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Highlights

* We propose a methodology for developing fire fiaggiunctions for buildings

* The methodology is applied to a prototype multrgtteel building

* Uncertainties in fire, thermal, and structural med®e considered in the analysis
» Event tree is used to combine fire scenarios ifeiht building locations

» The functions allow for damage loss assessmentadfie in a community context

Abstract

This paper proposes a novel methodology for devwadpfire fragility functions for an entire
steel building - meaning that the function is nmeafic to a location within the building. The
aim is to characterize the probabilistic vulneriapibf steel buildings to fire in the context of
community resilience assessment. In developindréigglity functions, uncertainties in the fire
model, the heat transfer model and the thermo-nmechlaresponse are considered. In addition
several fire scenarios at different locations mlbilding are studied. Monte Carlo Simulations
and Latin Hypercube Sampling are used to genehatgrobability distributions of demand
placed on the members and structural capacityiveldad selected damage thresholds. By
assessing demand and capacity in the temperatunaidothe thermal and the structural
problems can be treated separately to improveffivgeacy of the probabilistic analysis. After
the probability distributions are obtained for dewhand capacity, the fragility functions can
be obtained by convolution of the distributionsadily, event tree analysis is used to combine
the functions associated with fire scenarios ifiedént building locations. The developed fire
fragility functions yield the probability of excesadce of predefined damage states as a function
of the fire load in the building. The methodologyiliustrated on an example consisting in a
prototype nine-story steel building based on th€$#oject.
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1. Introduction

In recent years, the methods for analyzing strestun fire have moved towards a
probabilistic framework. This framework explicithecognizes the role of uncertainty in the
evaluation of the response of structural systenfgd¢cexposure. Hence, it provides valuable
information about the reliability of structural $§ms, which is not accessible with deterministic
methods. The reliability of structures in fire i8 assential component of a safer and more
resilient built environment.

In this shift towards probabilistic analysis, resbaefforts have notably focused on
developing probabilistic models for the fire engineg parameters with significant
uncertainty. Igbal et al. computed the statistpzabmeters based on raw experimental data for
parameters such as the compartment charactemstcshermal properties of fire protection
material [1]. EIhami Khorasani et al. conducteceatensive survey data on fire load density in
office buildings and proposed a probabilistic mdakded on a Bayesian approach [2]. Statistics
have also been reported for the mechanical logdy gnhd for the evolution of the mechanical
properties of steel with temperature [5]. Additibparesearch has progressed towards
providing the probabilistic methods to accounttf@se uncertainties in fire engineering. Lange
et al. [6] established a methodology for perforneahased fire engineering of structures based
on the performance-based earthquake engineeringefvark developed in the Pacific
Earthquake Engineering Research (PEER) CenteroNigal. conducted a probabilistic plastic
limit analysis of a steel-braced parking structuseng Monte Carlo simulation [7]. Guo and
Jeffers [8] provided a comparison between the/$estond order reliability methods and Monte
Carlo approach for the reliability analysis of atected steel member in fire. The methods
proposed so far have mainly focused on the fiialgity of isolated structural members rather
than structural systems [9-12]. Additional reseasameeded to develop a more comprehensive
framework that incorporates the uncertainties ne fcenario, heat transfer processes and
thermo-mechanical response in a global methodadiye building scale.

In seismic engineering, the research communitydeagloped a probabilistic framework
to evaluate the vulnerability of the built enviroant to earthquake hazard. In order to assess
the damage loss in a community of buildings sukgttd a given earthquake, fragility functions
have been developed for the different typologiestaictures, e.g. [13-15]. These functions
relate the probability of exceeding certain levdislamage in a structure with the intensity of
the hazard affecting the structure. They incorgothe uncertainties on the demand and the
capacity affecting the structural response. Fagathquake, the hazard intensity for a building
can be measured by, for instance, the peak grotoeleaation or spectral displacement.

In fire engineering, the only research works focuse fragility functions, to the authors’
knowledge, are due to Vaidogas et al., who develdgagility functions for timber members
in fire with the char depth as the intensity meada6]. The framework established by Lange
et al. [6] for performance-based fire engineerihgsed on the PEER methodology, uses
fragility functions in order to estimate the damageasures based on the engineering demand
parameters. The pioneering contribution of Langal.eaddresses important questions such as
the selection of the intensity measure and the bekveen the hazard and the structural
domains, which provides insight for the presentaesh. The difference in approach between
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the former contributions and the authors’ is thatformer use fragility functions at the member
level while the authors use the fragility functiomsa system level approach to quantify
vulnerability of a structure.

Fragility functions offer a comprehensive method d¢baracterizing the vulnerability of
structures to specific hazards, while incorporagxglicitly the effects of uncertainties. The
fragility functions can be plotted to convey vidydhe effects of the uncertain parameters on
the vulnerability; the graphs of the functions aeéerred to as fragility curves. Hence, this
method is convenient for conducting sensitivitylgs@s or comparing different typologies of
structures as regards the vulnerability to fired&dnally, this approach is well adapted to the
issue of community resilience against man-madeatural hazards. The latter reason explains
the popularity of this approach in seismic engiimggrYet, the concern about the resilience of
a community of buildings extends to fire hazardr Kwstance, conflagrations affecting a
community may occur following a major earthquakeheghlighted by past events such as the
Loma Prieta earthquake in 1989 [17-18]. In thisecéise fragility functions are needed for the
different typologies of buildings in the communityevaluate the damage loss due to fire.

In future, fire fragility functions could be usesl atool for evaluating a city’s resilience to
fire hazard. The functions are intended to be ipoated into a broader framework in
conjunction with Geographic Information System (IG$8ftware. For instance, the software
HAZUS developed by FEMA incorporates seismic frigflunctions; it could be enriched with
fire fragility functions. In this framework, theriations could be used in conjunction with data
on infrastructure and the built environment as \asliprobabilistic models for the occurrence
and spatial distribution of ignitions. By combinitige probability of occurrence of fire with the
fire fragility functions, the user could estimateetstructural damage within a community.
Possible applications include the prediction ofdékeent of probable losses due to fire within a
certain time frame (e.g. per year) or followingpedafic event such as an earthquake or an
explosion in an industrial area. Such probabiligtredictions will provide input for risk-
informed decision making at the scale of a comnyunit

Based on these considerations, this research ps@omethodology for developing fire
fragility functions for steel buildings. The comiution of this work is twofold. First, the novel
methodology provides a comprehensive frameworkifobabilistic fire analysis, by addressing
the different sources of uncertainties (fire scendreat transfer processes, thermo-mechanical
response) at the level of the structural systere @htire building). Second, fire fragility
functions developed following this methodology abbk used in the probabilistic assessment
of a community response to a fire hazard. In futesearch, fire fragility functions will be
derived and implemented into a GIS based risk aps&st software platform. Using such a
platform, one will then be able to assess the expeatsk and cost associated with fire events
(e.g., fire following earthquake) for a communitybaildings.

The general procedure for the development of fiegifity functions for community
resilience assessment is illustrated in Figure 1.
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Figure 1. Development of fire fragility functionsrfcommunity resilience assessment.

The procedure in Figure 1 deals with different asahAt the local scale, the local fragility
functions, FI, are derived considering that the fire develops well-defined compartment of
the building. These fragility functions will gendyabe different for each fire location within a
same building, i.e., RiF# FFR_j. In this work, it is assumed that the fire remamositained
within one compartment. The possibility of fire spad beyond a compartment will be addressed
in future works. At the scale of the building, tm@ny local fragility functions (corresponding
to each fire location) must be combined in ordeyigdd the building fragility functions, =
The latter characterize the overall vulnerabilifytlee building to fire. Finally, at the scale of
the community, these building fragility functionseamapped to the buildings of the same
typology. Other typologies of buildings need treim fragility functions. Hence, the resilience
assessment of a community requires the inventotiyeolbuildings in this community with their
typologies (structural types) and the fragility étions Fls « associated to each typology. The
methodology for generating the fragility functicsisthe local scale and at the building scale is
described in the next section. The extension aténemunity level will be addressed in future
works. The “Flowchart” described in Figure 1 refdre reader to flowcharts presented in next
sections of this paper.

This paper is structured as follows. Section 2 diess the proposed methodology for
developing fire fragility functions. A framework gesented to construct the fragility functions
at the scale of a compartment and then to combiex tat the scale of a building. Section 3
introduces a prototype building that is used a®eed example. This example is intended for
illustration of the methodology and requires thegn of simplifying assumptions; it should
be considered as an introduction to possible fuapplications. Section 4 discusses the
parameters with uncertainty in the worked examflection 5 addresses the probabilistic
assessment of capacity of the structure in firegredas Section 6 addresses the probabilistic
assessment of the demand placed on the structur&ettion 7, the methodology for
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constructing the fire fragility functions is appli¢o the worked example, using the results of
Section 5 and 6. The vulnerability of the prototypaiding to fire is obtained and the results
are discussed. Finally, the conclusions of thisaesh are presented in Section 8.

