uncertainty factor [{] 1 0|2 Logmal
Steel temperature uncertainty factor [f] 1 0/3 Largnal Calculation

Table 1. — Random variables

Model uncertainty factors are taken into accounboth effect and resistance sides. CoV=0.15 vaiue i
the calculation of the internal forces accountsutheertainty caused by the finite element modelihthe
tapered frame and the stiffness of the connectiths. presented value fits well to [24]. The resist&a
model uncertainty factor has much higher variaptiitan it is suggested in the literature for singless
section in bending, because of the interaction adifferent failure modes, thermal effects affdug t
cross section resistance and stability failure drfgctions and calculation of stability resistan€¢éapered
elements. In case of steel temperature, a lognarn@@rtainty factor with CoV=0.3 is considered (&gt
5.2). Other configurations have been also invetgiaimilarly to the presented case and it wasddbat

the CoV can be approximately selected equal taeda@ed to the properties of the investigated frame

As it was presented before, for the sake of sirtplec two-dimensional structural model is appliadlie
reliability analysis thus the failure probability the system is considered to be equal with theirii
probability of the second frame which has maximuwmiufe probability. For this reason no random
variables are presented in Table 1 related tordiffieportal frame within the system. This approxiora

means that full correlation is assumed among tmadis. However, it has to be noted that if the tatios
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is not full but the correlation coefficient equads0.8 or 0.9 among the frames, the failure prdhiglmf
the whole system can be 4 or 3 times bigger thahdrcase of full correlation, respectively. Tisisue is
not covered in this paper because the aim of teegmted calculation is only the demonstration ef th
proposed methodology. However, this issue shoulflitiber investigated in following studies whiclear

dealing with the structural reliability calculatioh portal frame systems.

6.3. Results of reliability analysis

Related to the example storage hall, the resultsl@bility analysis using FORM are summarizedrig.

7 where the convergence of the proposed algoritatnalso presented. The results indicate a fast
convergence and stability of the presented metlggohnd the adherent FORM algorithm. The iteration
and the calculation of partial derivatives cause ftuctuation in the reliability index during the

convergence.

The calculated reliability index for 30 minutesefiresistance i6i~3.3 (R.1=4.8310%) with a conditional
reliability index equals t@:ailnashoer=0.594 (Ruijiashover=0.2763). It can be said that the reliability index
related to the failure barely satisfies the criteaf ECO [16] for CC1 consequence class with tavghte
for the reliability index equals to 3.3. In JCS&]2or low and moderate consequences target vdtres
50 years are equal to cca. 2.55 and 3.21 respbcthar this reason, it can be concluded that thecture
has enough reliability for 30 minutes demand agdaitire under fire exposure. It has to be noteat t
because of the applied Turkstra’s approximation phesented value for the reliability index is a
conservative estimation. Using more accurate s@séipn of time-variant meteorological loads higher

structural reliability can be achieved.

The conditional probability is relatively high; tieain reason is that the structure can satisfictiterion

is that the occurrence of a severe fire for 50 syémtolerably low. This is resulted partially bhetusage

of active safety measure, like an alarm systemgchviciuses significant reduction in the occurrerfce o
severe fire according to the literature [19, 20fWut the application of active safety measure, the

structure definitely could not satisfy the criteofg[16].
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The sensitivity factors of FORM (Fig. 7) emphadize most important random variables which influence
mostly the resulted value of the reliability inddr. case of the investigated frame these variabtes
value of the snow load, the section modulus-, deraperature-, effect- and resistance model uriogyrta
factor. The reliability is hardly or not sensitif@ the yield stress, for the gravity load, for thimd load
and for the resistance uncertainty factors relatettie capacity of connections. Much higher temipeea

is needed for plastic sway mechanism failure mddm te.g. lateral torsional buckling of the beam

elements due to the fact that the frame is sepditivstability failure modes.

