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Abstract

The fire behaviour of the Automated Rack-Supported Warehouses
(ARSWs) is a topic of great interest for both the scientific community and the
manufacturers of industrial racks. ARSWs are a particular type of steel racks
that combine the structural efficiency of steel construction with automated
machines for handling stored products. This work has addressed the fire
modelling and structural thermo-mechanical assessment of Automated Rack
Supported Warehouses. The study is composed of two phases: the first one
regards the investigation of the fire modelling which can be used in a multi-
depth ARSW structure, by adopting localized fire models, zone models, and
Computational Fluid Dynamics models. A fire model that allows vertical
and horizontal propagation, starting from a localized fire, evaluated, and
validated against experimental results available in the literature, is pro-
posed. Also, a criterion to evaluate the vertical and horizontal propagation
times is provided. The second part of the work focuses on the study of the
structural collapse mechanism and on the methodologies of analysis that the
designer should adopt to properly interpret it. Several thermo-mechanical
analyses were carried out by using all the results of the proposed fire model
and compared with different fire models available in the literature. To cor-
rectly analyse the progressive mechanism of collapse, an iterative procedure
is proposed by using several subsequent implicit analyses carried out with
SAFIR software, by comparing this one with an automatic procedure by us-
ing the software ABAQUS CAE which allows the implementation of im-
plicit/explicit analyses.

Keywords: Automated Rack Supported Warehouses; cold-formed steel
members; fire modelling; vertical fire propagation; thermo-mechanical anal-

ysis; numerical simulations.
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Sintesi in lingua italiana

Il comportamento in condizioni di incendio dei Magazzini Autoportanti
Verticali (MAV) & un argomento di grande interesse sia per la comunita
scientifica che per i produttori di scaffalature industriali. I MAV sono un
particolare tipo di scaffalature metalliche che combinano l'efficienza strut-
turale delle strutture in acciaio con macchine automatizzate per la movi-
mentazione dei prodotti stoccati. Il presente lavoro di tesi ha affrontato la
modellazione dell'incendio e l'analisi termo-meccanica strutturale dei
MAV. Lo studio si compone di due fasi: la prima riguarda la definizione
del modello di incendio che puo essere utilizzato in un magazzino automa-
tico del tipo multi-profondita, quali modelli di incendio localizzati, modelli
a zone e modelli di fluido-dinamica computazionale. Viene proposto un
modello di incendio che consente la propagazione verticale e orizzontale di
un incendio localizzato, valutato e validato attraverso risultati sperimentali
disponibili in letteratura. Viene quindi fornito anche un criterio per valu-
tare i tempi di propagazione verticale e orizzontale. La seconda parte del
lavoro si concentra sullo studio del meccanismo di collasso strutturale e
sulle metodologie di analisi che il progettista deve adottare per interpre-
tarlo correttamente. Diverse analisi termo-meccaniche sono state effettuate
utilizzando tutti i risultati del modello di incendio proposto e confrontati
con diversi modelli di incendio disponibili in letteratura. Per analizzare
correttamente il meccanismo di collasso progressivo viene proposta una
procedura iterativa che utilizza varie analisi implicite successive effettuate
con il software di calcolo SAFIR; la procedura viene confrontata e validata
con una procedura automatica condotta con il software ABAQUS CAE che

permette I'implementazione di analisi implicite/esplicite.

Parole chiave: Magazzini Autoportanti Verticali; profili in acciaio sottili
piegati a freddo; modellazione dell'incendio; propagazione dell’incendio
verticale; analisi termo-meccaniche; simulazioni numeriche.
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Chapter

1. Introduction

1.1. General overview

The warehouses are typical buildings where many goods can be stored after
their production and before their distribution to the consumers. Since the de-
mand for storage space is growing, due to increasing mass production and con-
sumption levels, highly optimized warehouses are needed. Automated Rack
Supported Warehouses (ARSWs) are used in industrial facilities to optimize stor-
age spaces because they combine the structural efficiency of steel construction
with automated machines for handling stored products. ARSWs can be seen as
the direct upgrade of traditional pallet steel racks (SR), since in ARSWs’ case, the
SRs are both the stored areas and the structure of the warehouse.

ARSWs are characterized, on one hand, by a peculiar structural configuration,
that strongly influences their global behaviour and, on the other hand, by unique
non-standard structural components. Indeed, these structures mainly consist of
thin-walled sections obtained by cold-forming thin metal sheets (CFS) that, opti-
mize the structural performance by reducing the steel weight, the costs, and the
assembly time. But, at the same time, these types of sections are usually classified
as class 4 cross-sections, according to EC3 part 1-1 [1], and so they can fail by a
variety of buckling modes including global, local, and distortional buckling and
their interactions. Moreover, in fire conditions, the thin thickness of these pro-
files, combined with the high thermal conductivity of the steel, induces a fast

increase in the steel temperature with a significant loss in material stiffness and
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strength. The research carried out on SRs, can be divided between those dealing
with the analysis of global behaviour and those with single elements and con-
nections. In the last decades, the structural behaviour of SRs has been investi-
gated focusing on seismic aspects [2], while their structural behaviour under fire
conditions is still poorly known.

Moreover, at present, fire design methods for CFS members are not as devel-
oped as for hot-rolled ones. Couto et al. 2014 [3] developed new expressions to
determine the effective width of steel sections at high temperatures, which are
proposed for the new drafts of the next generation of structural Eurocodes.

In the context of modern technical codes, as the new Italian technical fire pre-
vention regulation [4], the fire resistance is defined as a passive fire protection
measure to guarantee load bearing and compartmentation capabilities to the
structures according to performance levels. Since the ARSWs are not involved in
activities concerning the presence of people, except for the highly trained work-
ers, the performance level (PL) I or II could be required for them, which means
that the absence of external consequences due to structural collapse must be
demonstrated. To comply with the PL, different design solutions can be chosen,
based on prescriptive or performance-based approaches. In the ARSW structures
considering the performance-based approach is essential, because the prescrip-
tive one generally leads to the use of traditional passive fire protection systems,
that in the case of CFS profiles, are difficult to apply, due to their high section
factors (Am/V) and very small critical collapse temperatures. This means that
moving in the context of performance-based approach, the designer must prove
analytically that the collapse mechanism is inward.

The first step of the performance-based approach is the selection of the design
fire scenarios and the definition of the natural fire curves, according to the fire
models. The fire that regards this type of structure starts like a localized fire and
could develop in a traveling fire both in horizontal and vertical directions. At
present, fire design methods for vertically traveling fires are not as developed as
for horizontal ones [5]. Indeed, in the last decade, vertically traveling fires have

been analysed like multi-floor fires in high-rise buildings [6], which represents a
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different condition than the ARSWs one.

The study of the mechanism of collapse is related to the fire model adopted and
the types of methodologies of analysis that the designer must adopt to properly
interpret it. Moreover, for steel elements not protected with active or passive fire
systems, fire can be a reason for failure and progressive collapse if the structure
does not offer sufficient robustness. Assessing a steel structure's robustness in
fire means evaluating its capability to resist a progressive collapse under ele-
vated temperatures.

Extensive research has been carried out in the last 20 years about steel struc-
tures and their behaviour in case of fire by evaluating mechanism and load cases
that lead to a progressive or disproportionate collapse [7]. At the same time a few
works are present in literature that studies the structural behaviour of ARSW in
case of fire [8].

1.2. Objectives

In this research scenario, this thesis proposes the study of a typological self-
supporting automated warehouse, first defining the fire modelling and after
studying the mechanism of collapse. One of the main objectives is to obtain a fire
model that allows the vertical and horizontal propagation of localized fires to be
considered in ARSW structures.

To achieve this goal some experimental results on steel racks available in the
literature were considered to obtain a generalized model to calculate the vertical
propagation times, to be used in a zones fire model for ARSW structures.

After defining the fire modelling the second goal of this thesis regards the
evaluation of the mechanical response of ARSW and the analysis of their collapse
mechanisms.

Therefore, this work focuses on the application of the different methodologies
of analysis that the designer has to adopt to properly interpret the fire-induced
collapse, by also giving a comparison between the methods for determining the
fire capacity of the ARSW steel sections.
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1.3. Organization of the thesis

The dissertation is organized into five chapters.

Chapter 1 contains the introduction to the thesis that was conducted through
a general overview. In the previous section, there is a literature review, whereas
this section further explains the organization of the document and shows the ob-
jectives of the thesis.

Chapter 2 provides all the theoretical background to understand the topic
within all its aspects; for this reason, starting from the principles of the steel
structures’ design in fire conditions, the literature about fire-induced progressive
collapse is described. In the second part of the chapter the Automated rack sup-
ported ware-houses structures are presented with their characteristics by briefly
describing their design at ambient temperature and by discussing all the main
critical aspects of their design in fire conditions. The third part of the chapter
provides a review of the fire development aspects and fire modelling for their
use in ARSW structures.

Chapter 3 describes the only experimental campaign on steel racks that was
found in the literature, and their simulation carried out by using the CFAST soft-
ware developed by NIST. Based on this validation a fire model that considers
vertical and horizontal propagation for ARSW structure is proposed, both with
a multi-cells zone model and computational fluid dynamics model.

Chapter 4 focuses on the study of the structural collapse mechanism and on
the methodologies of analysis that the designer must adopt to properly interpret
it. Several thermo-mechanical analyses were carried out by using all the results
of the proposed fire model and compared with different fire models available in
the literature. To correctly analyse the progressive mechanism of collapse an it-
erative procedure is proposed by using subsequent implicit analyses carried out
with SAFIR, by comparing this one with an automatic procedure obtained with
ABAQUS CAE which allows the implementation of implicit/explicit analyses.

Finally, Chapter 5, “Conclusions”, summarizes the main points of all the pre-

vious Chapters of the thesis and contains some future development proposals.
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Chapter

2.Steel structures in fire

In this Chapter the principles of the steel structures” design in fire conditions
are illustrated. In §2.1 the key aspects of the fire resistance design are illustrated
by analysing the steel’s mechanical properties at elevated temperatures, which
are the key to understanding why a fire-induced collapse can develop and by
providing also the literature about fire-induced progressive collapse.

The Automated rack supported warehouses with their peculiarities are illus-
trated in §2.2, by briefly describing their design at ambient temperature in §2.2.1
and by discussing all the main critical aspects of their design in fire conditions in
§2.2.2. In §2.3 are presented and discussed the fire models that will be used to
represent the fire action in the ARSW, either be it in the form of gas temperatures
in a compartment/or directly in the form of heat fluxes transmitted from the fire
to the structural elements. Localised fires as well as travelling fires are consid-
ered.

2.1. Fire resistance design

In the context of modern technical codes, such as the new Italian technical fire
prevention regulation [1], designing the fire safety of buildings means identify-
ing the technical and management solutions aimed at achieving the primary ob-
jectives of fire prevention, which are:

1. safety of human life,

2. protection of people,

3. protection of property and the environment.
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The primary objectives of fire prevention are achieved if the activities have been de-

signed, implemented, and managed in such a way as to:

a. the load-bearing capacity of the construction has to be guaranteed for a

specific time;

o an o

the generation and spread of both fire and smoke should be limited;

the spread of fire to neighbouring constructions should be limited;
occupants should be able to leave the building, where the fire originated;
the safety of rescue teams must be taken into consideration.

To achieve the listed safety objective, the first step of the fire safety design is

the fire risk assessment where the result is a fire prevention strategy which means

that the risk mitigation is carried out through preventive, protective and man-

agement measures that remove hazards, reduce risks, or protect against their

consequences.

In this framework, fire resistance is defined as a passive fire protection meas-

ure to guarantee load bearing and compartmentation capabilities to the struc-

tures according to performance levels, selected by the designer to achieve the

defined fire safety objectives. The Italian code, following the European ones, de-

fines five performance levels (PL) depending on the importance of the building,
which are listed in the following Table 2.1.

Table 2.1 Performance levels according to the Italian fire prevention regulation [1]

Performance Description
level (PL)

PL1 Absence of external consequences due to structural collapse

PLII The structure has also to maintain its fire resistance capacity for a
period sufficient for the evacuation of occupants to a safe area
outside of the building

PL III The structure has also to maintain its fire resistance capacity for a
period equal (congruent) to the duration of the fire

PL IV Limited damage of the structure after fire exposure

PLV Complete serviceability of the structure after fire exposure

Different design solutions can be chosen to comply with the performance
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level, based on prescriptive or performance-based approaches.

The analytical evaluation the bearing capacity, in case of fire, can be divided
into six phases:

1. definition of fire scenarios;

2. evaluation of fire action;

3. evaluation of the thermal response (thermal analysis), which means the
temperature field in the structure during the exposure time to a given
thermal action;

4. evaluation of the mechanical action (load combinations), which means
the design loads acting on the structure during the fire;

5. evaluation of the mechanical response (type of structural analysis and
mechanical analysis), which means the exhibited behaviour of the
structure as a function of the temperature-time curve of the fire;

6. verification of fire resistance, that is the level of safety expressed by the
structure.

These steps are the same both for prescriptive and performance-based ap-
proach, with some simplification for the prescriptive one, the main difference
between the prescriptive and the performance-based approaches is that the first
one is based on standard fire resistance tests or empirical calculation methods,
using nominal fire curves. On the other hand, the performance-based approach
considers the complexity of structures and the inter-relationship between the
various fire safety measures and systems, using specific natural fire curves, gen-
erally obtained by advanced thermo-fluid-dynamic analyses. Indeed, the first
step of the performance-based approach design consists of the thermal input as-
sessment through the selection of design fire scenarios, which represent qualita-
tive description of the fire development, based on key aspects that characterise
the real fire (e.g., compartment dimension, ventilation, fire loads...). The natural
fire curves can be obtained through simplified or advanced models. The fire

models will be further analysed in the following chapters.
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2.1.1. Actions in fire conditions

The occurrence of a fire creates a situation that is different from those at am-
bient temperature and consequently specific and different load combinations
must be considered for the fire limit state. These values are usually lower than
the values considered for ambient temperature design, because the fire is a rare
event, and a higher probability of failure is accepted in the fire situation than in
normal conditions.

The fire situation is classified as an accidental situation in EN 1990 [9]. The
design effect of actions for the fire situation, Ei 4., can be obtained using the com-
bination of actions for accidental situation given by The Italian Building Code
“Norme Tecniche per le Costruzioni” NTC2018 [1] must be considered:

Gr1 + Gz + P (2) + Z Y2iQki + Aq () (2.1)

=1

Where:

Gy, is the characteristic value of the permanent actions;
Py(t) is the prestressing load;

Qi are the characteristic value of the variable actions;
Aq (t) are the indirect fire actions;

Yaca is the partial safety coefficient for permanent actions in exceptional situ-

ations equal to 1.0;

Yris the partial safety coefficient for the prestressing force in exceptional situ-
ations equal to 1.0;

o, i is the combination coefficient for the quasi-permanent value of the i-th
variable action.

In these equations, the symbol + means that the different loads must be com-
bined and for this reason, they are not added in a mathematical sense, because
they are of different nature, as explained below. Indeed, the term A4 represents
the indirect fire actions, these are the variations of effects of actions induced in
the elements by restrained thermal expansion. For this reason, they are loads of
a different nature compared to the other actions.
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Whereas G and Q represent “external” loads applied on the structure, A4 rep-
resents “internal” effects of actions, such as axial forces, shear forces, and bend-
ing moments, that appear in the elements because of the temperature increase.
They have more to do with the structural analysis than with the applied loads.

These indirect actions are mentioned in different clauses of Eurocode 1 [10]
and Eurocode 3 [1]. According to these, indirect fire actions must be considered
except if one of the two following conditions occurs:

1) They may be recognized a priori to be either negligible or favourable. In-
direct actions cannot develop in statically determinate structures. Still, no
specific guidance is given in the Eurocodes on judging whether indirect
fire actions are negligible or favourable in a statically indeterminate struc-
ture. Therefore, a designer will have to evaluate his case if he wants to use
this clause to ignore indirect fire actions.

2) They are introduced by using safety-related models and conditions
and/or are implicitly included in the calculation per effect of conserva-
tively defined fire safety requirements.

Indirect actions from adjacent members need not be considered when fire
safety requirements refer to members under standard fire conditions. Although
it is not pointed out in the Eurocode, it seems as if a standard fire constitutes
what is called in exception 2) conservatively defined fire safety requirements. It
seems surprising that it is allowed to neglect a fire action that, in some cases, is
not negligible or favourable. However, it must be considered that the mechanical
analysis of an element under standard fire condition does not represent the true
behaviour of the element in the real structure. The aim of such element analysis
is simply to represent, in the mechanical model, what would occur if this isolated
element was tested in a furnace under this fire curve. In such a test, indirect ef-
fects from adjacent members are not considered.