2. Methodology for developing Fire Fragility Functons

Fire fragility is a conditional probability statentedescribing the vulnerability of a system
subjected to a given fire intensity. When develggdine fragility functions, it is assumed that
a fire that is able to endanger the structure bersesl; such fire is referred to as structurally
significant fire in this work. Hence, the factohat influence the probability of a structurally
significant fire to happen, such as the presendeetietection or sprinkler systems, have no
effect on the fragility functions.

A methodology for generating analytical fire fratyilffunctions is developed in this paper.
For the sake of clarity, the methodology is presémh the framework of a practical example,
namely a nine-story steel frame building. The ex@ngintended as an introduction to possible
applications, using a series of simplifying assuons. The proposed methodology can be used
with other steel structures in fire.

The final objective of the methodology is to obtatombined fragility functions
representing the overall vulnerability of a builginndependently of the fire location. This
requires first to develop the Local Fragility Funaos, Fki, corresponding to the possible
fire scenarios (i.e., fire locations) that lead diferent fragility functions. The adopted
procedure is illustrated in Flowchart 1 (Figureayl explained in Section 2.1. Once the Local
Fragility Functions are obtained, they can be comdito derive a single function per damage
state, to represent the global vulnerability of thelding. This is performed following the
procedure illustrated in Flowchart 2 (Figure 5) axglained in Section 2.2.

2.1 Fire Fragility Functions corresponding to a speific fire location (Flowchart 1)

Flowchart 1 in Figure 2 illustrates the procedwegénerate the fire fragility functions
corresponding to a specific fire scenario, namely fire developing in a compartment

The development of fragility functions requires ginebabilistic assessment of the capacity
of the structure, relative to predefined limit @mage) states, and the probabilistic assessment
of the demand placed on the structure, due to fire.
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Figure 2. Flowchart 1: Procedure for the developnoéthe Local Fragility Functions
FF.; corresponding to a fire located in compartmient

2.1.1 Capacity Assessment

The first step focuses on the structural capaéityealistic evaluation of the structural
capacity in fire should take into account the ariain material properties with temperature
and the fire-induced forces that build up in theidure as a result of differential thermal
expansion. Due to the complexity of the interactmeiween the heated members and the
surrounding structure, this evaluation may reqanlganced methods such as finite element
method.

For structural steel members in fire, the exceeelariqoredefined damage states can be
assumed to depend on the exceedance of a cerntgernature in the section, referred to as the
critical temperature. This concept of critical tesrgdure is convenient because it allows
defining the structural capacity independentlyhe thermal parameters. It postulates that the
physics of the fire and the heat transfer procedse®t influence the temperature at which the
steel member reaches its damage state. These parsrde influence the time to reach the
critical temperature, but the fragility functiongroved in this research are not in the time
domain. The verification of the resistance of aidiral steel member in the temperature
domain is a common approach in deterministic origeobabilistic design, for instance
prescribed in Eurocode 3 [19]. This verificatiomsists in comparing the temperature reached
in the section with the critical temperature. Asdas the temperature in the section (demand)
remains lower than the critical temperature (cagadhe structural steel member is safe, see
Figure 3a. Note that the critical temperature agpnoignores the cooling phase. Therefore,
damage states specific to the cooling phase (sitdénaion failure in the connections) are not
considered in this work.
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Figure 3. Reliability of a steel member in fires@ssed in the temperature domain:
deterministic (a) versus probabilistic (b).

This approach can be extended to a probabilisiméwork. Hence, the capacity with
respect to a predefined damage state is expressegdrabability density function (PDF) of the
exceedance of this damage state as a functioneatdel temperature in the section (Figure
3b). Randomness in the structural parametersnkiamce the mechanical properties at high
temperature, are incorporated in this analysighi;eway, the concept of critical temperature is
kept and extended to include the uncertaintiesvandbility that affect the structural response.
It offers the benefit that the structural capacstydefined without requiring any information
about the demand, namely the fire. Therefore, thetsiral analysis is decoupled from the fire
and heat transfer analyses in the Flowchart (Figlur&he validation of this approach for the
specific structure studied in this work will be peated in Section 5.3.

2.1.2 Demand Assessment

The second step deals with the demand placed ostrilneture. First, a physical variable
must be chosen to represent the intensity meagduhe dazard to which the vulnerability is
assessed. In earthquake engineering, the hazaasdadly characterized in terms of acceleration
g. The development of fragility functions is thusndacted considering different levels of
acceleration, to cover the range of possible eagke scenarios. For structures in fire, the
parameter that is best adapted to characterizearard (i.e. the fire) could be the fire load in
a compartment (in MJ/mz of floor area). Indeed, fire load is one of the main parameters
affecting the intensity of a fire [2]. It may vairya significant range and it has a straightforward
definition that is easily understood by the differstakeholders involved in fire safety. Hence,
it seems reasonable to develop fragility functifmrsstructures in fire using the fire load as the
intensity measure. In adopting the fire load as ititensity measure, it is conservatively
assumed that oxygen will always be available inatpartment to support the fire growth
and spread.

Regarding the demand assessment, fire and thelheet tfansfer) analyses are conducted
in order to assess the distribution of the maxinst@el temperature reached in the sections of
the structural members. These analyses are combltaten given level of the fire intensity
measure, i.e. the fire load in the compartment.daiamties affecting the demand, such as the
thermal properties of the materials, are includethe analysis. The output of the analyses is
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thus a probabilistic distribution of the maximummigerature reached in the steel sections, for
a given fire load. The result is presented in trenfof a complementary cumulative distribution
function (CDF) of the maximum steel temperaturéhim considered section (Figure 3b).

2.1.3 Fragility Functions

Using the outputs of the capacity and demand as®eds, the fragility functions can be
built (Figure 2). Convolution of the complementa@pF of demand with the PDF of the
capacity relative to a given damage state giveptbieability of reaching the damage state [15],
i.e. the associated probability of “failure”, sée following equation:

PF|Hfi = fooo [1 - FD|Hﬁ(C¥)] fe(a)da Eq. 1

In this equationPF|Hﬁ is the probability of failure conditional to theaurrence of a fire
Hsi; the demand and capacityC are random variables characterized by their pniibab
density functiondp(-) andfc(-); andFD|Hﬁ is the CDF of the demand relative to the fife
The issue lies in the evaluation of the probabiétys forC andD, i.e. the capacity and demand

assessment; this is the objective of Sections 56anfithis paper. The solution of Eq. 1 is
illustrated in Figure 4.

T T 1.0
1.0 o
\\ Damage 2 08 & Damage State 1
08 r State 1 DL
2 900 MJ/m2 806 2
=0.6 2o
2" o9
2 N
g 0.4 600 MJ/m ; % 0.4
o S 5
02 | 300MIm? §%02
o
0.0 - 0.0 ®
100 300 500 700 900 0 300 600 900 1200
(a) Steel Temperature [ °C] (b) Fire Load [MJ/m?]

Figure 4. Convolution of PDF of damage state andpgiementary CDF of demand (a) leads
to the derivation of the fragility points (b) fard loads of 300, 600 and 900 MJ/mz2.

As shown in Figure 4, Eqg. 1 yields a scalar: tiedpbility of failure relative to a predefined
damage state, given the fire intensity level (forad) that was considered in the assessment of
the demand placed on the structure. This proceshws be repeated for different levels of
intensity measure. By varying the fire load andceagmg the procedure, different points relating
the fire load and the probability of failure argaihed.

The fragility functions are then built to fit thepeints assuming a lognormal distribution.
The use of a lognormal probability density functin fitting of the fragility points is an
assumption often adopted for fragility functiongy.en [13] and [15].
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2.1.4 Advantages and Limitations of the Methodology

The proposed methodology, based on the subdivigiora thermal part (demand
assessment) and a structural part (capacity assaefspresents several advantages over a more
straightforward approach consisting in analyzing ¢bmplete system (thermal and structural)
a large number of times. In a straightforward apphg for a given fire load, one would perform
a complete thermal and structural analysis for sattof values of the uncertain parameters. A
large number of realizations would be requiredgseas the probability of failure for a given
fire load, due to the high dimensionality of thestgyn, which includes uncertain parameters
affecting significantly the thermal response (¢hgrmal properties of the insulation) and the
mechanical response (e.g. gravity loads). In cehtthe proposed methodology recognizes that
the only influence that the thermal subsystem hashe structural subsystem is the steel
temperature. Hence, it is more efficient to divithe system in two subsystems of lower
dimensionality, namely a thermal subsystem andractsiral subsystem, with the steel
temperature as the connecting link between them ativantages of the proposed methodology
over a straightforward approach are the following:

- It leads to a significant reduction of the numbérmrealizations required to have a
statistically converged estimation of the probapitif failure.