) Sensitivity | Value atthe  1.05 w
Random Variable factors -a_| MPP point Brail| fashover B =0594
- . fail| flashover — - |
Yield stress [MPa] -0.0914 386.81 1 G(X) = 0207
Equipment [kN/rd] 0.1007 0.201 B=1002 Biiasnover =2.918
0.95- B
Wind load [kN/n#] 0.1177 0.238
Snow load [kN/r] 0.5633 0.481 0.9r 1
Resistance factor f_orthe column-base 0 1241 0.85- lgfa“ =3.298 |
connection [-]
Resistance factor f(_)r the column-begm 0 1241 0.8- b
connection [-]
Resistance factor of ridge beam-beam 0.75
connection [-] 0 1.241 G(X) = 0000
- - 0.7r £ =0.5938 i
Right column section modulus factor [-] 0 1
Left beam section modulus factor [- 0 1 0.65- G(X) = Q037 G(X) = Q006 B
Right beam section modulus factor [{] -0.1852 0.995 B=0.6035 £ =0.5997
Effect model uncertainty factor [-] 0.4285 1.029 0.6 I
Resistance model uncertainty factor [-] -0.4312 0.930 0.55 ) ) ) ) ) )
. 1 2 3 4 5 6 7 8
Steel temperature uncertainty factor [-] 0.4964 1.048 lteration

Fig. 7. — Convergence of the FORM algorithm in ibleability analysis

The dominant failure mode was stability failuretloé right beam in the reliability analysis. Thisdze
also observed from the value of the sensitivitgdecin Fig. 7 and in Fig 8 where occurrence ofedént
failure modes is presented on design gas temperatuve related to MPP. The shear buckling andrail
of the web plates is not dominant in case of thegle structure. It can be observed that the sshplay

to increase the structural reliability is the sg#rening of the beams. By slightly change of thanbe
flange (b=180mm) almost a 20% reduction can beeaeli, the conditional reliability index equals to
Prailfiashover=0.736 (Rhitjiasnover=0.2309). The reliability is not sensitive for otlsection modulus uncertainty

factors; this is partly resulted by the roundinghe limit state function because of the finite fngmof
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applied time steps. It can be concluded that thHness of columns and of the other beam has not a

significant effect on the failure of the right beatMPP.

The reliability analysis is carried out for 30 tindemand using ISO standard fire curve in order to
characterise the difference in the structural bditg. The calculated conditional reliability indeequals

tO Prailfiashover=0.7 (Railjflasnover=0.242) which result$:,i~3.34 unconditional reliability index. It seems that
the results are in a good agreement, the differenoely 13%, although ISO standard fire curveds a
realistic effect but only a comparable one. Analgskig. 2, it can be observed that at 30 minutes fi
demand the two fire curves have approximately #maesintegral, which means that the released heat
energy is almost the same in case of both curvds.wWould not be true in case of different time dewnfs
(e.g. 15 and 45 minutes; see Fig. 2) and in caspiaftitatively and qualitatively different comhibét
material, significant differences may be observedhese cases in the structural reliability. It dsn
concluded that design parameters (e.g. amountrabastible material, size of the compartment) affect
the results of the reliability analysis becausefiteecurve changes. For this reason, consistdiatbitity
level may hardly be achieved by the use of a coatparfire effect, like ISO standard fire curve,fam

different design cases.

120 = A:stability failure of
1000 the right beam at the
haunch at 1800s
800 1 = B:stability failure of
) the right column at
= 800 2000s
200 |- C:stablllty.fallure of
the beam int he span
200 at 2260s
= D:failure by sway
% 20 20 60 Mechanism at 2590s

t [min]

Fig. 8. — Occurrence of different failure modes
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6.4.Validation with Monte Carlo Simulation