However, it is recommended consider that indirect actions in the perfor-

mance-based design.
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2.1.2. Thermal analysis

A thermal action in a structure determines a temperature increase of its struc-
tural elements. The determination of temperature distribution within a structural
element generally requires the solution of a non-linear heat transfer problem.
There is a transient internal conduction regime for radiative-convective condi-
tions on the external surface of an element. The solution to the problem is ob-
tained by solving the energy balance equation with its boundary conditions.

In particular, the temperature of any structural members is governed by the
net thermal heat flux, h,,; which is determined by considering heat transfer by

convection hy¢ cand radiation Ay, as [1]:

flnet = hnet,c + hnet,r (2-3)
The convective component per unit area is given by:
hnet,c =ac- (Qg - gm) (2.4)

The radiative component per unit area is given by:
Pnetr =@ &m - & -0 [(0r + 273)* — (0, + 273)*] (2.5)

where:

da. is the coefficient of heat transfer by convection [W/m?2K#];

6, is the gas temperature in the fire compartment, or near the member [°C];

O is the surface temperature of the member [°C];

® is the configuration factor;

€n is the surface emissivity of the member;

gris the emissivity of the fire;

o is the Stephan Boltzmann constant (= 5,67-108 W/m?2K4);

0. is the effective radiation temperature of the fire environment [°C].

It is worth saying that in the following applications the effective radiation
temperature of the fire environment, 8,, in the Eq. 2.5 is considered equal to the
gas temperature near the member, 8;, an assumption that is acceptable in the case
of full fire-engulfed members [12]. According to EC3 part 1-2 [10] the emissivity
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of flame &is equal to 1, and the member surface one en is equal to 0.7. The coef-
ficient of heat transfer by convection (oc) on the exposed side of the structural
element depends on the type of time-temperature fire curve and it is provided
by the EC3 part 1-2 [10].

Thus, the fire model provides the ambient gas temperature 0, that is within
the net heat flux, which defines the thermal input for the structural element. Af-
ter defining the net heat flux Rper (W/m?2) transmitted to the surface, the temper-
ature distribution in the elements can be determined by solving the Fourier equa-
tion of heat transfer.

In particular, the evaluation of the temperature within the structural element
under fire conditions is carried out by establishing the equality between the
amount of thermal energy transmitted to the element by the combustion gases
and the increase in the whole energy of the element.

In the hypothesis that the element is homogeneous, isotropic and Fourierian
and that there are no terms of energy generation, the temperature field, in Car-
tesian coordinates, is identified by the following equations.

The governing equation for the two-dimensional non-linear, transient heat
conduction within the cross section of a structural element, takes the following

form:
d(p-c-0
% = —div(A - grad®) (2.6)
Which means:
dlp-c-6) 0 ae d a0 d a0
S e (A R (o R 72 (R 7 EUICY)

To integrate the Fourier equation of heat transfer Eq. 2.6 it is necessary to con-
sider the boundary conditions which define the transmission to be studied. These
can be spatial, when they refer to the temperature field at t=0, or temporal when
they assign the law of temperature variation on a region of the body.

The temperature field which satisfies Eq. 2.6 within the structural element
must satisfy the following boundary conditions:

- Geometric boundary conditions:
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0(t=0,xy2)=f(xy2) (2.8)

- Temporal boundary conditions:
div(—2 - gradd) = hye; (2.9)
Where:

0 = 0(t,x,y,z) is the temperature at in X, y, z at the time t;

t is the time;

p is the unit mass of steel [kg/m?3];

c is the specific heat of steel [J/kgK];

A is the thermal conducibilty of the steel [W/mK];

In the case of structures exposed to fire, the boundary conditions are of the
mixed type, as the temperature field is assigned at the initial instant Eq. 2.8 and
the flow history acting on the element surface Eq. 2.8; in addition, the section
may not be composed of homogeneous material.

It should be noted that both the governing Eq. 2.6 and boundary conditions
Eq. 2.8 and Eq. 2.9 are non-linear. The former is due to the thermal conductivity
and specific heat that are temperature dependent (see Annex A), and the latter is
due to the radiative boundary condition which involves a non-linear term of the
temperature. Therefore, a closed-form solution to the governing Eq. 2.6 and its
boundary conditions is not possible, even for the cases with the simplest geom-
etry and it is necessary to use numerical methods such as the finite element method
on which many calculation codes for thermal analysis are based.

Alternatively, it is possible to apply simplified formulations that allow to define
the thermal field in the element starting from the definition of the thermal flux
on the element itself.

EC3 part 1-2 [10] provides a simple equation for calculating the thermal re-
sponse of unprotected steel members. Assuming an equivalent uniform temper-
ature distribution throughout the cross section, the increase of temperature A6, ,

in an unprotected steel member during a time interval At is given by:
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AV .
Mgy = Kgp —2— Ry At (2.10)
Ca p a
Where:
Af, ¢ is the increase of steel temperature during a time interval from t to t+At;
Is the correction factor for the shadow effect;
A /V is the section factor for unprotected steel member [m-1];
Ay, is the surface area of the member, per unit of length [m2/m];
V; is the volume of the member, per unit of length [m3/m];
At is the time interval [s];
Rpee is the design value of the net heat flux per unit area [W/m?].
The Eq. 2.10 shows that the temperature distribution within the cross section,
strongly depends on the parameter An/V which is called “section factor” or
“massivity factor” of the section. The parameter A/V is defined as the ratio of
"the area of the surface through which heat is transferred to steel", that is, the
exposed surface and the "volume of steel". Within this formula given the fire
curve and given the properties of the material, the section factor is representative
of the speed at which the section is heated. In practice, the higher the cross-sec-
tion factor, the faster the steel section heats up.

2.1.3. Mechanical analysis

According to EC part 1-2 [10], the mechanical analysis shall be performed for
the same duration as used in the temperature analysis and the verification of fire
resistance should be made in one of the following three domains:

—  In the strength domain:

Efiar = Rfiat (2.11)

Where Ej q¢ is the design value of the relevant effects of actions in the fire
situation at time t, which are related to direct and indirect actions is normally

considered constant during the fire. R 4 is the design value of the resistance of
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the member in the fire situation at time t.

Unlike the usual case at ambient temperature, where Rqis constant, in the case
of fire both terms of the inequation may vary and Rq decreases due to damage
induced by high temperatures and Eq varies because of thermal expansion con-
trasted by hyperstatic system.

—  In the temperature domain:
04 = Ocra (2.12)

Where 6 is the design value of steel temperature 8, 4 is the design value of

the critical temperature, i.e., the collapse temperature of the structural steel mem-
ber.

— In the time domain:
tria < trirequ (2.13)

Where t; 4 is the design value of the fire resistance, i.e., the failure time and
tfirequ 1S the required fire resistance time.

In Figure 2.1 these three possible domains are represented for the case of steel
member subjected to a nominal fire curve. This figure shows the temperature of
the structural steel element, 8, assuming a uniform temperature throughout the
cross section, the design value of the effect of actions in the fire situation, Eiqy,
which is considered as constant, the progressive loss of strength, Ry 4., and the
critical temperature of the member 6, 4.

According to technical code, for the standard fire exposure and so in the pre-
scriptive approach members shall comply with the fire resistance criterion R
(load bearing capacity). This criterion is defined in the national regulations for
fire safety of buildings as a function of the type of building, the occupancy and
its height and should be identified by the letter R followed by a number repre-
senting the required fire resistance period. For example, R60 means that this cri-
terion is assumed to be satisfied where the load bearing function is maintained

for 60 minutes of standard fire exposure (tri,4, = 60 minutes in this case)




CHAPTER 2. STEEL STRUCTURES IN FIRE 17

RE

t

Figure 2.1. Time (1), load (2), and temperature (3) domains for a nominal fire curve
[11].

For natural fires with a cooling phase, the load bearing function is ensured
when collapse is prevented either during the complete duration of the fire, in-
cluding the cooling phase (see Figure 2.2a) or during a specified period (see Fig-
ure 2.2b tlfi requ)

From Figure 2.2 it can be concluded that verification in either the temperature
domain or in the strength domain, must be avoided for natural fire curves with
a cooling phase [11]. This is because if the specified fire resistance time (see t%; requ
in Figure 2.2b) is greater than the time needed for the collapse, t;q, the load bear-
ing and the capacity is satisfied at t = t2; requ. This can lead to the wrong conclusion
because failure has already occurred at time t 4.

The design resistance Ry, at time t, of a structure or a single element can be
evaluated by three different assessment models. Each of these models is de-
scribed below and increases in complexity:

- Tabulated data obtained from tests in standard furnaces, empirical meth-

ods, or numerical calculations. Tabulated data are widely used for con-
crete and concrete and composite steel structures in EC2 [13] and EC4 [14],
respectively. However, no tabulated data are provided in EC3 [12], but at
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the same time, the Annex A provides the “Nomogram” which is a simple
operational tool, that the designer can use for the estimation of the fire
resistance of unprotected steel members.

- Simple calculation models making use of simple analytical formulae for iso-
lated members, by modifying the design resistance for normal tempera-
ture design to EN 1993-1-1[1], to consider the mechanical properties of
steel at elevated temperatures and obtaining the temperature field
through simplified formulations.

- Advanced calculation models, which are accurate, generally valid calculation
models based on thermo-mechanical modelling of materials and struc-
ture.

R E R, E
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fi requ
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\
|
|
|
|
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\
|
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fi requ tﬁ_(l i requ

(@) (b)

Figure 2.2. Time, load, and temperature domains for a natural fire curve [11].

In the contest of the strength domain, the design effect of actions for the fire
design situation, Ef 4 can be obtained either by using the accidental load combi-
nation as defined in Eq. 2.1.

Structural analysis under fire conditions can be carried out by studying all
structures or by dividing them into substructures to be analysed separately, by
considering each reciprocal interaction. This choice plays an important role, as
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well as the structural aspects, of the fire model, whether they are defined within
a prescriptive approach or a performance-based one.

Before carrying out the structural analysis it is therefore necessary to identify
which parts of the structure should be analysed. In addition, structural analysis
at high temperatures is made more complex by related to thermal dilations pre-
vented and large displacements: these should be considered both in the calcula-
tion models and in the choice of substructures to be analysed.

In conclusion, the Eurocodes, and the National code [1], for fire resistance de-
sign, allow to carry out the use of one of the following types of analyses:

i.  Global structural analysis. When a global structural analysis for the fire
situation is carried out, the relevant failure mode, the temperature-de-
pendent material properties and member stiffness, the effects of ther-
mal expansions and deformations (indirect fire actions) shall be con-
sidered.

ii.  Analysis of part of the structure, for example a portal frame or any other
substructure. The boundary conditions at supports and the ends of
members may be assumed to remain unchanged throughout the fire
exposure.

iii.  Member analysis, for example beams or columns, where only the effects
of thermal deformations resulting from thermal gradients across the
cross section need to be considered. The effects of axial or in-plane
thermal expansions may be neglected. The boundary conditions at
supports and the ends of members may be assumed to remain un-
changed throughout the fire exposure.

It is worth saying that tabulated data can be applied only to member analysis.
Moreover, the choice of the type of structural analysis also depends on the fire
model that is being used. Member analysis can be applied to isolated structural
elements (extracted from the whole structure, element by element) and can be
performed either by using simple calculation models or advanced calculation
models. This type of analysis is largely used under nominal fire conditions like
the standard fire defined in ISO 834.
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When analysing part of the structure or carrying out a global analysis, a cer-
tain number of structural members should be considered to act together so that
the interaction effect between them is directly considered (load redistribution
from weak heated parts to cold parts outside the fire compartment). Advanced
calculation methods, normally based on the Finite Element Method together
with a global analysis provide more realistic models of mechanical response of

structures in fire than simple models.

2.1.4. Mechanical properties of carbon steel

When exposed to fire, all commonly used structural materials reduce their
mechanical strength and stiffness. One of the mostly penalized materials is the
steel, because of its elevated thermal conductivity and the small dimensions of
the structural member sections.

At elevated temperatures, as showed in Figure 2.3 the shape of the stress-
strain diagram is modified compared to the shape at room temperature, instead
of a linear perfectly plastic behaviour as for normal temperature, the model rec-
ommended by EC3 part 1-2 [12] at elevated temperature is an elastic-elliptic per-
fectly plastic model, followed by a linear descending branch introduced at large
strains when the steel is used as material in advanced calculation models to avoid
numerical problems.

In an accidental limit state such as fire, higher strains are acceptable. For this
reason, EC3 part 1-2 [12] recommends a yield strength corresponding to 2% total
strain rather than the conventional 0.2% proof strain (see Figure 2.3). However,
for members with Class 4 cross sections, EC3 part 1-2 [12] recommends, in its
Annex E, a design yield strength based on the 0.2% proof strain.

The stress-strain relationship at elevated temperature shown in Figure 2.3 is
characterised by the following three parameters:

- The limit of proportionality, £,

- The effective yield strength, fy, s,

- The Young’'s modulus, E. e,
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Figure 2.3. Stress-strain relationship for carbon steel at elevated temperatures [11].

The design values for the mechanical (strength and deformation) material
properties in the fire situation X4 are defined in Eurocode 3, as follows:
Xria = Ko - Xx/Vm fi (2.14)

Where:

Xk is the characteristic value of a strength or deformation property (generally
fx or Ex) for normal temperature design to EC3 part 1-1 [1];

Ky is the reduction factor for a strength or deformation property (Xk0/Xx), de-
pendent on the material temperature;

Ym,ri is the partial safety factor for the relevant material property, for the fire
situation, taken as equal to 1.

Following Eq. 2.15 the yield strength at temperature 0 is given by:

fvo =kyofy (2.15)
The Young’s modulus at temperature 0, is given by:

Eqo = kgoE, (2.16)
In the same way the proportional limit at elevated temperature is given by:

oo = kpofy (2.17)

According to Annex E of EC3 part 1-2 [12] for members with Class 4 cross
section under fire conditions, the design yield strength of steel should be taken

as the 0.2% proof strain and thus for this class of cross section the yield strength
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at temperature 0, is given by:
fy,e = fo.z,p,e = ko.z,p,afy (2.18)
Figure 2.4 shows a graphical representation of reduction factors for the stress-
strain relationship of carbon steel at elevated temperatures, where the reduction
factor (relative to fy) for the design strength of hot rolled and welded thin-walled

sections (Class 4), given in Annex E of EC3 part 1-2 [12], is also presented.
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Figure 2.4 Reduction factors for carbon steel for the design at elevated temperatures.

This figure shows that the stiffness of steel decreases with increasing temper-
ature. In particular, the structural steel can withstand approximately 400°C be-
fore it begins to soften. At about 600°C, the steel will lose about half of its strength
with a ky,6=0.47. While its stiffness starts reducing at about 100°C, till losing the
20% at 300°C and the 60% at 500°C.

2.1.5. Robustness of steel structures in case of fire

As seen before steel shows a remarkable decrease in strength and stiffness as
the temperature increases, therefore, deflections, local buckling, and twisting of
the steel member can occur, and if the bare steel structures do not reach the re-
quired level of fire resistance it is necessary to use fire protection. Moreover, for
steel elements not protected with active or passive fire systems, fire can be a rea-
son for failure and progressive collapse if the structure does not offer sufficient
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robustness. Robustness can be defined as the ability of a structure to resist failure
due to environmental or operational damage. It can be seen as a measure of how
well a structure can handle stresses and strains from exceptional load conditions.

World Trade Centre fires in New York City in 2001 have pointed out the issue
of designing structures to resist progressive collapse such as the need for pro-
posed analysis and design methods. Adam et al [15] have pointed out that not a
uniform accepted definition of progressive or disproportionate collapse exists. It
can be defined as an event where the failure of a single element results in the
collapse of the entire structure or a large part of it.

In Europe, EC1 part 1-7 [16] defines accidental actions, while in the United
States of America, ASCE 59-11 [17] is used with a blast orientation, other than
some military publications [18] .However, none of these refers directly to the
possibility that a fire can trigger a progressive collapse. Some codes, such as EC1
part 1.7 defines a few strategies that the designer can use. Ellingwood et al. [19]
analysed three increasingly complex methods which are: indirect design meth-
ods, specific local resistance, and alternate load path (ALP) approach. It is worth
saying that the last two ones are called direct methods, since compared to the in-
direct ones, the robustness is checked and not presumed [9]. Moreover, a fourth
approach can be identified: the risk-based methods [15].

