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Abstract

As alternative to formulation provided in Eurocode 3 for analyses on single
members, tis thesis showthe development of a probabilistic model to estimate
critical temperature to take in account the parameters that influence the behaviour
of framed steel sticture in fire. A new simplified formulation has been developed

to estimate the critical temperature of a steel member in the context of FSE. In
other words the simplified model allows to use a general fire curve instead of the
ISO standard fire also forirgle members, because takes into account the
nonlinearities of the structure and the indirect actions generally considered with
structural analysis through nonlinear FEM models.

To develop the probabilistic regression model, results of BEMilations were

used and thirteen parameters were identified to describe the behaviour of the
structure in fire, taking in account fluid dynamic aspects. Simple Monte Carlo
simulation is not suitable to develop the regression model due to the large
variahlity of the parameters affecting the problem. Therefore, the probabilistic
study was conducted using two techniques in order to reduce the size of the
sample and to preserve the quality of the results. With the Latin Hypercube
Sampling (LHS) we generate@a small number of samples with high
meaningfulness and with the Simulated Annealing optimization method we
achieved diagonal correlation matrix.

The analyses were handled through a in house developed software that, starting
from sampling data (i) automadilty generates the input files for fluid dynamic,
thermal and thermomechanical analysis, (ii) performs all analyses, (iii) stores the
results in a database and (iv) generates the report file to analyse the results.

The probabilistic model, created usirige tBayesian updating, has been used to
estimate collapse temperature of beams and columns, separately. The significant
parameters have been defined through a step deletion process in order to simplify
the formulation.

Therefore the proposed formulations the critical temperature take in account

the effective stiffness of the structure, the 4liopar structural behaviour and
indirect actions due to thermal expansions and allow to exploit the resistance
reserves due to the internal forces redistributionsteel framed structures.
Moreover define the critical temperature as a random variable, to be easily used
in reliability analysis and to develop fragility curves.
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Chapterl

1 Introduction
1.1 General Overview

Fire is an exothermic oxidation reaction occurring in the gas phase, which
resultsfrom the mixing of flammable gases with air or other oxidative means. If
theconcentration of the flammable substance reaches its critical mass for ignition,
anda proper ignition source capable of supplying the required power is present,
thenthere will be a fire.Moreover fires and explosions are the most significant
and most common causesd#mage to equipment and of injuries and deaths in
industry. This is especially true offshore oil drilling, where there is a high
concentration of equipmé in veryclose spaces.

The fire has a double effect on the structure because itscausarden of
stresses due to thermal expansion of the materials and at the same time the
temperature increasing causeva r seni ng of mat eri al 0s
Structures involved in fire can be seriouslpmaged interms of residual
displacementspartial collapse or total collapse of theilding. The damage
dependson construction materials, goods stored in buildings and also in
depending on the condition of ventilation during fire.

In order to evaluate effects, mitigate and assess the risksayndsturdy
structures we can use performancebasedapproach (PBA)which allows to
model through complex numerical method the evolution of fire and the response
of the structure to the thermal inpliire Safety engineering (FSE) issat of
methodologis and strategies that have the purpose of reduce the risk and the
impact of fire on buildings and their occupants
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Fire Safety engineering is the application of science and engineering
principles to protect people, property, and their environments frorhatmeful
and destructive effects of fire and smoke. It encompasses engineering which
focuses on fire detection, suppression and mitigattarman behavior and
maintaining a tenable environment for evacuation from a fire

In Fire safety engineeringhe rsk assessment plays a central role because
thanks to the rislkdefined as well in further chapters, alloslesignes to estimate
design parametsof structure in order to predict the c®sf accidents

In recent times the FSE is focusing on the probabilistic analysis of the
structures in fire starting from the study of collected historical data. Several study
like the oneof the last conductday Maneset al.2018highlights the high quantity
of fires ard the spreads through the matzalysis of some fire database of US,
New Zeeland etcOne of the most importamharacteristicof the PBA with a
probabilistic approach is the possibility to exploit data of results to do a-multi
hazard analysis of naturphenomena (Suwondo et alBy the fluid dynamic
point of view most of researcher focus on the specific fire load that generally is
used for risk assessment analysis in all types of building (Mikkola2€14).but
the fire problem depends from a lot ofaameters also using a simplified
methodology of resolution like in thevo-zonemodel. By the structural point of
view there is a completely different framewo8everal studies othermal and
mechanical propertieStephanet al. 2018 Khorasaniet al. 2015 Compagnone
et al. 2017 was conducted order to characterizmaterialsby the probabilistic
point of view Other studiesvereconducted in ordeto investigataesponss of
structuralelementsn fire (Van Coile et al. 2018jkingin account nominal and
parametrical fires.

This work focusing on steel structures behaviour in fire want to provide a
method to assess the critical temperature of structure exposed to fire. The critical
temperature could be defined as the value of teatypex for that the structure
collapse. The randomness of the fire phenomena obliges us to model the fire as a
random process and as random variables a lot of characterisitiesaofl therme
mechanical probleml he pr obabi | i st i cssisntmodkeitiiats r e
assess, in function of structur al el
temperature that induces collap&arting from consolidated methodologies

16



(Gardoni et al. 2008 used to buildprediction models the work, new
mathematical model was used to improve optimize the provessghovskyet

al. 2009) of constitution of the regression modielparticular the methodology
proposed byVorechovskyis based on the application of the simulated annealing
methodto LHS samping in order to reduce the number of samples without
sacrifice the precision of the probabilistic study.

1.2 Organization and outline

The dissertation is organized ingx chapters Sincethere are concepts of the
probability theory applied teesults obtained through thermomechanical analysis
the work is organized in two part. The first p@hapterl, 2 and3) is dedicated

to thetheoretical background. In particular there are defecmttepts and tools
relative to the probality theory and the thermomechanical analy3isesecond
part(Chapter, 5 and6) is dedicatedo the application ofoncepts introduced in
previous chapter theproblem. Ths chapters are focused on thefinition of

p r o b I[param@ters and to results obtained. Follow the detailed organization.

Chapter lcontains the introduction to the thesis that was done through a
general overview. In previous section there is a veryhgyic and fast literature
review, whereaghis section and furtheexplain the organization of the document
and show the objectives of the thesis

TheChapter Zummarize concepts relative to the analysis of structure in fire.
This chapter is used to introduce the fluid dynamic problem, with its own
variables and characteristics and it is focused omvtbezonemodel analysis of
fire. Moreover in this chapter Vil be described the therramechanical analysis
method used in further chapters kowy over thethermomechanicamo d el 6 s
hypothesis.

Chapter 3summarize conceptsf the probabilitytheory starting from the
definition of the probability concepts, randorariables and random variable
models used in this studiyrhis chapter introduce also some theorems of the
probability theory.

17



In Chapter 4 there is the formalization of the problem through the definition
of random variables that influence the fire procé&smiables are divided in two
groups: the first concerns thiee modellingproblem and the second that concern
the thermomechanical problems. After the definition paffametersjt was
described the software developed in ordeautmmatically generate input file for
thermomechanical analysis starting from the sampling proceéaiow the
singleanalysis of resultanalysis in order to understand some aspects relative to
the structural response in fire condition. The last part of the chapter shows the
development of the probabilistic regression model.

The analysis database wasalysed in Chapter 5. Data provided from
thermomechanical arfde modelanalysis was stored in a database with the input
data that come from the sampling procedure. Thesenwdatsanalysed in order
to do some interesting broadly consideragiaboutthe structural response and
maximum temperature that could be realised in a compartment exposed to fire.

Finally, in Chapter 6 there are summarized conclusivom the present
research alongith suggestion for future research.

1.3 Obijectives

The scope ofhis thesis is to provide a simple method to assess the capacity
through a simple parameter that allows to assess the capacity of the structure
taking in account also cold members not directly exposed to fire.

One of the biggest problesm engineering iselated to the definition of the
domain that we have to investigateue to the numerical complexity of the
problem and the fact that the fire generally involves only a part of the structure,
analysis domain is generally confined to a part of the strustdne or adjacent
structural members neglecting the influence of remaining part not directly
exposed (or in contact) to fir€he aim of this work starts from this consideration
about structure in fires, an issue that in research framework is gemeglited
or viewed as a side problem.
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Due to the low specific heat and the high thermal conductivity of material,
steel Sstructure resistance to tifheof e ac
exposure. Thanks to this property is possible to thetegsie of a structure could
be defined through a single scalar value that is the value of the maximum
temperature reached in compartment during fire.

The regression model presented in further chapters exploit this characteristic
of the steel structure ampdovide the temperature of collapse in function of several
parametersThe formulation in Gardoni edl. (2002a)is used to develop the
probabilistic models and determine the unknown parameters. Specifically, a
Bayesian approach is used to allow for upapof the models if additional data
become available. The posterior statistics of the parameters are determined by a
Monte Carlo simulation, implementing the procedomesented by Gardoni et al.
(2002b), adaptable to parallel computing programming (&indet al., 2016) to
reduce the calculus time.

The procedureised to build the regression model needed to perform a lot of
analysis. Results of all analysis were stored in the database and were used to
understand better the fire phenomena and to preade rules that could sed
to do right assumption when we approach the detailed study of structure involved
in fire. For instance, thanks to the results stored in the database is possible to do
a rapid assessment of the maximum temperature inducefirbyoa assessment
of the order of magnitude of the collapse temperature.
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Chapter2

2 Structural analysisin fire condition

In order to describes the structural behavior in fire, two type of analysis are
needed to calculate temperatures and displacements of the structure. As usual, the
research of solutions can be carried out in several ways which differ from one
another by théevel of accuracy and by the computational costs.

In order to gain a precise and punctual estimation of temperature distribution
in compartments during fire a Therrrtuid-Dynamic Analysis with the
Computational Fluid Dynamics (CFD) technique is neetdsdortunately, CFD
Analysis requires a large amount of resources and time to give a solution,
moreover results of CFD Analysis needs to be validated. The structural behavior
could be investigated with several approach but allede passdbkrough a Firtie
element analysis (FEA). There are sevipésof Finite Element Models which
allows to investigate the thermomechanical problem, which differ from input
parameters and results gettable.

Since several analysis types are needed, they can be combinadouns
form:

- Fluid Structure Interaction (FSI) Analysis: the most accurate approach, for

each step the solvessesthe CFD results in terms of heat flow and use it

in order to compute first temperature in the structural elements, then the
displacements ral use the results to change the domain of the CFD
problem;
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- Fully coupled temperature displacement (CTD) analysis: starting from the
results of a Fluid Dynamic Analysis, for each stegha&rmomechanical
analysis the solverusesthe temperature distribain in the room to
compute temperature in the elements and at the same time the
displacements. Using thigpproachwe 6 r e abl e to stud
porous material because results of each step change the thermal analysis
domain

- Uncoupled Temperature Displacement (UTD) analysis: The uncoupled
thermomechanical approach is very similar to the coupled temperature
displacement analysis excepts for the calculation protocol. Indeed, with
this approach the solver starting from compartméns t e mper at ur «
a thermal analysis first, then a structural analysis is conducted widtkeut
into account the displacements effect on thermal domain.

Analysis types are listed in order of accuracy and therefore computational costs.
Note that I f the defor mat i dependfdm f | ui
displacements (i.e. a fuel tank in fire which can change Fluid Dynamic domain if
break up) the FSAnalysis return the same results of a CTD Analysis. We can say
the same i f temper adepend®rddisplacensents, inthisit i o
case CTD isantamount t&JTD. In this work was assumed that the fluid dynamic
domain does not change durihgi r e and t he displ acemen
influence temperature evolution and distribution for these reasons only UTD
analysis was performed.

In this chapter will be shown some methasd techniques available in

literature which could be used totggructural behavior in fire condition. Since
this work is focused on the stochastic approach to fire condition, in order to obtain
a large number of numerical results in a little time, a nearly simplified methods
have been used in order to conjugateabeuracy of solution with the need of a
small computational costs and time.

2.1 Thermo-Fluid-Dynamic Analysis

The first task to be performed in structural analysis in fire condition regard
temperature assessment. In order tohaly we have to simulate firgrocess and
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starting from quantities of f uldd and
Dynamic Analysis (TFDA), to do a prediction heat fluxes which allows to
compute temperature in compartments. There are many ways to compute
temperatures in comparénts, in literature are available some simplified methods
that bypass the TFDA and give us function that express the evolution of gas
temperature in time but also these methods require to know fuel and ventilation.

Damages are a direct consequence of theepted heat flux. To a first
approximation for the calculation of the heat flux, q' (W/m2), in the flame surface,
the StefarBoltzmann equation can be employed:

o=, Y Y 21

where U de nbodyemissitim¢ @gnedy (0 -BolemannSt ef a
constant (=& X TP 1t @ & 0 ). The temperatures and ( 1) ,
refer to the temperature at the flame surface and the ambient temperature,
respectively. In fact, however, this equation cannot be employed, since the
temperature differs all over the flame and hence it is not a unique temperature that
can be determied. Furthermore,the flame does not radiate from its whole
surface, since a part of it is covered by soot, and a large part of the heat flux is
absorbed by the carbon dioxide and the humidity in the atmosphere. As a
consequence of these, the heat fluxaiated by the StefaBoltzmann equation
Is significantly larger than the actual heat flux. In an effort to estimate the heat
flux, and its effects, many models appear in the literature. The most important
groups of such models are the following:

a) Point-Source Models The pointsource models do not consider the shape
of the flame, but assume that the hidat originates from a point source.
The heat flux, ' (W/m?2), in a distance, X (m), from the center of the fire,
can be expressed as:

- 30 2.2

r’] W N

T

where,& (kg/s) denotes the burning rate with which the flammable
materialisbumna® ( J/ kg) the heat of combust
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b)

d)

efficiency. While the above relation has the advantage of simplicity, the
analogy of the heat flux with the square of the distance has not been
experimentally observed. These models usually overestithaténeat

flux, but produce good results in a distance of about 10 radii from the
center of the fire.

Solid-Flame Models The solidflame models assume that the flame is of a
solid shape that radiates heat only from its surface. Models take into
consideratin the shape of the flame and calculate the heat flux as a
function of the Surface Emitting Power, the Shape Factor and the
Atmospheric Transmissivity. These models are simple in their application,
easy to program and produce relatively good results.

Field Models: The field models, or computational fluid dynamics models
(CFDs), are based upon the numerical solution of the partial differential
NavierStokes equations. These models require careful validation against
real or experimental data. Their main disagtage is the large
requirements in computing time, the difficulty in programming and the
inflexibility in compatibility with many applications.

Integral Models: The integral models constitute a compromise between
the semiempirical models and theFD models. They are based upon the
solution of differential equations for the conservation of mass, momentum
and energy, but their mathematical approach is more simplified and refers
to the specific case to be examined. In this way, a significant reduictio
computing time is achieved.

Zone Models According to the zone models, space is separated into
homogeneous space zones of unified approach, which are connected
through empirical equations and mass and energy balances. These models
are employed in staural areas, but not in open spaces.

2.1.1 ZONE MODELS, CFAST

Zone models rely on the assumption thatompartmentcan be vertically

subdivided into zones, perfectly mixadd with homogeneous properties in terms
of temperature and compositioa hot layer with combustion products, located
near the ceiling, and a cold layer with fresh clean air at the bottom, separated by
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a movinginterface. The properties (and the layer height) can vary over time and
are identified when solving global consereatequationgTavelli et al, 2014)

CFAST is atwo-zonefire model used to calculate the smoke dispersion, the
fire gases dynamics and the temperature throughout compartments of a
constructed facility over time; each compartment is dividedtintbgas lagrs
The fundamental equations (conservation of mass and energy over the layers,
ideal gas law and relations for density and internal energy) are implemented as
system of ordinary differential equatioES, which are solved to give the
values of presge, layer heights and temperatures over tirdeseries of
algorithms allow to compute the mass and enthalpy source terms required by the
ODEs

The equations used in CFAST take the form of an initial value problem for a
system of ordinary differential egtians. These equations are derived from the
conservation laws of mass and energy (equivalently the first law of
thermodynamics) and the ideal gas law. These equations predeblbgon in
time of the compartment pressure, layer height, and layer tatapes due to the
gains and losses of mass and energy. The assumption of a zone model is that
properties such as temperature can be approximated throughout a control volume
by a representative average value. Though equivalent mathe-matically, these
formulations differ in their numerical solutiohe exchange of mass and
enthalpy between zones is due to physical phenomena sfirchgsmes, natural
and forced ventilation, convective and radiative heat transfer, and so on. For
example, a vent exchangasiss and enthalpy between zones in connected rooms,

a fire plumetypically adds heat to the upper layer and transfers entrained mass
and enthalpy from the lower to the upper layer, and convection transfers enthalpy
from the gas layers to the surroundinglla. The momentum equation is explicitly
included since conditions withinantrol volumeare assumed to be uniform. Of
course, included plume entrainment, ceiling jet, and vent flow correlations are
applications of momentum principles used for spepriigposes within the model

It is assumed that each compartment is divided into two control volumes, a
relatively hot upper layer and a relatively cool lower layer, as illustratedure
1. The gas temperature and density are assumed constant in each layer. The
compartment as a whole is assumed to have a single value of pressure, P. Itis
also assumed that all thermodynamic parameters are constant. The specific heat
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at constant volume arat constant pressui, and¢», the specificl gas constant,
R, and the ratio of spG&fo dnd R0 vat s,

Regardless of the composition of the gas mixtwe; 8 012 J/ ( kgL K)
thus

[P

Y
f

¢ ¢ YT (FQQU 2.3

Layer Inten‘acel
Natural Vent
Lower Layer

Components of mass and
-3 enthalpy entering or leaving
a control volume

Figurel Two zone model.

The set of governing equations start with the conservation of mass. The change
of mass in each layer, i, is expressed as

' .
00 24

Whered represents the sum of all mass flow tersisggh as plume mass
entrainment and véihation, entering and leaving layerConservation of energy
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takes the form of the first law dfiermodynamics, which states that the rate of
increase of internal energy plus the rate at which the layer does yvexkpansion
is equal to the rate at which enthalpy is added to the gas

coa™ 06
90 a0 ) 2.5

The enthalpy source ternQ, consi sts of t he fire
conduction losses to walls, and radiation exchange. The layer temperature and

mass are related to the layer volume and compartment pressure via the ideal gas
law:
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Combining equation24, 25and26we obt ain a system, |
properties:
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Best way to solve this system is with methods that calculate/estimate Jacobian

because t he statebds vari abl e aRathers s ur ¢
variable.
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2.1.2 FIRE DYNAMIC SIN ZONE MODELS

Heat release rat®RHR) from a fire is the most important parameter to describe
the potential hazards posed from a fire. Indeed, the environmental consequences
of a fire in a confined space depend in large measutieeoHRR Typically, the
HRR curves of combustible items atetermined in laboratory experimertst
when we have to simulatiees in which the quantity of fuel and its characteristics
are not known in advanceve have to estimate the fire curve in order to
characterize phenomenon

By aphysicanalytic point of view wheffuel and oxygen are consumed, heat
is released and various products of combustion are formed. The heat is released
as radiation andonvectionenthalpy

C?
C

211
0 p .. 0 2.12

WhereD is the total heat released by the f0 ,and0 are the heat released by
radiation and convection, ar.” i s the fraction of the
emitted as radiation.

When we model fire event, wapecifythe heat release rai0,, as the actual
heat releasedccounting for combustion efficiency, along with a characteristic
base diameter, D, which ised in the plume temperature and mass entrainment
correlations The combustion efficiencyis a fraction of the theoreticaénergy
releasedduring combustionThisis a function of fuel type, scale, and vitiation.

In CFAST, usercanspecifya radiativefraction which takes a default value of
0.35.

Using the RHRO of the fire and the Heat of Combustia’Q the solver

determines theyrolysis rate of fued

0 2.13
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In the event that thelRR is constrained by the availability of oxygen, it is
assumed that the pyrolysis rate does not change. However, only part of the
pyrolyzed fuel burns and the HRR becomes:

0 [ Ed oM ¢ 6 o0 214

whered is the entrainment rat¢> is the mass fraction of oxygen in the
layer containing the fire¢’'® is the heat of combustion based on oxygen

consumptionl, and  (Lower Oxygen Limit) is the smoothing function ranging
from O to 1:

OA ymeée ¢y 1
5 v - h P 215

The limiting oxygen mass fracticc> ;, i s assumed equal
function of temperature.

Any unburned fuel is tracked by the model, and transported to the upper layer
via entrainment in the fire plume or to other compartments through any vents.
Unburned fuel may burn in the updayer or at vents if sufficiently hot and if
additional oxygen is available.

Once the heating defined,we can focus on how the heat pass from the fuel
to the hot layer. A fire pumps mass and enésggrigurel) from the lower layer
into the upper layer. The verticéb¥v of mass through a horizontal plane at height
z above the base of the fire is called the mass entrainmed& & The vertical
flow of energy through this horizontal plane is given0 4 ao’V. The
empirical correlation for the mass eaitiment rate depends on whether the plume
is unobstructed, against a wall, or in a corner.

In schematiaepresentation of a turbulefite plume originating at a flaming
source(Figure 2), which may be solid or liquidSmokedriven off from the
combustiblepushed awajrom the fireby heatandmix with the surroundingir
and form a diffusion flame. Laboratogimulations oftn employ controlled
release of flammablgas through a horizontal, porous surface. The mean height
of the flame is L. Surrounding the flame and extending upusagd boundary
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(broken lines) that confines the entireoyant flow of combustion products and
entrained airThe air is entrained across this boundary, which instantaneisusly
very sharp, highly convoluted, and eadiigcernible in smoky fires. The flow
profile could be the timeaveraged temperature rise above the ambient
temperaturegr of the oncentration of a gas (such00 ) generated by the fire,

or of the axial velocity in the fire plume.

Z Z
—_— ’ [ -«
_—» .. i ‘: (—
Entrained —» | |
flow \ ‘Ly Flow
- - profile
T— b S—
n"" ‘
—_— / L\ .' P
Flame l'p | k i
LN y ATy,

Figure2 Fire Plume.