In order to validate the method and to check thmu@cy of FORM in reliability analysis of structgre
exposed to fire, the results are compared with M&BIts. This validation is important because Gugd a
Jeffers have pointed in that FORM can significamtiffer from MCS by similar problems (reliability
analysis of a column under fire exposure [6]). @a whole, 100,000 simulations (since the conditiona
probability is relatively high, lower number of sifations enough for reasonable accuracy) have been
carried out for comparison, which is made at 30utgs fire resistance time. LHS is applied in orer
ensure that the calculation is accurate at lowebatilities as well. Fig. 9 summarizes the resattsa
function of three variables, which influenced mpdtie calculated reliability in the previous anays
First of all, a nonlinear and a linear function denseen on the figure as approximations arounteie.
The nonlinear function is fitted using regression MCS results for which the value of the limit stat
function is between -0.86(X)<0.01 (other constraints can be seen in Fig. 9). lifear multivariate
function is from the last iteration of the earl®raluated FORM (Fig. 8). The plane contains MPPiend

normal vector can be calculated from the sensjtfattors.

Fitted limit state function:
Z(X,Y)= 07612~ Q9089X + Q3495Y + Q6904X 2 + 02788XY — Q0179Y?
-0.01 G(X) <0.01 ~

1.4— 0.95<Effect model uncertainty factef1.05 .
0.95<Right beam sec. modulus factdr05
1.3—
~P=( 104805420930 .
12— p=(105041) * ST

.* MPP
mean

_Linear FORM
°. " approximation at MPP:
e z(xY)= 06881X + Q6879Y ~ 01642

Resistance model
uncertainty factor (Z) [-]
S

i

07— T 6(x)<0
0.6—| . LT
) 1.4 " Snow load (Y) [kN/Mf]

Steel temperature
uncertainty factor (X) [-]

Fig. 9. — Linear FORM approximation of the Limita8¢ Function at MPP
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As it can be seen in the Fig. 9, the FORM at thd®NIAaximum Probability Point) approximates well the
fitted nonlinear limit state function, which wastaimed by regression. This accuracy is mainly cuedi
to a finite region around the MPP and farther fithha MPP it is worse. For this reason, it is expeédte
have some difference between the calculated priitibivith FORM and MCS. The conditional failure
probability for 30 minutes, calculated with FORM, équal to Rijfiashoe~0.276, while the MCS gives
Prailfiashover=0.304. It means that in the investigated case ®BM underestimates the failure probability
with 9.3%. Guo and Jeffers observed that the FOR&rastimates the probability; however in [6] the
difference was quite significant contrary to thedculation. It is clear that the accuracy of religp
calculation depends on the type and formulatiolinuf state function as well, not just on the a@my of

the evaluation technic.

Due to the fact that the FORM approximation candss accurate in case of lower and higher failure
probabilities, the results are compared using diffetime demands with the results of MCS. Althotlgh
example structure is verified against 30 minutegese fire, the same structure is used in case efyev
time demand. The results are summarized in Figwh&re the results of FORM and fitted lognormal
cumulative distribution function are also present#ithough tens of thousands of evaluation of ihat|
state function have to be carried out in one réltgkanalysis, in case of 30 minutes time demalné t

evaluation time of a FORM was only a bit more tBaminutes, while the evaluation of a MCS took about

80 hours.
0.9 - - I
—— Monte Carlo Simulation
0. * FORM -1
- - - Fitted lognormal cumulative dist. function
207~ =
=
8
3 0.6 —
o
[ (- —
5 0.5 ~
8 Tk
E 0.4— _ - Time demand [min] 20 25 30 35 40 45 50
% 03 Proru| flashover 0.028| 0.081| 0.276] 0452 0626 0.743 0.819_|
§ Puics] fashover 0.042| 0.097| 0.304/ 0541 0700 0.796 0.851
0.2— Error [%] -33.9%| -16.4% -9.3%| -16.3% -10.6% -6.6% -4.6%
o1 Brai Form 3.797| 3583| 3.298) 3.10§ 3.02f 2989 2.968
‘ ey Brailmcs 3.898| 3.629| 3.271] 3.157 3.061 3.009 2.982
ob———————— - | | | | | |
15 20 25 30 40 45 50

35
Time demand [min]
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Fig. 10. — Conditional probabilities related taustural failure from FORM and MCS

It seems from the results of reliability analyshattFORM approximation underestimates the failure
probability by all of the investigated cases. Hoamit is favourable that the error is not sigrafit, since
in case of highly nonlinear limit state functiohe tdifference can be much higher than it was oleskiv
case of the presented example. The reliabilithefdystem is calculated only till 54 minutes beeafter
that the fire starts to decay thus without inteti@nduring the fire, the survival probability dfd frame is

10-15%.