The methods can be summarised as follows:

1. Indirect design methods, also known as tying-force prescriptive rules;
2. Direct design methods,
a. Alternative load path (ALP) approach;
b. Specific local resistance, known as key element design;
3. Risk-based methods.
All common codes (in the EC1 part 1- 7, for example) recommend tying farce
prescriptive rules for structures with a low risk of progressive collapse. They aim
to provide minimum levels of tying, continuity, and ductility. However, the lat-
ter is not checked explicitly, and tying is provided through horizontal and verti-
cal ties achieved by prescribing a minimum tying farce requirement.

ALP approaches based on the notional member removal concept are deterministic
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rather than prescriptive. These approaches aim to demonstrate robustness ex-
plicitly (direct design method) through the analysis of the structure under codified
damage conditions, assessing the ability of the structure to redistribute the addi-
tional loads from the areas subjected to local damage. While the fundamentals of
this approach are clear, in practice, the ALP analysis requires several assump-
tions and simplifications, resulting in a considerable number of potential as-
sumption combinations that can lead to design/assessment solutions with dif-
ferent levels of robustness [8].
The key-element design approach, also known as the enhanced (or specific) local
resistance approach in the US, is a method used when the ALP method cannot
demonstrate sufficient load redistribution ability of the structure. In this ap-
proach, key elements (i.e., structural members, the failure of which activates a
progressive collapse) are identified and designed to resist accidental loads, so the
focus is on avoiding each key element's local failure.
The last general design approaches investigated are risk-based approaches. Most
codes consider risk implicitly in design by the building classification and design
methods recommended for each class or risk category. Risk considerations are
also included in some codes to define the overall design strategy. For example,
when the accidental action is identified, EC1 part 1-7 [16] recommends consider-
ing measures to mitigate the risk of the accidental action by (a) preventing or
reducing the action, (b) protecting the structure so that it resists the action, and
(e) providing minimum robustness by designing the struc-ture for the action. In
addition, codes generally provide some tolerance levels for the risk of collapse
(e.g., based on relative area of collapse, structural damage limits, acceptable lev-
els of likelihood, or levels of protection).

A more in-depth description of these methods can be found in [19], [20], and
[15].

2.1.6. Fire induced progressive collapse

Assessing a steel structure's robustness in fire means evaluating its capability
to resist a progressive collapse under elevated temperatures.
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Extensive research has been carried out in the last 20 years about steel struc-
tures and their behaviour in case of fire by evaluating mechanism and load cases
that lead to a progressive or disproportionate collapse.

Starossek in his book [21] examined the progressive collapse of structures,
outlining the current procedure as outlined in codes and illustrating design
methods with examples. Fu and Isobe [22],[23] presented numerical examples
and modelling techniques to explore progressive collapse under different acci-
dental actions, beyond those induced solely by fire.

Ali et al. [24] explored the performance of 2D portal frames by examining lat-
eral displacements and collapse modes to find the clearance distance required
between the frame and the firewall to allow the frame to expand laterally without
contacting and damaging the wall. Chen et al. [7] and Liew [25] have used a
mixed-element approach to perform steel frame explosion and fire analysis. The
authors combined shell and beam elements, using shells for critical members and
beams for the rest of the structure. Dong et al. [26] built three two-story, two-bay
composite steel frames and exposed them to both dead load and thermal load
from furnace heating. They concluded that the fire-resistance design of struc-
tures cannot be based on the performance of single. Instead, interactions among
members in the entire structure must be considered. This observation aligns with
findings from the Cardington fire test [27].

To prevent the side-sway of a building, P.]. Moss et al. [28] examined the be-
haviour of a 3D portal frame, varying the base supports and the fire severity and
considering (or not) the effects of the concrete encasement on the columns. The
study concludes that the only way to reach the goal is to protect columns against
fire or design them to remain standing. Sun et al. [29] introduced a static/dy-
namic explicit procedure to avoid numerical instabilities and follow the collapse
of a structure. Moreover, in subsequent work [30] they applied the procedure to
study the collapse behaviour of braced steel frames exposed to fire, highlighting
the beneficial effect of hat-truss and vertical bracings on progressive collapse.

Fang et al. [31] examined the key factors involved in the robustness assess-
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ment of steel-composite structures under localized fire. They introduced an ap-
proach for robustness assessment that provides a practical framework for ad-
dressing these concerns. Moreover, Fang et al. presented in another work [32] a
simplified energy-based robustness assessment based on a Temperature-Inde-
pendent Approach (TIA), in the sense that the maximum temperature is assumed
to be unknown, thus adopting a similar basis to specific robustness provisions
where event-independent local damage scenarios are employed. Agarwal and
Varma [33] analysed the role of interior gravity columns in steel buildings with
composite floor systems concluding that gravity columns govern the overall sta-
bility of building structures under fire conditions. Jiang et al [34] employing ex-
plicit dynamic analysis, explored planar steel frames' possible progressive col-
lapse mechanisms when one column failed under elevated temperature. The au-
thors find three progressive collapse mechanisms: cantilever beam, pull-in farce
in-duced, and high load ratio member failure.

Porcari et al. [35], through an extensive literature review focusing on the
mechanisms involved in fire-induced progressive collapse of steel building
structures, concluded that the durability of fireproofing significantly influences
robustness when subjected to blast or other sources of stress. Chen et al [36] in-
troduced a probabilistic assessment method for a steel-framed building in sce-
narios involving the sudden removal of a column due to catastrophic events. Ad-
ditionally, they developed a deterministic method and proposed a robustness
index (RI) to evaluate structural robustness performance based on acceptable

probabilities of global failure and structural collapse.

2.2. Automated rack supported warehouses (ARSW)

The warehouses are typical buildings where many goods can be stored after
their production and before their distribution to the consumers. The demand for
storage space is growing, due to increasing production and increasing consump-
tion levels, therefore highly optimized and reliable warehouses are needed. Au-
tomated Rack Supported Warehouses (ARSWs) are used in industrial facilities
to optimize storage spaces; these structures combine the structural efficiency of
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steel construction with automated machines for handling stored products.

A fundamental difference exists between traditional Steel Racks (SRs)
ARSWs. SRs are designed to carry on the structural self-weight and the weight
of the stored goods. ARSW are self-bearing rack structures committed to sup-
port, besides self-weight and weight of products, also environmental loads (i.e.,
wind, snow, and seismic action) and all the other non-structural elements such
as clads, equipment, etc. A typical structure during its construction is shown in

the following Figure 2.5.

1 S/ IUN=t SNe ¢ [
Figure 2.5. An ARSW during its construction. (Source: ROSSS s.p.a.)

SRs have two principal directions, as shown in Figure 2.6a; the cross-aisle
(CA) direction and the down-aisle (DA) direction. The traditional structural steel
racking system consists of a regular sequence of frames, made of two uprights (=
the vertical members), connected in the DA direction, by pallet beams devoted
to bringing the goods. While, in the CA direction, the two uprights are linked
together by horizontal beams and by a bracing system to provide lateral stability
of the structure in this direction. The nomenclature of all the structural elements
is listed in Figure 2.6b.

In the CA direction, all the frames are connected by an upper truss (Figure
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2.5). Since in the DA direction pallets must be placed easily, no bracing systems

can be placed but the main lateral force-resisting system is provided by tower

bracing, placed at both ends of the down-aisle section (see Figure 2.14).
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Figure 2.6. Main directions of a Steel Rack (a) and nomenclature of all the structural
elements (b).

Within the AMSWs all the goods are stored in unit loads, therefore the pallets
represent the support for these ones (see Figure 2.8). In the ARSW the handling
of the pallets can be done by using two typical systems, AS/RS, and shuttle sys-
tems, which are shown in Figure 2.7.

In the case of AS/RS, a stacker crane moves on a rail back and forth along the
DA direction and has direct access to the pallets. When it has reached the load
bay, where it must pick up the load unit, the stacker crane can move up and
down to reach the level and pick up the goods with its fork, like a forklift. This
means that in ARSW there must be as many aisles as stacker cranes (see Figure
2.7a).

On the other hand, a shuttle system does not have direct access to all the unit
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loads, and it is composed of two parts: a shuttle carrier and a shuttle (see Figure
2.8).

(a) (b)
Figure 2.7. Automated racking systems:(a) AS/RS, (b) shuttle system (source:
www.mecalux.com)

| B \ i b shuttle ) AN
S|k o Bl carrier
unit load | 7

pallet beam \

Figure 2.8. shuttle system detail [38].

The shuttle carrier moves back and forth on the aisle along the DA direction,
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and when it has reached the target unit load, the shuttle starts moving on rail
beams underneath pallets to reach the first pallet of the line and take it back to
the carrier. In this case, an aisle can be sufficient, but usually, there are as many
shuttles as load levels. It is worth mentioning that the rail and pallet beams form
a horizontal grid of beams, enhancing the stiffness of the structure.

Besides the handlings but still connected to them, three building types of
auto-mated warehouses can be defined depending on the pallet disposal: single-
depth, double-depth, and multi-depth. In the single-depth configuration, there
is one unit load line per frame (see Figure 2.9a) and two pallet beams connecting
the frames (see Figure 2.10a); in the double-depth configuration, there are two
unit loads per frame in the CA direction (see Figure 2.9b) and four pallet beams

connecting the frames (see Figure 2.10b).
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Figure 2.9. Single-depth configuration (a) , double-depth configuration (b) [8].
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Figure 2.10. Pallet disposal in single-depth (a) and in double-depth (b) [8].
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In this dissertation, the focus is given to Automated Multi-Depth Shuttle
Warehouses (AMSWs), as a specific ARSW type. AMSWs are compact systems
providing large surface occupation and maximum storage density. In AMSWs,
the handling of unit loads is realized by a system of shuttles that move goods

along rails in the warehouse DA and CA directions (see Figure 2.8).

2.2.1. Design of ARSWs at ambient temperature

ARSWs can be seen as the direct upgrade of traditional pallet SR, where in the
case of ARSWs, the steel racks are both the stored areas and the structure of the
warehouse.

To design ARSW, designers must refer to EN1993-1-1 [1] and EN1993-1-3 [39]
for steel structures and EN1998-1-1 for seismic action [40]. Moreover, they usu-
ally refer also to specialist regulations such as EN15512 [41] which provides prin-
ciples for the structural design of pallet racking systems, and EN16681 [42] which
indicates principles for the seismic design of pallet racking systems. The Italian
Building Code “Norme Tecniche per le Costruzioni” NTC2018 must be consid-
ered [37].

Hence, while well-established principles and rules supported by experi-
mental evidence and theoretical research are available and presented in [43] for
the usual SR. For the ARSWs, which are systems larger, taller, and more complex
than usual SR, manufacturers and designers have questioned the suitability of
the available regulations for these ARSWs, for years. In Italy new guidelines are
available from June 2023 [44], these ones provide a framework in terms of regu-
lations and procedures, for the design, improvement, and adaptation of indus-
trial metal racks in the earthquake zone. The guidelines identify the references
and regulatory limits for the design of new racks and provide the first elements
for assessing the seismic vulnerability of existing racks. As mentioned above,
ARSWs are characterized, on one hand, by a peculiar structural configuration,
that strongly influences global behaviour and, on the other hand, by unique non-
standard structural components and connections. Indeed, these structures
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mainly consist of thin-walled sections obtained by cold-forming thin metal
sheets that, on one hand, optimize the structural performance by reducing the
steel weight, the costs, and the assembly time. On the other hand, these types of
sections are usually classified as class 4 cross-section, according to EN1993-1-1
[1] and it has much lower strength and stiffness than hot-rolled steel members,
these members can fail by a variety of buckling modes including global, local
and distortional buckling and their interactions. For this reason, in general, racks
are made with channel sections and stiffened with additional folds (called “lip”)
to reduce local and distortional buckling phenomena caused by the small thick-

ness of the sections (typically from 1.5 mm to 3.0 mm), (see Figure 2.11).

Figure 2.11. An example of cold-formed steel member. Source: ROSSS s.p.a.

However, an ARSW can be characterized even by hollow square sections de-
pending on the dimensions and the requested payload.

Following this observation, the numerous research carried out on SRs, being
them traditional ARSWs’, or innovative ones can be divided between those deal-
ing with the analysis of global behaviour and those with single elements and
connections (as uprights, diagonal-to-upright connections, pallet beam-to-up-
right connections, and upright base connections).

In the last decades, the global structural behaviour of traditional racks along
both CA and DA directions, has been investigated focusing especially on a seis-
mic point of view. In this framework the guidelines for ordinary racks EN15512
[41] and EN16681 [42] could lead the designer to structural choices and technical
solutions that are not always adequate and on the safe side [45], for this reason
one possibility is the application of Eurocodes 3 [39] and 8 [40] requirements for
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steel constructions. Different studies have investigated the efficiency of Euro-
codes’ design and analysis rules for ARSW, in terms of feasibility, structural per-
formance and costs demonstrating how the capacity design requirements for
ARSW are challenging to satisfy especially in terms of the maximum difference
of the over-strength factor between load levels, requested in the case of X-braces
steel-structures [2], indeed it is enough to think to the number of stories with
reduced inter-story height and to the high number of stories.

These uncertainties and difficulties regarding code prescriptions have led de-
signers to consider ARSW as "non-dissipative" structures.

Only in recent years capacity design approaches specifically made for ARSWs
have been proposed in the literature ([46], [47]), defining rules and hierarchies
that consider the characteristics of these structural systems.

Many authors have analysed the components' behaviour, stressing their pe-
culiarities' strong influence on global behaviour. As an instance, the typical up-
rights adopted in SRs are often characterized by open mono-symmetric and
lipped cross-section, with continuous perforation along their height, that allows
to fit the tabs of the beams and bolt the bracing system in the cross-aisle direction
(see Figure 2.12). Since the effects of the holes must be considered in the design,
these characteristics make the behaviour of this element different not only from
hot rolled sections but also from common structural cold-formed profiles used
in light-weight constructions.

Locking
< ~pin, Beam end

connectors
S

~
Pallet beam

Perforation ™

Upright

Figure 2.12. An example of a steel upright, beam and connector [52].
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Each buckling mode exhibits a different post-buckling behaviour. This aspect
must be considered in the design of cold-formed structures and, nowadays, al-
most every steel specification proposes refined design approaches to consider
local, distortional, and overall buckling phenomena as well as their mutual in-
teractions. However, due to large number of cross-section shapes and perfora-
tion patterns available in the market, many codes recommend executing labora-
tory tests to assist the design [41], [48], [49].

At ambient temperatures, EN1993-1-5 [50] gives two methods to consider the
effects of local buckling in the design, i.e., the “effective width method” and the
“reduced stress method”. On the other hand, the Eurocode [50] considers the
distortional buckling strength by using a reduced thickness in the edge stiffener
and/or deformed part of the compression flange.

The behaviour of thin-walled steel members in centric and eccentric compres-
sion and particularly of stub uprights of pallet-rack systems have been widely
investigated by many researchers through experimental tests. Tests on stub col-
umns have been performed to determine the effective area and to investigate lo-
cal buckling [51],[52], while tests on slender upright specimens have been exe-
cuted to investigate distortional and global buckling modes, together with mixed
buckling modes [53]-[55]. In this same way also the behaviour of thin-walled
steel members in centric and eccentric compression and particularly of cold
formed steel members (CFS) have been widely investigated by many researchers
through experimental tests. Test on fixed-ended cold-formed steel rack-section
columns were carried out to investigate the local-distortional interaction [56].
While experimental test and numerical analysis on stainless steel I-columns were
carried out to study the interaction of local and global flexural buckling showing
that the design specifications of the current Australian/New Zealand standards
for stainless steel [57] and of the Eurocode 3 [50] failed to predict this interaction
effect in stainless steel I-columns [58],[59].

Appendix A of EN 15512 [41] standard describes a test procedure to derive
the effective area of a cold formed steel section. A stub upright with both ends
fixed (or welded) in a thick steel plate is loaded axially. The maximum load bear-
able by the upright is measured and it is named characteristic failure load, Px.
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Thus, the effective area of the cross-section is Acft = Px/fym, where fyr, is the mean
of the yield stresses obtained from tensile tests of metal sheet coupons.

Methods to evaluate the buckling behaviour of cold-formed sections (CFS) are
various and still topic of debate.