Still in Figure2 we can see the qualitative temperatz"V and velocityo
evolution along the plume axis of the fiteased on experimentadsults.In this
figure is shown aelativelytall flame, theemperatures are nearly constant in the
lower portion of the flame. Temperatures begin to decay in the intermitigpey
portion of the flame as the combustion reactitvag off and air entrained from
the surroundingsools the flow. The centerline aalities,6 1t , tend to havéheir
maxima slightly below the mean flame height and alw@ssay toward higher
elevations. If the combustible prous and supports internal combustion, there
may not beas pronounced a falloff in the gas velocity toward tbp ofthe
combustiblethe total heat release rate of a fire soul;ds eitherconvected or
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radiated away from the combustiggion. In a fire deep in a porous combustible
pile (i.e.: astack of wood pallets), some of the total heat generateapised by
and stored in the not yet burning material; thst escapes from the combustible
array as either convectiwe radiative energy flux. If most of the volatiles released
undergo combustion above the fuel array, apdal fires of liquids and other
horizontalsurface firesand even in welteveloped porous pile fires, then the
convective fraction of the total heat release rate is ranegsured at less than 60
to 70 percent of the total heat releaste. The convective flw0 , is carried
away by the plume above the flames, while the remainder ofttha heat
liberated,0 , is radiated away in all directions.

The total heat release ra0:, is often assumed to legjual to the theoretical
heat release rate, which is based¢omplete combustion of the burning material.
The theoreticaheat release rate in kW is evaluated as the mmassng rate in
kg/s multiplied by the lower heat of compleembustion in kJ/kg. The ratio of
the total heat releasmte to the theoretical heaelease rate, which is the
combustion efficiency, is indeed close to unity for sdimgesources

Heskestad, 198groposes a method to estimate geometry and characteristics
of the plume, and the same methods is implemented in Cfast.

Using RHR functionssuggested by thd=urocode it can happens that
temperatures have a peak at the end of the RHR cure.
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Figure3 Temperature Peak.

This effect is due to thewo-zonemodel analysis and even tiie peak of
temperaturen numerical analysidn further chaptetemperature peaksave no
influence on the structural behaur it could cause considerable errors in some
cases.

8[°Cl
A
t t t* It Time [min]
1 2 3 >
RHR [KW]
t t.| t\lt Time [min]
i 2 3 -

Figure4'Y'OY vs] 0.

The Gas temperature curve reach its peak when the RHR curve end, but
temperature begins to increase just before the ¢ né we compare the Gas
temperature curve, the RHR cunfgure4) and the height of hot lay&igureb,
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during the analysis we can see thad the RHR reduces, the gas temperature
reduces itself, but with a varying slope. In particular, the slope of the gas
temperature rapidly changes determining the reaching of a local minirrd'm at
after which the slope sign changes and determines fefuricrease of the gas
temperature up to a local peak (at the ti¢ )e The slope change beginsd't
because the hot =zone | ayer Eidure®bo t he
there is a change of the mass equilibrium because the hot zone no longer
communicates with the outside( or other compartmdieinperature increasing
stops when the RHR reach the tir¢ :and the heat fluxes through the pluemal.

After ¢ the temperature has a monotonic decrease up to ambient temperature.

T Window
t*

h*

Figure5 Hot zonelayer height
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Figure6 Hot zone layer height

2.2 Thermal Problems

Once gas temperatures are known, a procedure is needed to analyze the effects
on structural elements. This procedure is called Thermal analysis and in this work
it was conducted under simplifying hypotheses. In fire probleengperatures in
structural elements needs to be calculated with high accuracy and since
temperature could variate in an interval of several hundreds of Celsius degrees the
variation of thermal properties of materials cannot be neglected.

In thermal analysi there are two entities which we have to investigate:
temperatures and heat fluxes. While firsts are scalar quantities, and actually are
results of analysis, the seconds are véatquantities and tells us how the energy
flows in elements.

There arehree different types of heat transfer: conduction, convection, and
radiation. A temperature difference must exist for heat transfer to occur. Heat is
always transferred in the direction of decreasing temperature.

Conduction takes place within the boundarof a body by the diffusion of its
internal energy. The temperature within the b¢ lyis given in units of degrees
Celsius[C], Fahrenheit [F], Kelvin [K], or Rankin [R]. Its variation in space
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defines the temperature gradient vec 7 ,, with unitsof [K/m] say. The heat

flux vector, n, i s defined by Fourier ds Con
conductivity, k, times the negative of the temperature gradin 2Z_ 7 .
Thermal conductivity has the units of [W/mK] while the heat flux has units of
[W/m?]. The conductivity, k (or), is usually only known to two or three
significant figures. For solids it ranges from about 417 W/mK for silver down to
0.76 W/mK for glass. A perfect insulator mater_ k_m) will not conduct heat;
thereforethe heat flix vector must be parallel to the insulator surface. A plane of
symmetry act as a perfect insulator, but in order that the plane is considered of
symmetry it must have same not only geometry thermal conductivity but
temperature and heat sources must beomimages. In finite element analysis,

all surfaces default to perfect insulators unless you give a specified temperature,
a known heainflux, a convection condition, or a radiation condition.

Convection occurs in a fluid by mixing. Here we will considmly free
convection from the surface of a body to the surrounding fluid. Forced convection,
which requires a coupled mass transfer, will not be considered. The magnitude of
the heat flux normal to a solid surface by free convedsion

now vz 2.16

Where Q [W/m2K] is the convection coefficiend0 is the surface area
contacting the fluid,"v is the convecting surface temperature, "Vds the
surrounding fluid temperature. Values convection coefficienQrange in the
interval [5-35] (for natural convection without temperature gradients and for
convection with high temperature gradients respectively.

Radiation heat transfer occurs by electromagnetic radiation between the
surfae@s of a body and the surrounding medium. It is a highly nonlinear function
of the absolute temperatures of the body and medium. The magnitude of the heat
flux normal to a solid surface by radiation is

R -,06 Yz 217
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Where"Y is the absolute temperature of the body surf'Y gis the absolute
temperature of the surrounding medilo ,is the body surface area subjected to
radiation,, L& ){p 1twTd U isthe StefarBoltzmann constant, ar-ds the
emissivity of the body ( assumed in calculation as 0.7).

Transient, or unsteady in time also requires the material properties of specifi

heat at constant pressuc» — and the mass dens” — . These properties,

plus the conductivity_ regarding the structural analysis in fire condition are
considered as variable in function of temperature.

Eurocodes provide thermahd mechanical properties about several material.
Regarding steel, the specific heat should be determined from the following
(f )
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From Figure7 we can observe that the thermal conductivity decreases when
temperature grows up. This is a common trend of the law of conductivity of most
solid materials. Moreover, from the same figure & see that specific heat has
a peak between 70@°and800 °C. The peak is due to the phase change of the
steel: in this temperature interval the steel change its chemical structure
rearranging the disposition of molecules.
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Figure7 Thermal properties of steel.

2.2.1 FEM THERMAL ANALYSIS

Thermal analysis of structural elementsistan anunsteady state analysis
with nonlinear thermal properties of structural elements. In this framework the
problem could béormalized in the determination by integration of a function that
describe temperature distribution in the space and? oo . In order to
determingemperaturethe integration of Fourier Law of conduction is needed.

Q"7 37 I ofuhi

A AN INE 2-20
oY, _n (meh)

This equation is based on the differential equilibrium the elementary volume.
The first member 02.20 means the energy stored in the unit volume aennl,
and it depends from the specific heat, density and temperature. The second
member of the equation symbolize net heat fluxes that pass through the unit
volume so it can assume also the expression d.flsor 2.17 at the borders of
the integration domain.

Since the2.20represent a differential equation with partial derivates, it cannot
be integrated but for special cases. Forrasonwe need to solve the praoh
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through a numerical integration that means the application of numerical methods
like the finite difference method (FDM) or the finite element method (FEM).

Figure8 Quadrangle Shape Function.

The thing that makes the FEM the most powerful method to resolve this
problem is its high flexibility. Starting from characterization of a finite Element
through a series of shape function and the discretization of the domain the method
let us to knowthe best numericasolution compatible with form function.

ql
Z 4 l z Nodal
Element  Temperature:
temperature T,
T(rt) /
(r.t) Tk!\“
T; - N TJ
X
0
v -
Discretized FE model Typical element

Figure9 Discretization of domain and tetrahedron element characterization

The same definition of interpolation function for stress analysis is used for the
heat conduction analysis. There are several interpolatiartions that differ by
several parameters, including dimension (1D,2D,3D), shape (line, quad, triangle,
tetrahedon, etc.) and sophistication (linear or quadratic).
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Referring toFigure9, the form function and nodal temperature is assumed as
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The temperature gradients in the element may be obtained in terms of nodal
temperature by differentiate tRe21:
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Because the conduction of heat in solids can be completely described by the
2.20, we can rewrite it as
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In order to solve this equation through algebraic way, the Galenkithod
needs to be implemented. In contrast to the RaylRigthmethod, this method is
used to derive the element equations for the cases in which specific differential
equations with appropriate mathematical expressions for the boundary conditions
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available for the analytical problems, such as heat conduction and fluid dynamic
analyses.

We must think that the problem which we want to solve through FEM can be
schematized as a domain where is valid a differential equation or a system of
differential equabns O 5 and sufficiently boundaries conditicO 5 are
defined.Thus,the mathematical model is

® 'O %o QM 06 %W T 2.25

Wherew andw are arbitrary weighting functions. After the approximation
due to discretization of the domain, the differential equation and boundaries
become function of the form function, function of position ve stor

©wO 0 »% Qn @ 6 O »% O Y 2.26

Wherew andw are discretized weighting functions a'Yds the residual.
The Galerkin method leiw andw equal to0 i and let R to be minimum.

Through this procedure is we can rewrite the basic heat conduction equation in
the following form:

TATATH o1 Y
T T o1 & OT—OUQT]T[ 2.27

By incorporate the boundary conditions in the above equation will result in the
element equation with the balanced of heat flus across the boundary and the
induced temperature in the element in the following equation:
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With the heat flux across boundari fj N [ 1 and the direction
cosine to outward norm & € € ¢

The heat balance in above equation may be lumped to the following element
equation:

0 "Y 0 0 Y Y Y Y Y 2.29
Where:
The heat capacitance matr 6 _ " (0 0 Qn
The conductivity matrix 0 . _6 06 au
The convective matri0 . C0 0 X

'Y h'Y and'Y are the heat flux across boundaries;
The internal heat generati'y 0 (0 Qm

The thermal conditions in one dimensior@oblem are related to the
displacements and stress in an axial bar as summariZedbliel.

Thermal Analysis Structural Analysis
Results Temperature Displacements
Gradient Temperature Gradient Strains
Flux Heat Stresses
Source Heat Sources Loads
Restraint Prescribed Temperature Prescribed Displacements
Reaction Heat Flow resultant Force Component
Mat. prop.  Conductivity Elastic Modulus
Mat. law Fourier Law Hookeds Law

Tablel Structural analogy to thermal problem.
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2.3 Structural Analysis in fire condition

The main objective of a firstructure analysis is to predict the effects of fires
i n buildings, e.g. the fire resistanc:
and cooling caused by fire. The results of such analysis can be applied in the
design offire protection systems, in the evaluation of fire safety and as an
addendum of experiments. Advanced calculation techniques deeigdfel in the
areas where experiments encounter difficulties such as testing large specimens,
implementation of loading &n boundary condition, measurements and
i nterpretatileehaviowd A comppatational enodelsused for fire
structural (member or global) analysis should properly repréisertonsidered
problem in terms of type of analysiad solutiormethodsgeometry, temperature
dependent material properties, mechanical boundary conditions and loading,
thermal conditions. From the constructional point of view, buildings and
structures at fire have to carry mechanical loadings and thus provide safe people
evacwtion and safe firemen workHigh temperatures have a very significant
adverse effecton thermemechanical properties ofteel members. High
temperature substantiallyreduce strength of concrete and steel, and causes
significant increase in crackingyains and deflections.oad bearing capacity of
structure decreases and may fail at critical points.

Also, in this case, the best way to solve the analytical problem is through a
Finite element analysis. In order to reduce costs of calculations the
Themomechanical analysis was conducted using a beam finite element
characterized on a thermomechanical analysti@fectionsAlso, this type of
analysis was carried out with the software SAFIR.

The Safir solver perform a Finite element analysis takingqdoount the
temperature variation of the structural elements. In this section the material
properties will be introduced and a brief description of the solver will be done.
Other information abousafir arebe available aFrannsen et aR00Q Frannsen
et al 2017 andFrannsen et aP019.
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2.3.1 MATERIAL B8 MECHANICAL PROPERTIES

In order to determine the structural response subjected to fire, it is necessary
to formulateconstitutive laws for steel at elevated temperatures. A complete
formulationis required only where a full analysis is undertaken

The mechanical property test is usually carried out by using a sttaey
testingregime and the structural component fire test is usually carried out by using
atransientstate testing iggme.In the steady state test, the specimen is heated to
a predetermined temperature befdfee test and kept constant during the test.
The stressstrain relationship of stealt a specific temperature can be obtained
directly. Usually, in a building fer the temperaturkeeps changing. The steady
state test is not representative of the actuakfiemario.

In the transient state test, the specimen is loaded to-@epgamined stress
level before test, then it is heated to failure at a speledating rate. Usually, the
heatingrate is in a range ofi 50 °C/min, according tdnternational Organization
for Standardization1999. The thermal expansion shdube obtained firsand
subtracted from the total strain to determine the strain caused by stress. The
transient state test represents the real situation of a structure in a fire. However,
thetest result includes the creep strain and relaxation of steel.

Kay et al1996 comparedteady state test results and transient statectasts
and found that strength of steel obtained by the steady state test washagher
the transient state test.

Owing to large strains exhibited at elevatesnperatures in fire affected
membersit is more usual to quote the 1.0% or 2.0% proof stress rather than the
conventionakmbient value of 0.2% proof stregs reported by G. Li et 22013
there are a lot of constitutive law available for steel elesaent

Performed analysis showed in further chapters, needs only the uniaxial
materiallaw to describe the behaviour of the beam elements.

High temperatures distribution induced in structural elements by fires depends
from the heat transmission problem foliad in previous sections.
Temperatures induces the mechanical properties variation and the dilatation of
elements that influences stresdities, deformationand resistance of structural
elements. As reported in the Eurocod&R 19931-2, 2005)the ®nstitutive law
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of steel in fire condition is the same in compression and tension and it is showed
in Figure10.

This constitutive law is characterized by a first perfect elastic branch up to a
traction called traction of proportional limit, than elliptic branch that connect
the first perfect elastic branch with the plastic branch that start at a deformation
- ¢ b Thefinal partofth; - function, is characterized by a linear softening
branch that reach the po,, mat- ¢mnb

So,the characterization of the mechanical properties of the steel depends from:

- O 1 elastic modulus of steel that dependsyfrtemperatur ;

- ™ i T proportional limit that depends frg 1

- "My 7 theyielding stress of steel, that depends f ym

- - "0y 7 ¥O 7 the strain relative to proportional limit;

- - T8t ¢the strain relative to yielding stress;

- - @ uhe strain at the end of the perfect plastic branch;

- - & the strain at the end of the linear softening branch.

Stress o A

fy,lil ________________________ i \
/ i A\
_________ i \
Fou / i Lo
: ! D
| i b

/ | \\
/ . \
f{ i ' | I"\I
f\ ! Eap = tana | ; |
f'lr o A ! X i \ -
ps €y Eto £u0  Straine

Figure10 Constitutive Law of steel atlevated temperatures.

The equation that gives tl, -f in the first branch is:
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. -h (e} Qe T- - 2.30

The elliptic branch is characterized by #wation:

S £

, -h i © O o 231

Where the coefficientcfhand dcould be calculated as:

Y

@ Crp- - @ G 232

- fhh o ki
¢S ™Nr Thi

And finally, the stress in the plastic branch is:
. B v Qe - - 2.33

Values of O 7 , "y 7 and '®%; 7 must be calculated through the
application of reduction factors nam® , 'O and O respectively. We can
observe that reduction factoreported inTable2 and displayed ifrigurell, are
always p and regarding to stiffness and proportional limit tractibeythave
a faster reduction respect the reduction of the yielding stkés®over,if we
observe theQp values there is no reduction of strength up to 400°C but the
reduction of strength is faster than stiffness: at 593°C steel strength is refluced o
50 %. Anyway, even if material 6s strer
there is always a burden of stresses in the structure already from wéachies
100°C due to the stiffness reduction and birth of thermal strains.
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- JF e Tt BB LR
20 1.00 1.00 1.00
100 1.00 1.00 1.00
200 0.90 0.807 1.00
300 0.80 0.613 1.00
400 0.70 0.420 1.00
500 0.60 0.360 0.78
600 0.31 0.180 0.47
700 0.13 0.075 0.23
800 0.09 0.050 0.11
900 0.0675 0.0375 0.06
1000 0.0450 0.0250 0.04
1100 0.0225 0.0125 0.02
1200 0 0 0

Table2 Reduction factors.

Reduction factor Effective yiold strengih|

kﬂ 19— k“_,f.ll = f'y'_l: / fy
0.8
0.6 A
Slope of linear elastic range
0.4 kE,u = Ea.-l / Ea
Proportional limit
0.2 - Kog=fanlfy 7 \
e
D Ll 1 1 1 — 1
0 200 400 600 800 1000 1200

Temperature [°C]

Figure1ll Reduction factors.
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In Figure 12 we can see the representation of the stress strain diagram at
various elevated temperatures. Note that the elliptical branch takes more space
when temperatures increase, this involves stress burden due to Il order effects. In

Figurel3we can see the diagram of thermal elonge-

3-¢fain function of

temperatures. Plateawincides with the specific heat peak
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Figurel2, - diagram at various temperatures
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Figure13 Thermal strain
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2.3.2 THERMOMECHANICAL ANALYSIS

The sectionbs thermal analysis is pe

independently from the structural context. After meshing procedure, that is
needed to define material 6s ther mal
section geometry, a FEMnalysis of the structure is perform@€eransseret al
2000). SAFIR User Manual. University of Liege, BelgilinThe FEM analysis

is conducted taking in account large displacements and thermal effects. In
particular, since thermal actions are punctual computed arotiimeargradient

in sections, for each fibre of the section mesh it was calculated the asbociate
deformation.

EEEEEE==== =l
4444444444 \_/4..4.4...4
X Node line
l'|'|'|'|‘|'1'|'|'|'1/_\\|'|'|'|'|'|'|'|'|‘|'1
Figurel4Secti on6s Ther mal Analy

The FEM model is based on the plane section conservation hypothesis, indeed
during the phase of model definition, we have to define the point oicapph
of internal stresses. This phase is crucial because thanks to the identification of
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this point (called node line) the software evaluate the stress distribution without
taking in account the strain field of the near sections. The equilibrium in this
framework could be achieved through:

0 ., Q0 0 2.34

Where( is the Axial Force applied on the node line @&nd is the sum of
the internal stresses of the section. The field a$ calculated by the deformation
of the section taking in account the compatibility of the constitutive Tdve.
curvature and neutral axésecomputed so that:

0 F , WQO0 0 j

b L Qb b g 2.35

Global
System

Figurel5Beam Finite element

Whereb ; and0 y are bending moments in direction x andyandware
the position of the fibre respect to local coordinate systempapd andd
are bending moments applied on the node line. If we focus only on the y direction,
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deformation of the -th fibre - ; is evaluated thanks to the following
relationship:

- -k A 2.36

Where- j is the barycentre strairr,.[1/m] is the curvature of the section

and wis the position of the fibre. Since the deformation evaluated isothé
strain, in order to evaluagtressesye have tdake intoaccount the thermal strain

-1

i SR - 2.37

- b - - i 2.38

Once the mechanical strain is known, we can calculate stresses by taking in
account the compatibility with the constitutive law for each fibre of the section.

y o - 2.39
Conceps introduced in thigparagraph have been treated by simplified way, to
implement them in numerical solver of computer program a formalization of a

finite element method is needeédore informationare available in bibliography
atandFrannsen et aR019, Compagnone et al, 2018
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Chapter3

3 Probability application in structural framework

In this section several probability concepts will be introduced in order to
uniquely define the terms that will be used in the further sections and chapters. In
particular, in this section will be introduced the basic probability quscehe
Baesyan theorem, Random Variables, the Central Limit Theorem the Manhbe
Simulation and the Latin Hypercube Sampling procedure.

3.1 Basic Probability Concepts

Many processes in nature have uncertain outcomes. This means that their
result cannot be predicted before the process occurs. A random process is a
process that can be reproduced, to some extent, within some given boundary and
initial conditions, but whoseutcome is uncertain. Thgtuation maybe due to
insufficient information about the process intrinsic dynamics which prevents to
predict its outcome, or lack of sufficient accuracy in reproducing the initial
conditions in order to ensure its exact refrability. This will lead to possibly
different outcomes if the experiment is repeated several times, even if each time
the initial conditions are exacthgproduced, withirthe possibility of control of
the experimenter. Probability is a measuremenbwof tavored one of the possible
outcomes of such a random process is compared with any of the other possible
outcomes. There are two main different approaches to the concept of probability
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which result in two different meanings of probability. These arermed to as
frequentist and Bayesian probabilities.

Frequentist probability is defined as the fraction of the number of occurrences
of an event of interest over the total number of possible events in a repeatable
experiment, in the limit of very large nueabof experiments. This concept can
only be applied to processes that can be repeated over a reasonably long range of
time. It is meaningless to apply the frequentist concept of probability to an
unknown event, like the possible values of an unknown paeame

Bayesian probability measuresw much anyone can believe a statement is
true The quantitative definition of Bayesian probability makes use of an
extension of the Bayes theorgayesian probability can be applied wherever the
frequentist probability is meaningful, as well as on a wider variety of cases in
which one wants to determine a probability of unknown events or of unknown
quantities.

