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ABSTRACT

The level of safety in structural fire safety is implemented by combining passive and active fire safety
measures. Prescriptive and some performance based codes provide requirements to achieve this level of
safety without explicitly quantifying it. Here, a reliability based method is used to quantify the level of
safety of a design. A generic representation of the building facilitates the application of the methodology on
different buildings and to consider the requirements of the codes. Engineering models are used to consider
the effect of fire safety measures including the fire brigade intervention under realistic fire conditions. The
uncertainties associated with these engineering models are considered through a probabilistic approach.
The reliability of the structure is assessed through an advanced Monte Carlo technique called subset
simulation. The methodology is applied for retail buildings. The benefits using performance based codes
are addressed and compared with the results of prescriptive codes. The methodology can be used for
verifying equivalency in fire safety design as well.
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NOMENCLATURE
Variables Operators
X  Random variable fx(x) Probability density function of X
x Realization of X P(4) Probability of an event 4
X  Vector of random variables P(A4|B)  Conditional probability of 4 given B
X Vector of realizations of X E[X] Expected value / mean value of X
Subscripts CoV[X] Coefficient of variation of X
d Design value o(?) Steel temperature
K Characteristic value (9 Gas temperature

fi Accidental fire design
opr  Optimum

INTRODUCTION

Codes describe how fire safety can be achieved. Their requirements are usually set by the fire authorities.
By comparing different countries it is shown that fire safety requirements for buildings differ, even for
equal risk classes (Schleich et al. [1]). The application of performance based codes is questioned in many
countries by the fire authorities. One reason to question the performance based codes is the lack of proof
for equivalency to the prescriptive design given in traditional regulation.

In this paper a reliability based method is used to quantify the level of safety which is achieved by
implementing either a prescriptive design or a performance based design. This method provides a common
quantification of the level of safety. Thus, different designs can be compared and the equivalency can be
assessed. The outline of the paper is illustrated in Fig. 1.

First, it is discussed how the level of safety in structural design is achieved using a prescriptive or a
performance based design. Then, it is explained how the level of safety is quantified through a reliability
based method. This quantification is in agreement with JCSS [2] and with EN 1990 [3]. Structural
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reliability assessment in fire has already been done e.g. by Schleich et al. [1] and Hosser et al. [4]. They use
a simplified calculation method to assess the reliability of structure as basis for code calibration.

In this paper the building is represented generically by a selection of building properties. This facilitates
parametric studies of the effect of different building properties on the safety level. The generic design
fulfills the state of the art of structural design and implement the requirements of the codes, e.g. persistent
and accidental (fire) design situation. Based on this generic design the safety level of a structure is achieved
by providing a certain amount of required mechanical resistance and a certain amount of required thermal
resistance.

To assess the level of safety the behavior of a well-designed structure under realistic fire conditions is
studied. Because real conditions are always associated with uncertainties, due to natural variability and lack
of knowledge, a probabilistic approach is used to consider those uncertainties. Engineering models are
introduced to consider the physical interaction of the model parameters and allow assessing the effect of
passive and active fire safety measures quantitatively.

The annual probability of failure, which is used as a measure for the level of safety, is achieved by a
reliability analysis. The reliability of the structure is assessed through an advanced Monte Carlo analysis
called subset simulation introduced by Beck & Au [6] and applied to fire engineering by Au et al. [7].

The reliability analysis is used, on one hand, to compare a performance based structural fire design
according to EN 1991-1-2 [5] with a prescriptive design. On the other hand, the effect of the different
treatment of buildings parameters by the codes on the reliability is assessed. This approach can be used to
proof the equivalency of alternative design solutions with standard design solutions. In this paper, the
equivalency of a sprinkler concept and a standard concept is analyzed.

J\ Generic design

) ) Accidental (fire) design
‘M Persistent design ‘ Prescriptive design H Performance based design

- =

Probabilistic engineering models

Building specific properties

Critical temperature Steel temperature under natural fire conditions
‘ Load model ‘ ‘ Fire brigade intervention model ‘
‘ Resistance model ‘ ‘ Compartment fire model ‘

‘ Thermal action model ‘

—J

‘ Reliability analysis ‘

Fig. 1. Assessment of the level of safety.