The latest trend is to move from simplified design models to design proce-
dures based on “whole section” analysis, avoiding the use of the effective width
method. One example is the Direct Strength Method (DSM) [61]-[63], this method
is already included in the Australian/New Zealand [57], North American [64]
and Brazilian [65] cold-formed specifications for the design of cold-formed steel
columns and beam:s.

Another approach is the Erosion of Critical Bifurcation Load (ECBL), which
uses the rigid-plastic theory to introduce the local failure mode of thin-walled
sections into the global behaviour of the member characterized by an Ayrton-
Perry equation [66]-[67] .

Recently, a method that obtained a large popularity is the finite element
method, which provides solutions of the governing differential equations, and it
is the only tool to design and study profiles with holes. To reduce computational
efforts, the finite strip method was developed: it falls into the category of numer-
ical methods that are specifically designed for prismatic members and for this
reason it can’t be used for profiles with holes, while a finite strip elastic buckling
solutions for thin-walled metal columns with different perforation patterns was
developed by using finite element method (FEM) [68] .

Several researchers [69],[70] have prepared user-friendly computer software
for this calculation, which is available to practical designers.

Finally, Generalized Beam Theory (GBT) is an extension to conventional en-
gineering beam theory that allows cross-section distortion to be considered [71]-
[74]. A comparison among the three European alternatives: EC 3 part 1-1 [1], EC
3 part 1-3 [39] and EN 15512 [41] was carried out to evaluate the upright load
carrying capacity with numerical buckling analyses and highlighted that in few
cases they lead to design from the unsafe side [75]. Different researchers pro-

posed an experimental and numerical forms of the failure domain for these types
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of uprights [77]-[78].

The nonlinear behaviour of the beam-to-column joints is also noteworthy.
This joint is usually made with a boltless connector welded to the pallet beam,
and the connector has a variable number of tabs that hook inside the spaced holes
in the upright. Evaluating the mechanical behaviour of a steel rack joint is theo-
retically difficult because of the large number of upright-to-beam joints and pro-
files used as uprights or beams. Monotonie and cyclic tests have been carried out
in the last two decades over steel rack joints (for example, [79]-[80]) high-lighting
the pinching behaviour of this kind of connection [81]-[83]. Moreover, full-load
rack structures have a very high live-to-dead load ratio, making them sensitive
to second-order effects, in these cases in literature pushover analysis seems a re-
liable method to study and design racks in seismic areas [84]-[86].

Nevertheless, some of the abovementioned peculiarities are reduced if the
structure is made with hollow square sections. In these cases, the uprights-
to-beam joints are generally blind-bolted with one or multiple bolts passing
through the hollow square uprights. The behaviour of this joint has not been
studied deeply in the literature and requires further analysis to be thoroughly
characterized.

2.2.2. Design of ARSWs in fire conditions

As explained previously, these structures mainly consist of cold-formed steel
members (CFS), that optimize the structural performance by reducing the steel
weight, the costs, and the assembly time. However, under fire conditions, the
thin thickness of these profiles, combined with the high thermal conductivity of
the steel, induces a fast increase in the steel temperature with a significant loss in
material stiffness and strength.

At present, fire design methods for CFS members are not as developed as for
hot-rolled ones and the available ones are generally based on past research on
hot-rolled steel members and they could be inadequate for this type of members.

At elevated temperatures, to account for local buckling the actual EC3 part 1-

2 [12] suggests for Class 4 cross-sections a default critical temperature of 350 °C,
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if no fire design is conducted, which means that even for a requirement of 15 min
of fire resistance, passive fire protection should normally be used for current pro-
files. Alternatively, the informative Annex E of the EC3 part 1-2 [12] suggests (i)
using an effective cross-section (A.fr) calculated with the effective width method,
according to EC3 part 1-5 [50], by considering the steel properties at ambient
temperature, which means that the effective properties of a steel plate should be
kept unchanged as the one as at ambient temperature, (ii) taking the 0.2% proof
strength (fo2p,) for the design yield strength of steel (see Figure 2.3) instead of
the stress at 2% total strain (fy), as normally used in the fire design of other cross-
sectional classes.

This means that the design buckling resistance of a compressed member for
the actual Eurocode can by evaluated as follow:

i
Npfitra = Xfilerrkoopo = (2.19)
Y mfi

Where:

Xri the reduction factor for flexural buckling in the fire design situation pro-
vided in EC3 part 1-2 [12];

A.fr effective cross-sectional area;

Ym,ri is the partial safety factor for the relevant material property, for the fire
situation, taken as equal to 1.

Ko2p,e is the reduction factors for the 0.2% proof strength at elevated tempera-
tures.

These recommendations are based essentially on the work of Ranby (1998)
[88] who has demonstrated that this methodology leads to accurate results for
determining the ultimate load of thin plates susceptible to local buckling at ele-
vated temperatures. Indeed, at elevated temperatures the reduction factor for
plate buckling would be, pg = ps(2,4) with the corresponding non - dimen-

sional slenderness at elevated temperatures, given by the following equation:

-— fy 0 kO.Zp 0 fy fy 5
Adyg = — = — |—=10|—=21 2.20
Pf \/Gcr,G kE,Q Ocr Ocr P ( )
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The ratio \/ko 2,6/ ki ¢ is almost equal to 1 and since that 4, = 1, this means
that it is possible to consider, pg = p. This methodology, however, could lead to
under-estimating the cross-sectional resistance if only some of the plates of the
cross-section are susceptible to local buckling [3], in this case, using the 0.2%
proof strength for the whole cross-section is, thus, very limiting.

On the other hand, there is an inconsistency pointed out by Renaud et. Al
(2006) [89] regarding the reduction factors for the 0.2% proof strength at elevated
temperatures, ko2p, given in Table E.1 of EC3 part 1-2 [12]. Indeed, these values
do not correspond to the ones calculated according to the stress-strain relation-
ship of steel at elevated temperatures given in the same norm, and it is unknown
to the scientific community, where these values given in EC3Part 1-2 [12] come
from.

Due to all these mentioned limitations, new expressions to determine the ef-
fective width of steel sections at high temperatures were developed [3].

This design curve has been calibrated as close as possible to the existing de-
sign curve by introducing the factors ag and o on the expressions of EC3 part 1-
5 [50], hence the influence of the imperfections is taken into account as in the
original formulas developed by Winter [90] and additionally the non-linear steel
constitutive law at elevated temperatures is also accounted for, furthermore by
using the factor & steel grade is also taken into account in this new proposal.
Moreover, by using these expressions, the strength at a total strain of 2% (fy) can
be used to calculate the resulting effective cross-sectional resistance, instead of
using the 0.2% proof strength (fo2pe). According to this proposal, for internal

compression elements the following expression is proposed [3]:

(B +ap)” — 0055(3 + ) -

Po — (2.21)
(& +a0)™"
Where the coefficients ag e Po are equal to:
k
ag =09 — 0315 80';”"’
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235
&g = 0.85¢ = 0.85 |—
y

According to this proposal, for outstand compression elements the following

expression is proposed [3]:

(% +a5)” —0.188

Pe — (2.23)
(4 + aG)ZBG
Where the coefficients as e B are equal to:

k
ag = 1.1 — 0.630 222

foky.s (2.24)

I .
B =2—11—228
ky o

The new expressions are temperature-dependent leading to a variation in the
effective cross-section properties under fire situations. For this reason, a simpli-
fied proposal, not temperature dependent, was investigated in [91], based on the
assumption that the influence of the temperature on the range of the critical tem-
peratures usually expected for steel members (from 350 °C to 750 °C) are negli-
gible leading to a simpler yet accurate design. According to this proposal, for

internal compression elements the following expression is proposed [91]:

1,5
(@ +0.9— %) — 0.055(3 + )
= <1 (2.25)
(7, +09- —0'26)3
14 ) £

According to this proposal, for outstand compression elements the following
expression is proposed [91]:

— 0.52\"2
. (/1,, +1.1 ‘T) —22.188 _. (226
(1, +11-222%)

It is worth saying that these expressions are proposed for the new drafts of

the next generation of structural Eurocodes.
This means that the design buckling resistance of a compressed member for

the new Eurocode can by evaluated as follow:
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fy
Ny fitra = Xfilerrkyo = (2.27)
Y mri

Where in this case the effective cross-sectional area determined according to
the new equations explained before.

Kankanamge et al. carried out an intensive parametric study on the behaviour
of cold-formed steel lipped channel beams subject to lateral-torsional buckling
at elevated temperatures, by providing a comparison among the three European
alternatives: EC 3 part 1-2 [12], EC 3 part 1-3 [39] and the design method devel-
oped by Kankanamge et al. [92] based on AS/NZS 4600 [57] for ambient temper-
ature design was investigated for fire situation. The EC3 part 1-2 [12] suggests
that the buckling curve should be the same as that for hot-rolled steel members,
the authors found that in this way the predictions were over-conservative for
high temperatures except for beams with very high slenderness.

The EC3 part 1-3 [39] suggest a design by using a unique buckling curve, like
the design method developed by Kankanamge et al.

The authors showed that using a single buckling curve is inadequate to obtain
the ultimate moment capacities of cold-formed steel beams at varying elevated
temperatures. Hence these design methods are unsafe or over conservative for
some temperatures and slenderness ratios. Therefore, other buckling curves in
EC3 part 1-1 [1] were proposed for different temperature ranges for the fire de-
sign of CFS members.

For all these reason, Kankanamge et.al [93] have proposed a new fire design
methodology for CFS lipped channel beams subjected to lateral-torsional buck-
ling at elevated temperature, based on modified AS/NZS 4600 design rules [57].
The proposed formula is a variation of the ambient temperature DSM by replac-
ing the mechanical properties at ambient temperature with the reduction factors
depending on the temperature (E = kgp Eao, fy = ky,0 fy20) and using the fy0/fy0
factor for considering the non-linearity in the stress-strain curve of steel. How-
ever, this design method did not provide accurate load- bearing capacity predic-
tions for the full range of temperatures and slenderness ratios.

Other new simplified fire design rules were proposed [94] but they were spe-
cifically developed for CFS floor systems.
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Laima et.al. [95] developed a simplified fire design methodology for single
and built-up cold-formed steel beams based on the European guidelines.

The proposed formula is a variation of the ambient temperature design
method proposed in EC 3 part 1-2 [12], by modifying the dimensional slender-
ness at elevated temperatures (AL1e) considering the smooth relationship between
the parameters kypand kee. As well as that the coefficient values of 0.5 and a
were modified to p and a' to consider higher geometric imperfections in mem-
bers under higher initial load levels.

In these ARSWs structures to consider the performance-based approach, in-
stead of the prescriptive one, is essential because this one generally requires a
minimum fire resistance performance for structural elements that lead to the use
of traditional passive fire protection systems, that in the case of these metal pro-
files are difficult to apply, because of their high section factors (An/V) and very
small critical collapse temperatures. Indeed, considering the intumescent paints,
in order to ensure the bearing capacity against fire, a very high thickness of more
than 1,000p should be applied to the element [96]. Moreover, this paint should
be applied when the rack is already built, therefore the practical application
would be very difficult due to the features of these profiles. All these aspects
would lead to high costs.

To minimize risks, warehouses must be equipped with fire prevention, detec-
tion, and extinguishing systems. Since their fire vulnerability, these structures
are typically protected by active fire protection measures to limit any structural
damage. At the same time, the fire protection of a warehouse can be a big chal-
lenge because one hand they have generally a high fire load, due to the materials
of the stored goods that facilitate fire propagation: plastic, cardboard, or wood,
flammable liquids, etc. On the second hand in the ARSW can be stored a lot of
different types of goods, for this reason also the choice of active fire protection
could be different, such as sprinkler system with water or lather. Moreover, in-
stalling a significant number of sprinklers with related pipes inside a rack could
be problematic because often there is not enough space [97].

In recent years the usage of oxygen reduction systems (ORS) [98] has
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emerged. This system injects nitrogen into the warehouse, decreasing the con-
centration of oxygen and thus preventing the development of a fire. This family
of systems can be installed inside ARSWs because there is no constant presence
of workers, and the ones admitted to accessing the warehouse are highly trained.

However, the use of active fire protection can lead to losing the stocked goods

and in any case, they could fail their job, therefore the study of the fire scenario
without these systems should be deeply analysed. Recent studies [99] have
shown that in many cases these systems may not work and therefore, to consider
the fire scenario without an active system, as one of the most critical for mechan-
ical analyses, is necessary.
Referring to the performance levels defined by Italian technical fire prevention
regulation [1] and showed in Table 2.1, the PLI could be required for ARSWs,
indeed, among the criteria required to fall into the PL I, there is the request that
the building is not involved in activities concerning the presence of people, ex-
cept for the occasional and short-term activity of highly trained workers. The
latter is generally the condition of every ARSW.

For these reasons, moving in the context of alternative solutions, or rather in
the performance-based approach, the absence of external consequences due to
structural collapse must be demonstrated, which means that the designer must
prove analytically that the collapse mechanism is inward, and implosive. The
code suggests the following technical measures to guide the collapse, such as:

- adoption of criteria of the hierarchy of the fire resistance (e.g., assignment
of an over fire resistance to the perimeter structures elements compared to
the internal ones;

- spatial distribution of the fire loads towards inner areas;

- adoption of convenient structural forms (e.g., with inclination towards the
interior, ...);

- use of fire control systems with higher availability.

- pyramidal stacking of the fuel materials;

- adoption of constraints that facilitate implosive collapse.

The study of the mechanism of collapse is related to the fire model adopted and
the types of methodologies of analysis that the designer must adopt to properly
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interpret it.

Zaharia and Franssen [100],[101] studied the case of a two-dimensional ARSW
built in Belgium. This study aimed to illustrate a fire resistance requirement, R15,
within the context of a prescriptive approach, and to prevent the progressive col-
lapse in the event of the sprinklers malfunction. The ISO fire curve was consid-
ered as a fire model as a uniformly heated temperature history. The resulting fire
resistance time was a mere 2 minutes, but the authors suggested potential layout
changes that could extend this time to 6 minutes. Moreover, the authors affirmed
that a natural fire scenario might be more realistic, but under this fire curve, the
progressive collapse of the structure cannot be avoided, in fact, the local collapse
of rack uprights, initiates the global collapse.

Other authors [102],[103] and [104] used a similar approach to study the collapse
dynamic of an ARSW, by considering natural fire curves obtained thanks to
Computational Fluid Dynamics simulation. Battistini et al. [102]proposed a load-
ing scheme to control collapse since automated rack warehouses are usually
never full. Madeddu et al. [103] analysed the last step of the static implicit anal-
ysis to draw conclusions on the final collapse of the structure. Di Felice et al. [104]
proposed a hierarchy to control the collapse based on the selective cooling of
some columns employing water-spraying. Mei et al. [8] provide a robustness
evaluation and highlights some possible aspects to be considered in the struc-
tural design to avoid a progressive collapse in the event of a fire. The analyses
were performed by using the LOCAFI method for localized fires and nonlinear

dynamic finite element simulations.

2.2.3. Description of the typological ARSW structure

Starting from these considerations, one typological self-supporting auto-
mated warehouse was studied, the structure object of this dissertation represents
a very common Automated Multi-Depth Shuttle Warehouses (AMSWs), consist-
ing of a steel-supporting structure and equipped with infill panels and roofing

with sandwich panels. This AMSW has a rectangular plan with a total length of
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52 m and a width of 35m, it consists of a central block, used for the storage of the
reels, and two side lanes served by stacker cranes for handling the reels (see Fig-
ure 2.13).
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Figure 2.13. Plan view of the considered AMSW (dimensions in m). Source: ROSSS
s.p.a.

In the down-aisle direction, Figure 2.14, the central block consists of a succes-
sion of frames, while at either end of the warehouse, the first two spans of the
structure host the bracing towers. In this direction, the frames are joined with
pallet beams with open section cold formed profiles.

For each span, a unit load (a paper reel) is stored; the UDCs are supported by
particularly designed channels resting on the principal beams. The handling of
unit load (UDC) is realized by a system of shuttles and satellites that move goods
along rails in the warehouse cross and down aisle directions.

In the cross-aisle direction each frame is composed of five shoulders with V-
shaped braces (see Figure 2.15) and it is characterized by 13 load levels placed at
2 m, with a total height of 29.8 m. The nomenclature adopted in the following
analyses and consideration is also reported in the following Figure 2.15.