The probability could be defined imweral ways, next paragraphs will show
two differentdefinition d probability which can be used in order to treat data.

3.1.1 CLAssIC DEFINITION OF PROBABILITY

If under certain experimental conditioNsresults may occur, independent
each other and equallypsgsible, and if N of them ardavorable to the occurrence
of an event A, the probabilitgf A is the ratiobetween the number of favorable
cases I over the number of possible cases

Y v
U O - 3.1
U

This definition of probability is the first ishronological order for this it is
called classical, but even if founded on a valid criterion it cannot be accepted as a
definition because it is circular. Indeed, when ssgyfiequal | y possi
indirectly use the concept of probability. Moreover, this definition is incomplete
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becaus etakd inoteascncootunt t he possibility tha

andthe possibility that results of the statistical process are infinite.

3.1.2 FREQUENTIST DEFINITION OF PROBABILITY

In order to extend the classical probability definition a new definition was
introduced 1t 6s al so known paobabilgytandbllows toi ¢ a |
circumvent the limits of the first

If repeating an experiment N times the eventcAuw Na times the frequency
of occurrenceof A tends to the probability of A assuming that N is sufficiently
large:

~

¥ w v
VO - 3.2
U

Just written expression is the same of the previous paragraph but it has a
different meaningIn this definitionthe probabilityas t he resul t 6s
occurrence, so it can be used even if themoisnumerable possible cases N
because to evaluaitewe need only to repeat an experimenbugh times.

Evenin this case there is a critical aspect that makes it impossible to accept
this definition as the general one, indeed this definitmsumes that the
experiment is repeatabdmd this is not always true.

3.1.3 AXIOMATIC DEFINITION OF PROBABILITY

An axiomatc definition of probability as a theory of measurement that is valid
either in the discrete and the continuous case is dée Knlmogorov, 1956
Let6s consi de rnfi@P ¢n®)avehere Reis asfynaionehat maps
elements of F, a subset of the powercsedf m), to real numbersThe entitymis

52



called samplepace and F is called event space. P is a probatnggsure if the
following properties are satisfied:

0O mh 1 ONO 33
om p 34
| OBHO "O DO 0O 1" 0O B 00O 35

This definition allows to generalize the classical probability to the case of
continuousvariables

3.2 Conditional probability

14 .

Given an event A and an event B, the conditional probabiitps , is
defined as the probability of A given the condition that the event B has occurred,
and is given by:

) 0 36

Figure16 Conditional Probability

The conditional probability can be visualized Figure 16. While the
probability of A 0 6 , corresponds to the area of the set A, relative to the area of
the whole samplspacem, which is equal to one, the conditional probability,

0 6 , corresponds tthe area of the intersection of A and B, relative to the area
of the ®t B.

An event A is independent on event B if the conditional probabilitj,of
given B, is equal to the probability of A, i.e.: the occurrence of B does not change

the probability of A:
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) 0 3.7

Two events are independent if, and only if, the probability of their
simultaneou®ccurrence is equal to the product of their probabilities, i.e.:

DO O 00 O 38

3.3 Law of Total Probability

Letds consider a OBHD esubsets of amahersset ( e v
O included in the sample spang such that the set of tf@ is a partition ofO ,
.e..O, O rmforalliandj, and

This can be clarified by looking #te Figure17: considering only grey area,
it result immmediately thathe probability corresponding O is equal to the sum
of the probabilities 0D:

3.10

Fora partition 6 B hd  of thesamplespacamof disjoint sets§ = 6 T
andB 0 0  p)we can build the sets:

O O, 0
311
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Seeing theFigure 17, considering the yellow part, the probability can be
calculated as:

0O DO 0 DO VO 312
00 00D 00 313

This decomposition can be interpreted as weighted average of probabilities
0 6 withweightst 00D

Figurel7 Law of total probability

3.4 Bayestheorem

According to the definition of conditional probability in E¢l.4), the
probability of
an event A given the condition that the event B has occurred is given by:
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We can conversely write the probability of the event B given:A as

¥ w o« o,
UV OY 5 3.15

DOHB VLSO VOB UL O 316

From this we can derive the Bayesb®b

o5 317

The probabilities P(A) and P(A|B) can be interprete@radability of event
A before the knowledge that the event B has occupgdr(probability) and as
the probability of the same event A having as further information the knowledge
that the event B has occurrgmbéterior probability).

3.5 Random Variables Definition and models

A Random Variable (RV), aleatory variable, or stochastic variable is
described informally as a variable whose values depend on outcomes of a random
phenomenon. In that context, a random variable is understoodnassaurable
function defined on a probability space whose outcomes are typically real
numbers

A random variable's possible values might represent the possible outcomes of
a yetto-be-performed experiment, or the possible outcomes of a past experiment
whosealreadyexisting value is uncertain. They may also conceptually represent
either the results of an "objectively" random process (such as rolling a die) or the
"subjective" randomness that results from incomplete knowledge of a quantity.
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The meaning of th@robabilities assigned to the potential values of a random
variable is not part of probability theory itself but is instead related to
philosophical arguments over the interpretation of probability. The mathematics
works the same regardless of the paléicinterpretation in use.

As a function, aRV is required to be measurable, which allows for
probabilities to be assigned to sets of its potential values. It is common that the
outcomes depend on some physical variables that are not predictable.

The donain of aRV is a sample space, which is interpreted as the set of
possible outcomes of a random phenomenon

A RV has a probability distribution, which specifies the probability of its
values. Random variables can be discrete, that is, taking any of fespfucite
or countable list of values, endowed with a probability mass function
characteristic of the random variable's probability distribution; or continuous,
taking any numerical value in an interval or collection of intervals, via a
probability dendy function that is characteristic of the random variable's
probability distribution; or a mixture of both types.

If a RV namedixjm© s defined on the probability spacefidv is given,
we can define a function of a value x such that the same functmriatad in x
give us the probability that the occurrence abXninus or equal to the value of
X:

Mw 0O ® 3.18
Or a function like:

W 3.19

C

Qw

These two functiondescribealso taken one at a time the random variable X
and are called Cumulative Distribution Function (CDF) and Probability Density
Function (pdf) respectivelyThese two functions are related to each other and
have some constant characteristics:
0w Yo O® TOw
' Yoo T @

3.20

Qe 1 E
o
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MwQw p 321

There are a lot of RV models in literature and they are frequently used to
describe random process€enerally pdf and CDFRunctionsof a RV modehre
characterized by some quantities that have to be evaluated, they are called
distribution parameters arkley often coincide with special quantities like mean
and average. In next paragraph they will be quickly recalled.

3.5.1 CHARACTERISTIC QUANTITIES IN DISTRIBUTION FUNCTIONS

In this section they will be introduced some quantities used in further chapters
for applicationsTo make the text simpler and more streamlimetthis paragraph
we will refer only to a continuous random variable defined in the domain
Hh Ho but all quanties can also refer to discrete variabBsese quantities
are generally calculated using the oper@d, which is defined as:

O- (’A‘) ° (‘A) Q (‘A) ,Q(l) 3.22

Wheres  is areal function. If  is the identity functiof© & return the
mean of thalistribution.it could be demonstrated thé&O is a linear operator,
so:

OOO ®w WOk 323

oW ® Ow Ok 3.24
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3.5.1.1 AVERAGE, VARIANCE AND OTHER USEFUL QUANTITIES

Mean and variance provide us with brief information on the distribution
functions Mean @lsoknownas x pect ed value) provide u
of the RV. It is defined as:

‘ [OXA) ®'Q w 3.05
while the varianc@rovidesu s t he fimoment ©of i nerti e
wOow , O 6O oO® ® 0O "o 326

There are some properties that good to remember:

www O ® Ow [OXA) [OXA)
3.27
3.28
WO ® WO W 0w ' ® ¢ 3.29

The last Addendum of the 2.29 is called Covariance. Covariance (Cov[X,Y])
quantify the trend of two RV to assume simultaneously higher or lower than the
respective averages. The covariance of two independent variablé is

The covariance is used also to calculatectireelation coefficient

i} 6 ¢ hd
- 3.30
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Medianw g is defined starting from the CDF:
0d hg ™ 0k hg ™ 331
The Mode is a value (if exist) for that is maximum the pdf.
GeQ® -DQ- [T AZXQ® 332

Average and variance expresse®.2b and3.26 are referred to a RV model,
but actually never know the real distribution of a RV in applicat@enerally,
mean and variance needs to be calculated through the study of samples and are
referred to statistics.

In application we do some implicit operations that allows us to use the
probability concept extrapolating some data from samples and extending it to
population.

Popul ation generally canodt be studi
number elements, thismeandr at we ar e hant,.Weektrapolate Kk n c
a representative sample (n<N) from population and evadtatistics Evenif the
average of and variancei that we calculate are referred to sample we can
say that if the sample is representative:

Qe‘*ir Q0% O 3.33

In this sensesf andi assume the meaning of es
parametersSince we can only estimate parameters of a RV, there are many ways
to do that, but the best way to estimate parameters is

o —— 334
B & df 335
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3.5.1.2 STATISTICAL MOMENTS

Moment of a distribution is defined as:

Ow 0O 3.36

Where n is the order of the mome#its already said, the mean and the
variance provide information on the location and variability (spread, dispersion)
of a set of numbers, and by doing so, provide some information on the appearance
of the distribution of the numbers. The mean and variancehardirst two
statistical moments, and the third and fourth moments also provide information
on the shape of the distribution. For comparison, the

OQivida Qe ®w O 337

is by definiton is equal to zero. One might think of the mean as being that
value of x that makes the above statement true, and consequently indicates where
the individual numbers generally lie.

YQOEEBHBQED O O 3.38

The third and fourth moment is used to define the skewness and kurtosis of a
distribution.

O® Ow
r 3.39

Skewnesss a measure of the symmetry of the shape of a distribution. If a
distribution is symmetric, the skewness will be zero. If there is a long tail in the
positive direction, skewness will be positive, while if there is a long tail in the
negative directionskewness will be negative.
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Ow® Ow
- 3.40

Kurtosis is a measure of the flatness or pdakss of a distribution. Flat
| ooking distributions are refributoned t o
are referred to as Al eptokurtic. o

3.5.2 RANDOM VARIABLE MODELS

In this section will be introduced some random variable models that will be
used in further chapters. RV models meaning there is a functiomal that
describe the distribution of a random variable. As already said in previous
paragraph each RV model nsetb be characterized by some parameters that
depend from the model adopt&ince the RV model is predefined, also statistics
of the distribution could be calculated a priori.

3.5.3 UNIFORM DISTRIBUTION (CONTINUOUS)

The uniform distribution (continuous) isne of the simplest probability
distributions in statistics. Itis a continuous distribution, this means that it takes
values within a specified range.

The probability density function for a uniform distribution taking values in
the range ato b is:

p e
o~ x _— Q@ w w
Qv G & 341
n E®DI L0 Q

By integration of pdf we can evaluate the CDF as:
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s w W o
Qw TR QdD w w 3.42
P N

Expected value of a uniform distribution is:

O®m WQ ® ‘W — 343
Variance could be calculated usiB@7:
" D 3.44
0.5 1.0
0.4 0.8
0.3 0.6
g B
0.2 0.4
0.1 1 0.2 4
0.0 =] - 0.0
-2 -1 V] 1 é -2 -1 6 1 2
(@) (b)

Figure18 Uniform distribution (a) pdf (b) CDF
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3.5.4 UNIFORM DISTRIBUTION (DISCRETE)

The uniform distribution discrete) is one of the simplest probability
distributions in statistics. It is discrete distribution, this means that it takes a

finite set ofpossibiities.
The probability mass function for a uniform distributitaking one ofn

possible values from the et~ @B o is:

"06: s Q"@N O
Q € 3.45
T ORI 0V QI Q

The expected value in this case is calculated as:

o~ N W p
Q —
Ow W 3 c 3.46
Varianceof the distributions:
© O p 0
" o C 3.47
14 ——
—I L L ] [ ] [ ] L ]
' : i .- o
| n
*—->b
' *—0
0 - I |
1 h a b
(a) (b)

Figure19 Uniform distribution (a) pdf (b) CDF
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3.5.5 NORMAL DISTRIBUTION

The normal distribution is the most widely known and used of all
distributions. Because the normal distribution approximates many natural
phenomena so well, it hageveloped into a standard of reference for many
probability problems.

J@)

0.399 |-
i 0.75

a5 -

0.25

/ | —%:U | \ -
| | A i 1 , 19 — T T T T T T T T T T T
=3 —2 =

1 0 +1 +2 +3 ¢ -4 El 2 -1 a 1 2 1 4

Figure20 Normal distribution

The normal distribution is characterized by a symméeitshapedp d f , i
a continuous distribution of probability artd©® s  d eaf. Thedesulibuiion has
two parameters and, which determine the position respectao 1 and the
Aopening of the bell d respectively.
The pdf equation is:

o e 3.48

ng*,

Regarding to cumulative distribution function (CDF) it is named with the
notation:

p N — .
B h I7Ic“—Q Qw 3.49

The integraB.49 has not solution but it could be evaluated in numerical way.
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The normal distribution is characterized by the equality through mean, median
and mode coincident. The expected valuevam@nce of Normal distribution are:

Ow 3.50
wow -, 351

About 2/3 of all cases fall within one standard deviation of the mean, that is
o, ®© ° e MUN O 3.52

About 95% of cases lie within 2 standard deviations of the mean, that is

o' ¢ @ ° c, TOU T T 353

Many things actually are normally distributed, or very close to it. For
instance height and intelligence are approximately normally distributed,;
measurement errors also often have a nodmsaibution.The normal digibution
is easy to work with mathematically. In many practical cases, the methods
developed using normal theory work quite well even when the distribution is not
normal. There is a very strong connection between the size of a sample N and the
extent towhich a sampling distribution approaches the normal form. Many
sampling distributions based on large N can be approximated by the normal
distribution even though the population distribution itself is definitelynoatal.

3.5.6 LoG-NORMAL DISTRIBUTION

A random variable X is said to have the lognormal distribution with
par ame't erammnde 0 > 0 niofr mad ( X)i shas btuhd on
standard devi at o i where YES noimalls Hisributed y |
wit hmean €& and dhedogndrmal distridudon is aséditoanodeld .
continuous random quantities whitae distributions believed to be skewed, such
as certain income and lifetime variables.
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Figure21 Transformation from Normal to Leljormal distribution

Using the change of variables theorem to show that the probability density
function of the lognormal distributioni t h par ameters € and
P o

Q0w ———AOD ——
Vi . o c. 3.54

The lognormal distribution is defined in the domain in the domairand in

this case mean, medi an and mode arenbo6
P
o AgD E 3.55
bt Aogn -, Aor: 3.56
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Figure22 Lognormal pdf and CDF

3.5.7 BOLTZMANN DISTRIBUTION

The Boltzmanrdistribution law says that if the energy associated with some
state or condition of a system Ukthen the frequency with which that state or
condition occurs, or the probability of its occurrence, is proportional to

Q7 3.57
Wherg i s t he syst e mo sandkisteBblizmaanconstanmip er at
This distribution is used to evaluate the confidence in step solutions of the

simulated annealing method, introduced in further chapters.

n, \ ¥, 7
Ow Q 3.58
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3.6 Central Limit Theorem

n probability theory, the central limit theorem (CLT) establishes that, in some
situations, when independent random variables are added, pheperly
normalized sum tends toward a normal distribution even if the original variables
themselves are not normally distributed. The theorem is a key concept in
probability theory because it implies that probabilistic and statistical methods that
work for normal distributions can be applicable to many problems involving other
types of distributions.

The central limit theorem has a simple proof using characteristic fun¢lons
S. Lemons2002) It is similar to the proof of the (weak) law of large numbers.

Assume & 8 & are independent and identically distributed random
variables, each wit h 2ribeasom@ & & chasf i ni t
mean nO an & Considerithe redore varafile

g, VE, VE 359
where in the last step we defined the new random varicx & ‘7, ,

each with zero mean and unit variance (var(Y) = 1). The characteristic function
of G is given by

o] o} o]
= ° = 88 =
Ve e e

3.60

¥ o

where in the last step we used the fHwt all of thed are identically
distributed. The characteristic function¢>fis, by Taylor's theorem,

o] 0 .0 h 0 o
* -— — & - — Tt
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where¢ — is "little o notation" for some function of t that goes to zero more

rapidly than—. By the limit of the exponential functioil: aCp - ),

the characteristic function & equals

o o , 0 e
— - — o Q™ h QQ eO b 362
Ne ce

Al l of the higher order terms vanist
equals the characteristic function of a standard normal distribution N(0,1), which
implies through Léy's continuity theorem that the distribution & will
approach N(O, 1) as & 8 @ wildpmaachthatr e,
of the nor mal 3, iasthe Sapletaverage N( n O, n 0

Y = 3.63

converges to the r#o)rfromawhichdthesantral limitit i or
theorem follows

3.7 Monte Carlo Simulations

In case we want to study very complicated process or problem we can proceed
through astatistical approach. If we generatgtablerandom numbershanks to
law of large numberghe sample tends to be distributed as the random variable
Numerical methods involving the repeated use of comjgéererated
pseudorandom numbers are often mefg to as Monte Carlo methods, from the
name of the city hosting the famous casino, which exploits the properties of
random numbers to generate profit.

Monte Carlo method can be defined as a method that allows to estimating the
value of an unknown quantiusing the principles of inferential statistics.

Inferential statistics use a random sample of data taken from a population to
describe and make inferences about the population. Inferential statistics are
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valuable when examination of each member of arnreeqopulation is not
convenient or possible.

The method is based on the idea that a random sample tends to exhibit the
same properties as the population from which is drdwvem this reason,the
sample procedure plays a central rol e
representative of the population method provide bad results. In further paragraphs
will focus on the sampling procedur&.rather generapurpose and simple to
implemernt method to generate randarmambers according to a given PDF is the
hit-or-miss Monte Carlo. It assumes \wave a PDF defined in an intenw'™
ofc | that is known as a functic ¢ . We also assuméhat we know the
maximum valued of "Q or at leasa valueda that is greater or equab the
maximum of'QYas you can seé Figure23.

The methodconsistsof first extracting a uniform random number x in the
interval ¢t , andthencomputing¢ & . Then, a random numbtiis extracted

uniformly in T . Ifi Q( fimi sso0) we repaantl t he
i A Ahito).

Ya

m

Figure23 Hit-or-miss

In this case, we accept x as the desired extracted value. In thighgay,
probability distribution of the accepted x is our initial (normalized) PDF by
construction. A possible inconvenient of this methatias it rejects a fractioaf
extractions equal to the ratio of area under the cC « , and the area of the
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rectangle that contains The method has an efficiency (i.e.: the fraction of
acceptedralues ola equal to:

QwQw

— ; 3.64
w a

which may lead to a suboptimal use of the computing power, in particular if
theshape 0"Qw is very peakedHit-or-missMonte Carlo can also be applied to
multi-dimensional cases. In thosases, one first extracts a nulimensional
point@ &8 Fw |, then accepts aejects@according to a random extraction
i v |, compared witf' ¢ F8 Fa .

Different from a physical experiment, Monte Carl@mulation performs
random sampling and conducts a Emgmber of experiments on computer. Then
thestatisticalcharacteristicsf the experiments (modeutputs)are observednd
conclusions on the model outputs are drawn basehestatistical experiments
In each experiment, the possblaluesof the input random variables®

@ M8 F&  are sampledccording taheir distributions. Then the values of the
output variableY are calculatedhrough the performandenction® “C & at
the samplesf input random variables. With a numlzdérexperiments carried out
in this manner, a set of samples of out@rtable Yareavailable for the statistical
analysiswhich estimateshe characteristics of the output varialfle

The outline & Monte Carlo simulation is depicted Figure24. Three steps
are required ithe simulation process

1. Step Ii sampling orrandom input variableX;

2. Step 2i evaluating model output;Y

3. Step 3 statistical analysis on model output.
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Step 3: Statistic Analysis on model output
Extracting probabilistic information

L

Y=g(Xx)

Probabilistic
characteristics of output
vaniablez

Figure24 Monte Carlo Simulation

3.7.1 SAMPLING

Many computerapplications ranging from simulations to video games and
3Dgraphics application, take advantage of compgésrerated numeric
sequences having properties very similar to truly random variables. Sequences
generated by computer algorithms through mathematical opeyatiemot really
random, having no intrinsic unpredictability, and are necessarily deterministic and
reproducible. Indeed, it is often a good feature for mapplicationsthe
possibility to reproduce exactly the same sequence of compenerated
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numbergi ven by a computer algorithm. Goo
numbergpseudorandom numb@rs

Monte Carlo simulation could be adopted to study also multiegriablers.

The purpose of samplingf input random variable® & 8 FQ@ s to
generate samples that represent distributions of the input varfedie
CDFC « . The samples of the random variables will then be used as inputs to
the simulation experiment$he generation of sample is composed by two steps:
the first generate uniform distributed sample and the second transform the
generated numbers in the objective RV.

The importance of uniform numbers over ttamtinuous range [0, 1] is that
they can be transformed into real values that follow any distributibimgerest.

In the early times of simulation, random numbers were generated by mechanical
ways, such as drawing baltbrowing dice, as theameway asmany ofto d ay 0 s
lottery drawings. Now any modern computers have the capability to generate
uniformly distributedrandom variabledRandom variables generated this way are
calledpseudo random numbers.

To transform the samples of a uniform variecy ¢ /8 i into values of
random variable®y &8 Fa  follows a given distribution™® & there are
severaimethoddor sucha transformation.

The simple and direct transformation is the inverse transformatethod.

By this method, the random variable is givera® 0+ ¢ .

3.7.2 LATIN HYPERCUBE SAMPLING

Sampling procedure is a fundamental part of the Monte Carlo Simulation.
Unfortunately,the MC simulation has some contraindications. It canddpen
especially in problems where a lot of RV are involved in the problem, that the
number of s aneqdltodé leghse mhuehileanhave a representative
sample requires resources not availaidlereoverjft he sampl e i snot
representativeinwanted correlations may aribetween RVrealization of the
sample, m this case somstrategies can be adoptbkle the Latin Hypercube
Sampling (LHS) and the Simulated Annealmgthod (SA)
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The LHS Sampling procedure could be used in MC simulation in order to
obtain small number of realizations but preservingotineity of the samples.

