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Critical parametersin deriving firefragility functions
for steel gravity frames
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ABSTRACT

Fire fragility functions can be used to charactetiz probabilistic vulnerability of
buildings to fire in the context of urban resilienassessment. A methodology has
been proposed to develop such functions for midtiyssteel buildings. However, a
large number of parameters with uncertainties payole in the process of
constructing the fragility functions. The goal bfstresearch is to identify the critical
parameters that most affect the global fire safgtinvestigating the sensitivity of the
fragility functions to different input parametefensitivity in parameters affecting the
fire model, the heat transfer process and the tha@nechanical response is examined.
The effects of different design assumptions atstystem level are also studied. The
presented approach is useful for selecting theadhey parameters in a fire reliability
analysis and it provides important information fmeodeling tools that can be used to
evaluate resilience for fire scenarios.

INTRODUCTION

The standard approach in fire design of structisresainly based on design at the
component level using prescriptive approaches, eviacertainties in variables are
not explicitly incorporated in the process. Howeuwmeasured data indicate large
uncertainty in the values of the parameters affgcthe fire behavior of structures,
including for instance fire load and material pntigs at elevated temperatures. An
appealing way to measure these uncertaintiesdsvelop fragility functions.

Fragility functions provide the probability of exa#ng a damage state (e.g.
column failure, excessive beam deflection, conoactiailure, etc.) for a given
intensity measure of the hazard (fire in this cas@e damage states are generally
related to the structural performance level andlEgrouped in different categories
such as ‘no damage’, ‘slight’, ‘moderate’, ‘extes@sj and ‘complete’.
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Fragility functions can be used for evaluating éssat the scale of a community in
the context of disaster resilience assessment [1].

In the seismic engineering field, the approachsifigifragility functions has been
largely adopted. The scientific community has depetl a suite of seismic fragility
functions for different structural typologies, €2}. The method generally consists of
deriving analytical fragility functions based onodtastic analyses of prototype
buildings that are assumed to be representatieetgbology. The parameters in the
analyses are assumed to be random variables an K@arlo Simulations (MCS) are
used to generate the distributions. Alternativeiypirical functions can be developed
when sufficient historical damage data is avail§Ble

In this context, the present research aims at dpwe a framework for
constructing fire fragility functions. Over the pa®ars, research in fire engineering
has started to progress toward the developmentparf@armance-based framework
that explicitly accounts for uncertainties. Conitibns notably include the work by
Lange et al. to establish a methodology for peréorce-based fire engineering of
structures based on the seismic engineering framkeweveloped in the Pacific
Earthquake Engineering Research (PEER) CenteHpMever, the development of
fire fragility functions in a system level approatchquantify structural vulnerability
has not been addressed yet.

In a previous study [5], the authors developed s hmethodology to generate
fire fragility functions, which measure the perf@mce of an entire building system
(rather than a single component). The fragilityclions can be used to evaluate a
city’s resilience to fire hazard, including in cademulti-hazard cascading event such
as fire following earthquake. However, the procesgenerating these fire fragility
functions raises several important questions. Tmepitational time for thousands of
simulations (required by MCS) to model the perfano®of a building system under
fire can be excessive. The large number of inptampaters with uncertainty adds to
the complexity of analysis and the computationaheti For these parameters,
probability distributions need to be assumed hyarous data are often lacking. In
order to prioritize the efforts in data collecti@md limit the complexity of the
analyses, it is crucial to identify the parametbaeg most affect the global fire safety.
Furthermore, the sensitivity of the results to ef#ht input parameters and
assumptions should be quantified. Addressing thssees, this paper aims at
identifying the most important input parameterssdshon sensitivity analyses, to be
considered as random variables when developingfrigility functions for entire
buildings.

METHODOLOGY

Fire Fragility Functions

The methodology for developing the fire fragiliynictions has been presented in
detail in [5]. It requires the probabilistic assesst of the structural system
performance under fire. This assessment takesaittount uncertainties in the fire
model, the heat transfer model and the structasgdanse, in addition to fire scenarios
at different locations in the building. The intdpsineasure selected as the control
parameter to characterize the hazard is the fae. IBor a given fire loag, MCS can



be used to generate the probability density func{leDF) of demand and capacity
relative to a given damage state. Convolution @& tomplementary cumulative
distribution function (CDF) of demank,,(-) with the PDF of capacitfe(-) yields

the probability of reaching the damage sfig, according to Eq. 1.