THE LEVEL OF SAFETY IN STRUCTURAL FIRE DESIGN

The level of safety in fire safety engineering is achieved through implementing active and passive fire
safety measures in the design of the building. Depending on national codes two different methods are used
to implement those measures: a performance based design or a prescriptive design.

Prescriptive design

The level of safety of the prescriptive design is achieved by implementing structural requirements which
are explicitly set by the fire authorities. These requirements differ depending on the risk classification of
the building classes, i.e. considering the probability of a fire event and its consequences. Therefore, the
prescriptive design is able to consider buildings properties only in a limited way, e.g. by differentiation in
the occupancy, amount of stories, etc. Usually, the regulations provide a fire resistance class for the load
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bearing capacity R of a structural member, e.g. R30, R60, R90, etc. This resistance class includes a time
limit corresponding to the time where the load bearing capacity of a structural member maintains its
function under a standard fire exposure (ISO-834). This time limit is related to the risk classification of the
building and is generally provided by the fire authorities.

Performance based design

In the performance based design the level of safety for a structure is achieved by setting a performance
criterion for a limit state. The design has to be adapted to fulfill this criterion. Following JCSS [2] and EN
1990 [3] such a criterion — not only for the fire design — is given by the target reliability index S, for the
ultimate limit state. This target reliability index is linked to the annual tolerable probability of failure Py, of
a structure. Accordingly, the design has to be chosen in a way that the probability of failure of a structure Py
does not exceed the tolerable probability of failure P;. This probability of failure P, can be assessed
through a probabilistic approach. However, this approach requires a lot of experience in uncertainty
quantification, reliability analysis and numerical computation and is not suitable for engineering practice.

The semi-probabilistic design is a simplification of the probabilistic approach and builds the basis for
different codes like the Eurocode. The principle of this design is to multiply the characteristic values of the
basis variables with a factor. Those factors are calibrated towards the target reliability index f, (Faber &
Serensen [8]). Hence, designing a structure with the semi-probabilistic approach — in the ideal case — the
failure probability of the structure Py corresponds to the tolerable probability of failure Py,.

Such a calibration has been done by the European research project “Natural Fire Safety Concept” by
Schleich et al. [1] where reduction factors for the characteristic fire load have been calibrated. Those
reduction factors have been integrated in the EN 1991-1-2 Annex E [5] and consider the occupancy type,
the floor area of the building and active fire safety measures, i.e. sprinkler, automatic fire detection devices,
etc.

Quantification of the level of safety and performance of a design

For both, the prescriptive and the performance based design, a common quantification of the level of safety
is provided through the reliability assessment of a structure. According to JCSS [2] the reliability of a
structure can be expressed through the generalized reliability index f and is defined as f = -(D'I(Pf) where P,
is the annual probability of failure and ®'(.) is the inverse of the cumulative standard normal distribution.
Methods to assess structural reliability are discussed e.g. in Hasofer et al. [9] and in Melchers [10]. A
common quantification of the level of safety allows, on one hand, to compare the level of safety of the
prescriptive and the performance based design. On the other hand, the reliability index £ can be compared
with a target reliability index f,. According to EN 1990 [3] a target reliability index of 5, = 4.7 is proposed
for medium consequences. This corresponds to a target annual probability of failure of P, = 10 of the
structure. The performance of a design format can be assessed by comparing the target annual failure
probability Py, with the reliability of the structure under realistic fire conditions for different buildings Py
Thus, the level of safety should be the same for all types of buildings. A design which deviates from the
target reliability might not be efficient regarding allocation of resources related to economic purposes as
well as to life safety, e.g. providing too high costs for safety measures (P; < Py) or providing not
acceptable human or financial losses (Py > Py).

GENERIC DESIGN

Based on different design situations the requirements for structural resistance can be assessed. The design
situation includes e.g. persistent design situation (normal use), accidental design situation (exceptional
conditions, e.g. fire), seismic and transient design situation. In this paper only the persistent and accidental
design situation (fire) are considered. The generic design is conducted for a protected steel member of a
structure.