Latin Hypercube Sampling is a form of simultaneous stratificatmonall
variables. There are sevewddternative forms of LHS. In theattice Sampling
(Patterson1954) the jth realizatior{of total 0 of i-th random variablé of
the set ol  variables is denotea!;; and generated as:

“C Q™

o UG —m—
h B 3.65

Where:* "Qis a random permutation of jth realization {C, is the inverse
of cumulative distribution function of the ith random variable.

If "Ois continuous, then each of the Nsim equiprobable subintervalsé for
is represented by one valo;. In the unbiased versiofrom McKay et al.,the
Latin Hypercubeésample is generated by replacing the number 0.5 iB.&gby
"™, a standarduniformly distributed random variable, independent of the

permutation¢ . This last techniquim this documentvill be called LHSrandom
while that one used i13.65 will be called LHSmean.

This objection deals mainly with samples of the tails of PDF, which mostly
influence the sample variance, skewness and kurtosis. This elementary simple
approach has already been overcome by the sampling of interval mean values

Y RO 0 3.66

Where™is the pdf ofic, and, j are given by the equiprobable segmentation
of & 00 . With LHS-mean samples represent one dimensional marginal
pdf better in terms of the distance of the point estimators from the exact statistics.
By this way the mean value is evaluated exaatigt estimated variance is much
closer to that of the targdlowever, such an increase in computational effort is
definitely worthwhile especially whet  is very small. Sampleselected by
both 3.65 3.66 are almost identical except fone values in the tails gbdf.
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Therefore,one can use the moradvanced schemg&.66 only for the tails,
considering the fact thail samples mostly influence the estimated variance of
the sampleset.Generally, in all three cases, regularity of sampling (the rahge
distribution function is stratified) ensures good sampling@nrgequently good
estimation of statistical parameters of respomseéng a small number of
simulations In LHS dratification with proportional allocation never increases
variance compared to crude Monte Carlo sampling, anceciate it The amount

of variance reduction increases with the degoéedditivity in the random
quantities on which the functi’Qd depends.

The sampling scheme of any Monte Carlo type techniquepieesented by
Table 3Table 3 LHS Sampling. where simulation numbers are in colunwisile
rows are related to random variabli  is the numbeof input variables). Note
thatTable 1 can be obtained eith®r sampling from a parametric distribution or
from a set of ravdata, bounded or unbounded, continuous or discrete, empirical
histogram, etc. The only requirement is that the samplel = 2is identical for
all sampledrariables. From here on, we assume thatvalues representing each
variable fronirable3 have alreadpeen selected, and that we want to pay attention
to thecorrelationstructure among the variables.

Figure25 Sampling protocol LHSnean

Sampling return as result tathefistad bl e
realizations of each variahd .
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Table3 LHS Sampling.

3.7.2.1STATISTICAL CORRELATION

There are generally two problems related to LHS concerning statistical
correlation: First, during sampling an undesired correlatiamm be introduced
between random variables (rowf Table3). It can be significant, especialiy
the case of a very small number of simulations, wherentimeber of interval
combinations is rather limited. The second tasto determine how to irdduce
prescribed statistical correlatiobgtween pairs of random variables defined by
the target correlatiomatrix gL k 4| . The samples in each row Tdble3 should
be rearranged in such a way as to fulfill the following two requiremeats:
diminish spurious random correlation, and to introdheegprescribed correlation
given by T. Two widely usé possibilities exist for the point estimatiarf
correlation between two variables: the Pearson correlatiefficient (PCC) and
the Spearman rank order correlatmefficient (SRCC). The PCC takes values
betweenl and 1 angbrovides a measure of the strength of the linear relationship
between two variables. For samples in the form of rofvBable 3, the sample
PCCO between two variablesaya ando», is defined by

3.67
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WheredT anda™are the estimation of mean calculated from the realizatic® of
and & respectivelyThe SRCC is defined similarly to the PCC but with rank
transformedlata. Let us define a matmin which each row/column is fillegith
rank numbers corresponding to a ma#ixSpecifically, thesmallest valuay, of
avariableiis givenarari ; p;the nexiargest value is given a rank of 2; and
so on upo the largest valuayhich is given a rank equal to sample <0 . In
the event oties, average ranks are assigned. Note that when LHS is applied
continuous parametric distributions no ties can occur irgémerated data. The
SRCC is then callated in the same manrasthe PCC except in the use of rank
transformed data. Specificalle>; must be replaced by rank numii 3 in 3.67.

In the formulac simplifies to the average rank 0 p 7¢.

3.7.3 SIMULATED ANNEALING

In order to resolve the two problems introduced in the previous paragreph,
need to optimize the correlation matrix calculate®.68 Optimization means
that we have to find a global minimum of a functi@his particular problem of
optimizationcould bevery hard toresolve when there are a lot of variables that
we have tdake intoaccount because a lot of algorithm of optimizatiordseto
require much time or much resource, moreaveomplex function could have
sever al | ocal mini mum that i1itdés |ike

The algorithm implemented in this document is named Simulated Annealing
(SA)asi t 6 s i mpylVerecleonskyet dl,2009

The most widespread applications of the SA are on combinatorial problems,
in particular on scheduling problems. All SA applications in the context of
combinatorial problems show a remarkable efficiency ofrtethod together with
a robustness with respect to the type of problem, confirmed also in other mixed
whole combinatorial applications.

Simulated annealing (SA) is a randeswarch technique which exploits an
analogy between the way which a metakools and freezes into a minimum
energy crystalline structure (the annealing processjrengiearch for a minimum
in a more general system; it forms the basis of an optimization technique for
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combinatorial and other problen&mulated annealing was deopéd in 1983 to

deal with highly nonlinear problents SA approaches thglobal maximization
problem similarly to using a bouncing ball that can bounce imnaemtains from
valley to valley. It begins at a high "temperature” which enables the ball to make
very high bouncesyhich enables it to bounce over any mountain to access any
valley, given enough bounces. As temperature declines the ball cannot bounce
so high, and it can also settle to become trapped in relatvefll ranges of
valleys. A generating distribution generates possible valleys or states to be
explored. Anacceptance distribution is also defined, which depends on the
difference between th&nction value ofthe present generated valley to be
explored and the last saved lowest valley. The acceptance distridetaes
probabilistically whether to stay in a new lower valley or to bounce out of it. All
the generatingnd acceptance distriboms depend on the temperatutéas been
proved that by carefully controlling the rate of cooling of the temperature, SA can
find theglobal optimum. However, this requires infinite time. Fast annealing and
very fast simulated rannealing (VFSR) or agéive simulated annealing (ASA)

are each in turn exponentially faster ave&rcome this problem.

SA's major advantage over other methods is an ability to avoid becoming
trapped in local minima. Thalgorithm employs a random search which not only
accepts changes that decrease the objective furfdgmsuming a minimization
problem), but also some changes that increase it. The latter are accepted with a
probability

030 C
3.68
wherez"0is the increase i and T is a control parameter, which by analogy
with the original applicatiors known as the system "temperature" irrespective of
the objective function involved.

Referring to a system characterized by its enOgwd its temperature BA
algorithm can be schematized in following steps:

1. Given the initial configuration or the soluticacw or the value of the
objective functiorC , we calculate the initial temperatt™v:

2. For each temperature we need to repeat these steps:

a. Generatean allowable candidate configuration through little
randam perturbation of the current configuration and evaluate the
difference of energ3Obetween the two configurations;
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b. If 30 Tmthe candidate configuration has a value of the objective
function smaller then the current. In this case the candidate
configuration become the new current configuration.

If 330 T, the candidate configuration has higher energy than the
current configuration. In this case the algorittanceptsthe
solution with a probability

5 0 1y —
L% L 3.69

Where © i's the Bol t z mefresh dhe cugemtn st a
configuration if it is necessary

c. I f thermal equilibrium isndt act
3

3. If the annealing process is not complete reduce temperature and go to step
2.

Figure26 show the procedure in a graphical way
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Figure26 Simulated Annealing Algorithm

Initially, when the annealing temperature is high, some liageases in f are
accepted and some arefas from the optimum are explored. As execution
continues and T falls, fewer uphill excursions tierated (and those that are
tolerated are of smaller magnitude). The last 40% of the run is sparghing
arownd the optimum. This performance is typical of the SA algorithm.

Simulated annealing can deal with highly nonlinear models, chaotic and noisy
data and many constraintff. is a robust and general technigues main
advantages over other local search mashare its flexibility and its ability to
approach globabptimality. The algorithm is quite versatile since it does not rely
on any restrictive properties of the modeébr any reasonably difficult nonlinear
or stochastic system, a giveptimization algorithm can be tuned to enhance its
performance and since it takes time and effothdoome familiar with a given
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code, the ability to tune a given algorithm for use in more than one prehtastd
be considered an important feature of loathm.

Since SA is a metaheuristic, a lot of choices are required to turn it into an
actual algorithmThere is a clear tradeoff between the quality of the solutions and
the time required to compute thefirhe tailoring work required to account for
different classes of constraints and to finee the parameterd the algorithm
can be rather delicat€he precision of the numbers used in implementation is of
SA can have a significant effect upon thality of the outcome.

3.8 RegressionModels

In science and engineering, the data obtained from experiments usually
contain a significant amount of random noise due to measurement errors. The
purpose of curve fitting is to find a smooth curve that one average, fits data points.
This curve should havee simple form with a loworder polynomial, so it does not
reproduce the random errors.

Abstracting the reasoning curve fitting could be appleedata that contain
noise and, in any casesyhere there is a high non linearity of results and a
simplified model is needed tpredict resultsCurve fitting methods in this work
will be used to do regression on dataset, in order to build a regression model.
Regression is measure of the relation between the mean value of one variable
(e.g. output) andorresponding values of other variables

3.8.1 LEAST SQUARES FIT

The most popular curve fitting technique is the least squares method, which is
usually used to solve overdetermined systems. It is often applied in statistics,
particularly in regression analysifhe best fit, in the least squares sense, is the
instance of the model in which the sum of squared residuals has the least value.

Suppose that a given data set consist: déta points ¢f ,where the Q
vary in the intervartéde  p and & andc® are the independent variable and the
dependent variable respectivelhe model function can be defined as

Qo] Qo M8 ko 3.70
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This function is to be fitted to the data set v€ = p data points. The above
model function containd  p variable paramete /8 F&d whered  &. The
purpose is to find the value @ M8 F& such that the model (determined
beforehand) best fits data.

The last squares method minimizes the sum of squared resiReslsluals
are the difference between the valuexfind the value obtained loalculating
the model function in the poiict:

i@ ten 371

Sum of squared residuals is:

Y| i 3.72

Thereforethe optimal values of the parametarsobtained by the condition
of minimum:

T T CToa@n
T(I‘ C | TT T 3.73

These gradient equations are generally nonlinea amd may be difficult to
solve. These gradient equations could be applied to all least square problems.
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3.8.2 LINEAR REGRESSION

Considering the least squares3it 2 of the linear form, sum of residuals is given by:

Y| w PN 3.74

The corresponding gradient equatidi3 can be reduced to:

ne Noe ¢ noe @ 3.75

With Q 78 ha . The equatio8.75 can be written in a matrix form:

ol f 3.76

o) "Ne "N e h Y EARANA 3.77

Resolving the systef@.76the coefficients of regression could be obtained.

3.8.3 ADVANCED REGRESSION MODEL

In further chapter, data which come from numerical experimentation exploited
to build a regression model wiBayesianupdatingas proposed by Gardoni et al.,
2002.In this section the background framework is explained.

The main purpose of a model is to predict results given deterministic or
random values of the variablea nd it i s said Aunivari a
the model predict is one. The univariate capacity model has the general form:

~

0 O eh 3.78
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wherex is a vector of material and geometric properties P h, is the set of
unknownmodelparameterso fit data with thed model. In this work the function
6 eh hasanalgebraic form but it can be also a differential or integral form.
Adopting the general univariate model form:

6 eh ors | eh . - 3.79

Where Ph, , P —f—48 , denotes the set of unknow model
parametersch® is the deterministic mod¢ eh s the correction term for the
bias inherent in the deterministic model that is expressed as a function of the
variablese and parameterP, - is the random variable with zero mean and unit
variance, anc, represents the standard deviation of the model error. With this
assumption for a givee, P and, the variance of the model has the value
w® 6 eh . . Regarding the correction terrsince deterministic model
involves approximations, the true form’ eh is unknown. In order to explore
the source of bias in the deterministic model, a suitableo deexpianatory
f unctQe was éelectedso the bias correction term has then:

[ eh MNe 3.80

By examining the posterior statistics of the unknown param- €rge are
able to identify those explanatory functions that are significant in describing the
bias in the deterministic model. Note that, while the bias correction term is linear
in the parametel- -, it is not necessarily linear in the basic varial®es

The models are formulated and calibrated under three assumptianis:iddlependent

of x (homoskedasticity assumption), 2)
(normality assumption), and 3) the model error can be added to the model
(additive assumption.) Since generally these three assumptions are not satisfied,
we use a variance stabilizingahsformation to approximately satisfy these
assumptions within the range of the data. The vector of parasmstersed to

define the variance stabilizing transformation within a family of possible
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transformations. For example, one can use the familyduwdl power
transformation proposed bfang, 2006

o) e 3.81

whoseinverse is

Q i _toop _t 0w 3.82
of Q.

Such functions show properties similar to the vkelbwn Box and Cox (1964)
power transformation, but without the lestanding truncation problem. In this
paperitisusef _ T

In assessing a model, or in using a model for prediction purposes, one has to
deal with two broad types of uncertainties: aleatorgertaintiegalso known as
inherent variability or randomneésand epistemic uncertainties. The fornier
those that are inheremmt nature; they cannot be influenced by the obseiMee
epistemic uncertainties arise from lack of knowledge, the detdbetwice to
simplify matters, from errors in measuring observations, and from the finite size
of observation samples. This kind of uncertainty is present in the model
parameter and in the error ter. The fundamental difference between the two
types of uncertainties is that, whereas aleatory uncertainties are irreducible,
epistemic uncertainties are reducible.

There araghreespecific types of uncertainties that affects capacity models:

- Model Inexactness This type of uncertainty arises whapproximations
are introducedn the derivation of the deterministic model. It Has
essential componentsot sufficiently refinednodel {.e. Linear model in
high nonlinear problem) and missing variablesWhile the correction
term| eh provides a correction to the form of the deterministic model,
the error term, -represents the influence of the missuagiables as well
as that of the remaining error due to the inexactel form. However,
after corection of the model form with thierm/ eh , one can usually
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assume that most of the uncertaimiyerent in- is of aleatory nature. The
coefficient, representshe standard deviation of the model error arising
from model inexactness.

- MeasurementError:l n next chapter, model 6s p
use of a sample of observatico sof the dependent variable for observed
valuesa of the independent variables. Observed values, could be inexact
due to errors in the measuremeewices or procedures. To model these
errors, it was assumatatdé 06 © anda « O be the true

values for the-th observation, wherd anda are the measured values
and® andO are the respective measurement errors. The statistics of the
measurement errors are usually obtained through calibration of
measurement devices and procedures. The mean values of these errors
coincide with the systematic error, and theriances represerthe
uncertainties inherent in the measuremetge to central limit theorem,

in most cases the random variab®3and O can be assumed to be
statistically independent and normally distributed. The uncertainty arising
from measurement errors @pistemic in nature, since improving the
measurement devices or procedures can reduce it.

- Statistical Uncertainty: The accuracy of estimation of the model
parameter: depends on the observation sample size n. The smaller the
sample size, the larger the uncertainty in the estimated values of the
parameters. This uncertainty can be measured in terms of the estimated
variances of the parameter. Statistical uncertaingpistemic in nature,
as it can be reduced by further collection of data.

3.8.3.1 BAYESIAN UPDATING
In a Bayesian approach, the unknown model parameters are estimated through
the following the updating rule:
N @ I lms 1 @ 3.83
wheren @ is the posterior distribution that reflects the updated state of
i nf or mat i od ma aib the likelindod function which captures the
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information from the data vector of n observatie N ¢ Fe Feede» ,n @ is

the prior distribution which represents the information available before collecting
the data, andl 0 @s @ (= is the normalizing factor. More
specifically,the likelihood function is proportional to the probability of seeing the
data. Gardoni et al. (2002a) gives a general formulation of the likelihood function
that considers different types of data (i.e., equality dathen the quantity of
interest is masured, and lowedupper bound data when a smaller or larger
value is measured).

Computation of these posterior statistics can be challenging, especially when
a large number of parameters is to be determined. Follo@argloni et al.
(2002b) an importance samplirggorithm can be successfully used to compute
a common integral | which provides the desired posterior statistics. Such integral
can be expressed in the general form

T 0 @ Q@ 3.84

wheretheintegrand6 @ O @ 0@ n@. If0O @ pisselected we
obtainC pfl. If v @ l@ is selected we have the meC 4 4, and finally
ifo @ lm@YthenC Cmm'l from which we can determine the covariance
matrix cm@'l 1IN By using an importance sampling density
™ @ , the Bayesian integrand can be modified as

0@

oV Ya Qe 3.85

Considering N total random realizations, we have the estimation

3.86

e
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As a termination criterion, we set that the maximeomefficient of variation
(COV), given by

O]
COVW

3.87

Cio

B mim ne TYm DP'B @@ ne Fye

{)38 @i@ N 7Y@
be sufficiently small (e.g., less thaf.05).

3.8.3.2 MULTIPLE BAYESIAN UPDATING

In addition, the updating rulean be used to continuously update the current
knowledge every time new data become available. For example, if an initial sample of
observations is originally available, a first application of the updating rule gives

N @S Il 0@ n@ 3.88

wherell is the normalizing factor for the first updating. If a second sample of
observation® , distributed independently from the first one, becomes available,
N <0 can be updated to account for the new information obtaining

n@se ha I @ 1) @ 3.89
l @ 0@ n@ '
in whichll is the normalizing factor for the second updating.
Eq. 3.84is of the same formas E8Y i . e . , the posterio

givend works as the prior distribution for the second sample). Such updating
process can be carried out any number of times, obtaining the following general
form for¢ sets of samples
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3.90
I 0@ 1N @ B ,

where I . B 0 © n Q is the normalizing factor
associated to the nqgith wupdating.
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Chapter 4

4 Probabilistic study

As described in the previous chapters, to investigate the behaviour of the
structure in fire dire analysis and a thermo mechaniaaflysisareneeded. In
order to analyse the structural behaviour by a stochastic point of view It has been
chosen to usetao-zonemodel for the Gas Temperature analysis and a modified
Timoshenk@ snodel characterized with a thermmechanical analysis of beam
andcd u mn O ssecton 0 S S

In order to perform a large number of analysis a computer program was
developed. The softwamecceptsn input the results of sampling procedure and
for each sample imakesup three models: one fire analysis, one fore thermal
aralysis and one for structural analysis in fire condition.

In this chapteiit will be shown the methodology implemented to build the
model generated automatically starting from the Latin Hypercube Sampthe
Monte Carlo simulationand general assumptions at the base of the study

In the modelling phase was assumed that the resistance of whole structure
depends only from phenomena that happens on the floor involved in fire.

Eurocode suggest a simplified safety check to verify @latstability of the
frame. Safety check is based on the calculation of the -~ ~*ofor each floor of
the structure. Factd~ is defined as the multiplier of loads for which the
structure fail due to floor instability. As Reported in Euroc8de
© Q
o
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where:'C anda are the horizontal load and the vertical load respectively,
"Qis the storey height a1 is the horizontal displacement at the top of the
storey, relative to the bottom of the storey, when the frame is loaded with
horizontal loads . Note that in this formula all quantities are relative to only the
floor object of the analysis.

In proposed gmoach, the modelled substructures take into account the axial
loads induced from the superior part of the frame and the boundary condition at
the top of the columns allows only the vertical displacements, so the floor can be
affected by instability. In fe condition]  at the floor involved in fire reduces
more than at the other floors. Therefore, the model used for the regression model
takes into account global instability of the frame, even if not explicitly.

Finally, as reported in bibliography rénsseret al. 200%, structural analysis
conducted on substructures gives result not much different from analysis of entire
structure

For these reason we can say that regression model that will be developed takes
into account global instability of theaime.

Note that since the substructure considered take into account only one floor,
upper levels of structure are modelled replacing the equivalent load transmitted
by columnsA study on the structural robustness conducte@énnay et al. 2018
highlight the pasibility of structure to redistribute the load through other
structural membaerin some caseb other words in case of collapse of a columns

the structureanredistribute loads likeanamlod el | ed substructu
to show this behaviourbecss e upper | evel disdmsdtr utca kier
account , s o0 to womsider the redistributioh of stresses throtigh

remaining part of the structure

This study is focused on the structural behaviour inffitended as behaviour
of the structural systeexposed to several fire scenarioechanicahndthermal
propertiesof steel was assumed as a deterministic function of temperature
statisti@l fluctuation of the value associated to the specific,lweatductivity, and
mechanical properties e r anmedtigatedseed.?).

Uncoupled thermomechanical analysis was performed using the beam finite
element implemented in Safir with no geometrical imperfections. Duesttytbe
of analysis, results are reliable only for section of class 1 and 2
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Moreover,It was decided to modsltructure as unprotected, in order to study
the behaviour of the naked structure. It should be said that protection to thermal
action shoul dnot have an high influe
because the protective layer ( i.e. intumescentirggpateduces drastically heat
fluxes that enter in steel member. Protection layer influence the critical
temperature regarding to the thermal distortions. Due to low modulus of the heat
fluxes that enters in steel members, temperature is generally mtmeruthan
the case of the unprotected structures, this means that in a protected structure we
should have a lower thermal bending action so a less stressed structure, but this
gain in terms of bending moment tends to be recovered from the increasing of
axial force. For this reason we can estimate that critical temperature is generally
higher thancritical temperature in the unprotected structure, or at least similar.
This assumption should be verified in further developgsen

Finally it is very relevant to highlight that the joint and boundaries of the
considered substructures are assumed as perfect. This means that the connection
between beams and columns retede checked a posteriori in order to guarantee
connection resiance that heavy influences tlggowing ofcatenary actions
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4.1 Analysis Generabr and Analysis Launcher

An in-house software was developed using C# programming language to
handleall that concern the analysis management. The software named AGL
manages manage principally the phase of generation of input fileaioalbesed
and run automatically analysis in orderexploit all computing resourcesn
following image there is repatl the flow chard elaborated during the design
phase of the software used to store data and organize analyses.