Priq = Jy [1 = Fpjq(D]fc(T)dT @)

The computation is performed for several leveldiref load in order to get the
fragility points. Then, a fragility function can W#ted, typically assuming a two-
parameter lognormal distribution function.

In this procedure, the random variable representiegiand is the maximum
temperature in the steel section (for a given foad). Capacity is the critical
temperature in the steel section relative to tkergdamage state (i.e. temperature at
failure). The PDF obtained for demand and capaaity key for constructing the
fragility functions. However, these PDF dependlanihput parameters and modeling
assumptions.

The fragility functions are first built at the cooment level, assuming a fire
scenario in a well-defined compartment. These aferned to as local fragility
functions (FFL). Then, building fragility functiongFFB) are built from the
combination of the FFL for characterizing the ollaralnerability of the building [5].

In this second step, parameters at the systemnesglalso influence the fire fragility
functions (e.g. number of stories).

Building Prototype

For the sensitivity analysis, this paper focusesa@pecific typology, namely a
multi-story steel frame building. Similarly, a siaglamage state is considered, i.e. the
failure of a frame column. The presented approachle applied to other building
typologies and damage states.

The considered building prototypes consist of stelictures with variable
heights, designed based on the FEMA/SAC projectiferLos Angeles area. Four
prototype buildings are considered with 3, 6, 9] 42 stories. The four prototype
buildings have a similar 45.72 m by 45.72 m plagaaconsisting of five bays in both
directions (Figure 1). Each structure is compoddow moment resisting frames on
the perimeter, and interior gravity frames. Theuowots of the interior frames are
continuous but the beams have pinned connectitatgély determinate beams). The
work focuses on the vulnerability to fire for colngin an interior frame.

Analytical modeling for probabilistic assessment

This section describes the models that are usexkdess the probabilistic fire
performance of the building structure. The modetsused in MCS for constructing
the fire fragility functions. The input parametershese models that are considered as
random are discussed in the next section.

The Eurocode parametric fire model [6] is usedstineate the gas temperature
evolution in the fire compartment. The nominal timmpartmentation of the buildings
under study is based on a subdivision in compartsnein9.144 m long and 6.096 m
wide. It is assumed that the fire remains containgde compartment where it started.
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Figure 1. Steel gravity frames (a) plan and elewatif (b) 3-story, (c) 6-story, (d) 9-story, (e)diPry

Gypsum plasterboard is assumed as the lining rakferi walls and ceiling of the
prototype building.

For heat transfer analysis, the finite differenoemiula of Eurocode 3 is adopted
[7]. This formula, also referred to as lumped mapproach, yields the uniform
temperature in the cross-section of a steel membench time step and it can be
used for insulated and bare steel members. Thisidler is used to get the
maximum temperature reached in the section duhegcourse of the natural fire;
this maximum temperature is the demand placed @miémber (see Eq. 1).

For structural response, the simple calculationehpdescribed in Eurocode 3 is
used [7]. This model allows one to calculate thsigie buckling resistance of a
compression member with uniform temperature basedomservative assumptions.
The moment of inertia corresponding to the membeeak axis is selected. Knowing
the axial load on the column, the model yieldsdtitcal temperature at which failure
is reached. Selection of a simplified model ovenae sophisticated approach (e.g.
nonlinear finite element modeling) is motivatedtbg need to run a large number of
realizations for obtaining the PDF of capacity. Hur studied prototype, the gravity
frame columns are mainly subjected to compressitim minor moment, because of
the pinned connection with the beams. While themgnadlients create bending in the
columns when heated on three faces, this effect doeaffect significantly the critical
temperature (for the prototype studied here). Tlas been verified by comparing a
selected number of realizations with results oflinear finite element simulations.