The warehouse structural system consists of hot-rolled tubular columns with
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hollow square (HSS) cross section and cold formed horizontal and diagonal ele-

ments with C cross-sections. All the cross-sections are reported in Table 2.2.
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Figure 2.14. Down-aisle direction of the considered AMSW (dimensions in m).
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Table 2.2 Cross-sections used for the considered AMSW.

Structural Element Cross- section Am/V Steel Notes
[m1] grade
upright (1t section) HSS 150x150x10 100 5355 from0to8m
upright (2d section) HSS 150x150x5 200 S355 from 8 to 16 m
upright (34 section) HSS 150x150x3 333 75 from 16m to
top
frame bracing of the cen-
tral shoulder, (15t section) 2xC 150x60x15x2 755 5250 -
frame bracing of the cen- ) 15, 60,0062 793 S250  13th load level
tral shoulder, (2nd section)
horizontal beam of the IXC150x50x15x2 737 S250 ;
central shoulder
frame bracing of the lat- from Oth to 4th
eral shoulder, (1% section) 2XC 110x50x20x2 788 5350 and 12th Jevels
frame bracing of the lat- from 5th to 11t
eral shoulder, (2" section) 2XCT10x50x20x1.5 9% 5250 levels
horizontal beam of the lat- from 1st to 5th
eral shoulder, 2xU 80x40x2 760 S250  and from 12th
(1st section) to 13th levels
horizontal beam of the lat-
th th
eral shoulder, 2xU 80x40x1.5 1013 S50 [romottoll
. levels
(2nd section)
frame bracing of the
2xC 110x70x20x2 818 S350  13th Joad level
lateral shoulder
column of the portal HEB 240 131 5355 -
bottom chord of the HSS 200x150x10 106 355 )
portal
upper chord of the portal HSS 300x150x10 105 5355 -
diagonal and vertical HSS 120x120x10 109  S355 -
beams of the portal
bottom/upper chords of HSS 150x150x3 333 8275 -
the truss
diagonal beam of the truss 2xC 150x50x15x2 737 5250 -
vertical beam of the truss 2xC 120x60x20x2 793 5250 -

2.3. Fire models

The thermal action represents the action of the fire on the structure and EC1
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part 1-2 [10] gives different possibilities to consider this thermal action. One pos-
sibility consists of time-temperature relationships, these are relationships that
give the evolution as a function of time of a temperature within the environment,
that represents the surrounding structure. This temperature, together with the
appropriate boundary conditions, can be used to determine the heat flux trans-
mitted from the environment to the structure (see Eq.2.3 - 2.5).

Another possibility consists of relationships that directly give the heat flux
affecting the structure, which is then combined with the flux reemitted by the
structure to determine the evolution of the temperatures in the structure.

In the context of EC1 part 1-2 [10] and the new Italian technical fire prevention
regulation [1], the distinction is made between nominal temperature-time
curves, on one hand, and natural fire models on the other hand.

As explained in §2.1 the nominal fire curves are used in the contest of the pre-
scriptive approach where the thermal action to be used is normally a legal re-
quirement defined by the country or region where the building is located and
depending on its size, use and occupancy. The Italian code gives prescriptive
requirements that define both the time-temperature curve and the time (called
the fire resistance) the structure must survive when exposed to this curve.

On the other hand, by using the preformed based approach, it is the respon-
sibility of the designer to use an appropriate representation of the fire, although
the Eurocode gives some guidance in the form of limits of application to some of
the proposed natural fire models.

2.3.1. Nominal fire curves

The code provides three types of nominal fire curves (standard ISO834, hy-
drocarbon, and external curve), selected according to the nature of the combus-
tible materials in the compartment. They are called nominal because they are not
supposed to represent a real fire.

For fire that develop indoors with the prevailing combustion of cellulosic ma-

terial, the design fire corresponds to that one defined by the standard nominal
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fire curve, ISO834, which describes the average temperature of the flue gases,
which grows over time in a logarithmic manner according to the following equa-
tion:
6y = 20 + 345log10(8t + 1) (2.28)
For fire that develop indoors with the prevailing combustion of hydrocarbons,
such as gasoline, the design fire corresponds to that one defined by hydrocarbon
fire curve given by the following equation:
6, = 20 + 1080 - (1 — 0.325 - e~0167 — 0,675 - e~25) (2.29)
For fire that occurs externally from the building, the design fire corresponds
to that one defined by external fire curve given by the following equation:
8y = 20 + 660 - (1 — 0,687 - e7032t — 0,313 - e7387) (2.30)
All these curves are displayed in the following Figure 2.16 where it possible
to observe how all the nominal fires are characterized, unlike the natural fire
curves, by a trend of temperatures always tending to increase over time, and
with an important initial speed, since they are referred to the post-flashover
phase.
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Figure 2.16. Nominal fire curves.
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2.3.2. Input data for natural fire models

The natural fire curves follow all the four phases of the fire development: the
ignition and fire growth process, the fully developed stage, and the decay stage, which
are schematized in the following Figure 2.17.

When one or more combustible materials are heated from a heat source, igni-
tion occurs, in the growth phase the fire spreads slowly by involving other com-
bustible materials in combustion; while the latter are burning, the gas tempera-
ture inside the room increases rapidly, and there is a radiant flux from flames to
other items. If there is enough oxygen and combustion materials within the com-
partment, a flashover can occur, this one represents a transition phase in which
the flames, from a localized fire, quickly propagate to the entire compartment
volume, becoming a fully developed fire. After the flashover, a constant combus-
tion phase begins. Until reaching a decay phase as the fuel burns out.

Pre - flashover Post - flashover

1200

1000 - Ignition ~ Growth Burning Decay

800 -

Temperature [°C]

600 -

400 -

200 -

Time

Figure 2.17. Natural fire curve phases.

One of the first input data that is necessary to carry out the fire resistance
design is the fire load density, which can be determined for a specific project by
performing a fire load survey. In this case, the content as well as the combustible
parts of the construction should be considered. Net calorific values of the com-
bustible materials must be considered and modified by the effect of moisture if
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relevant. The characteristic fuel loads qa [M]/m?] can be calculated as follows:

n g H m: U
qfk — Zl—1 gl Al 4 lpl (231)

Where:

gi [kg] is the mass of the i-th combustion material;

Hi [M]/kg] is the calorific value of the i-th combustion material;

m; [-] is a combustion factor, the value of which is between 0 and 1;

i [-] is the limiting factor of participation in combustion;

A [m?2] is the floor area of the compartment.

Most often, the characteristic fire load density is determined from a classifica-
tion of occupancy of the compartment. Such classification is proposed on na-
tional level [1]. Moreover, Informative annex E of EC1 part 1-2 [10] gives a table
that lists characteristic fire load densities for a selection of occupancies. The 80%
percentile from this table is taken as the characteristic value of the fire load den-
sity for the content. Fire loads from the construction material of the building
should be added to these values if relevant.

A design value of the fire load gsqis then calculated based on the characteristic
value qs using the following equation:

dra = 6q16420nqsk (2.32)

Where, the factor 841 considers the risk of fire activation, i.e., the risk that a
severe fire occurs. The risk of a fire occurring is higher in compartments with
larger area. The factor 842 considers the risk of fire activation due to the type of
occupancy. The factor 6, considers the effect of active firefighting measures.

In addition to the fire load density, to apply natural fire models, another im-
portant parameter is the Rate of Heat Release (HRR) density.

HRR can be the results of experimental test or defined by codes and standards.
The EC1 part 1-2 [10] and the Italian Fire Code [1] provide the same procedure
to calculate the HRR, the curve is divided into three parts, reflecting the fire
stages of Figure 2.17.
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Figure 2.18. HRR curve phases.

The power released by the fire Q, often called the rate of heat release HHR
[kW], can be calculated as a function of time according to the following equation:
2
Q =103 (ti) < A;;HRR; (2.33)
a
Where:
t, is the time needed to reach a rate of heat release of 1 MW, in [s];

HRRyis the maximum rate of heat release produced by 1 m? of fire in case of
fuel-controlled conditions, [kW/m?2];

Ay is the maximum area of the fire, which is the fire compartment in case of
uniformly distributed fire load, but which may be smaller in case of a localised
fire, in [m2].

The parameter t, and the maximum rate of heat release HRRy, for different
occupancies, are given in the national and European codes.

Each phase has a fixed duration that is reported in the following equations,
which provide the three steps of the grow phase end and the plateau start
Eq.2.36, plateau end and decay start Eq.2.35, and decay end Eq. 2.36:

t2
ty = /HRRmax ﬁ (2.34)
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2.3.3. Localized fires

The compartment fire scenario assumes that the gas temperature rises uni-
formly. For compartments that are reasonably small and where the fire load is
uniformly distributed, this is usually reasonably realistic. However, as the size
of the compartment increases or if the fire load is in a relatively small area, this
assumption tends to become increasingly conservative, because the fire may not
reach the flashover conditions during its evolution and consequently it could re-
main within an area of the compartment. These are called “localized fires” and
unlike the post-flashover fire, where the temperature of the gas can be consid-
ered uniform in the compartment, the temperatures of the surrounding flame
and gases are not uniform and need to be determined at each point of the com-
partment.

In the Annex C of the EN1991-1-2 [1] provides simplified formulations for the
determination of thermal actions in the case of localized fires. These calculations
are different according to whether the flame impacts the ceiling or not and they
were derived from two different research.

The first researcher that analysed the problem was Heskestad [105],[106], who
developed a method for calculating the height of a flame and its temperature
along the vertical axis in case the flame does not impact the ceiling (Figure 2.19).

The independent variables used are the diameter of flame, D, and the heat
release ratio (HRR), Q. The empirical correlation, based on experiments pro-
posed by Heskestad to calculate the temperature along the plume, is reported in
following Eq. 2.37:

0(z) = 20 + 0.25 0.3 (z — z,)™5/3 < 900 (2.37)

Where:
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Q., is the convective part of the HRR in [W] (fixed as 0.8Q);
z is the height along the flame axis in [m];
2o is the virtual origin of the axis, given by the following formula:
Zo = 1.02D + 0.00524 Q?%/5 (2.38)
It is worth saying all the proposed formulations are applicable for flame diameter
(D) less than or equal to 10 m and HRR less than or equal to 50 MW.
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Figure 2.19. Heskestad Model [1].
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Since the Heskestad model does not consider the case in which the flame impacts
the ceiling (Figure 2.20) this limitation was superseded by Hasemi, et al. [107].
The Hasemi method uses Heskestad Eq. 2.37 to calculate temperature along the

plume and propose empirical correlation to evaluate heat fluxes received by ele-
ments situated at the ceiling level.

The heat flux (h) in [W/m?] received by the fire exposed unit surface area at the
level of the ceiling is given by:

h =100 000 for y <03
h = 136 300 to 120 000 y for03<y<1.0 (2.39)
h = 15000 y~37 for y=>1.0

Where:

y is a parameter [-] given by:
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r+H+7z
L h +H+Z7
r is the horizontal distance [m] between the vertical axis of the fire and the point

y = (2.40)

along the ceiling where the thermal flux is calculated, see (Figure 2.20.);

H is the distance [m] between the fire source and the ceiling, see (Figure 2.20);
L1 is the horizontal flame length and z’ is the is the vertical position of the virtual
heat source [m] and evaluated by using the HRR.

H

Figure 2.20. Hasemi Model [1].

EN 1991-1-2 Annex C [1] does not give a method for assessing the temperature
or the heat flux received by a vertical member at a given distance from the fire
source i.e., that is not engulfed in the fire.

Additionally, the EN 1991-1-2 Annex C method conservatively sets the emissiv-
ity of the flame (gf) as equal to 1.0, which tends to produce conservative results
when compared to tests.

Under the European Union’s Research Fund for Coal and Steel (RFCS) project
LOCAFI [108], work was carried out to improve the Annex C methodology for
localized fires. Through a series of tests, and subsequent numerical and analysis
work, refinements to the methodology were proposed, addressing these limita-
tions. The experimental campaign allowed to evaluate the influence of several
parameters:

e Fuel type.
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e Pool diameter.
e The presence or not of a column engulfed in the pool.
e Type of columns.
e DPosition, diameter, and number of pools
e Configuration with or without ceiling.
A total of 82 tests were performed to define the flame length and temperature,
the influence of the column on the flame, and evaluate the heat flux on the col-

umn.

Figure 2.21. LOCAFI pool fire [108].

The experimental campaign concluded that the heat flux equations in the Eu-
rocode 1 needs to be adjusted because the comparisons between the experimental
results and the analytical ones confirms that Eurocode recommendations over-
estimate the thermal exposure and thereby the steel temperatures by several
hundred degrees.

Numerical analyses followed the experimental campaign, to simulate the ex-
perimental tests numerically, to carry out a parametric study and finally to vali-
date a simplified analytical model capable of predicting the thermal action re-
ceived by a structural member in a compartment where a localized fire occurs.

The analytical model has been development with two levels of refinement:

A model based on numerical integration for implementation into advanced
models like SAFIR and Ansys (named “geometric model”); and a model based
on analytical formulae for handmade use or implementation into basic engineer-
ing tools like Excel spreadsheets (that will be called “simplified model” in the
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present report).

In both geometric and simplified models, the configurations where the ther-
mal exchanges are drawn by convective fluxes (members engulfed in the fire or
situated inside the smoke layer) are treated by application of the existing equa-
tion available in EC1 part 1-2. The major heat exchanges, by radiation, will be
calculated by representing the fire as a virtual solid flame that radiates in all di-
rections. The first step of this calculation is again common to the geometric and
simplified models and consists of defining the geometry of the virtual solid flame
representing the localized fire and the distribution of temperature as a function
of time.

The shape of the virtual solid flame representing the thermal action of the lo-
calized fire may be cylindrical or conical. The cylindrical shape flame is simpler
to deal with but usually represents less accurately the thermal attack induced by
the fire and leads to overestimated radiative heat fluxes.

In case the flame length is higher than the ceiling level, the cylinder or the
cone must be truncated and a radiant ring, representing the spreading of the
flame under the ceiling, should be considered outside the truncated cylinder or
cone.

The difference between the geometric and simplified models is the calculation
method used for the assessment of the radiative heat fluxes exchanged between
the virtual solid flame and the elements:

In the geometric model, the virtual solid flame and the exposed element are
respectively meshed into finite radiating bands and finite faces. Then, the total
radiative heat flux received by a face is the sum of the radiative fluxes coming
from all the radiating bands. It should be noted that for exposed elements with
I-shape or any other concave section, an equivalent rectangular shape must be
considered.

The simplified model was defined based on configuration factors, to propose
a calculation method without surface integral (that generally requires the imple-
mentation into a solver). For simple shapes like cylinders or rings, direct formu-
lae are available under several conditions. By means of slight adaptations of the
virtual solid flame these conditions are satisfied and the calculation of radiative
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heat fluxes can be calculated using the concept of configuration factor.

2
X[m]

Figure 2.22. Numerical heat flux and flame (top); heat flux with a conical flame (bot-
tom right); heat flux with a cylinder shape (bottom right), [108].

The validation work has consisted of comparing the results obtained from the
calibrated FE models and from the new analytical models (geometric and sim-
plified, cylindrical or conical flame shape). As a result of this validation work, it
may be stated that:

- Cylindrical flame shape leads to significant overestimations of the radiative
heat fluxes where conical flame shape gives good correlations or slight and
acceptable safe-sided discrepancies.

- The differences between the results obtained from geometric and simplified
models are limited.

The LOCAFI model will be further analysed in the following chapters.

2.3.4. Zone models

Zone models are fire models that can be used to compute the development of

the temperature in a fire compartment based on differential equations expressing
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mass balance and energy balance equilibrium. Zone models assume that a com-
partment can be vertically subdivided into zones, see Figure 2.23, with homoge-
neous properties in terms of temperature and composition: a hot layer with com-
bustion products, located near the ceiling, and a cold layer with fresh clean air at
the bottom, separated by a moving interface. The properties and the layer height
can vary over time and are identified when solving global conservation equa-
tions [109].

Layer Interface
Natural Vent

Lower Layer
1

Components of mass and

- enthalpy entering or leaving
a control volume

Figure 2.23. Schematic of control volumes in a two-layer zone model [112].

When a given criteria is met, the zone model switches from a two-zone model
to a one-zone model, representative of a fully developed fire, where uniform
temperature is considered in the whole compartment. One zone model repre-
sents a post-flash-over situation whereas two zone models represent a pre-flash-
over situation.