Input Rapor File Input Repor File

Input Report File

Start

:
E

Figure27 Flow chart.
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a5 AGL Tool

Features
Target Folders

Analysis main Folder :C: \PARAMETRICHE

Gas Temperature Analysis |C\PARAMETRICHE \testFDA

Themmal Analysis Folder IC: \PARAMETRICHE\TH|

Mechanical Analysis Folder [C:\PARAMETRICHE\STR

Gas Temperature Analysis Themal Analysis

e s | e e
\D—I Get Results
0 Parallel

Analysis Generate FCT

v Analyze

Mechanical Analysis

~

| =] =]~

Analyze

Analyze

Log

Figure28 AGL start screen.
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In Figure28you can see the start screen of AGL. Software has a User Interface
(UI) is very simple because it is divided in zones. Start Screen is characterized by
four blocks, one dedicated to folder management and the other three are dedicated
to analysis managemenThe folders block Manage the destination folder of
analyses; Safir Softwaferannsen et a2000 work through a series of input files
related to a task of analysis, indeed for a 2D analysis of structures subjected to
natural fire it was needed an irtgiile for structural analysis, an input file for
thermal analysis and the file that contains the gas temperature data. In order to




organize input and output files, the user must choose the principal folder, fluid
dynamic analysis folder (FDA Folder), thigermal analysis folder (TA folder)
and the mechanical analysis folder (MA folder).

@l Fluid Dynamic Analysis — [m] X

Geometry Generstion
1) Numbering Stats from
0
Lenght Y 020 |seo s | g
bi (3535 ] S [05 | o5 p10x 15 0= 001051 m
1

Window! 0 0051DIM 1
Windowssd  [08 | 0052 DIM 1

o 0053 DIM 1
Nindows Height [1__ | 0054 DIM 1

Window's Width (510 | Step [5 [G)ggg Bm 11
Load Samples Data 0057 DIM 1

0058 DIM 1
Extemal Samples Load 0059 DIM 1
0060 DIM 1

f 0061 DIM 1
uoco 0062 DIM 1

Specficdf (MJf100400 | Step [100 | (20630
RHRf (W)  [250500 | Step [250 | |Q065DIMT
Tafa (s) 300300 | Step [100 7DIM
0068 DIM 1
Aea@m)  [50100 | Sep [0 | |00630IM 1
0070 DIM

Time

Generate 0072 DIM 1

Total Tme () [3600 | 0073 DIM 1
E Cese Fepart | | 0074 DU
> 75 DIM 1
SedeX 2| 0076 DIM 10 2
Scae Y [4000 0077 DIM 10x 2

Figure29 Fluid Dynamic Analysis Form.

Once the organization of folders is defined from a menu the user can start to
build input files ofFDA (Figure29 andFigure30). The user caparametrically
build the input fils of FDA, varying with a predefined step the characteristic of
analysis or use data that come from an external numerical experimentation
(simple MCS, LHSMCS, etc.).In this form the user allows a fast checking of
input files through the report file generation and the drawing feature that print
input RHR curves on the screen.

After the definition of input files, the FDA can be performed in order to
evaluate the gas temperature data. It can be done in the principaFfgure28)
in two ways: a single thread analysis, where the software perform one by one the
FDA, or a multiple thread analysis where the softwaxploit al computing
resource and manage the queue of analysis in autonmatite Isame place the
user can extract the gas temperature data from output file of each analysis and
record results in a report file. In this phase it can be written thetidésontains
gas temperature data used in thermal analysis (named FCT Files).
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85 Fluid Dynamic Analysis

Geometry Generation
Lenght X (m) 10 Numbering Starts from ‘
Lenght Y 020 | Sep [5 .
L o o Generated
Height 3535 | Step [05 0050 DIM 10 15 0= 001051
rssl | 0051 DIM 10x 15 0=0.02111
i 0052 DIM 10x 20 o= 0.00821
\ : ] 0053 DIM 10x 20 0=0.01641
i | J ~ |0054DIM 10 10 0= 001471
Window's Width |5,10 Step |5 0055 DIM 10x 10 o=0.0294 |
¢ , ‘ ) 10056 DIM 10x 15 0=0.01051
Load Samples Data 0057 DIM 10x 15 o=0.02111
0053 DIM 10x 20 o=0.0082 1
Extemal Samples Load .. 0059 DIM 10x 20 0=0.0164 1
0060 DIM 10x 10 o=0.0147|
r 0061 DIM 10x 10 o=0.0294 1
L 0062 DIM 10x 15 0=0.01051
1 1 |0063DIM 10x 15 0=0.02111
Spechicof (W]100400 | Step [100_| 0064 DIM 10x 20 o= 0.0082!1
RHRF kW) 250,500 St 250 0065 DIM 10x 20 o=0.0164 |
o ¥R 1S7 1 0066 DIM 10x 10 0= 0.0147
Taffa (s) 300300 | Step 100 0067 DIM 10x 10 o=0.0294 |
. ) » ! | 0068 DIM 10x 15 0=0.0105 |
Area (m) 50,100 | Step (50 0069 DIM 10x 15 0=0.02111
' " |0070 DIM 10x 20 o=0.0082 |
Time 0071 DIM 10x 20 o=0.0164 1
| Generate 0072 DIM 10x 10 o= 0.01471
Total Time (s) (3600 0073 DIM 10x 10 o=0.0294 |
Create Report 0074 DIM 10x 15 0=0.0105 1

0075 DIM 10x 15 0=0.02111

ScileX |2 | 0076 DIM 10 20 o= 0.0082 |

Scale Y [4000 0077 DIM 10x 20 o=0.0164 | ¥

Figure30 Fluid Dynamic Analysis Parameters.

Thermal analysis input filecontains geometry of the cross section, the
exposure mode the possible reference to the and thermal properties of materials.
Also in this case, with the Thermal Analysis Fofig(re31), the input file can
be generated in a parametric way thanks to the mesher module included in AGL
or it can be generated starting from external delte.mesher included in the TA
form allows to define a group of section to metsinteng from dataf sectionlists
memorized in the program. Once the usboosesthe time Domain and the
exposure condition of the section, it is possible to add this to the mesh queue. The
second part of the TA form is dedicated to the analysis ophiter. the first step
that consist in the mesh mesh of the section the user can choose to perform thermal
analysis with the standard IS&€34 curveor replace it with natural fire curves
generated in the FDAThe section mesher can be usdsbto create iput file
needed for 3D Analysis in Safir (TOR files). The thermal analysis model allows
to build a report file with section properties.

As concern the external data loading, if the usesthis function the program
asksto select a file that contains all results of the sampling. In this case
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&5 Thermal Analysis Generation - X

Input
Type HE v ‘ Add Remove
Section [HEI00AA=  w |[sect

- sec2
Name |secd secd

Thick flange |1O 5
Thick Web |7.5
Rotation

Exposure 3 Side ~

nill

Time 3600
Show

Generation
[] Create folder for each one

Input for Thermal Analsyis
FCT Application
Input for Torsional Analysis
Load Extemal Data

Generate Report

Figure31 Thermal Analysis Form.

Once thermal analysis input files are definédermal analysis can be
performedn the principal form Eigure28), using the TA block. In this case TA
can be performed in single thread or in double thread. TA results should &ée copi
in the MA folder.

AGL has a builin automatic mesher for MA analysighich allows to make
input files for mechanical analysis of a single beam or portals in parametric way.
Using thistool (Figure32) the user could characterize behavior of a single beam
with yielding constraints, portals and create report files.
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85 Mechanical Analysis Single Beam — e

Load |D,1 00 kN/m Step [20 |fy 155 | MPa |

1 L 36 m Step |1 Time |6000 s
Name Generate Structure
Section v Report File

Supportos

Left Right

[[] X Displacement [] * Displacement

[] ¥ Displacement ] ¥ Displacement

[] Z Rotation (] Z Rotation

[] Displacement Spring [] Displacement Spring

[C] Rotation Spring [] Rotation Spring ]
Section | «| Section v| i
lenght (153 |m Lenght [153 | m i
Step |05

Sep  [05 | |

Figure32 Structural Analysis Form.

Evenfor MA analysis the user can import external data to characterize more
complex structures, but in this case the structures are automatically created when
the user import external data for thermal analysis. When théenusents external
data the mesher build structures meshes a report file which contain four principal
nodes (recorders)that will be used to monitor stresses and displacements.
Structural analysis can be managed in the main form in single or double thread
like thermal analysis.

Finally, the user can read results and build the database of results through the
data mining form. In this section of the program the user can cho@s® @xtract
from the output files of MA. The function Get Results automatically compute the
section temperatures and identifies, if theyst the collapse temperature, the
collapse time and seek the section collapbtateover,this functionmergesup
all report files written in previous phases. Time History function read all output
files and extract results of analysis for each timestep using the recorders saved
during the structural mesh phase. Using the Time history function the software
create a grap of report files that contains internal stresses vs time in points of
structure defined in recorder file. It is possible to extract The Axial force, the
bending moment and the shear within column laeains.
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Analysis Data Mining n

Structure ||_HSZ;( |
Extract |ﬂ | Get Results

Blement / Node _
[] First Node/Bement Time: History

[] Middle Node /Blement
[] oOther
[] Other

(Get Stresses

Figure33 Data MiningForm.

All structures and sections was meshed automatically through the AGL
meshing tool. Axoncerncross sections, meshes was created by dividiry in
elements the flange and 8 elements whek of the sectionEven mesles of
substructuresvas created automatically using an approximative size of 40
centimetres

42Parameterod6s definition

A lot of parameters could have influence on behaviour of structures in fire
becausethe structural response is influencdyy temperaturedependent
mechanical parametergshich in turn vary in functionof fluid-dynamic
parameters. In this section will be peaited the parameteekén irto account to
generate samples.

In order to build the model used in MC Simulation a set of thirteen parameters
have beenakeninto account in LHS Samplindgt was identified four groups:
Fluid dynamic, Geometric, mechanics and fire scenarios.

- Fluid Dynamic Parameters (five):

o 0O Floordés Area of the compartmen
O 0o Rati o between Vent6s area anoc

o Y'Y the maximum heat release rate peit area;

o

r the specific fire load;
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0 0 the growth rate parameter of the fire;
- Geometrical Parameters (four):

o "Qthe height of columns;

o 0 the length of beams;

O ¢ a parameter that indicate the

o 'Ot he ratio between the Col umno:
- Mechanical Parameters (three):

o 'Qthe tensile strength of the steel (5235, S275, S355);

o ‘' a parameter that indicates tioad level of the beam;

0 a parameter that indicates the load level of the column.

- Fire Scenario (one):

o "Odndex of building, univocally determinate the number of bays
of the substructure, number lmdysexposed and place of fire.

The set of variables used to describe the problem was selected thinking at the
principal factors that influences the fire model, fire scenarios, geometry of the
structure and load conditions.

Since the work is focused smrompldke i n
structures through a probabilistic ap
have been considerd as fixed in the experimental design. For future application of
the probabilistic regressive model in reliability problems (e.g. determinafion
fragility curves), thermanechanical properties of steel, such as the functional
shapes of Conductivity, specific heat, mechanical decay and stiffness decay

functions, might be assumed as random
buildingsina community context: A methodol o
Structures 113 (2016)268 76 . AProbabilistic fire
evaluation of steel structur al me mber
ASCE 2015).

Regarding fire model, they was selected the parameters that influence the
RHR. As concern the structural geometry and fire scenarios, since the work is
focused on the behaviour of steel structures in fire condition they were selected
as parameters the lehgof beam and columns and other two parameters that
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allows to design the structurC¥, and¢ . Indeed while the paramete-
identify the beambs cTCINikbowsste designcan t h
compatible column in order to assessractural geometry representative of real
cases. Mor eover, the fire scenario0s
building: the size of structure in terms of number of bays and the number of bays
exposed to fire. Finally, once the structure Wwast, and the’Qwas defined the
procedure exposed in further section automatically compute a load compatible
with the sampled geometry through the fictitious load le‘ ~land'

The sampling process return to us a series of numbers and irfuotthese
a model can be univocally defined. In order to obtain a sufficiently sophisticated
model but simple, a standard substructure was adopitethis section will be
shown and discussed, starting from fire analysis up to thermomechanical
analysis.

By a Fluid Dynamic point of view, compatibly with analysis hypotheses, the
fire can bedependingfrom fuel quantity, fuel characteristics geometry of
compartment and ventilatioRrires are generally expressed througfuaction of
time RHR(t) which express the rate of heat released in compartment during fire
This curve can bedfined starting from mentioned parametdicie f uel 6 s QL
influences the duration of fire and it can lepresentedy the specific fire load
(gf [MJ/m?) which is defined as the total energy released in case of fire divided
by <c¢ompar tThe fud chaacteristiesaare synthetized in the parameter
RHRf ([kw/mZ3]) which represents thguantity of heatpower released per unit
area during the stationary phase of the generalizedMiwesover firebehaviour
needs to be represented by a grow up factor défisell as the time required for
a MW of the RHR curve to be releas&ince thetwo-zonemodel analgis is
based on mass and energy equilibrium equation and neglect the momentum
equation, resultdependrom fewer shape parameters. In this typarwlysisthe
main dependencies come f rAl,m ddmp arotnmpeal
heighth [m] and openingsThis last in the stochastic study is expressed as the
opening percentage referred to the floor area Av/Af.

By a structural point of view parameters taketoiaccount are theteel
strength fy [MPa], the Sectidiactor Am/V [m-1] the length of beams L[m], the
height of column h [m] (assumed equal to compartment height). Moreover, other
two parameters have been taken into account in order to define substructures and
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these are the

exploited.
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the building index(IB) which take into account geometry of substructures
Building index is needed in order to identifies the standard substructures.
Standard substructures taketoiaccount are characterized by a variahlenber

of total span and a variable numberspainsexposed to fire. Regarding to total
number ofspansit is assumed as variable number that varies from one to five,
instead with regards to the numberspansexposed to fire it was assumed a
number that varies from one to thr@éereis a total of 31 cases if symmetry is
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These numbers are correlated to the hypothesis of generalized fire. By this
way, statistical resultallow us to study both internal stresses generated due to
thermal effects and redistribution of stresses due to the unexposed zones of

substructures.

Finally, the last two parameters which influence the structural behavior are the

load levels Since this study s

focused

f typelogy, they weret r u c t

defined two parameters to well represent the load levelrelaBveto columns
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and onaelativeto beams . the load level is defineak the ratio between the
actions and resistances:

0 ‘ 0
o — 4.1
0 0

Just discussed parameters suemarized in table below:

Variable Distribution Min Max
Af Uniform 50 200
AV/Af Uniform 0.01 0.5
h Uniform 3 6

to Uniform 150 600
RHR¢ Uniform 250 500
gf Uniform 100 800
fy Discr. Unif. 235, 275, 355
eL Uniform 0.2 0.7
EN Uniform 0 0.3
B Discr. Unif. 0 30
L Uniform 3 6

€ Discr. Unif. 0 184
I/1p Uniform 0.9 1.5

Table4 LHS Sampling Parameters

Uniform distribution was adopted for all parameters except for’cBand
Am/V for which a discrete uniform distribution was assumed.

Regarding to the range of variation of these parameters there are a few
hypotheses to do. R eflgoa aredo ,nt gvas tcdnsderedo mp a
as variable through 50m2 and 200 m2. Bounds was defined in order to neglect very
smal | and very | arge fires, mor eover
high fires tends to be of a localized type because in this case the hypothesis of
uniform distribution of the fire loads in the compartments tends to be strong and
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al so if I tds true we c &he hypdthesesa ghk e c t
compartment anche generalized fire influences the IB parameter also.

The opening percentage was delimited in the intervab0% in order tdake
into account the major part of possible cases.

The range of variation &m/V depends from the number of sections could be
adopted as bea(tPE and HEA profiles).

As concern the RHR parameters, they have been considered uniform
distributed through the limits prescribed by igrocode EN1991-2, 2002

Load level values was assumed as uniform distributed through 0.2
regarding t¢  and variable in the range-®.4 asconcern column® (lower
upper bound valutake intoaccount the buckling check by simplifiady).

Regarding to the geometry of structures, the limits for the length of beams are
3m6m, the sameof ¢ o | u mn 6 sdiredthe bogrided to the height of
compartment.
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4.3 Experimental Design

In this section it will be shown how the analysed models were built starting
from the LHS sampling. The sampling procedure retam array of numbers
whichis converted in input model &ife analysis and thermomechanical analysis
throughanassembling protocol.

4.3.1 LHS SAMPLING AND SIMULATED ANNEALING

An experimental design based on a sampling method is used, to provide a pre
set nunber of samples representing different realizations of the variables x, which
represents the input parameters both for the CFAST simulations and for the
thermomechanical analyses with SAFIR. It is worth noting that the repetition of
the thermomechanical dgaes for each sample can be highly expensive in terms
of computation resources and time. The selection of the experimental design
methodology shall guarantee limited variability of the results in function of the
sample set size. The methodology presehtsd Vo Sechovskl and
matches this requirement. They proposed a Latin Hypercube Sampling (LHS)
technique for the efficient Monte Carlo type simulation of samples of random
vectors with prescribed marginal distributions and a correlation strudturas
been shown that, if such a technique is applied for small sample simulation, the
outcome is a set of samples that matchesdmstned marginal distributions and
covariance values. The correlation control problem is treated as a combinatorial
optimization problem, based on an evolution strategy improved by the Simulated
Annealing approach (Kirkpatrick et al., 1983).

Results of the optimization through Simulated Annealing technique is reported
in Figure34. As already said, the SA optimization process in the in tii@lin
phases show a behaviour similar to a random search technique, so the error norm
variesin a quasiconstant interval. Aftep® Zp ititeration the error norm tends
to decrease, in this phase the SA algorithm reject solution with lower associated
probability. Moreover inFigure 34 we @n see the blue line that represent the
Atemperatureo control p3a/13 then ¢empeerature A s
parameter should be distributed asBodézmann distribution
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Figure34 Error Normvariationduring the Simulated Annealing process

4.3.2 FIRE PROBLEM DEFINITION

Sincethe input parameteare defined, the assembling protocol starts from the
building of the Heat Release Rate Curas reported ircurocode EN1991-2,
2002

The RHR curve is assumed as a function divided in thraechesthe first
branch is assumeak parabolicthe second assumed as constant and the third is
assumed as linear:

Y 0™No — T O ¢
o)
YO YT Z0 ¢ o ¢
. 4.3
Y 'ONO o ¢ ¢ 0 ¢
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The RHRO s p ar arenevaluatedsusing expression starting from total
thermal power released in compartmeetined as the sum of thermal powers in
each phase of fire (grow, steady, extinction

W w w w n 4.4

Assuming that

& v © 4.6
0 il

. w ©ov

o - 47

0
® T N

: 4.
T® 8

¢

Using4.5 4.6 4.7 and4.8 RHR curve can be computed and if we represent the
heat released in function of tinvee would geta curve like the one shown in
Figure35. Note that for high values (Y (Y , high values o0& or small value of
the specific fire loar} the Energyw could exceeds the 70% of the total energy
released in the compartmemhen this situation occurs, if we use the first
equation of4.5 we get a negative value w . In this case the RHR assumes a
form different from the one reportedhingure35, indeed fire is characterized only
by the growing phase and the cooling phase, without the steady fire.
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Figure35Heat Release Rate Curve

From distributiors of the computed characteristic times of RFRgure 36)
we can note that the duration of fires are g 100 minutesand that the
experimental design includes cases for which there is a low specific fire load and
a bi g compar thimeasdhe®RHR fs ktharacterizedlby the absence
of the steady fireThis can be observed alsokigure37, sampled curves

t[s] Distribution of RHR's characterstic times

o t1 x t2 + t3

0 500 1000 1500 Analysis 2000

Figure36 Computed characteristic time
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Figure37 Sampled RHR Curves

Once the RHR curve is defined, input and output parameters are stored into a
database, then the procedimald the Fluid dynamicmodel and run th&DA
analysis.

Thermal analysis is carried out as reported in se@i@nThe RHR curve,
opening and other parameters are used@g bf the Fluid Dynamic Analysis in
order to assess temperature of the gas in compartment during fire. All temperature
curves derive directly from the RHR curve, for this all temperature curve are
characterized by a heating phase and a cooling phase.

oral Gas Temperature

900
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700
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300
200
100 Time[min]

0 20 40 60 80 100 120

Figure38 Temperature Curve.
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In particular, the heating phase could be characterized bytanahesthe
first with a higher slope and the second with a lower slope. The slope of the gas
temperature curve is due to theat released in compartment and while the first
branch that derives from the parabolic branch of the RHR is always present the
second branch could collapse if the heat released in the growing phase and the
cooling phase are so big that the energy releesttkese two phases is equal to
the fire load in the compartment.

9 [°C] Gas Temperature Curves

1000
800
600
400
200
0 Time [min]
0 20 40 60 80 100 120

Figure39 Gas Temperature Curves

4.3.3 FIRE SCENARIOS AND SUBSTRUCTURES DEFINITION

When the solver finishes analysiprocessor stores results awdeates
thermomechanicamodel which consisting of two parts. The first part of the
model isused to characterize the momentvature relationship of the section in
function of temperature and time, and the second one sitistructure used for
the structural analysis.