Parameter swith Uncertainty

The parameters with uncertainty considered in thdysare listed in Table I.
These parameters have been selected because thex@ected to be the most



significant sources of uncertainties based onalitee and engineering judgment.
Table | includes parameters affecting the demanddcapacity at the component level,
as well as different configurations at the systéwnilding) level. Yet this list is not
exhaustive and will be completed in further anayse

TABLE I. LIST OF PARAMETERS WITH UNCERTAINTY

FireFragility Local (FFL): component level FireFragility Building
(FFB): system leve
Demand Capacity
Compartment geometry Mechanical properties of stedFire resistance rating
Opening factor Dead load Fire exposed faces
Thermal conductivity of fireproofing Live load Bdihg height
Thickness of fireproofing Building occupancy

On the demand side, uncertainties in the follovgagameters of the fire model are
considered: compartment geometry and opening faEtoe load is also a varying
parameter but it is a case apart as it is usedheasntensity measure for fragility
functions. The probabilistic model for thermal coativity of fireproofing at elevated
temperatures is based on experimental data and yasiBa procedure [8]. A
lognormal distribution is assumed for the thicknesdireproofing. On the capacity
side, randomness in the mechanical propertiesef ahd in the applied gravity loads
is considered.

At the system level, different fire resistance mgsi are considered, which
translates into different insulation thicknessd®e Tatings range from no insulation to
3-hour fire resistance insulation based on prehegiglesign. Note that the case with
no insulation is potentially relevant in a cascgdinulti-hazard scenario, e.g. after an
earthquake that would damage the insulation. [@ffeiconfigurations in terms of
cross-section fire exposure are analyzed: thress sitbng the weak or strong axis, or
four sides. The considered four building heighttoval to span the different
classifications (low, medium, and high-rise) basedBuilding Structure Categories
for steel frames defined in Hazus [9]. Finally, induence of different building
occupancy is studied, e.g. re-assigning two stasedwellings instead of offices.

RESULTSOF SENSITIVITY ANALYSIS
At the Component L evel

For a fire in a given compartment, local fragilitinctions (FFL) are constructed
to provide the probability of reaching the colunaiiure as a function of the fire load.
The objective is to identify the parameters thatstmecessarily be considered as
random when constructing the FFL. This is done bglying the sensitivity of
demand and capacity PDF’s to the different inpuapeeters.

For the sensitivity analysis, MCS are conductesgisnhean values for all input
parameters except the one for which the valueseeeted randomly based on its
probability distribution. This allows to isolateetteffect of the variance of each
input parameter on the variance in the output.

On the demand side, the output is the maximum testyre reached in the
column section. Figure 2 shows a sample of regaite column section W14x68



protected with a prescriptive 2-hour fire ratindieTplots show the mean, plus and
minus one standard deviation, of the maximum stemiperature for different
selected random parameters. The results are givdind loads equal to 600 MJ/m?
and 900 MJ/m2. Each case is based on 200 simudafidre two values of mean and
standard deviation provide a reasonable measuneceftainty since the results follow
a normal distribution. The parameters ‘compartngaumetry’ and ‘opening factor’
influence the fire model, whereas the parametdasectto fireproofing influence the
heat transfer model. Figure 2 shows that uncemaiim both the fire model and the
heat transfer model cause significant varianceemmahd. The opening factor is the
parameter that least influences the demand, yefflizence is not negligible.

On the capacity side, the output is the criticatgerature at which the column
fails. Figure 3 shows a sample of results for aool section W14x68. The column
capacity does not depend on the characteristidbeofiire (such as the fire load).
However, it depends on the story level, becausesttiry influences the load on the
column. The results are given for columns at tfile &nd sixth story of the nine-story
building. The randomness in steel mechanical ptigserat elevated temperature
contributes the most to the variance of the capaleitcontrast, the influence of live
load is negligible. For the studied prototype, lilmad could be considered as
deterministic.
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Figure 2. Sensitivity of maximum steel temperatordemand parameters for a W14x68 section.
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Figure 3. Sensitivity of steel temperature at f&lto capacity parameters for a W14x68 section.



At the System Leve

At the system level, the FFL constructed for eadferént compartment fire
locations in the building are combined to obtaia Iiiilding fragility functions (FFB)
representative of the vulnerability of the entitglding. At this scale, the objective is
to investigate the sensitivity of the FFB to diffiet design assumptions for the
prototype building. This allows one to discusséffects of various parameters on the
global fire safety of the building.

In constructing the fragility functions, all paraews listed in Table | at the
component level are assumed as probabilistic. Uihetibns are successively built for
different values of the system level parameters fer different building heights).