Generic representation of the persistent design situation

The persistent design situation determines the mechanical resistance R, to be provided to resist a certain
design load E,. The most general form to formulate the requirement for mechanical resistance of a steel
member is given through the ultimate limit state g, in Eq. 1. For the generic design of a structure the
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amount of the mechanical resistance is considered through a design variable z. In this variable all structural
and mechanical parameters (beam length, moment of inertia, etc.) are implicitly considered. The optimal
design variable z,,, is achieved by setting g; = 0 and depends on the design load E,, the characteristic value
of the limiting steel strength r,; (e.g. yield stress) and the partial safety factor for the resistance y,.

e (1

”
ak

g,=R,-E, =z -E, =0 = z,=
Y Tk

Generic representation of the accidental design situation for the fire exposure

The degree of utilization u, can be used for the design at elevated temperatures. This degree represents the
amount of the required mechanical resistance to sustain a fire. The degree of utilization can only be used
for the design when the load bearing capacity is directly proportional to the effective yield strength [11] i.e.
for tension members where different types of non-linearities (like buckling) can be excluded. The analyses
in this paper respect this limitation. According to Ellingwood [12] the probability of a coincidence of a fire
with maximum live load, miscellaneous roof live load, significant wind loads or earthquakes is negligible
for fire design (but not conditional actions like fire after earthquake). Therefore, only the permanent load
(dead load d)) and the frequent value of the life load / according to EN 1990 [3] (/) are considered in the
generic design. By introducing a load ratio o = I,/ (/;+d)) the degree of utilization can be expressed just
through partial safety factors (y; and ;) and the load ratio a:

1
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The reduction of the yield strength on elevated temperatures can be described as a function of the steel
temperature 6 and is given e.g. in EN 1993-1-2 [13]. Based on this dependency the critical steel
temperature 6,,;, is derived, e.g. the temperature where a structural collapse occurs. The limit state on the
temperature domain is formulated through:

1
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The thermal resistance of a steel structure is chosen such that the design value of the steel temperature 6,
does not exceed the critical temperature 6.;. The thermal resistance of a protected steel member is
represented through the massivity factor z4:

A A
Zﬁ=7p.7ﬂ 4)
v od,

The massivity factor z; is used to assess the thermal resistance of a steel member generically and depends
on the section factor 4, /V of a steel profile, the thermal conductivity of the protection material 4, and the
thickness of the protection material d,. Based on the massivity factor z; and the gas temperature O(¢) the
steel temperature 6(7) is assessed through the simplified design method described in EN 1993-1-2 [13] as
illustrated in Fig. 2. Depending whether a performance based or a prescriptive design is used the fire
exposure defers.

For the prescriptive design the design value of the steel temperature 6,r is derived from the standard fire
curve (ISO curve) Ggs0(f) and from the fire resistance criterion for the load bearing capacity R (Fig. 2a).
The fire resistance criterion defines the duration, e.g. R=30min, R=60min, etc., where the load bearing
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capacity of a steel member under standard fire exposure is maintained. The design value for the steel
temperature 6, is derived from:

(7

e (20%0Y) = 0(R]O, 0 (1).2,) (5)

For the performance based design the parametric fire exposure according to EN 1991-1-2 [5] is used. The
parametric fire exposure describes the gas temperature per time Ogpn (¢ | Xg, y) and depends on fire (or
event) specific design values Xq = {qy, ¢, 4} (e.g. design value of the fire load ¢, and design value of the fire
growth rate #,,) and building (object) specific properties y = {as o, b} (e.g. the room geometry a; the
ventilation conditions o and the thermal properties of the boundary of enclosure ). EN 1991-1-2 [5]
considers, among other, active fire protection measures by calibrated reduction factors for the characteristic
fire load [1]. The design value of the steel temperature 6,x is derived from the maximal steel temperature
that is reached under parametric fire exposure:

0, ex (zﬁ,xd,y) = max{ﬁ(t‘@g,EN (¢]xgs¥). 2, )} (6)

For an optimal accidental design, the massivity factor zj,,, is chosen such that g;; = 0, i.e. that the design
value of the steel temperature 04z, iS equal to the critical steel temperature 6 (Fig. 2a). This
optimization problem is solved numerically by minimizing the error term |04(z;) — ... The structural
design is now characterized generically by two design variables: one for mechanical resistance z,,, and one
for thermal resistance zj . In the case of performance based design the optimal design depends on fire (or
event) specific design values x4 and on building specific properties y.