- It allows using theoretical models and methods afymg levels of complexity for
assessing the demand (thermal part) and the cgfatitictural part). For instance,
assessing the capacity of a structure in fire negyire Finite Element (FE) modeling,
which is complex and computationally demanding. ideer, the thermal analyses of
the sections that compose the structure can otgrelformed using simple analytical
models. Owing to the decoupling between the twhkstasill advantage can be taken of
these analytical models to assess the CDF of timauwdeé on the system.

- In case of a change in the design of the structureduces the number of simulations
that have to be repeated for updating the systéabiléy. For instance, if the thickness
of the thermal protection on the steel sectionsdé® increased due to a change in the
fire resistance requirement, it only affects theFGid the demand placed on the system,
i.e. the maximum steel temperature reached in dotion. It has no effect on the
structural capacity. Consequently, the system biiliia update requires to perform
again the demand assessment, but not the capaségsanent (structural analysis). In a
straightforward approach, this change in designlevouply to repeat all the analyses
from the beginning.

In contrast, the methodology relies on a few sifgplg assumptions that should be taken
into account when extending the procedure to dibéding types:

- As the capacity is assumed independent of therlgesdte, it is assumed that the stress-
strain material behavior does not depend on tiroe skeel, it means that creep is not
given explicit consideration. This is in line withe recommendation of Eurocode 3 [19]
for heating rates between 2 and 50 K/min.

- Having the capacity independent of the heating, riats assumed that the thermal
gradient in the section does not affect the capatitis is a simplifying assumption that
is reasonable for protected steel members, in wihielthermal inertia of the insulation

Fire Fragility Curves for Steel Buildings in a Comnity Context: A Methodology 9
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smoothens the gradient in the steel. However aliglity is not ensured for all types of
buildings.
- This methodology does not address the structusalomse in cooling phase.

2.2 Combined Fire Fragility Functions for the entire building (Flowchart 2)

Flowchart 2 in Figure 5 illustrates the procedunedombining the FE corresponding to
the different fire locations into a single Combirfegility Function FE per damage state to
characterize the overall building vulnerability.

The Local Fragility Functions kf are characterized by their probabilistic paranseter
mean and standard deviation. These parameterseddaevaluate the probabilistic parameters
of the combined functions (median) andc (standard deviation of the lognormal distribution)

| OUTPUT OF FLOWCHART 1 (Fig. 2) !

e e e e e e e o -

1
I 1
FLOWCHART 2 ! P st ||
! |
| 1
! i=1 '
| 1
1 * . . !
: | ql q2 q3 :
| : Fire Load q 1
Given n Fragility Functions FF_; | ! ! |
for n Scenarios H i |
' | \ P, DS1 ||
i ' | 1,0 I
! | ps2 ||
STEP 1: : . !
Evaluate conditional probability of | ! 1=n :
fire in each story Py g, |Hy ! 66 . . |
] ! q1 92 q3 !
l : Fire Load q :
1

STEP 2:
Evaluate conditional probability of
each Scenario p;

I

STEP 3:
Calculate parameters (q,, () of

Combined Fragility Functions P:  combined DS 1
1,0

l DS 2
For each Damage State, obtain 0,5
the Fragility Functions for the combined

entire Building (FFg)
that combines all scenarios 0,0

Fire Load q
Figure 5. Flowchart 2: Procedure for the combimatbthe Local Fragility Functions EF
into the combined fragility functions EFor the global vulnerability of the building.

However, the conditional probability of each scemaassociated with the function EF
must first be assessed. These conditional prokiabikire used to weigh the parameters of the
corresponding scenario in the calculation of thapeeters)c and{c for the entire building. The
scenaria refers to a fire occurring in compartmenit is thus required to evaluate the respective
likelihood of having a fire in each of the compaetnts, given a fire starts in the building. This
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evaluation is conducted in two steps: the allocatibprobabilities is first conducted between
stories (step 1) and then between compartmentp tesee Figure 5. The procedure is
explained in details and applied to the prototypidmng in Section 7.2.

3. Prototype Steel Building
3.1 Geometry and Design

The considered building prototype consists of ae+story steel building designed in
accordance with the FEMA/SAC project, for the Lasg&les model building. The building is
45.72 m by 45.72 m in plan, consisting of five ba§®.144 m (30 ft) in the two directions.
The structure is composed of four moment residtiagnes on the perimeter, and four interior
gravity frames, see Figure 6. When laterally loa@l@dd, earthquake), the interior frames lean
against the perimeter frames, the latter ensuiiggin-plane stability of the building. The
columns of the interior frames are continuous an riime-story but the beams have pinned
connections (statically determinate beams). Trad batight of the building is 37.182 m, divided
between astfloor of 5.486 m (18 ft) high and the 8 other fls@f 3.962 m (13 ft) high. The
fire compartmentation of the building is assumebddyased on a subdivision in compartments
of 9.144 m long and 6.096 m wide, hence a surfee@ af 55.74 m2 per fire compartment.

The perimeter frames, designed for seismic resistaare made of relatively heavy
protected steel sections. Owing to their largerttamassivity (i.e. ratio of cross-section area
to perimeter), they are not likely to be affectegndicantly by a fire, and this has been
confirmed by a previous study [20]. In contrasgwy frames have a lower massivity and a
higher utilization ratio, so they are most likebyreach their critical temperatures first [21]. As
a consequence, this work focuses on the effedtsedire on the gravity frames only.
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Figure 6. 9-story steel building: plan view (ledt)d elevation view of a gravity frame (right).

The sections of the beams and columns for theiamtéiame are given in Table 1. The
columns sections range from W14x43 to W14x109. Nio&t, in contrast, the moment frame
columns sections range from W14x342 to W14x665. 3lab is 102 mm average depth in
concrete with siliceous aggregates. The steel@ec({beams and columns) are protected with
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a sprayed fire-resistive material (SFRM) of nomittkness 39 mm. The unfactored gravity
loads distributed on the interior beams are giveitable 1. The nominal values of the steel
yield strength and Young modulus are 345 MPa a0 MPa, respectively. The concrete
compressive strength is 28 MPa.

Table 1. Sections of the structural members anth¢iored) gravity loads.

Level Interior Interior Distributed Loads [KN/m]
Beam Column Dead Load Live Load Partitions
9 W18x40 W14x43 43.72 5.25 3.96
7-8  W21x44 W14x53 41.88 13.21 3.96
5-6  W21x44 W14x68 41.88 13.21 3.96
3-4 W21x44 W14x82 41.88 13.21 3.96
1-2 W21x44  W14x109 41.88 13.21 3.96

3.2 Numerical Model

The building has been modeled in the non-lineaitefielement software SAFIR [22]
developed at University of Liege for the analydishe behavior of building structures in fire.
SAFIR allows conducting a thermal analysis of theti®ns of the structural members, followed
by a structural analysis of the building that talkeés account the results of the thermal analysis.
Here, the response of one interior frame is stughet$ plane, meaning that the model is built
in two dimensions. First, a two-dimensional therf&lanalysis is conducted for each heated
member (beams and columns) using cross-sectioharehadiscretized in fibers. The modeling
of the beam section includes a 2.3 m effective hvimft concrete slab, i.e. one quarter of the
span, see Figure 7a. Then, a structural analysiperformed using three-noded, two-
dimensional beam elements. In a fiber analysigyaty point of integration, all variables such
as temperature, strain, stress, etc. are unifor@aah fiber. The time-temperature evolution in
each fiber results from the previously conductestrttal analysis. The structural analysis takes
into account geometrical and material non-linearitycluding large deflections. Global
instabilities (buckling) are also accounted fort logal buckling cannot be represented with the
beam finite elements. Thermal expansion is includdgtle analysis and therefore fire-induced
forces are considered in the structure. The conpesiect of the concrete slab is taken into
account in the structural analysis assuming atfalhsfer of horizontal shear at the steel-
concrete interface. Connections are not represemtbée model; hence it is implicitly assumed
that member failure occurs prior to connectionuial

The lateral in-plane stability of the interior framis provided by the parallel moment
resisting perimeter frames, owing to the concr&gb that plays the role of a diaphragm. The
concrete slab transmits in-plane horizontal fora@gwing two parallel frames to work
together. This means that the horizontal displacesnat the top of each interior frame column
are linked to the horizontal displacements at tpedf each corresponding perimeter frame
column. To capture this effect in the 2D numericaddel, one moment resisting perimeter
frame is modeled next to the studied interior frainethe same plane, as it is a 2D model).
Then, the horizontal displacements are set to baleq the top of each corresponding columns
in the two frames (e.g. the top node at the sestog of the third column of the interior frame
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has the same horizontal displacement as the top aoithe second story of the third column of
the perimeter frame). However, this condition i$ ayoplied to the compartment where the fire

develops, due to the cracking of the concrete glahis compartment [23]. As a result, the

interior frame transmits horizontal forces, whiahl® up due to the fire and to second order
effects, to the perimeter frame. These horizordadds create moments that are eventually
balanced by the reactions at the base of the pairframe columns.
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Figure 7. (a) Thermal analysis of the protectedibda) 2D FE model of the building.