Eurocode 1 [10] gives very few recommendations on zone models except that
gas properties, mass exchanges and energy exchanges should be considered and
that an iterative procedure is involved. This means that the differential equations
must be integrated with time to obtain the time-temperature curve [110]-[111] .
This is the reason why zone models require computer software. For this reason,
the National Institute of Standards and Technology (NIST) developed the CFAST
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software [112] applying a two-zone fire model capable of predicting the environ-
ment in a multi-compartment structure subjected to a fire. While Cadorin [113]
developed a zone model that allows switching from a two-zone models to a one
zone model and so it is valid in pre and post flashover fire phase, which was
validated against full scale fire tests and implemented in the OZone software
[114],[115].

The CFAST software will be further analysed in the following chapters.

In a thesis by Bong [116] guidance on how to determine which numerical
model to use for different enclosure sizes, is provided. The two-zone model,
BRANZFIRE, was seen to give very good predictions of the hot gas layer tem-
perature and layer height, compared to data from FDS, in enclosures up to 600
m? and relatively good predictions up to 1200 m2. However, for larger enclosures,
the FDS simulations demonstrated a non-uniform temperature distribution in
both the horizontal and vertical direction, which was not captured with the two-
zone model. Moreover also, in a room fire experiment, while a stratified layer
situation can be observed, the layer interface is not always clear, and the temper-
ature varies rather gradually with height. For these reasons, a new zone model-
ling approach called multi-layer zone model was developed by Suzuki [117] and
modified by Xiaoju [118], to predict vertical distributions of temperature in a fire
compartment. In this model, the space volume in a compartment was divided
into an arbitrary number of horizontal layers as the control volumes, and the
physical properties, such as temperature and species concentrations, in each
layer were assumed to be uniform. The boundary walls were also divided into
segments following the layer division and the radiation heat transfer between
the layers and between the layers and the wall segments were calculated, as well
as the convective heat transfer between the layers and the wall segments. The
principal equations for each laminated horizontal layer are derived from the con-
servation equations of mass and energy. One of the assumptions of this model is
that the fire plume flow does not mix with the upper layer as soon as it penetrates
the layer interface but continues to rise until it hits the ceiling, and all the heat

released by the fire rises into the top layer.
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The multi-zone concept is not as established as two-zone models since only a
few models have been presented. Therefore, multi-zone models' accuracy and
possible benefits need to be investigated further. Johansson [119] indicates that
the multi-zone model gives reasonable estimates of gas temperatures in well-
ventilated large spaces, and also concluded that there is a potential for the multi-
zone concept to be a complement to more advanced numerical modelling meth-
ods like Computational Fluid Dynamics that requires an extensive computa-
tional time.

2.3.5. Computational Fluid dynamics (CFD) models

The assumptions required for zone fire modelling become unnecessary when
using computational fluid dynamics (CFD) modelling. Indeed, the full, partial
differential equation set, expressing the principles of local conservation of mass,
momentum, energy, and species, the field equations, are solved using numerical
methods subject only to the boundary conditions of the problem [120]. These
equations are solved numerically to yield time-varying predictions of tempera-
ture, gas velocity, gas species concentrations, and so forth, on a three-dimen-
sional mesh of control volumes that spans the geometry being modelled.

Therefore, in the CFD models, there is a grid-based division of the computa-
tion domain, and results are obtained for each cell of the mesh. The physics be-
hind fire are complex and occur at different scales in time and space (combustion,
radiation, smoke generation and movement, pyrolysis, etc.). Therefore, some
simplifications are still needed and introduced.

Unlike two zone models, CFD models enforce the conservation laws in each
of the thousands or millions of relatively small control volumes. However, the
exact solution of the governing equations, resolving fully the length and time
scales that occur in the turbulent flows associated with fire, is still beyond the
capabilities of even the largest computers currently available. To capture the de-
tails of the chemical processes of a fire would require spatial resolution of less
than 1 millimetre. Therefore, it is necessary to modify the governing equations
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to model the unresolvable turbulence. Two main approaches are currently em-
ployed in CFD simulations of fire: Large Eddy Simulation (LES) and Reynolds
averaged Navier-Stokes (RANS) equations. With RANS model, a widely used
technique, the equations of motion for fluid flow are time-averaged then solved
discretely. With LES (Large Eddy Simulation), the turbulent flow is characterized
by solving large-scale motions while the small-scale motions are removed
through a filtering operation, and their effect modelled using sub-grid scale mod-
els. It implies that the large-scale phenomena are well resolved while the small
eddies are not well resolved.

To handle turbulent viscosity in LES, different models can be used: Deardoff,
Constant Smagorinsky, Dynamic Smagorinsky, Vreman, etc.).

Several studies have been carried out to compare CFD results with experi-
mental data [122]-[124], allowing to demonstrate the CFD capacities to model

compartment fires.

2.3.6. Travelling fires

The traditional fire models assume uniform burning and homogeneous temper-
ature conditions throughout a compartment, regardless of its size.

In the last years, multiple accidental fires occurred that have led to structural
failures such as: the Interstate bank fire in Los Angeles in 1988, the One Meridian
Plaza fire in Philadelphia in 1991, World Trade Centre fires in New York City in
2001 [125], Windsor tower fire in Madrid in 2005 [126], Faculty of Architecture
fire at TU Delft in 2008 [127], Grenfell Tower in London in 2017 and Moro Tower
in Milan in 2021, all these events pointed out the issue of the fire spread model-
ling in large spaces and its implications on the response of structures. Indeed,
during these events the fires had been observed to move along the floor plates
and vertically across different floors, hence, these fire scenarios are classified as
“travelling fires” at the University of Edinburgh in 2007, due to Rein et al. [128].
These types of fires are likely to occur in large compartments (floor area above
100 m?) and can create a heterogeneous temperature field which can be very
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damaging to the structure [129]. This non-homogeneous nature of fire has also
been observed during several experiments in the past [130]-[134]and has also
been demonstrated recently in the Malveira fire tests [135]. All the experimental
tests allow understanding the fire dynamics, evaluating temperature evolution,
and observing the structural response of a travelling fire.

he first researcher who attempted a detailed analysis of fire spread in com-
partments was Clifton in 1996 [136] in a report for the Heavy Engineering Re-
search Association (HERA) of New Zealand, he proposed that in large compart-
ments (firecells) without any partitions, fires could move across the floor. Clifton
proposed a model, called Large Firecell Method (LFM) where each Firecell at a
defined time, was divided into four design areas, where each of these could be
in the following states - fire, pre-heat, smoke logged and burned-out. Each of
these design areas is then subjected to time-temperature curves (parametric fire
curves [1]) individually and sequentially.

This pioneering model for localised fire moving throughout the enclosure and
generating non-uniform heating in the compartment was not widely used, due
to insufficient experimental validation [137], Clifton stated that this methodol-
ogy should mostly function as a research tool and should only be used for single
element checks in design [141].

Stern-Gottfried and Rein [5] and [141] developed a Travelling Fire Methodol-
ogy (TFM), to provide a spatial and temporal evolution of the temperature field
within a compartment. This model considers that the fire-induced thermal field
is divided in two regions: the near field and the far field, as illustrated in Figure
2.24a. These regions are relative to the fire, which travels within the compartment
following a one-dimensional path. The “near field” is the burning region of the
fire and where structural elements are exposed directly to flames (and experience
the most intense heating). The “far field" is the region remote from the flames
where structural elements are exposed to hot combustion gases (the smoke
layer), but experience less intense heating than from the flames. The near field
region is analogous to the design area of the LFM [136].

The methodology is independent of the fire model selected and can utilise
simple analytical expressions or sophisticated numerical simulations. Indeed,
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the first version of this methodology used the CFD code Fire Dynamics Simulator
(FDS) as the fire. Later work was developed using an analytical correlation [139].
A uniform temperature equal to 1200°C was assumed for the “near field”, while
Alpert’s ceiling jet correlation was adopted to calculate far field smoke tempera-

ture, given by:
.\ 2

5.38(0
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Where:
T [°C] is the peak ceiling jet temperature;
To [°C] is the ambient temperature;
Q [KW] is the heat release rate of the fire plume;
H [m] is the height of the compartment ceiling;

r [m] is the distance from the centre of the fire plume.
S J#—————— Flapping length 4&

Reduced
near-field
temperature

Far field (Ty) Near field (7;,)f

«— g
Near field 6 - flapping angle
travels over - -
time s
o Mg ——i,
() (b)

Figure 2.24. Scheme of the near field and far field according to TFM [141] (a); Flap-
ping angle and reduced near field temperature according to iTFM [142] (b).

The fire spread S (m/s) is not an input, it is given by:
S = Ly(q/RHRy) (2.42)
Where:
L is the length of the flame in m;
HRR¢ is the maximum heat release rate per unit area in [MW/m?2];
gris the fire load density in [M]/m?2];
Heat release rate (HRR) of the fire is calculated from the heat release rate per
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unit area and local burning time is obtained from the HRR and fire load density,
indicating a semi-steady state fire spread [129].

The TFM does not assume a single, fixed fire scenario but rather accounts for
a whole family of possible fires, allowing identification of the most challenging
heating scenarios for the structure to be used as input to the subsequent struc-
tural analysis. Temperature-time curves for a family of fires, fires is generated
by covering the full range of all possible fire sizes, it is assumed in the model that
each time the fire would burn a certain surface area Ay (m?), which is a percentage
of the total floor area A:(m?) ranging from 1% to 100% [143]. In this way, the
methodology overcomes the fact that the exact size of an accidental fire cannot
be determined a priori.

However, both TFM and LFM models neglect some aspects of the fir dynam-
ics. For instance, the accumulation of a hot smoke layer is ignored in both mod-
els. Moreover, the fire path of the near field is not specified in the TFM model, as
there are too many uncertainties, such as the ignition point, ventilation condi-
tions, and fuel load distributions, which combine to preclude determination of
the actual fire path in a real building.

Some of the uncertainties associated with the original model were later im-
proved and reported as the improved travelling fire methodology (iTFM) [142],
by excluding unrealistic fire sizes and behaviour, by accounting for the localised
fire dynamics, specifically, reducing the range of possible fire sizes which should
be implemented by realistically considering fire spread rates. Furthermore, the
concept of flapping angle was introduced (see Figure 2.24 b), to account for the
near field temperature range from 800 °C to 1200 °C, rather than the conservative
1200 °C used in the previous version. This may lower the ceiling temperatures
for some fir sizes but remains a significant approximation [143].

In 2016, a new travelling fire framework was proposed by Dai et al. [143]-[144]
the ETFM (Extended Travelling Fire Method) framework. It is based on a “mo-
bile” version of Hasemi’s localized fire model, which quantifies the local effect
of fire on adjacent structural members combined with a simple smoke layer cal-
culation for the areas of the compartment away from the fire. This combined fire
model enables the analysis to capture both spatial and temporal changes of the
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thermal field thus addressing more fire dynamics than Clifton’s model and
Rein’s model.

Such methodology also considers that the fire-induced thermal field is di-
vided into two regions: the near field, for which a mobilized version of Hasemi
model, i.e., a localised fire model, is considered, and the far field, for which a
calculation of a smoke layer based on FIRM zone model, see Figure 2.25.

Heat flux from
Hasemi’s model

Superposition of the
heat fluxes from the two models

Window
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¥
A Local fire
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Figure 2.25. ETFM heat fluxes combination: Hasemi (localized fire) and FIRM (zone
model) [144].

Implementing Hasemi’s localized fire model into the ETFM framework, three
key parameters should be decided at each time step: fire origin, fire diameter D
(m), and HRR (W), which together the travelling fire speed are the two most im-
portant parameters in this travelling fire framework.

The fire origin is defined as the midpoint of the distance between the front
edge and the back of the travelling fire while the fire diameter D (m) is evaluated
as the diameter of a circular source with equivalent burning area. Heat release
rate Q,(W), is defined under the assumption that fire is at the steady state, given
by:

Q = 1000 - RHR; - Af; (2.43)

Where: HRR¢ [W/m?] is the maximum heat release rate per unit area in fuel-
controlled conditions and As (m?) is the burning area.

The ETFM framework also accounts for the accumulation of a hot smoke
layer, variable fuel load distribution along the fire path, both of which are ig-

nored in previous models.
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However, the current framework still employs a predetermined localized fire
path. Indeed, the localised fire crosses the compartment following a one-dimen-
sional path, with a speed decomposed into two variables: the constant fire spread
rate, which determines the front edge of the fire, and the burn-out time, which
determines the back-edge of the fire.

The ETFM model allows consideration of non-uniform burning rates, fuel
load densities, and heat release rates. The application of the zone model to eval-
uate the hot smoke layer temperature allows accounting for energy conservation,
mass conservation, ventilation with vertical openings, and heat losses through
compartment boundaries. It is noted that the two previously described method-
ologies force a traveling fire representation by specifying that the temperature
field from other existing models will move through the compartment and have
not attempted to explicitly account for the mass and energy balance in the com-
partment; thus, the ETFM framework in principle addresses more of the fire dy-
namics. Although the used zone model presents some limitations (for example,
the heat loss through boundaries is a constant fraction of the total energy) by
comparison to other existing zone models such as (OZone [114] CFAST [112]). A
potential limitation of the ETFM framework is the limited applicability of
Hasemi’s localised fire model, indeed, this model provides heat fluxes at the ceil-
ing level when the fire impacts the ceiling. Consequently, columns and beams
when the fire does not impact the ceiling fall out of this situation.

Furthermore, this methodology sums the results (thermal impact) obtained
with the localised fire and of the zone model, while the Annex D of the EC1 part
1-2 [1] states that in the case of a localised fire, a combination of results obtained
with a two-zone model and a localised fire approach may be considered. In par-
ticular, the temperature field in the member may be obtained by considering the
maximum effect at each location given by the two fire models.

Nevertheless, the ETFM is described as a framework, implying users may
modify the localised fire and zone models depending on their specific design fire
conditions [144]. Hence Dai et al. provide a method for extending every localized

fire model to become a travelling fire.
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Another limitation of the ETFM framework is from the simplicity of the rep-
resentation of ventilation, as in reality this may play a very important role, e.g.,
changing the fire travelling trajectory, heat release rate, etc [143].

Nowadays, great effort is produced to evaluate travelling fires experimentally
and to represent the effect of such travelling by using the Computational Fluid
Dynamics (CFD) code Fire Dynamics Simulator (FDS) [145].

At present, fire design methods for vertically travelling fires are not as devel-
oped as for horizontally ones. In the last decade, the vertically travelling fires
have been analysed like multifloor floor fires in high-rise buildings. There are
three possible mechanisms that enable fire to travel from one floor to an adjacent
floor (SFPE 2016, [120]).

1) internal burning, the fire can travel upwards by compromising the perim-
eter fire barrier materials between the floor slab and curtains walls, or by
igniting the interior vertical ductwork through floors.

2) external burning, which is associated with most fully developed compart-
ment fires, could ignite combustibles in the upper floors by radiation heat
transfer through glazing or by direct flame impingement through other
openings.

3) external flaming could also ignite external insulation material which could
then involve many floors on fire even more rapidly.

Modelling the process of vertical fire spread can be complicated by several
factors, such as the geometry of the facade, the shape of the opening [146], the
fire resistance of the glazing, the ambient atmosphere, and the type of occupancy.
In 2009 Usmani et al. [6],analysed the problem and faced it up for structural fire
analysis by recognizing that post-flashover fires can develop at different time
intervals for different floors. Therefore, a simple yet important parameter, time
delay (A¢, delay) has been introduced to study the structural performances in verti-
cal travelling fires. The authors found that local or global collapse is possible in
multi-floor fires, they distinguished two different typological collapses: weak
and strong floor mechanisms.

Roben et al. [147] examined the impact of vertically travelling fires on a multi-
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storey structure. The building they examined was characterized by a concrete
core and a steel-concrete composite floor system. The study assumed three floors
were on fire. Although the authors noted that horizontally travelling fires would
give a more realistic representation of the fire spread through a compartment,
the authors assumed horizontally uniform fires for their study. The heating
curve used was a generalised exponential curve given by Flint [148] which was
applied to each floor but with a time delay between floors, however, no theoret-
ical background or physical justification of the method is given.