In the sample array structures are characterized bytbhsam | N, ¢he™I'N a
Factor and the Index of building IBthe procedurausestwo lists to define
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substructures sections: oredativeto beam, which contains all IPE profiles and
HEA profiles, and anotherlative to columns which contain all IPE and HE
profiles. Both sectiod Bsts areordered by Inertial heidentificationof sections
could be illstrated by a graphic way, as reportedrigure40. Starting from the
sampl e @3, the settionanerti’ (B) is multiplicated by th{C¥'" Factor
(C), then the procedurdinds in section listthe section of column (D)
characteried by:

olo

fomi Section list

1000000

100000

V)
~

C
10000 ‘ <
B

1000

100

10 L4 Indexf]
0 s0 A D 100 150 200

Figure40S e c t identifiéason

Starting fromthe value relatives tNand N of sample, the procedure find
inbeambébs section |ist the section assoof
‘CXNparameter to find in the list of columns a section such that the ratio between
the inertia sought and the inertia of beam sects equal t(CFN. Once beams
andcolumnsweredefined the algorithmpass tduild thesubstructure.
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The desired substructure is defined trough the value assumed by the variable
IB. All possible substructures showedrigure41 can be involved in fire which
affects up to three bays close together.
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Figure41 Standard Substructures.

As concern boundaries of substructures, there are a fix constraint on foot of

columns in the first | evel of structu
assumed t hat dstrengthisgreasetthah dtresses ia colmmnd, so
greater that bending moment , hori zont

the deck. The top of the substructures is constrained to horizontal displacement
and rotations. In this case the degree of freedortivetao vertical displacements
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is released and a load is placed on the head of column in order to simulate the
weight of upper decks.
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Figure42Fire Scenarias

Figure42 show some fire scenarios considered in the probabilistic stumdy. T
total of scenarios are composed of those represented in the figures plus those that
can be obtained by exploiting symmetridsre scenarios are named with
al phanumeric string of characters that
bay, the number dfaysexposed to fire and the number of the first bay exposed
to fire starting from the left side. Fonstance,the scenarionamed 5B2E2
represent a substructure with 5 bays where there areaysexposed to fire and
the first bay exposed is the second bay of the structure. As already said fire
scenarios representedhigure42 are only a part of the considered scenarios.
Since substructures are characterized by the same beam #mngthe same
geometry for all beam and for all columns respectively, in LHS sampling some
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scenarios are considered two times in ordetak®@ intoaacount symmetries
Scenarios counted twice in the sampling phase are underliféglLire42.

4.3.4 LOADS

Regarding loadghere are two type of loads in order to represent the load on
girders and loads on columns. Rbrs reasonfwo parameters of the samples
identify the load condition and‘ . Starting from' which variates in the
intervalT® 1 the design procedure evaluates load on beam as a percentage
of the | oad t h aitNotethaltseenomentdMaalony sparfs eould u r «
be calculated as:

0 r]|i 0 n |U—U 4.10

WhereU -] |s real number, L[m] is the length of beam, and dfkNis the
distributed load. The crisis of the beams is attained when moment reach along the
span the capacity valie 0 . Replacingd with its expression in function of
geometric properties of sectionandtensilat er i al:6s strengt h

, | o 0Q
n —— 4.11
0
finally, we get the distributed load value:
, | Jw 0Q20
N 5 4.12

The parameterdepends from the position con
and from constraints, so it is hard to evaluate in this context. Since the structural
typology is fixed, we know without perform analysis that the plastic hinges come
up near the beam jomfirstand finally near the midspan of the bearalues of
| are reported in are reportedTiables.
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Structural scheme |
Pinnedpinned beam
Fixed-Fixed beam 12
Fixed-Pinned beam 8

Table5 Values of by structural scheme

The value of adopted in calculatianis 10, thinking that bending moment
distribution along the beams could change from a fiveztl to fixedpinned
configuration of beamsNote thatria p mis a reference value assumed as a
starting point to calibrate regression parameter related to the load level in the
beam| p Twas chosen becauperis a mean value betwednandp ¢so the
value of the bending momendé 7p tis similar to the real bending moment at the
beam support

As concern stresses on columns the procedure calculates the axiél load
multiplying‘  per the profiles area , per the tensile strengtf

0 o0 0Q2 4.13

Generally,the load level is defined as the ratio between the demand and
capacitywhen the firebegins and it hasense only if the collapse depends from
the yield of one section of structure. In this case all structures have overabundant
constraints so the stress can be redistributed to other parts of structure. Moreover
both* and®* i n t hi s ¢ ond thexdefiniton of 6 tbecauses p e
doesnot contains t he real|l isstnrbées sproeerci
evaluated) and d o e dakedntoaccount stability problem.
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4.4 Analysis Results

As already said the thermomechanical analysis conducttdsinwork are named
uncoupled because it was conducted in two steps: The first that consider only the thermal
problem in order to compute temperatures and the second one that use calculated
temperaures to characterize constitutive law of materialsws®iit to compute stress and
displacement of structure. In next two paragraph it will be shown results of the both step
of thermomechanical analysis.

4.4.1 THERMAL ANALYSIS

Thermal analysi®f cross seabns allows to know temperaturedistribution in

structural element&ince cross sections are exposed to fire in function of its own
positions in the structure, even if a structure is characterized by the same section
for beam an@olumnswe get differat temperature distributiodnecause they are
characterized by different exposure conditiof®mperature distribution in

section is reported iRigure4d3a s r egar d beamdés sections
Figure4d4das regard columndsdlsection (four ¢

—

TIME : 1800 sec
620.6°C to 622.5°C

618.7°C to 620.6°C
616.7°C to 618.7°C
614.8°C to 616.7°C
612.9°C to 614.8°C
611°C to 612.9°C

609°C to 611°C
607.1°C to 609°C

Figure43 Section temperature distribution for three side exposure.
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TIME : 1800 sec

_ 889°C to 910.6°C

867.4°C to 889°C

845.8°C to 867.4°C
824.1°C to 845.8°C
802.5°C to 824.1°C
780.9°C to 802.5°C

759.3°C to 780.9°C
737.7°C to 759.3°C

Figure44 Section temperature distribution for four side exposure.

Thermal analysis is conducted in in time domain of 7200 seconds (2 hour) for
each thermal problem and results are stored in a database that could be queried as
the user wantFigure 45 show the evolution of temperature in steel element
compared with the gas temperature evolution computed with the Ndfe that
temperature evolution of the steel shows two little change of slope around 30 min
and 50 minthis effect is due to peak of specific heat of steel.

. Temperature
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Time [min]

0 10 20 30 40 50 60 70 80 90

Figure45 Temperature evolution in steel element.
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Thermal effects due to steel d0s thernm
hypotheses could be synthetized in only wumntitiesh and0 . The first is
the axial load induced by thermal effects and it depends from barycentric
deformations whereas the second, defined as the Moment induced by thermal
effects depend from e c tsicworvaturé These two quantities can be calculated
in the fibres sectionods mo d e | t hanks to t h
deformation.

Note that using a FEM model based on discretization of the section in fibres

there Iisndt a single reference temper
data in further calcaktions we refer to the mean of temperature in the cross
section, defined as the mean of tempe

Since the FEM analysis returns nodal temperature for all m nodes s¥dtien,
we have to mean temperature in eéibine andredo the mean weighted on the
fibresdé section areas:

P p o
Cu - R O
5 & Th 414

IN414,0 i s t he cr os®a isthe ardaiofdheth fibre,anriseéhe ,
total number of fibres of cross sectidn,s the number of nodder each fibran
which the temperature, is calculatedin further calculation it will be adopted
& 1 because a plane finite element wittuf nodes is adopted FEM Model
for thermalanalysis.

4.4.2 THERMOMECHANICAL ANALYSIS

Thermaemechanical analysig/as conducted as reported in chapterA2in

house software is developed to build geometry of substructures and assign
properties starting fromumbers generated from the LHS Sampling optimized
through the simulated annealing meth@ace the substructure is characterized
with its own features (i.e. geometry loads and constraints) and thermal analysis is
completedthe output of this last one is used to perform the mechanical analysis
in fire condition. Thermal analysis output is used as input for mechanical analysis
because it is needed to define behaviour of the beam elements. As already said
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themechanical analysreturns stress, strain and displacement of structure during
fire. Results of the structural analysis allows to know in a predefined time domain
displacements and stressegirstructure.

Regarding streges, the FEM core of Safir compute the stressesach point
of integration of structure for each timestep taking in account thermal effect and
the decay of material properties due to temperature increasing.

Results taken to account in this study are the displacements and the stresses,
in particularthe Axial Force N and the bending moment in the strong axis of the
sections.As we can see fromext figures,the outpt of the analysis can be
displayed in the space to appreciate the distribution of strasegact instant or
it can be displayed in fution of time.

Figure46 Bending moment distribution in space at the begin of fire.
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Figure47 Bending moment distribution in spaderingfire.
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Figure48 Bending moment distribution in space at #melof fire.

In Figure 46, Figure 47 and Figure 48 we can see the bending moment
distribution within the structure at the beginning, during and at the end of fire.
Note that respect the beginning of firere is a burden of stresses due &orttal
effects also at the end of fifgigure49 explicitly shows the same concept through
the representation of the axial force in function of time.

Axial Force
Time[min]

20 30 40 50 60 70 80 90

-10

-15

-20

-25

30 7 NIKkN]

Figure49 Axial Force in function of time.

Regarding displacement, results can be showed in the samd-igiag.50
show the deformed shape of the substructure at the beginning and at the failure,
in this case we can see that the constraints adopted for the hggmkotolumns
allows the expansion of the column and attenuates thermal effects (blue circle).
Indeed,if the vertical displacement is constrained the axial force that arise due to
thermal effect could cause a failure because instabilfpreover, this
representatiomllows us to see zones of structure involved in plasticization (red
circles).
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Figure50 Displacement at the beginning of fire(a) and at failure (b)
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4.5 Structural behaviouro analysis

Analysed structureare characterized by only five types of elements: beams
which can be exposed or unexposed to fire and columns that can be exposed to
fire by four or one side, or unexposed. Analysis results show that the structure
could reach the collapse only in exposéeiments, for thiseasorthe database is
characterized bthe collapse mode. The purpose of this section is to interpret the
results of the single analysis in order to understand the physics phenomena and
illustrate the collapse modes (i.e. Beam Columes side exposed and Columns
four side exposed). Moreover, ithis section there ar@lso some more
observations about structural behaviour of samples. In particular starting from the
observations on of the data presented in the previous section an aohthsis
structur al behaviour was performed in

The evolution of stressan structure in fire argenerally noAmonotonic
indeed both Axial force and bending moment have an increasing phase and
decreasing phase. Thecieasing phase is due to thermal effect of steel which
want to expand but is hampered by otherguafrstructure.

Axial forces in N
N > 0 (Tension)

N < 0 (Compression)
t =15 min

Uniform distribution of0
compression

LL1T]

{1
|

Il
|

HEEEE NN ——

t=21 min
Chain effet,) non uniform

\\> distribution in tension

N I T A I

il

Figure51 Chain effect.
The decreasing phase depends from the yielding of the structure and second

order effects, in particular regarding to axa@ke, itcan grow up to yielding point
and amplify second order effects. dauseslarger displacements so internal
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stresses in theew configuration can be converted in strain thus axial forces
decrease.

In other cases,it could happerthat atthe end of the fire the axial load
distribution assumes a parabolic distribution due to the chain effect. This effect
occurs when bending resance of the beam is nearly null and the bending
stiffness is very low but the structure can exploit some more the resistance of
membersln this casalisplacements of beam tends to be very big, the bending
moment tends to reduce itself and the axial las&lme a parabolic shape as the
theory about the equilibrium of cable sayfie chain effect, to arise need also
that the constraint offered by the structure is adequately big.

4.5.1 COLLAPSES

As alreadysaid,there are three types of collapse mechanism, one for each type
of element exposed to fire. In this work we talk about collapse mechanism (or
failure mode or collapse mode) referring to a section type of the structure, which
IS the first section that reathe end of its own momeicurvature diagram. This
means that each collapse mechanism is defined by the first section wtich fai
The thermomechani cal ahighllighytiseifirdste eteondntp u t
associated to the last point of the mormantvature diagram, but it returns a
warning when there is a fibin softening in any section. In truth there is a large
variability on structural collapse for these Aorear problems due to a lot of
par ameters. I n trut h t &fieed asovklltinghisitypeg b r
of thermomechanical analydisr various reasons: the softening branch defined
in the computer program start at p v bthat is a very large value of
deformationtoo much that in these condition tfieres should be considered in
their deformed configuration due to the Poisson ration (@). Moreover, in
softening branch the Elastic modulus should be negative that means that the strain
rate of the materiahcreasesnd this could cause the fracture oftemel (things
d i dtakéntnto account in this work). Finallythe hypothesis of plane section in
large deformation of materialeecomes less truthful.

The high number of analysis performed leads to some problems in results
management. It is very hard theck all results by hand, for this reason a
stratagem was needed to handle the checking phase. To do that, a process of
coll apse el ement 6s identification w a
following steps:
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1. Interrupted analysis count ( ~780)

N

Count d the warning associated to the steel in descending branch in the
output file (all timestep);

Creation of the elements list;
Association of warning messages to elements;

List sort in descending order;

2

Manual check of collapsed analysis to corffatte positive matche@s
shown in further paragraph)

Note that rarely the collapse of the structure depends from only one section,
indeed there is a lot of structure where there is the yielding in several section for
the same mechanism, or yielding accin both beams and column sections.

Following paragraph show collapse mechanismand report qualitative
considerations on the vulnerability of structures to collapse mechafisasvill
be done through the illustration of an analysi®Ilved in theselectednechanism

type.
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4.5.2 BEaAM 65 COLLAPSE MECHANISM

The collapse mechanism that interest the beam is the most probable
mechanism in the databaseks al ready sai d, t he bean
means that the collapsed section is placetthenbeam exposed to firgvhen a
beam is exposed to fireagkpandstself thanks to thermal effects but if the beam
i's bounded in axi al direction by a d:¢
equal to thermal expansion of material but depends from the stiffness of
constrains. The countered expansion manifests itsefload that acts on the
structure and could cause instability or plasticization. When we consider
geometri c an dlineaniies érthemmbnideshaninab problems, the
heated beam could plasticize and lose stability due to thermal effects. In these
condition the solution of the equilibrium could be not only one, indeed in some
cases the excessive deformation and the loss of flexural capacity of the beam
cause big displacements that can stabilize on a new point of equilibrium where
the beam has a velgw bending moment and the axial load change its own sign,
passing from compression to tension state. When this situatmns,it is said
that the chain effect is manifestéithe chain effect could appear when the frame
is sufficiently stiff and resistd to horizontal forces. In this section will be
presented results about two analyisioorder to understand better the collapse
mechanism. Analysis data are reportedahle6.

As you can see from the table, even if structure 355 is characterized by a
lower load level the structure 113 has a higher collapse temperature (755°C vs
677 °C).Moreoverwe can see that the |l ogarith
higher in he case of the 355 while there is a lower number of bays and a lower
value of OF'Oratio. By an energetic point of vietihe energy released by the fire
evaluated in the fluid dynamic context is transferred to the structure trough
exposed surfaces, for this reason structure 355 is involved in a fire much
burdensome than the structure 113 so this last should collapseitateexposed
to the same fire . In this context means that the structure 113 should collapse for
higher temperature because can store more energy that come from fire.
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Figure52 Structure 355. Bending momaethistribution t=0 m




Bays b L .
° L

el L H Exp Hi | Hu ]’JH Beam | Column |Log(L,) 0
355(42| 37| 4 2 10.42)|0.08| 0.93| IPEA330 HE260A| 4.58 677

113( 541 34| 5 1 | 0.6 | 0.23| 0.97 | IPEO24( HE160M| 4.49 755
anal ysi s

Table6Char acteristics values of

i

et I I ,«é

Figure53 Structure 113. Bending momaettistributiont=0 min, t=27 min, t= 37 min
andt =42 min.
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Figure52 andFigure53 show the bending moment distribution for analysis 355
and 113 respectively. As we can see from the illustratidtigure52, the central
bays are exposed to fire (red), so the substructure results symmetric respect the
central columnOn the contrary the structure 1Bg(re53), havea total of five
bays and only ones exposed to fireln this case the axis of symmetry cut the
midspan of the exposed beam.

Regarding structure 355, hen the fire begins the bending moment
distribution change from the typical configuration relative the service state to a
configuration where there is the maximum effect of thermal loads (t =15min).
After that the stresses tends to decrease but not for the attenuatiofiref g
the effect of ge o mlnearitiesdraldedahas gou cansee r i a
from the figure at t = 24 min the beams reach a high deflection while the bending
moment igquiteequal to the bending moment at the fire beginning.

In beams expsed to firan the first phas¢éhe bending moment tends to grow
because thermal curvatuita case of Analysis 355 the thermal effects in terms of
curvature exceed the effect of girder
along the span at t=15 minkt the end offire, we can see that because the
deformation of the beam due to plasticity the bending moment tend to return equal
to the bending moment at t =0 min because the plastic deformations dispel thermal
effects. After t = 24 min the structureskocompletely the capacity to redistribute
stresses to stiffer anghore resistant elements, for this the plastic deformation
increase in the beam compatibly with the constitutive law. When the moment
curvature diagram of the sectiorachesthe softeningbranch, displacement
diverge and the structure collapse.

Regarding tacolumns the oneexposed to four side tends to expand due to
temperature increasing, and in this
distribution because the structirs symmetric.Columns exposed to one side
(orange)when the fire begithermal effects on the structure can be seen on the
bending moment diagram, indeed the maximum moment variation can be seen on
these structural elements becaus¢éhese the temperature induced curvature is
the highestIf we observe the bending moment diagram on the unexposed
columnswe can see that it is nearly zero at the beginning of the analysis, then it
increases up to 15 min and the peak, that coincideshwi t he deckds |
always the outside of the structuiléhis effectis caused by the axial force that
arise in the beam due to thermal expansion.

As Concern the Analysis 11fe behaviour of the structure during the fire is
quite different. Regarding the evolution of stresses also in this case distribution
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of bending moment starts from the service Stated min)increase due to thermal

effects { = 27 min)andfinally deca up to thdailure ¢ = 42 min). In the case

of analysis 113vhen the firebeginsthe bending moment on the beam tend to
increase but due to the higher valué ofind the length of the beathe thermal
effect doesnoét e X ¢ e e 6For thikreasoh,tbeabéndingn d u c
momentalong the span assumes both positive and negative values.

|ENSENENEEENENEE| 1111 T1111 ITTTTTIT T T e L]

|||||||||||||||||||||||||| 1

Figure54 Structure 113Axial forceatt=0 min, t=27 min, t= 37 miandt =42min.
(compression violet, tension peach)
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Another interesting thing about structure 113 is relative to the distribotion
bendingmoment at t = 37 min and t = 42 min. The bending moment in the joint

section and in the

midspan decrease monotonically from the 27 mins up 37 min

but since this instdrthe bending moment along the exposed beam remains nearly
constant. The reason of this condition is the excessive displacements induced by
flexural resistance decays that now tends to be zero. In this situation the structure

355 is collapsed

but in thisase the incipient collapse is blocked by a new

equilibrium position that is given by the configuration of chstiape of the beam

(chain effect).
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Figure55 Evolution of M and N.
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The chain effecgivesto the structure an additional resistance thanks to the
axial bearing capacity of the beam. If we at the same time look at the distribution
of the axial stresses within tiseructurewe can see that the axial force which is
a compression force has chaddecoming a tension forcEigure54). Note that
when chain effect manifests itself bending moment on columns of the frame in
this condition change sigifrigure53). The same observation can be done if we
look at the diagram that represent the bending moment and the axial force in
function of time(Figure55).

Finally, it must be said that also if the chain effgatesan over resistance to
the structure in terms of stresses, reE€
Generally this effectcan be appreciated during the stationary phase of the RHR,
where gas temperature tends to increase sldimlye variationof temperature in
time is too high the new stable configuration became incompatible with the plastic
resistance of the beam and structure collapse immediately.

To summarize we can say that the collapse of beams could be retarded due to
chain effect. Thismeans the collapse temperature increase and the structural
context play a cent r aMoreover)regarding tpest r uct
crisis mechanism that increase the capadistracture, theylependrom several
condition andd asawelb For thigeaspnrtherd is cathgher
variability of the collapse temperature that in the further chapter will resalt as
higher variance on the collapse temperature.

4.5.3 FOUR SIDE EXPOSED COLUMNGS MECHANISM

The most probable mechanism of collapse aftebtlkea mé s mec hani s
failure mode that involves the columns exposed by four side. The C4s mechanism
occurs when the first el ement that c
exposed by four side. Thtgpe of mechanism is related to the stability of the
columnand the stability of the frame which in steel structure plays a central role.
The stability problem gives place to I
post crisis resistance. Ftrese reasonghe collapse temperature distribution is
characterized by a lower variability.

In order to show this type of collapse it was analysed the stru€i8(&igure
56) characterized by parameters reportedable?.
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o Bays
L o Exp
718 5.2| 48| 4 2 |0.37|0.19| 1.35| IPE120| HE100B| 2.84 | 614

Table7 Characteristics values of analysis considered for C4s mechanism.

Hi | Hu ]%E Beam | Column |Log(L,) @

Figure56 C4s Mechanism, structure 718 displacements at failure (t = 20 mir

Figure56 shows the structure 718 at the collapse time. As you can see from the
figure the structure is symmetric asncernsthe geometry and the firthe
maximum displacement of the structure is about 38 mm that is very small if we
compare this displacement with theglacement achieved by the C1s mechanism
(will be defined in further paragraphj we compare the value reportediiable
6 andTable7 we can note the different value associated to the load level of the
beams and the load level associated to the columns. These two parameters play a
central role in the definition of the collapse meubkem indeed we start from a
higher value of most likely the structure will fail due to columns exposed by
four side. Moreover the comparison of the two tables shows also a different value
of " O'0and a different value af ¢ @ that meanshat the structure shoulzk
characterized byigh over resistance of the cross section of the column and a
discretedeformability of the frame in fire condition.
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Figure57 C4s Mechanism, structure 7X#&ndingmoment distributiora) t = 12 min

b) t = 20 min.