Figure 4 shows a sample of results. Fig. 4a shbatsthe number (3 or 4 sided
fire) and orientation of fire-exposed faces (alevepk or strong axis) of the columns
influences the fragility curve of the building foolumn damage state. The building is
more vulnerable if the columns are exposed onffmes than on three faces, because
of the faster temperature increase that the fogeaerates. Note that the results are
given for a fireproofing thickness design independs the number of fire-exposed
faces (for instance the compartmentation layout waay during the lifetime of the
building, without retrofit of the fireproofing). tarestingly, Fig. 4a shows that a
building whose columns are exposed on four facedsa 3h fireproof rating to reach
the same reliability level as a building with a fitleproof rating whose columns are
exposed on three faces along the weak axis. Héreére safety can be improved by
reducing the number of fire exposed faces of coknais an alternative to adding
more fire protection.

Fig. 4b shows that the fire rating influences thigding fragility curves. However,
the building height does not have any significanfluence. It should be noted that
when the height of a building increases, the prtibalio have a fire ignition
increases, but the conditional vulnerability shoaldfire start is approximately
unchanged. For the considered prototype buildimg fite rating requirement for the
frame columns is typically 2h (it is 3h for the 4@y building). According to the
obtained results, this requirement allows to rdashprobability of failure for typical
values of the fire load (in the range 300-800 Mj/m?

(a) Fragility curves for 12-story office buildings (b) Fragility curves for multi-story office buildings
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Figure 4. Sensitivity of fire fragility curves ta)(fire exposed faces of column (b) fire resistaatiag
and building height.



The building occupancy influences the probabilityi@ occurrence. This has no
effect on the FFB when the occupancy is homogenieotle building, because FFB
gives conditional probabilities. Hence, changing titcupancy of a whole building
from offices to dwellings does not affect at ak tinagility functions of this building.
However, the occupancy may affect the FFB wherffardnt occupancy is assigned
to part of the building only. In that case, theatiek likelihood of a fire event is
modified in that part of the building. This leadsatssigning different weights to some
of the FFL in the process of constructing combifuedtions. If a part of the structure
is particularly vulnerable and its occupancy ishstinat the relative likelihood of a fire
event in this part increases, then the overall enalpility of the building to fire
increases as well.

CONCLUSION

The sensitivity of fire fragility functions is queiiied with regards to the effects of
the uncertainties in the prevailing parameters. pitesented approach allows one to
evaluate which parameters should consider randa@rares which could be assumed
as deterministic. This approach is important ineor prioritize the efforts in data
collection and limit the complexity of the probadtic analyses. The obtained results
have implications for modeling tools that can besdugo evaluate community
resilience for fire scenarios.

The study focuses on a specific building typologgsisting in a multi-story steel
frame structure. Fire fragility functions should bleveloped for other building
typologies and similar sensitivity analyses shobkl conducted to identify the
parameters that affect global fire safety for thaiferent typologies.

REFERENCES

1. Cimellaro, G. P., A.M. Reinhorn, and M. Bruneaul@0(‘Framework for analytical quantification
of disaster resilienceEngineering Structure82(11): 3639-3649.

2. Rota, M., A. Penna, and G. Magenes. 2010. “A metlogy for deriving analytical fragility curves
for masonry buildings based on stochastic nonlineatyses”Eng Struct32(5): 1312-1323.

3. Shinozuka, M., M.G. Feng, J. Lee, and T. Naganu®80. “Statistical Analysis of Fragility
Curves”,Journal of Engineering Mechanick26(12): 1224-1231.

4. Lange, D., S. Devaney, and A. Usmani. 2014. “Anliagfion of the PEER performance based
earthquake engineering framework to structuresef\ fEngineering Structure$6(0): 100-115.

5. Gernay, T., N. Elhami Khorasani, and M. GarlockL@0'Fire Fragility Curves for Steel Buildings
in a Community Context: A MethodologyEngineering Structured13: 259-276.

6. EC1. 2002Eurocode 1: Actions on structures — Part 1-2: Gahections — Actions on structures
exposed to fireEN 1991-1-2, Brussels: CEN.

7. EC3. 2005 Eurocode 3: design of steel structures — Part 162neral rules — structural fire
design.EN 1993-1-2. Brussels: CEN.

8. Elhami Khorasani N, P. Gardoni, and M. Garlock. 20Probabilistic fire analysis: material
models and evaluation of steel structural membérStruct Eng ASCE.41(12):04015050.

9. NIBS National Institute of Buildings Sciences. 1999AZUS, earthquake loss estimation
technology FEMA, Washington, DC.