The stress-strain relationship for steel at highgerature is adopted from Eurocode 3 [19]
and the relationship for concrete is taken from].[2dowever, the evolution of steel yield
strength and Young modulus with temperature istakén from Eurocode but it is evaluated
using probabilistic models, to account for the utasties in these parameters, as discussed in
the next section.

Figure 7b presents the structural model of therimtérame, with the deflected shape at
collapse (amplified two times) for a fire in thecead bay of the fourth floor. The deflections
are mainly limited to the fire-exposed compartm@ihe high temperatures in the fire-exposed
elements lead to additional forces in the surraogmeélements, but these fire-induced forces do
not lead to any significant lateral displacementhef structure (no sway effect). This is due to
the lateral restraint provided by the perimeter rantmesisting frames, connected to the interior
frame through the slabs.
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4. Parameters with Uncertainty

In order to evaluate the structural reliabilityfire, the many uncertainties associated with
the performance of the system need to be considgx@editly in the calculation. The demand
on the system depends on random parameters affettten fire development, such as the
ignition location, the fire load and the charadtcs of the compartment. It is also influenced
by random parameters governing the heat transbeeps, such as the thermal properties of the
materials. Similarly, the capacity of the systenpeatels on parameters that exhibit inherent
randomness, such as the mechanical propertieg ohdterials or the gravity loads.

Clearly, it is neither practical nor relevant tonsaer all possible configurations and
sources of uncertainties. Based on literature amgineering judgment, only the most
significant sources of uncertainties are seleatedsidering a trade-off between computational
efficiency and accuracy. Table 2 summarizes thampaters used in this study and indicates
which parameters have sources of uncertainty.

Table 2. Parameters for the fire model, the heaisfier model and the mechanical model
(data partially adopted from [8, 25]).

Parameter Units Distribution Mean value cov
(1) Scenario Fire in compartmerit - See Section 7.2 -
(2) Fire model Fire loadq [MJ/m2] Intensity measure 100-2000 -
Opening facto©O [m'?] Deterministic 0.0424 NA
Surface raticAdAc - Deterministic 0.2535 NA
Thermal inertieb [J/m28/2K] Deterministic 762 NA
(3) Heat Transfer
Properties of SFRM Thicknesls [m] Lognormal Nominal+1.6mm 0.2
Conductivityky [WImK] Normal Stand. See Table 3 -
Densitypp [kg/m3] Deterministic See Table 3 NA
Specific heat, [J/kgK] Deterministic See Table 3 NA
Properties of Steel Density [kg/m3] Deterministic from EC3 [19] NA
Specific heata [J/kgK] Deterministic from EC3 [19] NA
Geometric properties Are, [m2/m] Deterministic vary with section NA
VolumeV [m3/m] Deterministic vary with section NA
(4) Structural Model
Properties of Steel Yield strendth [N/m?2] Normal Stand. See Table 3 -
Young modulugy [N/m2K] Normal Stand. See Table 3 -
Load Dead load [N] Normal 1.05xNominal 0.1
Live load [N] Gamma 0.24xNominal 0.6
A factor - Normal 1 0.04
B factor - Normal 1 0.2
E factor - Normal 1 0.05
4.1 Scenario

The vulnerability of the building will depend oretlocation of the compartment in which
a fire develops. In the adopted compartment fisuagption, the fire actions are assumed to
remain contained within the compartment in whicé tine started. The location of the fire is
associated with a large variance, since a firgp@a@&imately as likely to occur in any of the
compartments of the building (the method to estntlae distribution of fire events among the
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compartments is presented in details in Section K2anwhile, the fire location has a major
influence on the structure response since, foant#, the sections of the structural members
and the gravity loads supported by the columns aargng the compartments. As a result, the
different possible fire locations should necesgdé considered in the analysis.

In the considered building, the sections of thecttiral members and the gravity loads
vary with the story, see Table 1. Consequentligeadt one compartment fire per story must be
analyzed, i.e. nine scenarios. The compartmerteafecond bay are selected for the analyses.
For the columns, the analysis of the nine compartsmef the second bay is found to be
representative of all other compartments. (Notettieperimeter columns are heavier sections,
as they belong to moment resisting frame. Theretofee in a perimeter bay still results in a
failure of an interior column.) For the beams hegre preliminary (deterministic) analyses
show that the fire response is affected by thegmes of surroundings bays, so that the beam
capacity for an interior bay is different than tfoperimeter bay. It results that one additional
scenario per beam section type must be analyzagénimeter bay. Only two section types are
used for the beams (Table 1). Therefore, two cotnmants of a perimeter bay must be
analyzed. The first bay compartments on the fostiohy and on the ninth story are selected to
analyze the response of the two beam section tygesrimeter bays. In total, eleven scenarios
are thus considered, see Figure 8, and these eteemarios are representative of the entirety
of the possible configurations. It results that 11 in Figure 1 and in the Flowchart 2 (Figure
5).
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Figure 8. Eleven scenarios (i.e. fire locationg) successively studied; they are selected to
cover the entirety of the possible configuratiomeber section type, gravity load, etc.).

4.2 Fire model

The building vulnerability is dependent on the titemperature evolution of gas in the
compartment. This fire model is influenced by tie foad, the geometry of the compartment
and the thermal properties of the boundary of et

Fire load is the most important parameter charaateya fire hazard. Several studies have
shown its large variance and paramount influenctherstructural reliability in fire [8, 20, 25].
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Consequently, the fire load is taken as the intgmseasure to characterize the vulnerability of
a structure to fire hazard, as explained in Sec®omhe analyses are conducted for several
levels of fire load successively fixed between Hd@ 2000 MJ/m2, to cover the range of
realistic fire loads in a building compartment. ldenthere is no need to adopt a probabilistic
distribution for the fire load when constructingetfragility functions. Once the fragility
functions have been constructed, the user can asieely the distribution of fire load in the
building under study, based on the usage and d#sures of this building, in order to
determine the probable level of damage. This cbeldione for instance using the NFPA 557
standard [26] or Eurocode 1 [27] for fire loadsinldings.

The geometric properties of the compartment, wimcude the opening factor and the
surface ratio, are assumed to be deterministiedan a typical compartment of the prototype
building. The values are given in Table 2.

The thermal properties of the boundary of enclosare assumed deterministic,
considering that the walls and ceiling of the ptgpe building are lined with gypsum plaster
board. This assumption is conservative comparecbiwrete walls, because concrete walls
have a higher thermal inertia than gypsum plasiards. Therefore, the gas temperature in the
compartment would be lower if concrete walls wesedlinstead of gypsum plaster board. The
properties for gypsum are taken from Drysdale [28hductivityky = 0.48 W/mK; specific
heatcy = 840 J/kgK; densityg = 1440 kg/m3.

4.3 Heat transfer

The heat transfer processes govern the temperatuease in the sections of the structural
members and, therefore, affect the building vulbditg. These processes depend on the
thickness and thermal properties of the thermallatsng material, the thermal properties of
steel and the geometry of the section.

Sensitivity analyses on the uncertain parametéestaig the heat transfer model for steel
members protected with SFRM have shown the prexpilinportance of the thickness and
conductivity of SFRM [8]. These two parameters havsignificant influence on the model
(large sensitivity coefficients) in addition to bgiassociated with large variances. As a result,
the thickness and conductivity of SFRM are treatedandom parameters in the model. For the
SFRM thickness, a lognormal distribution is assunvétd a mean value equal to the nominal
value of 39 mm plus 1.6 mm and a coefficient ofiateon of 0.2 [25]. Regarding the SFRM
conductivity, the probabilistic model from [5] id@pted, see Table 3.

On the other hand, the density and specific he&F®M can be treated as deterministic
because of their lower sensitivity coefficients gared with conductivity. In the probabilistic
equations of Table 3, the random variable with daath normal distributiorg, is considered
equal to zero for the parameters that are assuetedainistic.

Thermal properties of steel can be treated as rdetestic due to their relatively low
variances; the properties are taken from Euroctég [
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Finally, the section factor, calculated from theaaand volume of the member, is treated
as deterministic due to the relatively low varianf¢éhe geometric parameters.

Table 3. Probabilistic equations for the thermal arechanical parameters, adopted from [5].