Observing the distribution of the bending moment in the structure at collapse
(Figure57) we can see that around the central column that is the one exposed to
four side by fire the bending moment is characterized by a sinusoidal shape. This
particular distribution of the bending moment in the colwxposed byour side
is due to the stabiltloss of the column and it preannounces the collapse of the

structure.

A nortlinear analysis was performed in order to build theéNNhteraction
diagram (Compagnone et al. 2018) taking in account mechanical and geometrical
non linearitiesFigure58 shows that the collapse occurs due to attainmeint of
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Figure58 C4s Mechanism, safety check at collapse.

Regarding to the axiébrce (Figure59), in structure 718 due to the low value
ofthe0 ¢ ®, there normal stress in beams
mechanismMoreovert he axi al force in the beam,
characterized by the classic evolution (increase decrease) because the
deformability of the structure all ows
risk the stability loss.

Figure59 C4s Mechanism, structure 718, axial force distribution (t = 20 min)
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4.5.4 ONE SIDE EXPOSED COLUMNGS MECHANISM

The C1s mechanism is the mechanisof collapse that involve columns
exposed to fire by one side. In this mechanism of collapse temperature of
structural elements, could be very low because the failure of the structure depends
from the lateral stiffness of the frame and by the numbbap$exposed to fire.

In this type of collapse mechanism we have also the case of the single bay exposed
to fire because this type of fire scenario (xB1Ex) there are only column exposed
to fire by one side, so if the beam section is characterized by a loweleddhe
collapse will be reached through the column failuta. Table 8 are reported
principal parameters that identify the structir@51and 118#efined as reported

in 4.3from the sample of the LHS simulation.

. Bays L ]
n® | L H = Exp Hi | Hi | &Ik | Beam | Column Log(L,) «

1051|5.7|5.6| 4 3 |1054|0.28| 1.05 | IPE120| HE100A| 2.47 174
Table8 Analysis 105Characteristics value€1s mechanism.

In Figure60 is reported the deformed shape of the structure 1051 in collapse
condition. This structure collapse after 17 min, but the configuration of structure
changes suddenly.

As you can see from thegtire two minutes before the collaps@Figure 60a)
the structurebds displacements are sha
but when the structure fail the displacement of the left part of the structure are
very different from displacements of the right p&iigure61). In this case the
columns exposed to fire are distributed asymmetrigallihe substructure, for
this reason when the temperature increase thermal effect are contrasted in
different way form the two part of the structure. In particular, the unexposed
column in the right part of the structure act as a spring.

136



b)
Figure60 C1ls Mechanism, structure 1051 at &15 min, b)t = 17min.

When thermal effects and the structural damage due to fire reach the limit of
stability the one side exposed column in the left part of the structure tends to
displace. While in the first part of the fire one side exposed column take part in
the resistantnechanism and it is useful to transfer the load on the unexposed
columnpushing it to rightnow due to stiffness and resistance loss displacement
tends to diverge and the unexposed colisnpushed by the unexposed column
to left because this last strucdiielement tends to discharge itself. In last seconds
the displacement of the one side exposed column are too big that the unexposed
column see the rest of the structure astaral load, indeed to stabilize the
structure the unexposed column tends totrast the displacement but it is not
enough resistant and the whole substructure coligpgeare60b).
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probability is the beamlf the structureis gradually heatedhe failure should
depends from the column exposed by four side because there is a higher flow that
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Table9 Analysis 1187Characteristics value€1s mechanism.

As regard structurd 187, it is displayed irFigure 62. This structure is
characterized by a very low collapaeeragedemperaturg92°C) and collapse
onos
structureafter 15 min (collapse) is characterized by a burden of stresses in
caumns due to bending moment induced by thermal effettsreas the bending
d Mozespverd the asymmaatng f tharfivec h
causes bigger displacement in the left side of the structure.
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Figure62 Structure 1187 at=0 min (left)andt=15 min (right)

Note that while temperature in the collapsed element is 92°C température
theexposed beam is 603 °C. In this condition the bdaawsalmost yield because
considering tie reduction factorQy ¢ mm 1@ X but the collapse happen
because the resistance is equal to the demand in the left column. If we consider
Table2, also if we assume the maximum temperature uniform in the cross section
we obtain only a reduction of 10% of the Eulerian Buckling load. Forehason,
we can say that collapse was inducgdhermal effects of the beam that should
be added to thermal effect on the columns. In order to investigate this
phenomenonit was performed a second analysis where the column exposed to
one side was replaced by column exposed by four($it/mod)

The structure with thefour-side exposed column, displayed #Figure 63
characterized by the same collapse time (15 min) but in this case the sfaitsure
due to stiffness decay of columns. In the new structure id@perature in
column is higher more than 4 time the original structure, indeed the mean
temperature is 413C and the maximum temperature is 451 °C.
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Figure63 Structure 118modwith four side exposed columns sisucturel187with
column exposed by one side.

ObservingFigure 63 we can see that the bending moment in unexposed
column for structure 1187 is higher than the bending moment in the case of
1187mod. The stress burden in the unexposed column is due to thermal effect in
column: since the column is heated from the sida®e&kposed beam the column
should displace itself to outside causing the bending momergase inthe
unexposed column

Finally note that the slope of the bending moment on the perimetral exposed
column for structure 1187mod is higher than structuré& 1TBis means that the
shear on column in higher in 1187mod and this phenomenon can be justified if
we think at the thermal effect on central column. In 1187 thermal effects in the
central column push to the right the structure and stresses the unexgagsaa ¢
The displacement of the central column allows the elongation of the exposed
beam and for this reason the shear on the left column is lower than 118Amod.
Figure64 are displayesafety checks in section involved in collapse De ma n d 0
points referring to stresses in column at collapse instant. Points on the right side
are relative to the stress at foot of central column whereas points on the left
referring to head of perimetral column.
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Figure64 Safety checks for Structure 1187mod and Structure 1187
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4.6 Formulation of the probabilistic model

Wer efer to the critical temperature
, Yy for the beams, “Y; for the columns exposed on 4 sides and
“Y; for the columns exposed on 3 sides.

On the basis of the idea Gfardoni et al. (2002a)he probabilistic modean
assume a formulation expressed by the following equation:

0 oh o [ oh w - 4.15

This expression is a function of a global set of unknown parameters

h, ,inwhich represents the subset of the unknown parameters asd
the standard deviation of the model er@tp & & 06 is the deterministic
model and ©oh  are the correction terms.

4.6.1 DETERMINISTIC MODELS FOR THE CRITICAL TEMPERATURE

As already said, the probabilistic stugiynsto correct a deterministic model
by adding some quantities that depends from model paramétersthe
deterministic model of the critical temperature we refer to the empirical formula
implemented in the EN 199B2:

: N P
O o ac¢ T T
where O 7 %Y iR, In which O  represent stresses at aMdj y

represent the resistance at the beginning of @refficients’Q andQ variates
between 0.7 and 1 in dependence of exposition of elements to fire.

The simplified model of EC3 was chosen because widely accepted till now.
The simplified analysis through deterministic model of EC3 is based on some
hypotheses:
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1. Single member Aalysis: this simplification is assumed safe enough to
perform structural analysis without taking into account the variation of
internal stresses due to thermal actions that could arise in structural

members;
2. No Combined Actions: The method of the crititmhperature is based
on the disequation:
my
a7 v P

where S is the force and R is the resistance. If the resistance at each
analysis timestep can be written as the resistance at theotime

multiplied for the reduction factdf2 —, if we define the load level
as
‘ _Y o] ~_ o o ‘ Q7
Y Q7

If there is no combined actions this operation can be easy done, but if
we take into account instability or an advanced safety criteria the
resistance has non linear dependenc®dy s o t hi s met hod
used. Note thatifasimplf i ed | i neari zed model
is adopted the critical temperature method remains valid also in case
of combined actions;
0 0
Q1T 05 Q7 0

p

3. No second order effects and no instability: gimsplifications neglects
second order effects that can ar.

4. Steel strength decay defined ® 7 , which is a deterministic
variable.

Using the regression model that was calibrated on the results of structural non
linear analysis with two zone fire model, we can remove all hypotheses excepting
hypothesisi.

This deterministic model is generally not recommended when we deal with
natural fire curves, but even if it has a lot of limitation it is characterized bya ver
simple formulation and returns not too wrong results, as it will be observed in
section5.4.
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4.6.2 MODELSOCORRECTIONS

Referring again t@ardoni ¢ al. (2002a)the correction ternfs 6h  can
be written, for example, as a complete first order polynomial

[ oh i 0 —5 O 4.17

in whichi is a vector of explanatory functioif® 6 obtained by applying the
Yang transformation expressed in Egs. (2) and (3) to a set of basis functions
- 50 ,thatis 6 aé& o .

To develop the proposed models, we consider as an initiadidzte
explanatory functiodQ 6 p, in order to capture the potential bias of the
deterministic models of each of the two components, that is independént of
Specifically, to inspect the potential bias associated to each comporewef
also consider— 6 Ar et /20,0- 06 ¢ -0 n OUuU& |,

- 0 Y'Y /5 0G| etc.

4.6.3 MODEL SELECTION

A stepwise deletion process is used to simplify the models, removing the
unimportant terms and obtaining the most parsimonious form of the model. In
this paper, we use a stepwise deletion process develogzartigni et al. (2002a)
that is applicable to all data types. The nditpassumption of the model error
hasbeen verified by diagnostic plots at each step of the process as indicated by
Rao and Toutenburg (199 The stepwise deletion process, adopted for the
generic set of data-tlp set of datao ; b , concerns the following steps:

1) Compute the posterior mode of the parametersand the related
approximation of covariance matrigsing the formulation

~

nmad O6Fp R OB , referring to Richards
(1961)
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2) Identify the termiQ 6 whose coefficient has the largest coefficient of

variation (C.0.V.). Such a term is the least informative among all the
explanatory functions, so one can choose to drop it from the correction
termr  oh

3) Assess the reduced model by checking if the valukas not increased
by an unacceptable amount. If so, accept the reduced model and repeat the
step 1 and 2 for further reductions. Otherwise, the performed reduction is
not desirable and the model formefore such a reduction is as
parsimonious as possible.

4) Compute the posterior statistics of the parameteras described in the
section3.8.3

It is worth noting that what makes unacceptable the incregsei®the level
of accuracy and, at the same time, of parsimony desired for the specific problem.

4.6.4 BAYESIAN UPDATING, DEFINITION OF THE LIKELIHOOD
FUNCTION AND PRIOR DISTRIBUTION

The Bayesia updating rule for the generic set of datth et of datad ;o |
expressed in thEquation4.18 can be written as

ne « ;B h l0@m «p N@® « jBhH j 4.18

where DM is the posterior distribution of the unknown
parameters ,0 D isthe likelihood functionf < B isthe
prior distribution andll 0 i DB Q is the
normalizing factor, all related to thetly updating.

Observed values of the failure lead to the following expression of-ttne |
residuali jj related to the transformed readinig, ; W, :

i hp P O rp Wi Uy T e pfP 4.19

that isi jp » - . Cases where the failure is not observed in the
considered element can be treated as censored data. It meangthat , -
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and, wherever 3 hayve,asotlpaDy ssiPcal, -upper
in which
i P 9 D o [P 4.20

Under the assumption of statistically independent observations, we obtain the
general form of the likelihood function

OPh «p © 0, - 1appP
%ROAI EOU $AOA
B 421
01 pp P s - 1 hRpP

# A1l O1 OAA $AOA

Since- has a standard normal distribution, we can write

OPh «pj
0 P, LRRP
%N OAI EOU $AOA 4.22
1 R P L hp P

#A1 O OAA $AOR
wheree andl respectively represent the standard normal probability

density function and the corresponding cumulative distribution function.

Considering anorrinformative prior distribution for the parameters, and
referring toBox and Tiao (1992)t is possible to proof that it is locally uniform,
while, following Gardoni et al. (2002ajor ,, we adopt) , © p7%, , so that
the prior distribution assumése form

— 4.23
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4.6.5 CALIBRATED PROBABILISTIC MODELS

Structural steel is commonly considered as-resistant above a limit of
1200°C. Thus, we considdy a g, a & ¢ m.in order towell
understand the developed regression model, the estimation of parameters was
conducted in two ways. First a regression with all possible parameters was
created, based only on information about the failure of the structures (equality
data). Once regression parameters were estimated a stepwise deletion process was
implemented in order to simplify the model. Finally, to observe the effects of
information about notfiailed structures a second set of data was used to estimate
one more timeparameters of regression models. The second set contains
information about failed structures and information aboutfaded structures
used as lower bounds for the critical temperature estimation (named set of
censored data). Information of néailed gructures influences the computation
of likelihood function (Eq4.22).

The regression model was developed using results of 2D thermomechanical
analyses. Even if struatal analysis was performed without taking into account
the outof-plane flexural buckling the regression model predict the critical
temperature independently from the direction of the stresses respect the strong
(or weak) axis of the section. In case ave analysing the frame where columns
are disposed on the weak axis, parameters should be computed (in this case

) referring to the weak axis of the column.dfirse, the developed model

canot be used in case of combbned fl e

4.6.5.1 PROBABILISTIC MODEL FOR THE CRITICAL TEMPERATURE OF BEAMS

The results of the stepwise deletion and the estimation of the posterior
statistics of he parameters . for the two set of data are presented here.

Considering first the complete model with all the candidate explanatory functions
and using the first set of data _ o , we find that the parameter «F has

the largest COV (=2.37); hence, simplify the model, we drop the term
—n a £€0Oro. Next, we assess the reduced model and repeat the steps of the

stepwise deletion. After 15 steps, the model selection process identifies
0, 0, o, 0 and 0 . Figure 65 summarizes the stepwise
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deletion, showing the values of the COV of the model parameters and the
posterior mode of the model standard deviation .

The posterior statistics, reportedliable10, define the following form of the

probabilistic mode6 . oh . & &Y; oh .
a &Y efm :
aecoPae———— p TP —.pae
o X T i 4.24
— . h 0 & —hOE —hOE

—:h aOHi ‘@ —.p G . -

Considering then the second set of censored datay o , we obtain that

the regressiond6s parameters ‘tends to
estimated parameters decreaBeis aspect can be predicted because the set of
censored data conta even lower bounds that allows to increase the confidence

of the regression model but canot rac
These oscillationd o rinfiuence the error of the regression, indeeg in both
regressionss equal to 0.08The posterior statistics, reportedliable11.
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Figure65 Stepwise deletion process of the critical temperature model for bea
using the first set of equality data

Teb

Mean 10.03 0.10 1011 10.17 10.05 0.23 0.08

SD 0.006 0.006 0.023 0.016 0.004 0.013 0.002
— i F 10.10

—.r 071 1045
— .5 1007 014 1009
—.n 014 7078 006 10.05
—.r 004 7001 004 1079  0.09
&, ~ 004 1004 005 003 002 1005

Tablel10 Posterior statistics of parameters in the critieadperature model for beams
Equality data

—&h TR TRP T RR TTRA — &h lcjTc,b
Mean T10.03 0.09 10.07 10.18 10.05 0.23 0.08
SD 0.006 0.006 0.021 0.015 0.003 0.012 0.002

— .5 1006

— .5 066 1045
—.f 000 014 1003
—.5 017 71076 006 T10.05
—.f 000 7002 003 7077 0.8
G 005 1004 009 1006 001  0.04

Table11 Posteriorstatistics of parameters in the critical temperature model for beams.
Equality data and censored data
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beams based on deterministic model.
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Figure67 Comparison between measured and predicted the critical temperatu
beams based on probabilistic model calibrated with the equality data
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Figure68 Comparison between measured and predicted the critical temperatu
beams based on probabilistic model calibrated with the equality data and tt
censored ones.

4.6.5.2 PROBABILISTIC MODEL FOR THE CRITICAL TEMPERATURE OF
COLUMNS EXPOSED ON 4 SIDES

As for the critical temperature of beams, the stepwise deletion is performed to
reduce number of elements of . . Figure69 summarizes the stepwisieletion

processConsidering the first set of data wete that the specific fire load lose its
significance respect to the modaslaluated fobeams because the coefficient of
variation of this parameter is the highest in this regression niideire69). At

the end of the deletion process tegression model assume the form repoirted
equationd.25. This regression model is characterized by the dependence from a
larger number of parameters respectrthe d e | of beambébs mecha

Estimated parameters are characterized by a low standard deviation except
for the constant—  which is characterized by a CoV = 1.505.
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The posterior statistics, reportedTiable 12, define the following form of the

probabilistic moda&l . oh .  a&Y; oh

a&Y, oh .
&80 @ @t & —0 0 TWC —. ¢
o X ® h
— &  — pa& — pad 4.25
—h 0D —. 5 0 WE
. .0
_ﬁﬁas_d) ”ﬁ-

Adding the second set of censored dttastandard deviation associated to
parametersd estimation tends to decre
the regression model, the standard deviation associated tp became 0.016.

Finally, we have to highlight that considering the lower bounds information
collected in the set of censored data the standard deviation of the whole model
increase,, ™y 8t Y This can beobserved also
comparing blue markers igure71andFigure72, where for theggression model
calibrated on the set of censored data we can see that blue markers tends to be
more dispersed than the same markefgare71.
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Figure69 Stepwise deletion process of the critical temperature model for colu
exposed on 4 sides, using the first set of equality data.

o

R h —rh T RhTRh —ih — RN ph uT(;AS

Mean 19.32 0.178 10.11 0.10 10.47 1.05 0.56 0.07
SD 1.505 0.017 0.0100.031 0.077 0.171 0.095 0.004

—. 5 1010
019  0.09

=
>5¢

—. 5 1018 0.3 710.04
—. % 097 1017 0.1970.15
7099 0.4 70.19 0.16 10.99

=
¢

— . h 10.98 0.07 10.16 0.13 10.92 0.95
V! 0.00 0.01 710.01 0.00 0.00 0.00 1710.01

Teds

Table12: Posterior statistics of parameters in the critical temperature model for
columns exposed on 4 sides.
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Mean 19.70 0.20 10.11 0.11 710.53 115 054 0.08
SD 0.016 0.020 0.0070.028 0.022 0.026 0.017 0.006

—. 5 1072
—. 5 1015 017

—. 5 1067 019 0.04

—.F 1031 7016 70.210.05

—.5 029 022 0237011 70.98

—.f 1027 7006 70.03710.10 0.89 1091
GTc, 000 71011 0037001 1002 007 70.12

Tablel3 Posterior statistics of parameters in the critieatperature model for columns
exposed on 4 sides
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Figure70 Comparison between measured and predictedritieal temperature for
columns exposed on 4 sides, based on deterministic model.
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Figure71 Comparison between measured and predicted the critical temperatu
columns exposed on 4 sides, basegmmabilistic model calibrated with the
equality data

=)
©
g T T T T T T P2}

<
5 1400 | - - g
5 4 - 7
2 1200 | 3 ‘ST
8 1200 7 . 44 a - g
.; « < & “:‘« ,’ s 4
©, 1000 o8 1 4 4 < B~ i .
) q e s -
bt <4 ' 7’
2 800 [{ g e b y
g B e <
3 3 .
£ 600 b <% i
}._
— 7 P
S a00} P i .
x 277
) 4
- 200} P i
2
©
é 0 . L 1 1 1 1 L
s 0 200 400 600 800 1000 1200 1400

Measured Critical Temperature [C]

Figure72 Comparison between measured and predicted the critical temperatu
columns exposed on 4 sides, based on probabilistic model calibrated with t
equality dataand the censored ones.

155



4.6.6 APPLICATION

To test the developed probabilistic model the regression was applied
neglecting last term of both formulation in order to use it as deterministic.
Regression model was appligal the database in order to bench performances
respect to the Eurocode 3 modetere is a comparison for each mechanism first,
then the regression was applied to entire structures to test the accuracy of the
model withouttake intoaccount the collapsesults, as in a real situation

Regression model is calibrated on framed structure analysis results, critical
temperature take into account thermal gradients and second order effects. Note
that since critical temperature depends from the strutiere are two types of
thermal effects:

1 Thermal effects that arise in analysed member and influence internal
stresses;

1 Thermal effects that arise in other part of the structure and influence
external load applied on the analysed member.

Regression modelkkas into account both.

As regards second order effects are related to ones can arise in the substructure
due to thermal expansion and due to large displacements.

Hypothesis on the damage la@ 7 for the steel constitutive law remain
also in the regrssion model.

4.6.6.1 BEAM MECHANISM

In Figure73 are reported on the x axis the ratios between the critical temperature
measured with the deterministic model of Eurocode 3 and the measured critical
temperature, whereas on the y axis theoratibetween the proposed model
estimation and the measured critical temperatseg/ou can see from the figure,

the proposed model has a best estimate more accurate than the EC3 model, indeed
the distance between the dashed lines and the continuouolirtbke proposed
model is little than the Eurocode mod8ince the proposed model is calibrated

on the existing model (Eurocode 3), the regression adjusts results of the Eurocode
where it is possible, otherwise the critical temperature tends to be edinal t
temperature evaluated through EC3 moBEet.this reason, results have a positive
correlation. Moreover, it was applied the model of the Eurocode 3 without taking
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into account the correction factor of the load level for the beams (k = 1 instead of
k =0.7). In this case, the error of the Eurocode model incr&aparé74).

Beams Benchmark
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Figure73 Comparison between the regression model, Eurocode model and me
Temperature.
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Figure74 Comparison between the regression model, Eurocode mviitiéf = 0.7,
k = 1and measured Temperature.