a) b)
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Fig. 2. a) Generic optimal design for o = 0.1m"? and ar= 200m’;

b) Required thermal resistance for 0 = 0.1m"?,

Representation of the building

The building is represented through building specific properties y. In this study five building specific
properties and three induced building specific properties are used (Table 1). The induced building specific
properties are derived from the five building specific properties assuming a quadratic floor area of the
compartment. In this paper, the floor area ay and the opening factor o are varied to analyze their effect on
the level of safety. The other building specific properties are set to be constant (Table 1). The effect of the
floor area on the optimal thermal resistance zj,, is illustrated in Fig. 2b according to a prescriptive design
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(R30 and R60) and a performance based design (EN). In Fig. 2b a qualitative estimation of the level of
safety of the corresponding design can already be made. A higher thermal resistance of a structure will lead
to a higher level of safety. Thus, for building properties a, < 300m” and o = 0.1m" the level of safety of a
prescriptive design (R60) is higher compared to a performance based design (EN).

Table 1. Generic representation of the building (retail) by building properties y.

Building specific properties Induced building specific properties

ay Floor area of the compartment [m°] hey=10.8h Ventilation height [m]

o Opening factor [m"?] a,=4h (a,)l/2 +2a;,  Total area of enclosure [m’]

b=1000 Thermal absorptivity of the ay= 0'01,/(heq)1/2 Total area of vertical openings
enclosure [J/m*K sec'?] [m?]

a=0.5 Load ratio [-]
h=3.5 Compartment height [m]

PROBABILISTIC ENGINEERING MODELS

The structural design is analyzed under realistic fire conditions to quantify the level of safety. Accordingly,
the physical processes are represented by engineering models. It is important to consider all the relevant
processes that affect the structure including the fire exposure, the fire brigade intervention, the thermal
response of the structure, the load conditions and the mechanical resistance. In this chapter the engineering
models are discussed representing the physical processes. Under real conditions the structure is exposed to
random effects due to natural variability. Therefore, a probabilistic approach is used to model those effects.
Statistical data are used to quantify those uncertainties and can be represented by probabilistic models.
Where no statistical data are available the probabilistic models can be estimated through engineering
judgment. The probabilistic models that are used in this paper are listed in Table 2.

Limit state function

The limit state function for structural failure of a steel member in Eq. 7 is formulated analogously to Eq. 3
in the temperature domain. The difference to Eq. 3 is that the fire specific variables X are introduced as
random variables where the building specific properties y are chosen to be deterministic. Based on those
deterministic variables a parameter study is made to assess the effect of the building specific indicators on
the reliability of a structure.

Table 2. Probabilistic models for fire specific random variables X for Swiss retail buildings.

Variables X X Distribution E[X] CoV[X] Reference

Fire load [MJ/m’] 0 q Lognormal 600 0.30 [5]

Heat release rate [kW/m’] RHR; rhr;  Normal 200 0.20 [4], estimated
Fire growth time [sec] T ta TruncLN® 361 0.55 [15,16]
Max. treatable fire size [mz] Apimit drimi; ~ Normal 200 0.15 [4], estimated
Detection time [min] Tpetect Detect TruncGam® 3.67 1.11 [15,16]
Call time [min] Tcan tcal Lognormal 2.50 0.75 [15]
Dispatch time [sec] Tpisp tpisp Lognormal 155 0.20 [17], estimated
Turnout and travel time [min] Trow+r  trow+r Lognormal 6.60 0.52 [17, 18]
Setup time® [min] T Serup tSetp Lognormal 3.50 0.15 [19], estimated
Dead load [kN/m?] D d Normal 4289 0.10 [2]
Sustained live load [kN/m?] Lg I Gamma 0.90 1.34 [2]
Limiting steel strength [N/mm?] R, 7y Lognormal 264 0.07 [2]

¥ Truncated Lognormal distribution (at 800sec) to exclude smoldering fires

® Truncated Gamma distribution (at 15min) to exclude large detection times due to smoldering fires
© Depends on building properties [19] (single-floor building and good accessibility assumed)

9 Derived from a = I,/ (l;+dy) and [2]

The critical steel temperature 6., in Eq. 3 is assessed based on a conservative design formula. For
simplicity this formula is used in the reliability analysis neglecting the variability of the steel strength at
high temperatures. This results in a (safe) bias in the prediction of the level of safety.
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G,(X.y)=39.191n -1 +482—max{0(t

QK(I‘X’Y)’Z/L@;")} (7)

Maximal steel temperature under
natural fire conditions

Critical steel temperature 6,

Compartment fire model

Instead of using the parametric fire curves given in EN 1991-1-2 [5] the zone model OZone [14] is used to
assess the gas temperature O4(f/X,y) in the compartment depending on fire specific random variables X and
on building specific properties y. Using a more advanced fire model as OZone allows to check how well
the parametric fire curves represents realistic fires. Further, it is possible to consider active fire safety
measures based on measurable quantities.