Parameter Probabilistic Equation

SFRM -k, k, = exp(=2.72 + 1.89 x 1073T — 0.195 x 107°T2 + 0.209 x ¢)

SFRM -p, pp = exp(—2.028 + 7.83 x T~00065 4+ 0.122 X &)

SFRM -¢, cp = 1700 — exp(6.81 — 1.61 x 1073T + 0.44 x 107°T? + 0.213 X ¢)
kg = 1.7 X exp|ripgic + 0412 — 0.81 X 1073 X T + 0.58 X 107¢ x T1% + 0.43 x ¢|

Steel > 1+ exp|riogie + 0412 — 0.81 X 1073 X T + 0.58 X 1076 X T1% + 0.43 X ¢|

(ky,en+107°)/1.7
1—(ky,gN+1076)/1.7
1.1 X exp[2.54 —2.69x 1073 X T —2.83 X 107* X T? 4+ 0.36 X ¢
Steel ke kyp = Pl ]
’ 1+ exp[2.54 —2.69x 1073 xT —2.83%x1076xT?+0.36 X €]
Load P=E(APy, ;i +BPys)

With 7,45 = In

4.4 Structural model

The structural response depends on the mechammgaépies of steel at high temperature
and on the applied gravity loads during the firerdv Randomness in the steel mechanical
properties and in the gravity loads are considefiét: reduction of the steel mechanical
properties with temperature is taken from [5], $able 3. The factors applied to the dead and
live loads are respectively taken as 1.05 and 22} noting that under natural fire exposure,
the probability of the maximum live load to coineidith a fire accident is low [3]. Therefore,
the part of the live load applied in combinationthwthe fire action is the arbitrary point-in-time
live load, in the sense of the sustained compooéttite live load which remains relatively
constant within a particular occupancy [3]. A ganmdrsribution with a COV of 0.6 is assumed
for the live load and a normal distribution wittlC®V of 0.1 for the dead load, based on [8]-
[25]. Finally, the total gravity load effeBtis taken asP = E (A PoL i + B PLLi), in whichPpy i
= 1.05 xPpL andP__ i = 0.24 xP.. are respectively the factored (random) dead areddiad in
fire situation;A andB are random variables reflecting the uncertaintigbe transformation in
loads into load effects; arfflis a random variable representing the uncertantiestructural
analysis [25]. The distribution parametersApB andE are given in Table 2.

5. Capacity Assessment
5.1 Definition of Damage States for a Steel Frameusding

The definition of the structural damage states khoely on parameters that can be
obtained from the structural analysis, such asatesof displacement at mid-span of a member.
For a steel frame building with beams with pinnedrections, two structural damage states
are considered, one relative to the beams andedatéve to the columns (Figure 9):

- DS1: Maximum flexural resistance of the beam, nvtiee flexural capacity of the beam
is exceeded and the mid-span vertical deflectioremses dramatically;

Fire Fragility Curves for Steel Buildings in a Comnity Context: A Methodology 17



Author Preprint Version — Paper published by Elepds:
T. Gernay, N. Elhami Khorasani, M. Garlock, Engineg Structures 113 (2016), pp. 259-276

- DS2: Maximum resistance of the column, when thleran fails with a sudden increase
in transversal deflection, whether due to exceeglaiche buckling resistance of the column
or exceedance of the section plastic capacity uogi@bined compression and bending.
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Figure 9. Damage states related to structural resggdor a compartment fire in a steel
frame building.

When the structure reaches the beam damage stalg, (fbe bending moment in the beam
drops suddenly while tensile axial forces buildruphe steel beam, marking the sudden change
from a bending mode to a catenary tensile actidns flamage state corresponds to a local
damage for the structure, characterized by mapking of the concrete slab and beam mid-
span deflections of the order of 116f the span. However, there is limited impact be t
building functionality for the users. Provided ttia end beam connections and the surrounding
structure are able to sustain the tensile forcatshilt up in the beam as a result of the catenary
action, the structure does not reach its ultimagecity and the damage remains at the member
scale. In three dimensions, a beneficial effectctalso come from the development of tensile
membrane forces in the plane of the concrete ¥lat.this effect is not taken into account in
the present analysis since it is computationally &xpensive and previous research on
numerical modeling of similar multi-story steelrma building in fire supports the validity of a
two dimensional modeling approach [23].

The second damage state (DS2) corresponds toitheefaf one of the frame columns.
This state may coincide with the complete collagfsbe structure, although in some cases, the
redundancy and robustness of the structure mayfheient to redistribute the forces after the
loss of a column. The analysis of the progressolagse mechanisms after the loss of one
column is beyond the scope of the present work. éd@w the loss of one column may result
in significant damage to the building, which willgbably be beyond the point of repair and
can be taken as a severe damage state.

In further analysis, non-structural damage statesdcalso be identified in the building.
For instance, it might be interesting to determmeether the integrity of non-structural
elements is endangered by the fire. Non-struceleahents such as compartment walls play a
major role in the limitation of fire and smoke pagg@tion. A reasonable assumption consists in
linking the integrity of these non-structural elerteewith the response of structural elements,
because significant deflections of the latter &edy to cause cracking, collapse or falling down
of the former. Therefore, non-structural damagtestauld be identified by the attainment of a
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deflection threshold in the structural members. Ewev for practical application, the difficulty
lies in defining a meaningful threshold, due taekl of data and a variability in the connection
design between non-structural and structural elésnémthe example presented hereafter, no
damage state related to the non-structural eleneetaken into account, but this aspect will be
considered in future works and it could be addethénmethodology.

5.2 Deterministic Fire Resistance under ASTM E119iFe

Before analyzing the effect of the many uncertason the system, it is useful to gain
further insight into the fire behavior of the stiwe by conducting a deterministic analysis. As
a case study, this section explores the fire @si&t of the structure under standard fire
exposure considering a fire in the compartmenttemtan the second bay of the fourth floor.
Similar analyses could be conducted for each ottmpartments shown in Figure 8 but are
not reported here since assessing the fire resstaha simple frame structure is a well-
established process. The standard fire that isideresl is the ASTM E119 fire [29]. This fire
is selected for the deterministic analysis bec#duseften adopted to evaluate the fire resistance
rating of structural members. Nominal values, efinéd in Section 3.1, are adopted for the
parameters. The evolution of thermal and mechapicalerties with temperature is based on
the mean value of the probabilistic equations giveBection 4.

The FE analysis is performed with SAFIR using tBeftame model described in Section
3.2. The analysis yields the evolution of displaeats in the structure as a function of time.
The vertical displacement at mid-span of the beamd, the transversal displacement at mid-
height of the column, are plotted in Figure 10. THeam and column damage states are
identified by the attainment of excessive ratedigplacement, of the order of 50 mm/min. The
beam damage state is reached after 111 minuteb@cedlumn damage state after 171 minutes.
The temperature in the cross-section of each ele(heam and column) is recorded at the time
when the corresponding damage state is reached;igere 10. As the temperature is non-
uniformly distributed in the elements, the averégaperature is considered. This procedure
yields the critical temperatures associated wigtivo structural damage states in the structure.
This critical temperature is 527°C for the beam &R@°C for the column.

5.3 Validation of the Critical Temperature Approach

The time at which a structural damage state ishexhdepends, amongst others, on the
physics of the fire (e.g. heating rate of the faeyl thermal properties of the structure (e.g.lleve
of thermal protection). However, the temperaturéhefsteel section when the damage state is
reached is assumed to be independent of the firén@nmal properties. This assumption, which
relates to the critical temperature concept farcttiral steel members, is verified here below.
The structural capacity is studied by numericalutation for a fire in the fourth floor and
second bay compartment and assuming two differ@miigurations. First, the sections of the
structure are assumed to have no thermal protecimhthe fire follows the standard ASTM
E119 temperature-time curve. Second, the sectiapratected with SFRM and subjected to
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a natural fire (to be defined in Section 6). Focteaonfiguration, five simulations are run
considering a set of random values for the meclhaparameters.
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Figure 10. Evolution of vertical displacement atlrspan of the beam and transversal
displacement at mid-height of the column (a); etiotuof temperature in the sections (b).

For the two configurations, Figure 11a gives theetat which the column damage state is
reached in the five simulations. In the time dom#ie attainment of the column damage state
is highly dependent on the fire and thermal comfigjon. This is due to the different heating
rates of the cross-section as a result of diffdiiemtmodels and, most importantly, different fire
protection (Figure 11b). However, after transfororatfrom the time domain to the steel
temperature domain, it appears that the attainwfeiie column damage state as a function of
the steel temperature does not depend significamtlthe configuration, for the five studied
cases (Figure 11c). From the five data points,\amage value and standard deviation of the
steel temperature can be computed for each (thgweuoafiguration (Figure 11d). The same
process has been applied to the beam damagestitteearesults are also plotted in Figure 11d.
The probabilistic values corresponding to the twafigurations are very close, validating
therefore the critical temperature approach. Thghstlifferences are probably due to the fact
that the temperature is not uniform in the sectiddswever, these differences can be
considered insignificant with respect to the lewél uncertainty attached to the system
parameters.
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(b) Steel Temp. in Column
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Figure 11. Validation of the critical temperatuppeoach for the studied steel frame building.