The accuracy of the analysis can be increasedrefihement of the time steps in the structural ysial
and with the application of higher order approximattechnic, e.g. SORM. However, the framework

which was presented through this paper can beegppiith these modifications without any problem.

7. CONCLUSIONS

In this paper a general framework is presenteddiability analysis of structures subjected te faffects.
The presented methodology gives a more reliablés Has the calculation of the reliability, the main
differences are between the presented and eagliabitity calculations in the literature: a) theliability
calculation and the performance evaluation does footises on one single element but the whole
structure, thus the reliability is calculated foe tstructural system; b) the presented methodatoghle to
consider more realistic circumstances than sinmf@ fire [43] or t-equivalent concept according1f E)
reliability analysis contains the nonlinear anaysi the structure, in this way the highly nonlinea
structural response is followed through the relightalculation; d) the structural reliability ssessed on
time basis. Similar complex framework has not beeesented before for structural systems in the
available literature. Among the input data, anydkir fire curves can be selected, thus more reabsid
various circumstances can be easily consideretercalculation. The interaction between the element
and between different variables is taken into aotdny the evaluation of the nonlinear responsehef t
structure within the limit state function. The dadation in the properties of steel material and

connections is followed by the application of adistep evaluation with tens of thousands of eviulat
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of the limit state function within one FORM. Theliability is assessed on time basis (as the most
important measure in fire resistant design) whibbwas simpler formulation of the problem and proasd
a practical and informative basis for the desigiére accuracy of the calculation can be increased b

decreasing the time step in the analysis; howdvieGreases also the evaluation time.

As an example, reliability analysis of a taperedgdrame protected by intumescent coating is ¢

in this study in order to demonstrate the applicatind the effectiveness of the proposed methogolog
The investigated frame is a tapered storage hadirevmubber tire is stored. It makes the design task
demanding, the observable gas temperature can mEachl500 °C on design value according to the
results of twezone fire model in OZone [15]. A simple formulatjowhich is based on [26], the steel
temperatures can be assessed at any time stepn€leainty of the fire action is built in the callation
through the uncertainty of the steel temperatutgchvis obtained with the help of MCS. The designed
frame satisfies the criteria of ECO [16] for CClnsequence class for the demand which has been
considered by its design. In case of the investiyriame the most influencing variables were tHaevaf

snow load, the section modulus-, steel temperataffect- and resistance model uncertainty factor.

The structural reliability against fire depends ttve function of the investigated facility and oreth
guantity of combustible materials. For this reada,resistance practice based on the usage dfadgat
fire effects (e.g. ISO fire curve) may not be atleensure consistent reliability level in case iffedent

design cases.

The presented reliability analysis is based onapglication of FORM, whose computation time for a
reliability analysis was approximately 6 minutebeTresulted failure probability is checked with thedp
MCS where the evaluation of the all simulated casek 80 hours on the same personal computer. This
verification is done for several time demands fax same portal frame which has been designed for 30
minutes fire exposure. It was found that the FORMraximation underestimates the failure probability
because of the linear approximation of limit stitection at MPP. The difference between the resafits

FORM and MCS was observed from -4% to -34% (Fig, hOwever the errors are not significant though
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the problem is highly nonlinear. For this reastean be said that the proposed framework is efficand

reasonable accurate because in some cases therliffecan be much higher between the two technics

(e.g. in [6]).
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