A fire can be characterized through three phases: the pre-flashover phase, the fully engulfed fire (post-
flashover) and the decay phase (Fig. 3). The pre-flashover phase of a fire is usually modeled by a t>
approach characterizing the increase of the rate of heat release (see Fig. 3). The fire spread is assumed to be
constant and spreading radial in all directions. The increase of the heat release is described through the fire
growth parameter #, and is defined as the time needed for the fire to reach a rate of heat release of 1000kW.
The fire spread area ag can be assessed through:

2
1000kW LA pre-flashover phase (8)
rhr,

ds (t) =

a

a, full engulfed fire

The full engulfed fire — when the fire engulfs the total compartment area a; — is characterized through a
constant rate of heat release depending on the fire regime, limited by the fuel or the oxygen. A fuel
controlled fire reaches the maximal rate of heat release rhr, and depends on the surface and the material
properties of the combustible materials. For ventilation controlled fires the maximal rate of heat release is
limited by the available oxygen. For the thermal analysis with OZone only the fuel controlled rate of heat
release is needed. The program recognizes the limited availability of oxygen and adapts the rate of heat
release for ventilation controlled fires [14]. The fire load g determines the full engulfed fire. According to
EN 1991-1-2 [5] the linear decay phase starts after 70% of the total fire load g-ashas been combusted.

(5] .
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Fig. 3. Qualitative illustration of the rate of heat release.

Fire brigade intervention model

The success of the fire brigade depends on the size of the fire brigade and their equipment and on the
intervention time #; when the fire brigade starts with their fire suppression activities. This time # consist on
several consecutive time intervals as illustrated in Fig. 4 and can be expressed through the sum of all these
times (Eq. 9). These time intervals are dependent on the performance level of the local fire brigade
(dispatch, turnout, travel and setup time) and on building specific properties (setup time) [19]. The
probabilistic models describing those variables are discussed in De Sanctis et al. [16] and are listed in Table
2. Probabilistic models to consider technical fire safety measures that reduce especially the detection and
the call time (e.g. detection systems) are discussed in De Sanctis et al. as well.
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Fig. 4. Composition of the intervention time of the fire brigade.

If the fire is grown too large, the suppression of the fire might not be possible and a full burnout will occur.
The fire brigade must then focus on preventing further fire spread. Hosser et al. [4] proposed a model based
on a maximal treatable fire size a;;,;. This fire size is used as an indicator for the fire suppression capability
of the fire brigade and includes implicit the crew size of the fire brigade, the extinguishing equipment,
accessibility of the fire, etc. If the fire grows larger than this area ag(t;) > ay;n.; then a complete burnout
must be accepted; otherwise the fire suppression action starts reducing the rate of heat release. It is assumed
that the decay phase starts at the intervention time #; of the fire brigade (Fig. 3). The relation as(t;) > apimi
determines the probability of failure of the fire suppression by the fire brigade.

Thermal action on a steel member

The maximal steel temperature is assessed based on the gas temperature O,(f) derived from the
compartment fire model. The simplified calculation method described in EN 1993-1-2 is used to assess the
steel temperature 6(f |O4(t | X, y), z5). According to a global sensitivity analysis carried out by De Sanctis et
al. [16], the uncertainty associated with the fire growth time has a major influence on the maximal steel
temperature if the fire brigade has been modeled as presented in this paper. The analysis indicates a high
non-linearity regarding the interaction effects between the random variables; especially due to the
interaction of the fire brigade intervention and the fire spread. This is in contrast to the case, when the fire
brigade intervention is independently modeled as done in Schleich et al. [1]; e.g. assuming an independent
probability of failure for the fire brigade intervention. Then the model behaves almost linear and the most
sensitive parameter is the fire load.