As a result, the structural capacity can be charaetd in the temperature domain

independently of the fire and thermal processes.\Jalid as long as no explicit creep term is
present in the material model for steel at highgerature, which is the case for instance in the
material model from Eurocode. Hence, the stochaatialysis aimed at assessing the
probabilistic capacity can be conducted in the temafure domain considering a single fire
model. In this study, the ASTM E119 standard fies bheen chosen. Similarly, a single set of
thermal properties can be adopted and, for reduttiegcomputation time, it is chosen to
consider sections with no thermal protection. Tédwilting probabilistic capacity model can be
used for any fire scenario and thermal propertieghe structure, within the limits of the
conditions listed in Section 2.1.4.

5.4 Structural Capacity Assessment by Stochastic FEnalysis

This section aims at defining the probability dendunctions (PDF) of the critical
temperatures associated with each damage statbefgrototype steel frame building. The
evolution of temperature in the sections is compite thermal FE analysis, in a deterministic
analysis, considering the standardized ASTM E118. fSince this fire is monotonically
increasing, any subsequent structural analysisbeamun until complete failure, i.e. until
attainment of all damage states. Monte Carlo Sittmda (MCS) with Latin Hypercube
Sampling based on non-linear FE structural analgsethen conducted considering the random
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variables of the structural model in Table 2. Thalgses are performed using the software
SAFIR and the 2D frame model described in Sectié@n 3

For each fire location in the building shown in g 8, 20 realizations are computed using
the probabilistic distributions for gravity loadsdasteel mechanical properties given in Section
4. Given the eleven fire locations to be studiethtal of 220 simulations is performed. The
samples of parameter values are generated usimgHygbercube Sampling (LHS). Indeed, the
number of simulations is limited by the computasibeffort required to run the FE structural
analysis of the building until failure. Use of desstive sampling technique such as LHS is
therefore recommended.

Upon heating of the members in the fire-exposedpastment, the strength and stiffness
of these members decrease and forces build up aluestraint thermal expansion. The
temperature in the members is increased untiltbelamage states are reached in the structural
analysis. For each analysis, the time at whichddmaage state is reached in the beam and in
the column is recorded. The evolution of temperatuth time in the sections of the beam and
the column is known as a result of the thermal R&ysis. Hence, the time corresponding to
the attainment of a damage state can be mapphkd twerage temperature in the section of the
member at this time. As a result, the PDF of cdpaelative to each damage state are obtained
in terms of critical temperature in the steel settsee Figure 12.

(a) DS 1: Beam Failure (b) DS 2: Column Failure
0.015 T T T T T 0.015 T T T T T
Interior beam
story 1-8 6° story .
20.010 | Perimeter i >0.010 F 4° st. 8% st. |
'_g story 1-8 -_g 3° st
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0.000 L L 0.000 :
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Avg. Steel Temperature in Beam at Avg. Steel Temperature in Column
time of failure [ °C] at time of failure [ °C]

Figure 12. Probability density functions of the daya state in the beam (a) and in the column
(b), for different fire locations.

The capacities are assumed to be normally disethuthe normal assumption has been
also adopted previously for fire resistance [3(jisTassumption is a simplification for the
purpose of this example. For a more accurate asses®f the distribution, a larger number of
realizations in LHS (e.g. in the order of 100) denemployed, but this raises challenges in
terms of computational time when nonlinear FEMoidé used. This paper demonstrates the
methodology for deriving fragility functions foré. However, for obtaining fragility functions
to be used in practice, a larger number of reatinatis recommended. In future works, the
possibility to use simplified models will be inviggtted to characterize the capacity. These
models offer the advantage of being much more céatipnally efficient than FEM, which
makes them more suitable for MCS. The expectedifos&curacy of simplified versus FE
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models has to be considered against the gain ioapility distribution assessment in a cost-
benefit analysis.

Regarding the beam damage state, the PDF’s of itapaca fire in an interior bay are
identical for stories 1 to 8, because the beam@etype and the applied gravity loads are
identical (Table 1) and, as the beams are staticdtermined, no bending moment is
transmitted from the columns to the beams. Howelierbeam capacity differs slightly in case
of fire in a perimeter bay, compared with an irdebay. This is probably due to the different
level of lateral restraint, which affects the thaimxpansion in the steel beam and therefore the
cracking process in the concrete slab. A lowerllef¢ateral restraint (perimeter bay) allows
for a larger thermal expansion of the steel beaditlaa latter causes the cracking of the concrete
part of the composite section.

The capacity associated with the column damage #&dtigher in the upper stories. For
this building, lower gravity loads lead to loweili@ation ratios in the upper stories even though
the cross-sections are smaller than in the lowmiest These lower utilization ratios lead to
higher critical temperatures. On the other handtte column of the first story, the buckling
length is also much higher than for the other caolsnwhich causes buckling failure in this
column at relatively low temperature.

6. Demand Assessment by Fire and Heat Transfer Anais

The next step consists in assessing the demanedptaccthe structure. For the considered
steel building, this demand corresponds to a maxirsieel temperature reached in the sections
of the structural members. Therefore the analyaaged on in this section aim at deriving the
distribution functions of the maximum steel temper@, based on fire modeling and heat
transfer analysis.

First, the evolution of temperature in the comparnimust be predicted based on a fire
model. Selection of the fire model is an importstep in the fragility analysis, as the influence
of this model on the demand is considerable. Sewavdels for natural fires in compartments
have been proposed in the literature and in stanctades, e.g. the parametric fire of Eurocode
1 [27]. For the present example, the model adogtdte natural fire model developed by Quiel
and Garlock [31] based on the study of the fir¢hi;m One Meridian Plaza (1MP) Building in
Philadelphia. It must be noted that the adoptiothaf simplified model is an assumption to
illustrate the methodology developed in this paperfuture studies, the sensitivity of the
fragility functions to the fire model will be invegated.

The adopted natural fire curve is dependent opdadk gas temperature and can be scaled
accordingly, see Figure 13. To determine the peakigmperature, the method from Annex A
of Eurocode 1991-1-2 is adopted [27], using thei@slof the parameters given in Section 4
and different levels of fire load between 100 aB8@MJ/m?2. The results are given in Table 4.
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Figure 13. Natural fire model [31] scaled as a fiomcof the peak gas temperature.

Table 4. Peak gas temperature as a function dirthkad.

[MJ(/qu] ‘100 200 300 400 500 600 700 800 900 1000 1250 15WDO
T[r:aé]gas ‘781 872 934 978 1011 1038 1061 1080 1098 1113 1mW86 1221

Second, the heat transfer analysis must be pertbtmebtain the temperature evolution
in the sections and, hence, the maximum of thigp&ature. It is assumed that the members
are exposed to fire on three sides. The heat gra@asfalysis can be performed by advanced
numerical techniques, such as FE analysis, or usioig simple calculation models that are
available and efficient to compute the temperaaw@ution in protected steel sections. Here,
the finite difference formula of Eurocode 3 [19]shbeen adopted, considering its wide
acceptance among the structural fire engineerimgnoonity and its computational efficiency.
This formula, also referred to as lumped mass amproyields the uniform temperature in the
cross-section of a steel member at each time sigt aan be used for insulated and bare steel
members. In this study, for a given structural s¥ssction and fire load, Monte Carlo
Simulations are conducted using the Eurocode farand varying the thermal properties of
the insulation material (thickness and conductjvag shown in Table 2. For each fire load
level, 1000 realizations are computed. The protetisen repeated for different levels of fire
loads, yielding the distribution of maximum temgara in the steel section corresponding to
each fire load level, see Figure 14 for the colwhfloors 3 and 4. The result is presented in
the form of the complementary cumulative distribatifunction of the maximum steel
temperature.

The same methodology is applied to each differevgszsection type, i.e. 5 times for the
column and 2 times for the beam (see Table 1 fciigesizes).
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Figure 14. Distribution of max. steel temperatur¢hie column W14x82 (34" floor) for
different levels of fire load, considering variatyilin SFRM thickness and thermal properties.

7. Fragility Functions
7.1 Derivation for one location

The probability distributions for capacity and demabtained in Sections 5 and 6 allow
for deriving analytical fragility functions for thbuilding. The methodology to derive the
fragility function corresponding to a given damagate (e.g. the column damage state) and a
given fire location (e.g. the compartment in theosel bay of the fourth floor) is illustrated
hereafter. The same methodology applies to the fitledocations and damage states.

For the column located in a compartment of tHefldor, the PDF of capacity and the
complementary CDF’s of demand have been plotteBigare 15. The different curves for
demand correspond to different levels of fire lo&dr a given fire load, the conditional
probability of failure can be computed using Eg.€., by convolution of the PDF of capacity
and the complementary CDF of demand corresponditigg fire load. Repeating the operation
for each fire load level yields several points tialg the fire load level and the conditional
probability of failure, see Figure 16. The fragiliturve for the beam damage state is also
represented in Figure 16.