Three fire scenarios were used: uniform heating on all three floors, a time de-
lay of 500 s between each floor, and a time delay of 1500 seconds between each
floor. The authors noted that many factors influence the vertical spread rate. The
values used in the study were to capture the range of eyewitness accounts of
vertical flame spread of between 6 and 30 min in the Windsor Tower fire. The
results, primarily examined in terms of horizontal displacements of columns and
total axial forces of floors, showed that the vertically travelling fire with a short
time delay induced a similar structural response to that of the uniform heating
case. However, the primary difference observed was a “cyclic pattern induced in
columns” for the travelling fire. This pattern was also observed for the long delay
travelling fire, but with longer time intervals. The authors note that this cyclic
deflection pattern has not been examined before and has a significant impact on
the structure and, therefore, should be considered in design. Moreover, the au-
thor assumed that a global collapse will not occur, and all the members would
cool down to ambient temperature.

Kotsovinos et al. [149] studied the key structural effects of vertically travelling
fires on a concrete core and a steel-concrete composite floor system. The authors
assumed that the fire travels upward progressively, from one floor to the other.
The post-flashover fires for each floor are represented by parametric fires as
given in EC1 part 1-2 [1], and a simple time delay is used to simulate the begin-
ning of heating on each successive floor, the Atdelay was varied from 600 to 2500
seconds. The results showed that simultaneous multiple floor fires have been
found to be more conservative than vertically travelling fires in terms of global
structural behaviour, a suitable number of floors simultaneously burning at the
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same time can be used as a conservative upper bound for global behaviour by
designers, travelling fires are seen to produce higher tensile axial forces in the
floors and thus the potential of connection failure is increased. Finally, the au-
thors stated that values for travelling times cannot be de fined as these depend
on multiple parameters specific to a building or structure, and thus cannot be
generally applicable.

2.3.7. Open issues in fire models for rack structures

Moving in the context of alternative solutions, or rather in PBA, the first step
is the selection of the design fire scenarios and the definition of the natural fire
curves, according to the fire models. The design fire scenario is a qualitative de-
scription of the fire development during the time, identifying key events that
characterise the fire and differentiate it from other possible fires. A fire scenario
is largely influenced by different conditions as internal ventilation; external en-
vironmental conditions; active protection system effectiveness; type, position,
and dimension of fire ignition; type and distribution of fire load; fire load den-
sity; and windows and door state (close or open). The number of possible fire
scenarios is usually too large and the analysis of each one is not practicable.
Therefore, the design fire scenarios should be chosen, to analyse the most severe
cases for the structure.

It is worth noting that, as analysed in [8] fire scenarios for ARSW will consider
primarily the chance of an electrical malfunction that causes the burning of the
stacker crane. Moreover, the malfunction is considered at the lower building
level; this choice is made because rack uprights are more stressed at the lower
level, so the fire possibility is considered riskier.

Since they are large and high structures a fully developed fire seems unreal-
istic and for this reason the fire model that better fits in this case could be the
localized fire model.

All these considerations lead to affirm that for the ARSW single or double
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depth the fire scenario at the base within the aisles for stacker cranes can be mod-
elled by considering the localized fire (LOCAFI model). On the other hand, in
the case of multi-depth ARSW because of their configuration and the presence of
the shuttle systems, the fire could start like a localized fire also within the load
levels and could develop into a traveling fire both in horizontal and vertical di-
rections. As seen before at present, fire design methods for vertically traveling
fires are not developed as for horizontal ones. Indeed, in the last decade, verti-
cally traveling fires have been analysed like multi-floor fires in high-rise build-
ings, which represents a different condition than the ARSWs one. For these rea-
sons, to study the fire behaviour of the ARSW showed in §2.2.3, in the context of
this dissertation it was necessary to obtain a fire model that allowed the vertical
and horizontal propagation of localized fires to be considered.
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Chapter

3.Fires Modelling of steel racks

This Chapter provides a fire model that considers vertical and horizontal
propagation, properly validated against experimental results in steel racks avail-
able in the literature. In §3.1 the experimental campaign on steel racks available
in the literature is described in detail. These experimental results were simulated
by using the CFAST software developed by NIST considering multi-cells ap-
proach as shown in §3.2. Based on this validation a fire model that considers ver-
tical and horizontal propagation for ARSW structure is proposed in §3.3. The
same fire scenario was modelled also by using FDS software which allows the
analysis of the ventilation effect on the fire propagation, as shown in §3.4. Finally,

in §3.5 benchmarks between the two fire models are illustrated.

3.1. Fire spread in large industrial premises and warehouse:

study of a previous paper.

In order to obtain a fire model considering the vertical propagation of local-
ized fires, some experimental results were looked for in the scientific literature.
Since, at the time of writing this dissertation, no one has carried out an experi-
mental campaign on automated clad-rack warehouses, it was necessary to con-
sider works regarding usual steel racks.

In particular, the work used as principal references for validating the fire
model was the one carried out by Lonnermark and Ingason [150], which per-
formed several fire scale tests (1:5), to investigate the fire spread in rack storages.
The focus of this experimental campaign was on the fire spread from an initial
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fire in rack storage to adjacent racks without any suppression system. Indeed the
authors affirm that most of the large-scale tests with rack storage carried out
worldwide include tests with sprinkler systems [151] - [156] ,but no large-scale
tests have been performed where the fire is allowed to spread from the initial
rack to adjacent racks without the interference of a sprinkler system. Such tests
would be too difficult to perform due to the risk of damaging the test facilities
and of course due to their high costs.

For these reasons, Ingason has performed several tests [157] - [161], both large
scale and model scale, where the effects of the geometry and type of fuel on the
fire growth in rack storages, have been investigated. The results have shown that
there is a good correlation between the large-scale tests and the model scale tests
in a scale 1:3. Therefore, the authors decided to perform the tests in a model scale.
In particular, the most appropriate scale was found to be 1:5, for practical reasons
related to the dimensions of the fire hall used.

When carrying out tests on the model scale, the measured values of the vari-
ous parameters must be scaled up to a large scale using various physical scaling
laws [162]. The technique means that it is possible to investigate fire behaviour
in larger stores - i.e., with more and higher racks relatively cheaply.

In most of the tests carried from the authors [150], to simulate the conditions
that would be encountered in a large warehouse the walls around the model
racks were eliminated. However, walls were used in some of the tests, to inves-
tigate the effect of fire gas ventilation on the fire development.

The test program presented in the report, consisted of six different test series:

1) Test series 1: Cone calorimeter tests of the cardboard boxes used in the

rack storage tests;

) Test series 2: Fire spread tests with one small rack;

3) Test series 3: Free burning tests (without ceiling) with four racks;
) Test series 4: Study of the influence of the size of the enclosure;

5) Test series 5: Fire spread tests with four racks.

In the following paragraph, a description of the test setup and its results will




CHAPTER 3. FIRES MODELLING OF STEEL RACKS 73

be presented. It is worth saying that more attention will be paid to the tests used

as a validation of the fire model explained in the following chapters.

3.1.1. Test series 1 - Cone calorimeter tests

During these test series the cardboard material of the boxes was tested in a
cone calorimeter according to ISO5660 [163] - [164], to obtain information about
the flammability and thermal response properties of the material.

Specimens with dimensions equal to 100100 mm and with a thickness of one
layer equal to 6 mm, were tested horizontally and by exposing them to radiation
of 50 kW /m?2.

Test Series 1 included 4 tests in total, by varying the thickness of the box and
by using more than one layer of the cardboard. Test series 1 allowed evaluation:
the time to ignition, time to extinction, heat release rate (HRR), developed en-
ergy, smoke production, mass loss rate, total mass loss, and heat of combustion.
At the end of these tests, the authors decided that reference in the following tests
would be made to the double-thick cardboard box. The results from the tests se-
ries 1 are presented in Figure 3.1.

Parameter Test 1.1 | Test 1.2 | Test 1.3 | Test 1.4
Time to ignition (min:s) 0:05 0:07 0:06 0:07
Extinction (min:s) 1:08 1:51 3:39 3:56
Total test time (min:s) 3:08 3:51 5:39 5:56
Max. heat release rate (kW/m?) 206 247 242 186
Average HRR, 3 min (kW/m®) 72 125 148 133
Total developed energy (MJ/m’) 13.0 23.9 344 35.6
Max. smoke production rate (m~/(m’s)) 1.1 0.7 1.6 0.9
Average mass loss rate (g/(m’s)) 4 6.8 6.7 6.7
Total mass loss (g) 6.4 13.4 19.8 20.4
Effective heat of combustion (MJ/kg) 17.7 15.7 153 15.4
Specific smoke production (m*/kg) 21 17 12 6

Figure 3.1. Results from the cone calorimeter test series 1 carried out by Lonnermark
and Ingason [150].

3.1.2. Test series 2 - Fire spread tests with one small rack

The test series 2 consisted of the analysis of the vertical propagation of the fire
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within one rack, filled with 4 boxes in an 2x2 configuration, while the flue width
(w), the height of the rack (number of levels), and the wall thickness of the boxes
(single, double, or triple boxes) were varied.

Six tests were carried out, in total:

2.1 test: one rack, 2 x 2 x 4 boxes, single boxes, 50 mm flue width;

- 2.2test: onerack, 2 x 2 x 4 boxes, double boxes, 50 mm flue width;

- 2.3 test: one rack, 2 x 2 x 4 boxes, triple boxes, 50 mm flue width

- 2.4 test: one rack, 2 x 2 x 4 boxes, double boxes, 75 mm flue width (inter-
rupted)

- 25 test: one rack, 2 x 2 x 4 boxes, double boxes, 75 mm flue width

- 2.6 test: onerack, 2 x 2 x 5 boxes, double boxes, 50 mm flue width

The experimental set-up of test series 2 is shown in Figure 3.2. In tests 2.1 - 2.3
and 2.5 four levels of boxes were used, and gas temperatures were measured by
using thermocouples of type K (0.25mm) in two positions: x2 and x3 (see Figure

3.2).
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Figure 3.2. Side, front, and top views of the experimental set-up used in test series 2.
x represent measurement position. Dimensions in mm [150].

In tests 2.6 five levels of boxes were used and gas temperatures were meas-
ured in positions: x 1 and x 2 (see Figure 3.2). In addition, in each test the heat
release rate (HRR) was measured by oxygen calorimetry (ISO 9705) [165]. The
fire gases were collected by a hood and guided through a pipe where the gas
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temperature and gas flow were measured and the concentrations of oxygen, car-

bon dioxide and carbon monoxide were analysed.

The test series 2 results are showed in Figure 3.3
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Figure 3.3. Comparison between test series 2 results: (a) in terms of temperature (po-
sition 2); (b) in terms of HRR (position 3) [150].

By analysing the test results, it is possible to see how the variation in the wall
thickness affected the results significantly. In particular, the test with single
boxes (Test 2.1) had a fast increase in HRR and a higher HRR maximum. The
reason for this behaviour is that the flames, burned through the box wall, more
easily leading to an increased exposed surface area. The low amount of fuel made
the material burn out relatively quickly.

The test with double and triple boxes (Test 2.2 and 2.3, respectively) burned
similarly at the beginning of each test. The increase in flue width (w) from 50 mm
to 75 mm slowed the increase in HRR, indeed test 2.5, with the flue width 75 mm,
had the slowest increase in HRR of all the tests in series 2. The maximum HRR
was, however, somewhat higher than the corresponding test with a flue width
of 50 mm (Test 2.2). The fire behaviour of the case with five levels of double boxes
and a flue width (w) of 50 mm best suited the purposes of the tests with large
racks and therefore it was decided to use dimensions corresponding to this case
in all the other test series.
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3.1.3. Test series 3 - Free burning tests (without ceiling) with four
racks

The aim of test series 3, was to study the fire spread within and between the
racks storage without a ceiling, for this reason four rack storage systems were
placed next to each other with a distance, between the racks, equal to 480 mm
corresponding to 2.4 m in real scale, (see Figure 3.4).

However, the main aim of these test series 3 was to measure the HRR from
the experimental set-up with four racks beneath the industry calorimeter, since
with the ceiling that will be added for the test series 5 (explained in the following

§3.15) the HRR could no longer be measured accurately.
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Figure 3.4. Top view and side view of the experimental set-up used in test series 3.
Dimensions are in mm [150].

The HRR was measured according to the same principles as in test series 2,
however, in this case the test set-up was placed under the SP Industry calorime-
ter [166]-[167]. In addition to the HRR, the heat flux towards the commodity sur-
face in rack 1 was measured by a heat flux meter, to register the total heat flux
before, and at the time of, the fire spread. The heat flux meter (Medtherm prod
no 1211864) was placed in the centre flue of the fifth level of cartons in Rack 1.
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Two different tests were carried out for this test series (3.1 and 3.2), by varying
the position for ignition. For both tests, the ignition took place at the bottom of
rack 2 (see Figure 3.4), but in test 3.1 the ignition sources were placed in the can-
ter of the rack, while in test 3.2 the ignition sources were placed in the third flue
from the right. The ignition sources consisted of pieces of fibre board (10 mm x
10 mm x 12 mm) soaked with 1 mL heptane and wrapped in a piece of polyeth-
ylene. Each rack was characterized by five levels, for each level there were 24
boxes arranged in 12 rows and two columns, at 50 mm from each other. Rack 2,
where the ignition took placed, contained double boxes while racks 1,3, and 4,
contained single boxes.

The test series 3 results showed that the position of ignition affects the devel-
opment of the fire and the HRR curve (see Figure 3.5). Indeed, the initial fire
spread is similar in the two tests, but a higher maximum HRR was reached when
the ignition was in the centre of the rack (test 3.1). On the other hand, test 3.2
(with the ignition sources placed in the third flue from the right) has a larger

HRR curve which led to a higher total release of energy.
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Figure 3.5. Comparison between test series 3 results in terms of HRR [1].

3.1.4. Test series 4 - Study of the influence of the size of the en-
closure

The aim of test series 4, was to study the effect of the enclosure and of the
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openings on the fire development. These test series 4 were different compared to
the other ones because they consisted of a fire test with pine wood cribs used as
fuel. Each of these wood cribs was built of 50 pieces with dimensions 21 mm x
21 mm x 300 mm, with 5 pieces in each of 10 layers. This means that the final box
has dimensions 300x300mm with a total height equal to 210 mm.

The influence of the enclosure on the fire development was studied by vary-
ing the length of an enclosure while the width was 1 m, and the height was 0.925
m in each test. Three different lengths of the enclosure were used: 1 m, 1.7 m, and
2.4 m, respectively. In most of the tests the opening (0.3 m x 0.3 m) was placed
on one of the long sides, but in one case with the largest volume the opening was
placed on one of the short sides to study the influence of the distance from the
fire to the opening.

Within test series 4, five different tests were performed:

- 4.1 test: Wood crib, free burning on a scale;

- 4.2 test: Wood crib burning inside enclosure, 1 m x 1 m x 0.925 m;

- 4.3 test: Wood crib burning inside enclosure, 1 m x 1.7 m x 0.925 m;

- 4.4 test: Wood crib burning inside enclosure, 1 m x 2.4 m x 0.925 m;

- 4.5 test: Wood crib burning inside enclosure, 1 m x 2.4 m x 0.925 m; door

opening on the short side.

The scale of these tests was not defined, but the authors gave a reasonable
idea of the scale, by assuming that the ceiling height of most industrial and ware-
house buildings is in the range of 10 m to 30 m, they estimated that the scale was
in the order of 1:10 to 1:30. This means that the size of the opening in large scale
would be 3 m by 3 m up to 9 m by 9 m. This would correspond to an opening
area of 9 m2 up to 81 m2. The floor area (volume) of the building would vary from
100 m?2 (925 m?) up to 240 m? (2220 m?) in scale 1:10 and from 900 m?2 (24775 m3)
up to 2160 m? (59940 m?) in scale 1:30.

The HRR was measured in the same way as in test series 2, such as by oxygen
calorimetry (ISO 9705) [165]. The main measurements were made by using five
thermocouples, one was placed in the opening and four in a thermocouple tree.
The thermocouple in the opening was placed 5 cm below the soffit of the open-
ing, on the vertical centreline. The thermocouples in the tree were positioned 5




CHAPTER 3. FIRES MODELLING OF STEEL RACKS 79

cm, 10 cm, 20 cm, and 50 cm, below the ceiling, while the entire thermocouple
tree was placed 10 cm from each wall in one of the front corners in the enclosure
case with the dimensions 1 m x 1 m x 0.925 m, and it was left in the same position
when the short walls were moved outwards.

Figure 3.6 shows the setup of these test series 4, where the dashed lines indi-
cate different positions of the short walls (dimensions in mm). The mark (%) in-
dicates position of thermocouple; the mark over a line represents a thermocouple

in the opening (different positions of the opening were used).
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Figure 3.6. Side and top views of the experimental set-up of the test series 4 [150].