Load and resistance model

As a fire is a rare event, a structure is likely to be loaded only to a part of the design load when the fire
occurs. For the reliability analysis the — so called — point in time distribution of the load during a fire event
is used. Ellingwood [12] concluded that the major participation of the load in a fire is due the dead load d
and the sustained component of the live load /5. The degree of utilization is assessed considering the
random variable of the load, the limiting steel strength r, and the optimal design variable z,, for the
persistent design situation. The probabilistic models of the variables are modeled according to JCSS [2] and
are listed in Table 2.

d+l
ofxz,,) - L4 (10)
Zop/ ra
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RELIABILITY ANALYSIS

The reliability of a structure is measured through the annual probability of failure P This probability is
assessed based on conditional probabilities of events. In the present case the annual probability of failure of
a structure may be assessed through the probability of a fire ignition P(/), the conditional probability of a
fire which affects the structure P(SF|/) (excluding smoldering fires) and the conditional probability of a
structural failure P(S|SF.,]):

P, = P(I)-P(SF|I)-P(S|SF.1) (11)

Probability of fire ignition and conditional probability of a fire which affects the structure

The probability of fire ignition P(/) can be described through the annual probability of fire occurrence in a
building. Fischer et al. [20] provides an empirical model (Eq. 12), which has been developed based on
Swiss insurance data, to assess the probability of fire ignition depending on its volume. Here, the volume is
expressed through the floor area a,and the compartment height 4.

0.44

P(1)=1.26-10-“-(‘1/'f) (12)

Im’

Fire ignition in this context is the annual probability of occurrence of a financial loss covered by the
building fire insurance company providing the data. Hence, also small fires which are extinguished in an
early stage or smoldering fires are included in this probability. To assess the probability of a fire that affects
the structure P(SF|I) the probability of a suppression by occupants are included, e.g. as Po.. = 0.5. Further
the probability of smoldering fires, €.g. as Psuoidering = 0.71, which is derived from the non-truncated
distribution of the fire growth time, are included as well.

Further, also the installation of a sprinkler can be considered. It is assumed that an activation of the
sprinkler will lead to a fire which does not affect the structure. Thus, the sprinkler can be considered in the
reliability analysis through reducing the conditional probability P(SF|/) by the failure probability of the
sprinkler, e.g. as Pspyinxer = 0.02.

Conditional probability of structural failure

Structural failure can be defined when the limit state function defined in Eq. 7 turns negative. Then the
maximal steel temperature exceeds the critical temperature and the structure fails. The conditional
probability of a structural failure P(S|SF,]) is assessed through the probability of a negative outcome of the
limit state:

P(S|sF.1)=P(G,(X.y)=O[SF.1)= [

23 (xy)s0

£ (x)ex (13)

The probability P(Gi(X, y) < O|SF,]) is in general assessed through a numerical multidimensional
integration over the probability densities fx(.) of the random variables X where the limit state function is
negative, e.g. GiX, y) < 0. Because this numerical integration is computational very expensive, two
different methods can be used to assess the probability of failure: simulation methods and approximation
methods, e.g. FORM, SORM and surrogate models. Because approximation methods tend to be sensitive to
non-linear behavior of the limit state function, in this paper a simulation method named subset simulation
[6] is used to estimate the failure probability P(Gx«X, y) < 0|SF,/). The basic idea is to express the small
failure probability P(S|SF,]) as a product of larger conditional failure probabilities P(F;;|F;) by introducing
intermediate failure events (subsets) F;:

F) and  F={G,(Xy)sA} (14)