1-CDF Proba.
1.0 = - 0.008

Capacity PDF

08 for column DS
41 0.006

0.6 f

0.4 q—?sg(r)n e a=1500 oy | 20
0o | =400 MJ/m2 q=2000 1 0.002

=300 MJ/m?2 J/mZ
0.0 ' 0.000
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Figure 15. The fragility points are obtained bywolation of PDF of damage state and
complementary CDF of demand (here, for the W14x8@ron on the % floor).
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Figure 16. Fragility curves for the beam damageesiad the column damage state,
conditional to the occurrence of a fire in tHé I2ay of the ¥ floor.

The fragility function for a specific state of dageaF(-) is assumed to be a lognormal
function in the form of:

F(q) =@ [@] Eq. (2)

In this equationg is the fire load (MJ/m2) that characterizes thre fand®|[-] is the
standardized normal distribution function. The pavameters and{ characterize the fragility
function; they must be determined to maximize test it with the data points resulting from
the analysis. This fit is performed using the maxamlikelihood function:

L = [TL4[F (q]¥[1 = F(g)]* ™ Eg. (3)

In the latter equatiorg; andx; are the fire loads and the corresponding proliegsliof
failure obtained by convolution (i.e. for the colang andx are the coordinates of the square
dots in the plot of Figure 16N is the total number of points obtained by convolutfor a
specific damage state and fire location. The twoamatersc and { are computed by
maximization ofL [32]. For the column DS fragility curve plottedkiigure 16, the parameters
c and{ are found equal to 1596 MJ/m? and 0.817, respalgtiv

The same process is applied for deriving the fitgdiinctions relative to the other damage
states and fire compartment locations.

7.2 Combined fragility functions

At this stage, fragility functions associated wite beam and the column damage states
have been constructed for each different compattfireniocation in the building. It resulted
in 9 different fragility functions associated withe column damage state (one at each story)
and 4 different fragility functions associated witie beam damage state (2 section sizes,
interior and perimeter each). In view of the pracetfire disaster evaluation of a community
of buildings, a single fragility function per daneagtate should be used to represent a family
of buildings (Figure 1).
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For the prototype multi-compartment steel buildittgg fragility functions analytically
developed for each compartment fire location cacdmebined in order to obtain one combined
fragility function per damage state representirggdberall building vulnerability. The objective
of this section is to propose a methodology to metye column DS fragility functions
corresponding to different compartment fire locasianto one single column DS fragility
function for the entire building (and similarly fahe beam DS fragility function). This
methodology is illustrated in the Flowchart 2 (Fig®) and it is explained here below in three
steps. Note that, in this work, the possibilityhafving a fire extend to several compartments
has not been considered.

7.2.1 Step 1: Conditional probability of fire in exh story

The first step consists in evaluating the conddloprobability for a fire to arise in a
specified story, given a fire occurs in the builginrhis conditional probability is noted
Priston]Hsi, in which Hs denotes the probability of having a structuralyngicant fire in the
building per year. The formula of Eqg. (4) is usegtedict the annual probabiliBs for a severe
fire able to endanger the structural stability towr in a compartment with a surface areAsof
(in m2). This formula is the one used for the depetent of the design values for the fire load
densities prescribed in Eurocode [27].

Pfi = P1,EN. P2,EN. B.EN. [4.EN. A Eqg. (4)

The termpyen is the probability of having a fire to start anawg to a severe fire in the
compartment, per m?2 of floor and per year, inclgdime effect of occupants and standard public
fire brigade. Additional reduction factors are thagplied to this annual frequency to account
for active fire protection measures that limit grebability for a fire growth to severe fire. The
factorpz en considers the effect of the fire brigade type #hredtime between alarm and firemen
intervention. The factopsen takes into account the effect of automatic firéedgon and
automatic transmission of the alarm. Finally, thetdr ps en takes into account the effect of
sprinkler.

The assumed area of each compartment of the ppetttyilding is 55.7 m? (600 ft2). For
illustration of the methodology, a series of asstiompare made for estimating the probability
and reduction factors in Eq. (4), but of coursedbeeloped methodology is not dependent on
these particular assumptions and other values doeildsed. As illustrated in Table 5, it is
assumed that the stories 1-7 of the prototype imgjldre for office occupancy, whereas stories
8-9 are dwelling. Between 10 and 20 minutes araired between alarm and the intervention
of a professional fire brigade. All fire compartneare assumed to be equipped with automatic
fire detection by smoke, but no sprinkler protectaystem [33].
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Table 5. Calculation of the conditional probaleigiof fires in a specified story,
PristonHsi. The intermediate annual probabilitiésandPrsistory are calculated using Eq. (4)

[27] [33].
by compartment by story |
Story Use PLEN P2EN P3EN P4.EN Ari Pri Avi story Pri story Pri story|Hi
107/m2yr [m2]  107/year | [m2]  105/year
9 Dwelling 7 0.1 0.0625 1.0 55.7 2.44 2090 0.91 00.2
8 Dwelling 7 0.1 0.0625 1.0 55.7 2.44 2090 0.91 00.2
7 Office 3 0.1 0.0625 1.0 55.7 1.04 2090 0.34 0.086
6 Office 3 0.1 0.0625 1.0 55.7 1.04 2090 0.3¢ 0.086
5 Office 3 0.1 0.0625 1.0 55.7 1.04 2090 0.3¢ 0.086
4 Office 3 0.1 0.0625 1.0 55.7 1.04 2090 0.3¢ 0.086
3 Office 3 0.1 0.0625 1.0 55.7 1.04 2090 0.3¢ 0.086
2 Office 3 0.1 0.0625 1.0 55.7 1.04 2090 0.3¢ 0.086
1 Office 3 0.1 0.0625 1.0 55.7 1.04 2090 0.34 0.086
18810 Hs; =4.57 1.0

The resulting probabilities of severe (or strudlyrsignificant) fire are given in Table 5.
The probability of a severe fire in a compartmearias from 1.04 x 10to 2.44 x 10 per year.
The building comprises many compartments at eamly sind the probability of a severe fire
for the overall story can be found consideringttital surface of the story (see Figure 6); this
probability varies from 0.39 x 10to 0.91 x 10. The annual frequency of a structurally
significant fire for the overall building is the muof Pristory for all stories, thus equal tdsi =
4.57 x 1CP. The total probability of having a fire in the llihg is approximated here as the
sum of the constituent probabilities in each cortmpant of the building. As a reminder, this
probability represents only severe fires, i.e.fihes that develop and grow to significant fire
despite the possible action of sprinklers, occupafite brigades, etc. For each story, the
conditional probabilityPs stonfHsi is equal tdPsistory divided byHs.

7.2.2 Step 2: Conditional probability of each scena

The conditional probability associated with eacmpartment fire location, notegl, is
defined as the conditional probability for a ficedrise in compartmenmt given a structurally
significant fire occurs in the building. It is calated using the event tree of Figure 17. This
event tree is based on the conditional probalyiléy story,Psi storyJHsi, Obtained from Table 5.
In addition, it is recognized that the proportidiperimeter bays is 2 out of 5 and the proportion
of interior bays is 3 out of 5 and, for a givenrgidhe probability of having a fire is equally
distributed between each bay. These considerateatsto the definition of the conditional
probability for a fire to arise in a specified b@yterior or perimeter) given a fire occurs in the
building, PripayHsi, which equals 0.4 for a perimeter bay and 0.Gfomterior bay. Applying
these probabilities to the branches of the evertdrwentually gives the conditional probabilities
pi for each fire location. For instance, the condisioprobability associated to an interior bay
of the 9" story is found equal to 0.120, meaning that,fif@occurs in the building, there is a
12% likelihood that this fire will be in an interibay at the 9 story.
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For a given damage state, as the individual figgilinctions correspond to different fire
locations, the conditional probabilitipsare in fact the probabilities with which one indival
fragility function will be chosen at random fronetbhombined population of fragility functions.
Thesepi are thus required to “weigh” each individual fuontagainst the others in the process
of derivation of the combined fragility function.

Pii story | Hg story Psibay | Hsi bay Pi

2/5 -
0.200 0.080
b 0.120

0200
0.086 25 0.034
T oy g e

2088 Note:

8° story similar to 9° story

1-6° story similar to 7° story
D060

Figure 17. Event tree for the conditional probaiesip; associated with each fire location.

4.57 x 10 fires per year [

7.2.3 Step 3: Parameters of the combined fragilitiunctions

In the third step (see Figure 5), the combinedilitpdunctions can be constructed from
the individual fragility functions, using the paratars of the individual fragility functions
(median and standard deviation) and the probasigi. The mathematical framework for
development of combined fragility functions frondividual fragility functions constructed for
structures with similar structural attributes i®ptbd from Shinozuka et al. [32].

The combined fragility functioi.(-) representing the overall building vulnerabilitynca
be assumed as lognormal according to the followopgation:

Fq) = @[22 Eq. (5)

In the latter, the parametersand(, that characterize the combined function are eséicha
from the parameters of the individual fragility fitions.