Regarding statistican Table 14 are reported the performance of tiweee
models As already said, the proposed model provides more accurate results, in
terms of mean (101% vs 96%nd in terms of deviation (11.5% vs 8.4%gspite

157



good results, note that the proposed modeldmassafe mean, but this can be
adjusted with a safety factor

T f BT 7 e P x
Mean 98.2% 104.P%0 101.1%

Dev. St. 15.8% 12.0% 8.4%
Table14 Comparisorof methodgor beams

4.6.6.2 COLUMNS MECHANISM

Regression applied to equality data relative to the C4s mechanism shows that
the estimation of the critical temperatiseslightly unsafe for both methodghis
can be seen also frofiable15. The mean of the regression model is slightly lower
than the Eurocode 3 model but it has a higher deviation.

T & Tx
Mean 1061% 99.2%
Dev. St. 10.0% 8.9

Tablel5 Comparison of methods for columns
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Figure75 Comparison between the regression model, Eurocode model and me
Temperature.
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4.6.6.3 EXAMPLE

This section shows fouexamplesof application of the developed model. Selected
substructures are reportedTiable17. As you can see fromable17, substructures

are heterogeneous and characterized bynabeu of bays exposed higher than
one. For thigeasonthermal effects related to elements exposed to fire could be
very high, and in thesstructuresjt can arise the chain effect due to the high
number of spans.

NP Sections 0 5 . . i Bays
Beam |Column Exposed|Total
[] [] [-] [(m] [m] [l (]| (MIm] | [] [-]
1411 | IPEO400 |HE340B| 3.45 |3.41| 0.39 | 0.10 589 3 4
1611 | IPE400 |HE300B| 4.00 |4.25| 0.33 | 0.29 255 2 5
180 |IPEA160 |HE120B| 3.47 499 045 | 0.22 178 3 5
1391 | IPEO200 |HE160B| 5.69 | 4.48| 0.33 | 0.17 416 3 5

Tablel6 Selected Substructures

In Table 17 are reported other significant quantities needed by the regression
model.

Parameters that user musts calculate to estimate the critical temperature is

Tt
p o 0

‘ 0 4.26
0

O=| =5- O

0
w

Where0 is the load applied on the top of the upper column of the substructure,

g is the distributed load on the bearifsis thesteel yieldstrength 6 andw
arethecol umnés cross section area and b
respectivelyandn i s t he peri meter of the col um
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Moreover to estimate the critical temperature it is needed the value arid the
ventilation factoiof compartment exposed to fire. Regarding tat is definedas
the maximum load level of the substructure

. w0 0
a o we——

50 & O 4.27

The maximum load levél is calculated using a linear yietditerion Note that
the parametef is lower than’ in some casebecause this last is calculated

assuming as bending moment in the joint the quartityThis assumption is due

to the hypothesis that beamshheiour is in the middle between a fixpthned
beam and a fixefixed beam. In truth, rotational deformation at the end of the
beams depends from the structural contsatthe real load level could be lower
than* and at the same time it should be ekigher thant  because this dummy

| oad | e vtake intdascewintiietload transferred by the beams to the
columns.

Regarding to ventilation factdr, it is defined as:

Where6 rbandQar e the ventds area apRdistheent 6s
sumofthev e nt 6 s @ rigthestotahsorihce area of the compartment.

NS o Y R O N N N - A T - R I

[-] ml | [m] | 1 [ | [ [MIm2) a7 | [mm? | [mm?] | [cm?] | [1/m]

1411 | 3.45|3.41| 036 | 0.39| 0.10| 589 | 0.042| 9260 | 16464 | 2408 | 112

1611 | 4.00| 4.25| 0.38| 0.33| 0.29| 255 | 0.017| 8067 | 14282 | 1868 | 124

180 |3.47|4.99|0.34|0.45|0.22| 178 | 0.014 | 1548 | 3277 165 215

1391 | 5.69|4.48| 0.25| 0.33| 0.17| 416 | 0.004| 3072 | 5232 353 180

Tablel7 Other parameters neededdapacity models
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The application of the regression model starts with a thermal analysis of the
section, which can be performed in several ways. In this case it was performed a
nortlinear transient analysis using as input the thermal data obtained fvaon a
zone model anajsis. Once temperatures evolution in steel cross sections are
known, it is possible to apply regression model for beams and columns in order
to assess critical temperatures related to the single mechanism. To compute

critical temperature we have to evakigguationgl.24 and4.25 using as input
parameters values reported Trable17.

In order to compare performance of the methosith the numerical
experimentation and the Eurocode modaeitical temperaturesomputed with

these methodwere reported iTable18. Observing temperatures frable 18 we

can see that the regression model let us to assess a more accurate critical
temperature, improving the accuracy of the estimation of averaged percentage of
9 points. Moreover,sayou can see froifable18, the application of the regression

model through the two expressions allows to improve the reliability of the
method.

Eurocode 3 | Regression Numeric Columns Beams
Ne° T wlT ®|T ®|T &

L Y L L L O L e il e [
[-] [°C] [°C] [°C] [°C] [°C] [°C] [] [-] [-]
1411 689 664 677 679 691 682 0.97 | 1.00 | 1.00 | 0.98
1611 | 749 | 630 | 655 | 606 | 595 | 564 | 1.12 | 1.07 | 1.26 | 1.10
180 699 | 683 | 663 | 628 | 636 | 578 | 1.18 | 1.09 | 1.10 | 1.04
1391 | 742 | 710 | 718 | 669 | 631 | 607 | 1.17 | 1.10 | 1.18 | 1.14
Table18 Results obtained through capacity models
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Figure76 Thermal Analysis compared withitical temperatures

When there is a bad prediction provided by a mechanism regression model the

other mechanism cut off temperature adjusting resutideed, if the one

regression model returns baesults,we can rely on the other regression that
estimate another collapse temperature.

Figure 76 shows the results of thermal analysis conducted on considered
substructures. Temperatures in cross sections (grey and blue lines), calculated
using thefire analysis results (red line) show a delay in the heating phase and in

the cooling phase duetotsepeci f i ¢

heat of t he

St ec

specific heat traduces itself in a variation of the heating speed around 700 °C.
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Values computed imable18 was disfayed in these graph (dashed lines) in order
to render the difference in terms of estimation of time and temperatures.

By the point of view of collapse time/e can see thatevercifr i t i cal t e mp e
estimation scatt er b5tine efgesistahce assessientli® t
very accurateMoreover, due to the difference in the estimation of critical
temperatures of column and beams we can obtain a wrong assessment of the
collapse mechanism. This effect has a low influence on the rdsedtuse
temperaturedifferencein structural elements is generally lower than 100° C and
critical temperatures are quite simjléor this reason even if the model return a
wrong result, the realollapse mechanisms occur in a couple of minutes.

Analysedsubstructures are displayed Figure 77. This figureshowsalso the
deformed shape structures exposed to fire at failure. Note that stru€igues

77a andFigure77b fail due to the collagsof the beams wherekgyure77c and
Figure77d collapse due to the failure of the columns. Observing the deformed
shapes of substructures we can see that whiledigure 77a the most
disadvantage@lement is the beam in the middle of spans involved in fire, the
structure 1611Kigure77b) could cause uncertainty because even if the collapse
registeed is due to the beam failure the column is pushed to the right by the beam
involved in fire.
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Chapters

5 Observations oncluster

Databasexploitedto build regression model contains a lot of data that regard
statistics offire analysis and thermal analysig.this section it will beanalysed
all analysis results in order to do some interesthgervationson structural
behavious and other results

Before that, a quick summary is needed in order to frame the cohiextist
observation that we can do on the database regardsrtiteenof collapses and
about the mechanism of collapse in order to do preliminary consideratsns.
you can see frorifable 19, there are a high number of not collapsed structure.
Regarding to collapsed substructures, we can see that the 762 (38.1%) samples
can be classified in function of the failure mechaniSiableclearly shows that
the more recurrent coll apse mechanism
characterize almost 75% of collapsed structures. On the contrary the failure of
one side exposed column is a mechanism of collapse with lowest frequiency o
occurrence, indeed it interest only the 6% of collapsed structures, that decrease
up to 2% considering the total amount of analysed structures.

Collapsed
N Il
Beams Col4s Colls ot collapsed
1 1 2
Samples 60 7 9666 9 1204
% total 0.300 0.083 0014 0.602
% collapse 0.755 0.208 0.036 0

Tablel9Co |l | apseds
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Next paragrapis focused on the Sampling results)ere there will be proved
the quality of sampling procedure through a comparison with a sample base four
times little than the sample base used in regression model. Then will be showed
the results obtained in terms of gas temperature in compartmentss lcase
some regression will be done to do some observation that can be used to rapid
assessment of temperature in compartmedige the aspects related foe
modellingarediscussedit will be analysedhe stresses distribution in structures
beforefires, in particular regarding to the transformation of random variables
given in input to the internal stress distribution evaluated in output of analysis
Finally, it will be showed the results of the sample base in order to draw
conclusion about the rap structural assessment relative to the collapse
temperature.

5.1 Sampling results

The LHSand optimization procedutbrough the simulated annealing method
allow to buildcorrelationcontrolledsample databas Using thigorocedurewe
can be sure that the sample is representative of the entire population but bring
with it some defects like the loss of flexibilityn simple Monte Carlo Simulation
(MCYS), if a cut off of the sample base is needed for any reason it can be done if
the rew sample base is bigenoyght hanks to the | arge n
in simple MCS, as already said is based on the random extraction of saomples
CDF, and the desired correlation is achieved becthese is a high quantity of
numbers sampled onset of CDFsrelated to each other. In this case the Latin
Hypercube Sampling allow to build a small sample base, but without the
simulated annealinghe desired correlation cannot be achieved. The LHS
optimized through the SA build a special sample that@a be modi f i e«
creations but it allows to build very small samplespresentative of entire
population Prove of that is reported Figure78, wherearereportedraw results
in terms of collapse temperature of substructurBse figure shows the
comparison between the results obtainable from two different sample base. The
first is a small samplethatwas built to test toslusedto manage FDA and MA,
whereas the second osbowsthe raw results obtained from analysis of two
thousand sampdausedin regression modeDbservingFigure78 we can see that
the distribution of collapse temperatisevery similar for both sampleshanges
regard only the density of the data.

166



Raw Results 500 samples
a[°C]
1200

1000

800

600 P' ‘g’:".-." -o?.l:’?.

400 ¢ L
°® g o.
200 o ° %, S e
0 e o ° e o o ¥'[]
0 100 200 300 400 500
(@)

5.2 Gas Temperature

Regarding to gas temperatures, the maximum temperature reached in

Raw results 2000 samples
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800

600

400

200

(b)

Figure78 Raw results of sample base: 500 Samples(a) and 2000 Samples(

compartment was stored in databadeese datavereprocessed in order to study

their probability of occurrence.

The marginal probability was studied firsp it wasdefined 26classes of
temperatures where each amerespond$o a temperature interval of 50 then
a relative frequency histogram was constructidte division into classes was
carried out using the criterion of equati®m:

Where is the single data of the samplgis the ith class] and|

theseparati onés

el

e meon t
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The height of the-th column relatives to theth class is evaluated as the ratio
betweerthe number of cases thatbelong to the clas® over the total number

of cases.

o
: 5.2

The frequency histogram was compared with several model of random
variable, in particular they were considered wrmal Model, the LogNormal

Model and the Weibull Random Varial{leigure79).

%107
theta data
1.5 _— —— Weibul
- x — niormal
\ lognormal
> N
5 N\
: / N
- N
051
0
200 400 600 800 1000 1200 1400

[°C]
Figure79 Frequency histograncomparison betwearandom variatds

This can be seen also from the probability pfatj(re80) and CDFsFKigure

81). In particular from the probability plot we can see that the Lognormal
distribution is the ones that has a good fit also for the data relatives to lower

temperatures.
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In Table 20 estimated parameters for each random variable was reported. If
we focus on t he pdrametaawe calh seg that théd stahdard n 6 s
deviation is very high. Thanks to the property of the Gaussian distribution we
know thatthe sum of mean and stiard deviation coincides with the 84°
percentile and the sum ¢, is near the value of the 95° percentile.

Distribution He ¥ d-

Oi 0 Qda| 'Yo&Xi8i Oi 0 Q& | “Yoai 8i
Weibull 804.20 6.14 3.08 0.053
Normal 718.08 5.69 254.73 4.02
Log Normal | 6.50 0.008 0.39 0.006

Table20T e mp e r distributien paameters.

If we calculate these two quantities, we obtain temperatures that correspond
to the 84 percentile is equal to 972 °C, whereas temperature that corresponds to
95° percentile is equal to 1226 °C.

Figure81 show the CDF associated to the three random variables compared
to data.
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The result obtained ifrigure 81 says only that temperature have a certain
probability of occurrence, but the hi
conclusions.

Temperature vs Maximum Heat
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Figure82 Maximum temperature vs Maximum heateased.
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If we disaggregate results and study the probability of occurrence of
temperatures in function of the maximum heat released in compartments,
calculated asO YO D and expressed in0 @, we can see the
correlation between these two parametErgure82).

The correlation means that there is a relation betyweeameters, that could
be used to provide indications useful to rapid assessment. The Bivariate model of
Normal distribution for dependent random variables can be expressad as
function of the random variable X, random variable Y and a parameter that
depends from the covariance of the two random variables named correlation
coefficient” :

i rOI é Al |"n
—_— 53
The expression of the bivariate normal distribution is
0 G
5.4
P ——0
cu . p ”

This model wasppliedto the logarithm of the random variables in order to
obtain a bivariate lognormal mod@tarting from data showed Figure82 and
assuming as random variable the maximum temperature and the maximum heat
released in compartment, mean and standard deviation of each RV and covariance
was calculatedAll mentioned paranterswerereported inTable21. As you can
see, the value of and ,, are equal to these reported Table 20.
Moreover, note that there is a relatively high value of the coefficient of
correlation

L Ha . O .o Qa . F e @ L ml Zm-ofmn
6.50 10.48 0.153 0.200 0.0619 2.02

Table21 Bivariate distribution parameters.
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Figure83 3D representation of Multivariate CC#ad pdf

Figure 83 show the cumulative(left) and the density (rightylistribution
function of the bivariate random variable in a 3D spabe same surface can be
showed better using ismontour as reported irFigure 84. This representation
highlights the dependence of temperature from the maximum heat released in
compartment during fireln other words, curves ifrigure 84 represent the
probabilityof occurrence of a maximum temperattgepect tanaximum energy
released in compartment, whichisi 7 FO 'O . Thisfigure allows
us to predict the probability taking in account two random variable.

0

0 100 200 300 400 500 600 700 800 900 10001100 120013001400
Temperature [°C]

Figure84 Multivariate CDF, Iso-contours0 7 7 FO 0
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In order to highlight the dependence we can see the probability of occurrence
of a maximum temperature given the value of maximum heat released in

compartment during fire, in other word® 7 IsO O (Figure85).

As you can see from this graph, witvaximum energy releasexd 30 MW
that correspond to a pedKY ¢ v@dIa in a compartmentfd20 mz2 there
is a probability of 84%ef reach a peak temperature lower th&0 &. We obtain
the same probability in a compartment of 80 m?, characterized by the same value
of Y'Y ¢ v@u¥a with a temperature af50°C.

Finally, in Figure 86 and Figure 87 show the comparison between the
computed model and the experimental data regarding fadfrend the CDF.
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Figure86 Calculated maltivariatepdf vs experimental data.
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Figure87 Multivariate CdfExperimental (dashed) vs Computed (continuous)
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5.3 Probability distribution of stresses

Figure88showst he val ue of axi al l oad appl
analysis of sampléAt glancewe immediately realize that the distribution of the
axi al | oad appl i ed (becausedf ové coneides any asea 6ft u

the graph the density of point change with the considered N interval), even if
sampled parameters are all defined as uniform distribution in sampling phase.
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Figure88 Axial load ofcolumns.

In this study it was definetivo parameters and’ that was used to identify
load on columns and beams respectively. In particular these paramveters
defined as the ratio between demand and capacity of beam and columns
calculatedassuming a certain structural scheme

n n 0 o 0 O 55

wherer] is the value of distributed load that yield beams@nds the value

of the axial load that plasticize the column. Expanding prevegustionswe
obtain:

175



| Iy PRI,
0e

Mo 0 8 9Q0, 5.6

Equation5.6 clearly show the dependence of loads fr@andomvariables,
moreover regarding 1 the value of depends from structural geometry so it is
a random variable also. Farese reasons loadse distributed with a random
variable that results of the composition of several random varialdsis
different from the distribution given dugnthe sampling phasés the central
limit theorem says, the composition of several random variables, whatever
distributed tends to a Gaussian random variallleanks to CLT we can fit
distribution of results using a Normal or a Lognormal Distributkemr.instance
in Figure89is displayed the cumulative distribution function of the Axial Load
computed with th&.6 we can see that it can be fittedh a lognormal distribution
with an error on fit smaller than 10.%
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Figure89 Probability distribution of real Load Level.

The samebservations can be done if wead structural output of analysis
particular observing thdistribution of the real load level in the structure. Since
the load levels of beam and columns are defined thanks to the assumption of the
structural scheméhat fix the value of ) parameters and® ar endét t he
loads level in beam and columns but allows us to understand the magnitude of the
load level of the structuréMloreover and‘ are parameters relative to a
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specific section and was defined in the Eurocode for single elements gredysis

they lose their sense in a structural context. To keep this parameter meaning, a
redefinition of the load level is needdd.particular we can define the load level

of the structuré as the maximuns ecti onds | oadtcande el i
defined in symbols as:

S.7

Where all terms are calculated at the beginning offfirethis reason the value
of * can be evaluated through a mechanical analysis in ambient condition of the

substructure.

The structural load levéhkes intcaccount combined action of axial force and
bendi ng moment i n each point
and‘ . Note that the structural load level is always bigger than
the load level of the columns because to the value of the axial load that acts

bigger tlan*

on the top of the columns it will be summed the shear of beams.
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Figure90 Valuesof realloadlevel* and
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ComparingFigure 90 and Figure 91, we can see that the distribution of the
load level of the structure is very different from the distribution of the load levels
relatives to beams and columns. In particular the load leaévisys bigger than
0.1 and can reach also high value due to the random assignment of the geometries.
In some cases we reach also valué ofery near to 1 (0.97), because it can be
that the sampling define a structure with high valde cdind’ anda small value
of i ner®Cads ratio
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Figure91 Values of real load leveé' .

Evenin this case we caanalyse the distributioaf the structural load level
obtaining a pdf that tells us something about order of magnitude of this quantity
in structural context.

Figure92 showsthe results of load levl 6 s anal ysi s. Graph
this case the parameter is distributed as a lognormal random variable
characterized by parameter reportedrible22.

Mean Dev. St. Median Cov
0.413 0.155 0.40 0.375

Table22 Load level distribution parameters
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5.4 Failure

The probabilistic studgiscussed in paragrafh2d o e gakedirttoaccount
the structural behaviour but focus on the probability of occurrefce given
maximum temperature in compartments. In this section the structural response in
terms @ resistance will be treated starting from the observaiionluster.

Raw results in function of the analysis number are report€dyime94, and
they were represented in function of the collapse mode. It was observed that
analysed substructures could collapse in three ways: by failure of the beam, failure
of the column exposed Bgur side and column exposed by one side.

|| s
A%

l\__,\____,‘/‘
c)
Figure94 Collapse modes) Beam, b)Onesides exposed column, Epurside
exposed column

Thecollapse due tb e a md s (béam modais thee most probable collapse
mode, and it occurs when the section
in the most of cases the crisigppensn the joint due to the shape of the bending
moment diagram.

The failure of columns exposed by fountes(4sCol mode)s the second most
probable collapse mode and it happens due to decay of the resistance of the
column.Since the beam is the meanly most loaded element in substructures this
collapse should happen with a very low frequency if we considgrtie plastic
resistance of elements, but if we consider the stability of columns the frequencies
of this type of collapse increase.
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Finally, the failure of one side exposed colunfhsCol mode)s the collapse
mode with the lower associated probabibifyoccurrence, this kind of collapse
happens when thermal effects cause big displacements in horizontal direction.
Moreover, this type of collapse tends to occur when the constraint offered by the
unexposed part of the substructure is asymmetrical.
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Figure95 Raw Results.

As Figure94 shows, most of collapses happen between the 500 °C and 800 °C,
that corresponds to a coefficient of reductigh p Q; 18 YObserving for
single coll apse modemodeseemsato hageeaenean bfa t
collapse temperature lightly higher than all other collapse modes. Regarding to
the distribution of the 4sCol mode, we can see that the temperature distribution is
slightly shifted to downward. This distribution is due to ttabdity check that is
very severe for steel structures in fire condition. As concern the hsatd, itis
characterized by a much lower temperature respect to other collapsbuhtus
d o e sneadthat the maximum temperature is equal to the collapse temperature.
In this graph is reported the temperature of the collapsed elements, aritlestece
types of columnsire exposed to only one side the total heat fluxes is lower than
the heat flux of otheelements. Foinstancejn the case of the Analysis n° 202
that collapse with 1sCol mode, temperature in one side exposed columnGs 175°
whereasve reach 510 °C and 480 °C in the beam and irfidheside exposed
column respectively.

Note that the termgrature displayed in these graphs are weighted avdrage.
the simplified method proposed in standaednperature distribution steel

181



structure are considered nearly constant through the cross section due to thermal
properties of steel. In truth the theal gradient could give place to temperature
difference of several percentage points. In order to quantify difference for failure
data it was calculated the scatter between weighted average temperature and the
maximum temperature in the section at theagde time using the formula

Figure96 showthe scatter s vherecord index in the failure dataset. As you
can see the scatter between mean and max temperature change its magnitude in
function of the section type. The lower scatter was registered for the four side
exposed columns (c4d4s) wdxeedahel@h Ewescat t
consider the beams, the maximum scatter value increase up to 20% due to the
different exposure condition of the beam section (three side exposure) and the
maximum value of the scatter (60%) is registered for the C1s. Note that while
Beams and C4s vary in the intervall®% and G-20% respectively, the scatter
of Cls vary in the interval 260%. We can say that the mean temperature is very
different from the maximum temperature in all cases.

Figure96 Valuedifference between maximum temperature e mean temperatt
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