i

P(S|SF,1)= P(J:E.) - P(F, )lf,[P(E*'
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The intermediate conditional failure events (subsets) are related to a threshold value A;> Ay>...> A, = 0.
The first threshold A, is derived from a crude Monte Carlo Simulation in which the probability of the first
subset is equal to P(F;) = 0.1+0.2. For the further conditional subsets i the threshold values A; are assessed
similar but through a Markov Chain Monte Carlo simulation based on a modified Metropolis-Hasting
algorithm introduced by Au & Beck [6]. This algorithm generates new realizations of the intermittent
failure event F;.; conditional on the realizations of the failure event F;. Assessing the individual probability
of the conditional intermediate failure event P(F;,|F;) is computational much more efficient compared to
the case where a small failure probability, e.g. P(S|SF,I), has to be estimated directly through a Monte
Carlo simulation. The subset simulation method is described in Au & Beck [6] in details. The subset
simulation method is implemented in the Matlab® toolbox FERUM [21] which is used to assess the
probability. The number of simulations depends on the probability of the conditional intermediate failure
events P(F;|F;) = 0.1+0.2 and the intended coefficient of variation (CoV<10%). This CoV is a measure for
the error that occurs by estimating the probability. For larger probabilities (e.g. >10°) a few thousand of
simulation has been sufficient and for lower probabilities a few ten-thousands of simulation has been
required. For small probabilities (e.g. <10™®) a higher coefficient of variation (CoV>10%) has been accepted
to keep the computational effort in a reasonable range. By comparing the number of simulations N required
for a small failure probabilities P = 10™ the advantage of the subset simulation, e.g. N ~ k10*, compared to
the crude Monte Carlo simulation, e.g. N ~ 10k+2, becomes evident.

THE SAFETY LEVEL OF STRUCTURAL DESIGN UNDER REALISTIC FIRE CONDITIONS

Based on the reliability analysis the level of safety of a structure that is designed according to a certain code
format is assessed. Thus, a comparison of the prescriptive (R30, R60) and performance based (EN) designs
is made. The floor area as and the opening factor o are used to analyze the effect of different buildings
properties. The other building specific properties are chosen according to Table 1. Fig. 5-8 in this chapter
have all the same format: on the x-axis the floor area is plotted and on the y-axis (logarithmic scale) the
annual failure probability P,assessed through Eq. 11 is plotted. The zigzagged shape of some lines can be
explained either by the error (especially for very low P;) made by the estimation of the failure probability
(Eq. 14) or by non-linear resp. non-continuous effects of the model.

Bias in the prediction of the failure probability

It should be noted that due to assumption and simplification used in the probabilistic engineering models
the prediction of the failure probability is associated with a certain bias. Thus, to be exact, an absolute
statement whether a design is safe or unsafe can actually not be done. Hence, only relative comparisons of
the designs are possible. However, it can be assumed that the prediction of the failure probability is in the
order of magnitude of the unbiased probability of failure. The target reliability index S, is indicated in
Fig. 6-8 representing an absolute value that divides the acceptable and the non-acceptable range. But any
interpretation should be done with care.

Influence of the fire brigade model

The calibration of the Eurocode by Schleich et al. [1] has been made by using some assumption that defer
to the models presented in this paper, e.g. the fire brigade model. Schleich et al. consider the fire brigade
through a probability of failure of the suppression activities independent on the building properties and on
the fire conditions. Further, the full burnout is assumed through parametric fire curves without the effect of
reducing the rate of heat release through the fire brigade as done in this paper. In Fig. 5 (EN Schleich et al.)
the results are illustrated by implementing those assumptions in the model. The probability of failure
corresponds almost exactly to the target reliability index f,. This is unsurprisingly, because this model has
been used to calibrate the code format used in the generic design towards the target reliability.

The fire brigade model considers the fire brigade intervention on a more physical way. Though, there are
some assumptions made by engineering judgment. One of these assumptions is the maximal treatable fire
size of the fire brigade A;;,;. The probabilistic model for this parameter is estimated by setting a mean
value of E[4zini] = 200m?. To assess the influence of this assumption this mean value is reduced to
E[ALimi] = 100m>. In this case (Fig. 5), the fire suppression capability decreases and increases the failure
probability of the structure especially for compartment areas a,< 200m”.
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Fig. 6. Level of safety of prescriptive design a) for R30; b) and for R60.

The level of safety of prescriptive design

The annual failure probability P, of a prescriptive design depends a lot on the building properties (Fig. 6).
This is comprehensible because the prescriptive design does not take the building properties (e.g. the floor
area) into account (see Fig. 2b). This leads to a high variation of the annual failure probability Prdepending
on the building properties.