The mean of the combined lognormal distributiocakulated a& = In g, with gc given
by Eq. (6). In the lattem is the number of “nominally identical but staitstily different”
fragility functions,ci is the median associated with each individualifitggunction (see Eq. 2
and Figure 16), anp is the probability with which a scenariwill be chosen at random from
the combined population corresponding to each smweris probabilitypi corresponds in this
case to the conditional probability for a fire ttsa in compartment given a fire occurs in the
building (Figure 17).

qe =Ty c Eq. (6)

The standard deviation of the combined lognormstrithution,(c, is calculated using Eq.
(7). In the laterP is the vector of the probabilitigs, Z is the vector of the variancés
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associated with each individual fragility functiGgee Eq. 2)A is the vector of the expected
valuesoi = In ¢, andQ is the matrix given by Eq. 8. The reader is reférro [32] for more
comprehensive information about the combinatiorcess.

(2=PTZ+ATQA Eq. (7)
pi(1—py) - —P1Pn
Q= : : Eq. (8)
b1 0 Pa(1—Dpr)

Table 6 summarizes the parameters for the indiVvidtegility functions and the
conditional probabilitiegi (from Figure 17) associated to each fire locatieor. the column
damage state, the individual fragility functiongéded on the story but do not depend on the
bay (perimeter or interior). Therefore, the probtbs pi have been summed per story.

Table 6. Parameters for the combined fragility tioxs, calculated from the individual
fragility parameters and the conditional probaiaiif for the column and the beam DS.

Column Beam
Story Bay ¢ [MJ/m?] ¢ pi G [MJ/m?] ¢ pi

Perimet . . 156 0.737 0.080

9 I?]':;Tiirer 1725 0.845 Ofg;(())ol i 142 0.720 0.120
Perimet 0.08+0.12 259 0.712 0.080

8 Iii:an:iirer 2040 0.795 =(;3.200 295 0.701 0.120
Perimet . . 259 0.712 0.034

! I?]':;Tiirer 1288 0.788 ° 23?5:651 295 0.701 0.051
Perimet 0.034+0.51 259 0.712 0.034

6 Ii:ar?iirer 1619 0.798 =0.086 295 0.701 0.051
Perimet 0.034+0.51 259 0.712 0.034

> I?]'::en:iirer 1137 0.838 =:é.086 295 0.701 0.051
Perimet . . 259 0.712 0.034

4 I?]':;Tiirer 15967 0.817* ° 23%5:651 295~ 0.701 0.051
Perimet 0.034+0.51 259 0.712 0.034

3 Iii:an:iirer 1199 0.886 =:é.086 295 0.701 0.051
Perimet . . 259 0.712 0.034

2 I?]'::en:iirer 1897 0.817 ° 23?5:651 295 0.701 0.051
Perimet 0.034+0.51 259 0.712 0.034
Ii:ar?iirer i 0.945 =0.086 295 0.701 0.051

Combined 0c=1513 ¢ =0.880 1.0 Qc=246 (. =0.757 1.0

* see Figure 16

The variation between stories of the median firadlo associated with each column
fragility function is mainly due to the variation the demand over capacity ratio at ambient
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temperature. Indeed, a same column type is usddioconsecutive stories (Table 1) although
the demand (gravity load) is different. This exp$athe transition in; between two consecutive
stories.

The parameters of the combined fragility functiéorsthe prototype steel building can be
calculated using Eq. 6-8. The parametr@and(. of the combined fragility functions are given
at the bottom of Table 6, for the two damage states

7.2.4 Fragility functions for the entire building

The lognormal fragility curves for the entire bulg, constructed using the combined
parameters of Table 6, are shown in Figure 18thercolumn damage state (a) and the beam
damage state (b). The individual fragility curves also plotted. The combined curves fall
within the range of the individual curves; they negent a “weighed average” of the
vulnerability of the building to fire.

The combined fragility curves associated to the damage states for the overall building
are plotted in Figure 19. Based on the averageevafuhe fire load that is expected in the
building, the multi-story building fragility curvegield the probability of exceeding each
damage state, conditional to the occurrence alatsirally significant fire in one compartment
of the building. In this probabilistic model, ittlsus not necessary to assess in which particular
compartment the fire develops. Instead, the mod®liges a probabilistic assessment of the
degree of damage for a building similar to thistptype building in which a compartment fire
develops somewhere and, despite the active firegion measures, reaches a point where it
is able to endanger the structural stability. Ttiect of the passive fire protection (SFRM) is
incorporated in the fragility curves.

For instance, assuming that the fire load is egu&00 MJ/m2 (in average) in the building,
Figure 19 shows that the probability of exceedhmglieam damage state (DS1) is 88% and the
probability of exceeding the column damage sta®2)Ds 15%.

For the sake of discussion, it is assumed herdhbdieam damage state is always reached
prior to the column damage state or, in terms obgbility, P(DS1|DS2)=1. The assumption is
the most likely scenario given the archetype camgion (geometric, member sizes, structural
system, etc.) and the distribution functions fog tandom parameters. Here, adopting this
assumption, the probability of exceeding the danstgée in the beam (DS1) but without
collapse of the column can be calculatedP@3S1)P(DS2)=73%. The latter situation can be
referred to as a “moderate damage” in the building to fire, considering the structural repair
that would be required subsequent to the fire.l@mother hand, in case of column failure, the
structure is said to experience “severe damage2.praobability of not reaching any of the two
considered structural damage state is obtaindtkasomplement of the probability of DS1, i.e.
12% for a fire load of 600 MJ/m?2.
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Figure 18. Combined fragility curve associated® ¢olumn damage state (a) and the beam
damage state (b), obtained from the combinatigh@fragility curves for each fire location.
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Figure 19. Combined fragility curves for the prgpme nine-story steel frame building,
representing the overall vulnerability of the bunlgl
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The fire load on the x-axis of the fragility curvgsaph of Figure 19 is an unfactored fire
load. The user should evaluate the fire load alstyaésent in the building, without applying
any factor based on the occupancy, risk of firevatibn, etc. Indeed, the purpose of these
factors in the design codes such as Eurocode $28]weigh the fire load to get a design value
that implicitly includes the probability of a sttucally significant fire to occur. However, the
fragility curves give conditional probabilities fafilure, given that a structurally significant fire
has occurred in a compartment. Based on the meithgdosed to derive the fragility functions,
the fire load should therefore not include a sedimé any factor related to the probability of
a fire to occur.

Figure 19 shows that the vulnerability of the bungdto fire is significant, although the
steel structure is protected with SFRM. The proliads of reaching the structural damage
states in fire increase quickly with the fire lagehsity, especially for the beam. The median of
the beam damage state fragility function is 246rvJivhich is not a high value compared to
the fire load densities typically found in officeildlings [2]. However, it is important to note
that these are conditional probabilities. The philiig of a structurally significant fire in a
building is low: it was previously estimated in tbeler of 5 x 16 per year for the prototype
building. A significant conditional probability dfre damage does therefore not necessarily
imply a low safety factor relative to fire hazartf{ably, if active fire protection measures are
implemented to decrease the annual frequency oifisignt fires).

9. Conclusion

This study proposes a novel methodology for devetpfire fragility functions for an
entire steel building. The proposed framework aot®ufor the different sources of
uncertainties that affect the vulnerability of aedtbuilding to fire, both at the material scale
and at the building scale. The probability disttibas of structural capacity and demand placed
on the members are assessed separately in thersaorpedomain and then convolved to yield
the conditional probability of failure for discretalues of the fire load (i.e. the fragility poipts
The fragility functions are then obtained by figirthese fragility points. In addition, a
probabilistic framework based on event tree angligsintroduced for taking into account the
different possible fire locations in a multi-comgaent building and their associated likelihood.
The method incorporates the effect of differentup@scy or active fire protection measures on
the distribution of likelihood between compartments

The developed fragility functions can be appliea jprobabilistic fire disaster assessment
of a community of buildings. First, the probabildistructurally significant fire in a community
of buildings is estimated, per year or per accidertvent (e.g. following an earthquake).
Second, the fragility functions are used to predia level of structural damage for each
individual building subject to a fire as a functiohthe fire load in this building. These results
eventually allow for an estimation of the expedtes$s due to fire in the community.

Buildings within a community are made of variedustural types and materials. Hence
specific fragility functions are needed to chardztethe vulnerability of these different types
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of buildings to fire. Further works shall focus e development of reliable and accurate fire
fragility functions for different types of struces.

The methodology developed in this work can be appfor constructing analytical fire
fragility functions for other typologies of steatgctures. One key aspect for steel structures
lies in the separation between the thermal andehanical problem, taking advantage of the
fact that the capacity and demand can be charaetem the temperature domain. This is not
necessarily true for other structural materialhsag concrete.
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