The level of safety of performance based design

The lines of the failure probability in Fig. 7 for different opening factors follow almost the same shape. The
opening factor o = 0.20m"? leads to the lowest failure probabilities. The reason is that large opening factors
are physically not so well represented by the parametric fire curves. Further, for floor areas a, < 200m” the
failure probability is smaller than for higher areas because of two effects: the duration of a fire for small
compartments is reduced because of a small amount of fuel and the success of the fire brigade is higher as
for larger compartments due to a limited fire spread (see also Fig. 5). The range of the failure probabilities
is obviously smaller compared to the prescriptive design. Thus, the performance based design indicates a
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better indifferent treatment of the building specific properties compared with the prescriptive design,
especially regarding the opening factors.
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Fig. 7. Level of safety of performance based design.

a) 107 ' ' ' ' ' ' ' ' b) 107
D
10° ¢ ! 10° F
10° : 10°
D
107t 0 107§
al 8 [ " 8
10~ G 10
10° 100 —6—R30
—6—EN —+&— R30 Sprinkler
1071 —+&— EN Sprinkler 10'% —— R60
—— =47 —— B =47
—11 O*ll
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
a, [mz] 4, [mz]

Fig. 8. Equivalence of fire safety measures for a) performance based design;
b) prescriptive design (o = 0.1m"?).

Equivalence of fire safety measures

In EN 1991-1-2 [5] active fire safety measures are considered in the performance based design by reducing
the design fire load. Some prescriptive design codes allow to reduce the fire resistance, e.g. from R60
without sprinkler to R30 with sprinkler. The equivalency of the design is verified by comparing the annual
failure probability of the standard design Pfgndara (Without an active fire safety measure) and the alternative
design Pprujernarive (With an active fire safety measure). As an example, a sprinkler as an active fire safety
measure is considered (Fig. 8).

The prescriptive and the performance based design method indicate a very low probability of failure for
small floor areas (a; < 150m?) for the standard design. For those cases, the equivalency is not fully satisfied
due to a very low probability of the standard solution. For larger floor areas (a,> 150m?), the equivalency
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of the standard and alternative design is fulfilled or almost fulfilled. Figure 8a indicates even a possible
higher reduction of the design fire load for the alternative (performance based) design with sprinkler
achieving a better allocation of resources.

CONCLUSION

A reliability based method is used to quantify the level of safety of prescriptive and performance based
design. In this study, the level of safety is quantified through the annual failure probability of the structure.
To assess this probability the building and its structural design is represented generically. This facilitates a
parametric study of the building specific properties. The generic design assesses the mechanical and
thermal requirements for the structure that are required from the codes. The structural design is analyzed
under realistic conditions through a probabilistic approach. Within this approach, engineering models are
used to represent the physical processes in a fire event including the intervention of the fire brigade and
compartment fire modeling by a zone model. To assess the failure probability of the structure, an advanced
Monte Carlo Simulation named subset simulation is used. The subset simulation reduces the computational
effort for the reliability analysis by many times and made a parametric study possible. The reliability
analysis is applied to structural design of retail buildings according to prescriptive and performance based
design methods for different building properties.

The level of safety of the prescriptive design is very sensitive to the building specific properties —
especially concerning the ventilation conditions. Thus, depending on the fire resistance requirement and the
building properties, the structures might have high or very low failure probabilities, especially because
some building properties are not taken into account. In the performance based design, however, the
building properties can be considered and markedly influence the safety level. Hence, applying a
prescriptive design might be only suitable for a building portfolio in which building properties varies only
in a small range. Otherwise, it might results in non-economical or even in non-safe buildings depending on
the defined requirements for the structure that are usually set by the fire authorities.

In the present study the performance based design is applied by using parametric fire curves and using
reduction factors according to EN 1991-1-2 Annex E [5]. Advanced probabilistic engineering models are
used to check how well the design concept represents the realistic fire conditions. The level of safety of the
performance based design varies — within the parameter study — in a smaller range compared to the
prescriptive design. Further, the overall tendency of the performance based design provides equal or even
lower failure probabilities of the structure compared to the prescriptive design. Exception, are cases where
the floor area are small — but in those cases the failure probabilities of the prescriptive design are very low
anyway because of the favorable conditions for the fire brigade intervention. There, the design concept can
be improved by taking the fire brigade intervention more adequately into account. This will affect structural
design requirements especially for small compartments. Further, the design concept can be improved by
consider the large ventilation conditions more adequately.

The presented reliability based method is able to prove equivalency between standard structural fire design
concepts and alternative design concepts that include structural and technical fire safety measures.

Finally, the introduced methodology combined with the low computational costs for the reliability analysis
can be used in the future to calibrate safety factors for the performance based design considering advanced
fire models and the fire brigade intervention.
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