Figure 3.7 shows the comparison of heat release rates in test series 4. The re-
sults showed that the HRR is affected by the enclosure, indeed there was a large
difference between the free burning wood crib tests (4.1 test) and the tests with
wood cribs in an enclosure (4.2 - 4.5 tests). The size of the enclosure affected the
HRR, but the differences decreased when the enclosure size increased.

In particular, the HRR in the free burning case (test 4.1) is much higher than

the HRRs for the cases where the wood crib was place inside an enclosure. The
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size of the enclosure also affected the results. The case with the smallest enclo-
sure (1 m X1 m x 0.925 m), i.e., 4.2 test, reached the lowest maximum HRR max.
For the other cases with larger enclosures the difference in maximum HRR was
rather small.

There is also a difference in burning rate. The case with the smallest volume
corresponds to the slowest burning rate, but there was almost no difference be-
tween the cases with a length of the enclosure of 1.7 m (4.3 test) and 2.4 m (4.4
test), respectively. The case with the largest volume had the slowest fire devel-
opment. The position of the door opening had only a small influence on the re-
sults in this set-up. This difference is probably due to the difference in fill-up
time for the smoke in the enclosure and therefore a difference in time before the
smoke exits the enclosure and reaches the measurement station for HRR.
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Figure 3.7. Comparison of heat release rates in test series 4 [150].

Figure 3.8 shows the results for test series 4 in terms of temperatures meas-
ured from each thermocouple. The same considerations can be made, that was a
large difference between the free burning wood crib tests and the tests with wood
cribs in an enclosure. The size of the enclosure affected the HRR, but the differ-

ences decreased when the enclosure size increased.
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Figure 3.8. Comparison of heat release rates in test series 4: 4.2 test (a), 4.3 test (b),
4.4 test (c), 4.5 test (d) [150].

3.1.5. Test series 5 - Fire spread tests with four racks.

In test series 5, the same set-up of the test series 3, with four racks, was placed
under a ceiling to study the effect of the distance between the commodities and
the ceiling, the slope of the ceiling, and the presence of beams under the ceiling
on the results. In particular, the height, y, between the top of the commodities
and the ceiling, and the slope of the ceiling were varied. In some of the tests 180
mm deep beams were installed beneath the ceiling. The beams were placed with
1.2 m between them (see Figure 3.9a). In two of the tests, walls were raised to
construct a room with a door opening (0.6 m x 0.6 m) at the centre of the front
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wall. In one of the two room tests four ventilation openings (0.24 m x 0.48 m)
were opened near the corners of the ceiling.

In this test series, two main results were investigated, such as the time for fire
spread from one rack to the next and the gas temperature and flow rate near the
ceiling. For this reason, temperatures were the main measurement with thermo-
couples placed in 24 different positions beneath the ceiling (see Figure 3.9b)
while a circular plate thermometer with a diameter equal to 113 mm, was placed
level with the ceiling, in position 25.

For the test series 5, each of the four racks, were filled with 2 x 12 x 5 boxes
with flue width (w) of 50 mm, with single wall thickness of the boxes in rack 1,3
and 4, double wall thickness of the boxes in rack 2.

In each test the ignition took place at the bottom of the centre flue in rack 2.

Within test series 5, nine different tests were performed. In particular:

- 5.1 test: 1.2 m distance between ceiling and top of boxes;

- 5.2 test: 0.2 m distance between ceiling and top of boxes;

- 5.3 test: 0.6 m distance between ceiling and top of boxes;

- 5.4 test: 0.6 m distance between ceiling and top of boxes, four beams
added beneath the ceiling;

- 5.5 test: 0.6 m distance between ceiling and top of boxes. Four beams
added beneath the ceiling. The ceiling was sloped.

- 5.6 test: it was a retesting of test 5.3; because the rack storages were in test
5.3 not positioned exactly the same way as in the rest of the tests;

- 5.7 test: 0.6 m distance between ceiling and top of boxes. Sloped ceiling.
No beams;

- 5.8 test: 0.6 m distance between ceiling and top of boxes. Walls with one
opening 0.6 m x 0.6 m.

- 5.9 test: 0.6 m distance between ceiling and top of boxes. Walls with one
opening 0.6 m x 0.6 m and four fire ventilation openings in the ceiling (each 0.24
m % 0.48 m).

As said before, during this test series 5, two main results were investigated,
such as the time for fire spread from one rack to the next and the gas temperature
and flow rate near the ceiling.
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During each test, the process of fire spread was the same, i.e., the fire started
in rack 2, and after it spread first to racks 1 and 3 and later to rack 4.
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Figure 3.9. Side view of the experimental set-up of the test series 5 (a), plan view
with thermocouples positions (b) [150].

The times when the fire spread to the different racks were registered and
listed in Figure 3.10a together with the time for the flame to reach the ceiling.
There was a difference in flame spread within rack 2 (the rack where ignition
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took place), which means that the time for the flames to reach the ceiling varied
between the tests.

Figure 3.10b shows the time for the flame to reach the ceiling and flame spread
between racks, but in this case, the time when the flames reach the top of the
commodities in rack 2 is subtracted from the times to fire spread, hence these

spread times are starting from the time the flame reaches the top of commodities

in rack 2.

Test id Flames reach Fire spread to Fire spread to Fire spread to
ceiling [min:s] |rack 1 [min:s] rack 3 [min:s] rack 4 [min:s]

5.1 1:15 3:39 3:37 4:50

5.2 0:57 2:40 2:38 2:58

5.3 0:49 2:15 2:17 2:50

54 1:03 2:22 2:17 2:57 (@)

5.5 1:12 2:31 2:24 2:56

5.6 1:11 2:24 2:24 2:54

5.7 1:09 2:34 2:32 3:04

5.8 1:30 3:15 3:03 3:38

5.9 1:03 2:26 2:24 2:50

Test id Flames reach Fire spread to Fire spread to Fire spread to
ceiling [min:s] |rack 1 [min:s] rack 3 [min:s] rack 4 [min:s]

5.1 0:15 2:39 2:37 3:50

5.2 0:02 1:45 1:43 2:03

5.3 0:09 1:35 1:37 2:10

54 0:08 1:27 1:22 2:02 (b)

5.5 0:07 1:25 1:19 1:51

5.6 0:09 1:22 1:22 1:52

5.7 0:05 1:30 1:28 2:00

5.8 0:07 1:52 1:40 2:15

5.9 0:08 1:31 1:29 1:55

Figure 3.10. Time to flame reaching the ceiling and spread between racks (a), times
depurated with times of the flame to reach the top of the commodities in rack 2 (b).

Figure 3.11 shows the gas temperature in position 11 (3 cm below the ceiling)
for three different distances between the commodities and the ceiling, test 5.1,
5.2 and 5.3 replaced by 5.6. The results show that the ceiling distance affects the
fire development. The fastest development is obtained for the case with a dis-
tance equal to 0.2 m, i.e., the shortest distance tested. However, after a while the
increase is stopped, and a period of relatively constant temperature follows. Dur-
ing this period the temperatures for the case with a distance of 0.6 m are higher,
while at the end of the test the temperatures in the 0.2 m case are the highest
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again. Temperatures in 1.2 m case are slower than the other two cases but reach
approximately the same maximum temperatures as the 0.2 m case. At the end of
the tests the temperatures for the 0.6 m case and the 1.2 m case are approximately
the same.

2
o y=12m

OB—-y=06m

©—y=02m

Temperature [°C]

Time [min]

Figure 3.11. Comparison between gas temperature measurements in position 11
with different distances (y) between the top of the commodities and the ceiling [150].

The differences in fire spread between tests with different distance to the ceil-
ing can also be seen in Figure 3.10b where the time to fire spread to the other
racks is much longer in the 1.2 m case (Test 5.1). The 0.6 m case (Test 5.6) obtains
the fastest fire spread. The fire spread in the 0.2 m case (Test 5.2) is approximately
20 s slower than in the 0.6 m case.

Figure 3.12 shows the gas temperature in position 20, i.e., 3 cm below the ceil-
ing, for four different cases: sloping and non-sloping ceiling, and with or without
beams.

The beams collect the hot smoke and increase the temperature, at least in the
beginning and in the later part of the tests. The effect of the slope is not as large
but could still be seen, increasing the temperature in position 20.
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Figure 3.12. Comparison between temperatures in position 20 with different slope of
the ceiling and with and without beams, respectively [150].

One aim of the tests was to study how the estimated time to activation of a
sprinkler would be affected by variation of different conditions, e.g., the height
of the ceiling, the slope of the ceiling, and, most importantly, whether beams are
present at the ceiling or not. To simulate sprinkler bulbs, special metal cylinders
with thermocouples in the centre were designed. The cylinders were 14 mm long
and 4 mm in diameter. At one of the ends of the cylinder a hole (1.3 mm in di-
ameter) was drilled to mount a thermocouple inside the cylinder. At the begin-
ning of the test series the material in the cylinders was brass, but because of the
high temperature on the cylinders a majority of the cylinders were replaced by
steel cylinders after test 5.2.

In Figure 3.13 the times to activation of sprinklers at different positions are
presented. For each position two numbers are given. These correspond to the
cases without (left) and with (right) beams, respectively. It is worth saying that
the sprinkler bulbs were only simulated, but no real sprinkler was activated, i.e.,

no water was applied.
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D

Figure 3.13. Comparison of times to activation of sprinkler without (left = blue) and
with (right = red) beams, respectively [1].

For the results it is possible to see how beams affect the time to activation of
sprinklers. The slope of the ceiling has some effects but was not seen to be signif-
icant.

The effect of the enclosure was also seen in Test 5.8 results. Figure 3.14a shows
the gas temperature recorded from each thermocouple and metal cylinders
placed in position 20 at four different heights: 30 mm, 60 mm, 90 mm, from the
ceiling. The results show that in this case the fire development and spread were
significantly slower than in the corresponding case without walls. The gas tem-
perature near the ceiling was approximately 400 °C during a large part of the test.
Itis in the beginning of the test and later, approximately 29 minutes after ignition
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(when the fire spreads to rack 4), that the temperatures are higher.
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Figure 3.14. Comparison between temperatures recorded from, for each thermocou-
ple and metal cylinders placed in position 20 at four different heights: 30 mm, 60 mm,
90 mm, from the ceiling [150], for the test 5.8 (a) and test 5.9 (b).
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In Test 5.9, fire ventilation was opened when the thermocouples inside the
metal cylinders at the fire ventilation had reached 94 °C. This made a significant
difference for the fire development.

Figure 3.14b shows the gas temperature recorded from each thermocouple
and metal cylinders placed in position 20 at four different heights: 30 mm, 60
mm, 90 mm, from the ceiling. The gas temperatures near the ceiling were higher
and the fire developed and spread in a similar way as the corresponding tests
without walls (and without fire ventilation).

In conclusion from the results of test series 5 it is possible to affirm that the
ceiling height had a significant influence on the fire spread. The case with the
longest distance to the ceiling i.e., 1.2 m case (Test 5.1) had the slowest fire spread.
This can be explained by the lower radiation from the flames and gases near the
ceiling towards the other racks, which is an important process for the fire spread.
For the same reason the case with the lowest height i.e., 0.2 m case (Test 5.2)
should have had the fastest fire spread, but the results shows that this was the
case of 0.6 m (Test 5.6). The explanation for thus is that, in the case with the short
distance between the commodities and the ceiling, the fresh air does not easily

reach the combustion zone. Instead, the flames are embedded in smoke, which
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means that the combustion conditions are poorer.

There seems to be an optimum height between the stored goods and the ceil-
ing (1 metres to 6 metres). If the height is higher the radiation towards the com-
modities is decreased. If the height is lower the combustion conditions change
and decreases the combustion efficiency.

3.2. Simulation of the experimental tests

The tests carried out by Lonnermark and Ingason [150] and described in the
previous paragraphs have been simulated numerically by using the software
CFAST [112] developed by NIST. In this way, it was possible to compare the ex-
perimental data with the numerical program, verify the correspondence, define
the differences and the reasons that justify them, and finally to model, based on
the collected information a model that allows studying the vertical propagation
of localized fires in a multi-depth ARSW.

3.2.1. CFAST - Consolidated Fire and Smoke Transport

CFAST is a two-zone fire model that predicts the thermal environment caused
by a fire within a compartmented structure, and that allows the modelling of
different compartments that can communicate with each other. Each compart-
ment is divided into an upper and lower gas layer, indeed the term zone in the
fire model refers to the layers being modelled. The fire drives combustion prod-
ucts from the lower to the upper layer via the plume (see Figure 2.23). The tem-
perature within each layer is uniform, and its evolution in time is described by a
set of ordinary differential equations derived from the fundamental laws of mass
and energy conservation. Because the governing equations are relatively simple,
CFAST simulations typically require a few tens of seconds of CPU time on typical

personal computers.
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3.2.1.1. Input data required for the zone model.

All the data required to run the CFAST model reside in a single input file that
the user generates.
The file consists of the following information:
- material properties (e.g., thermal conductivity, specific heat, density,
thickness, heat of combustion)
- compartment dimensions (height, width, length)
- construction materials of the compartment (e.g., concrete, gypsum)
- dimensions and positions of horizontal and vertical flow opening
such as doors, windows, and vents.
- mechanical ventilation specification
- fire properties (e.g., heat release rate, lower oxygen limit, and species
production rates as a function of time)
- sprinkler and detector specification
- positions, sizes, and characteristics of targets
- specifications for visual output from the model

3.2.1.2.The basic transport equation

The equations used to model pressure, layer height and temperatures in CFAST
take the form of an initial value problem for a system of ordinary differential
equations. These equations are derived from the principles of conservation of
mass and energy using the ideal gas law as an equation of state to relate temper-
ature and density. They predict the evolution in time of the compartment pres-
sure (at the floor), upper layer volume, and layer temperatures due to the net
gain or loss of mass and energy in these layers.

The primary assumption of a zone model is that properties such as temperature
can be approximated throughout a control volume by a representative average
value. Many formulations based upon these assumptions can be derived [110].
Though equivalent mathematically, these formulations differ in their numerical

solution.
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The exchange of mass and energy or heat between zones is due to physical phe-
nomena such as fire plumes, natural and forced ventilation, convective and radi-
ative heat transfer, and so on. For example, a vent exchanges mass and heat be-
tween zones in connected rooms, a fire plume typically adds heat to the upper
layer and transfers entrained mass and heat from the lower to the upper layer,
and convection transfers heat from the gas layers to the surrounding walls.

The momentum within any one zone is assumed to be zero. Momentum ex-
change between zones in adjacent compartments is accounted for in terms of
horizontal or vent flow equations (Bernoulli’s law).

As said before each compartment is divided into two control volumes or zones,
a relatively hot upper layer, and a relatively cool lower layer, as illustrated in
Figure 2.23. The gas temperature and density are assumed constant in each layer.
The compartment is assumed to have a single value of pressure, P and all ther-
modynamic parameters are assumed to be constant.

The mass conservation equation simply asserts that the rate of change of the mass
of layer i is equal to the sum of mass source terms, m;:

dm; .
dt‘ = 1 (3.1

Mass source terms include plume mass entrainment and supply/exhaust ven-

tilation. Next, the firs law of thermodynamics states that the rate of change in the

layer’s internal energy, c,m;T; is equal to the sum of heat source terms ¢,, minus

the work associated with expansion or contraction of the layer P %:
d(cymiTy) dv
——— ql j— P_
dt dt

Included in ¢, are the fire’s heat release rate, convective losses to walls, and radi-

(3.2)

ation exchange.
The layer’s temperature, mass and volume are related to the compartment pres-
sure by the ideal gas law:

PV; = m;RT; (3.3)
A system of ordinary differential equations for the compartment pressure, upper
layer volume, and upper- and lower-layer temperature can be derived using Eqs.
3.1-3.2, for details see [112]:
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ap_y-1_.
FriniTa (41 + qu) (34)
dv, 1 ' dP
a P_y((y - Dgu— W E) (3.5)
ar, 1 [ ' dP
ke o (qu —cpmy, Ty + 1, E) (3.6)
ar, 1 /. , dP
s o (q1 —cpy Ty + V4 E) (3.7)

An algebraic equation for each wall surface temperature (ceiling, upper wall,

lower wall, and floor) is also solved:
aT,(0,t) 0

q" +k o

(3.8)

Where:
ATw (0.)
ox
q" is the net radiative and convective heat flux from the adjacent gas layer.

is the temperature gradient at the wall surface.

for brevity the temperature wall profiles are referred to collectively as T, (x, t).
The (x; t) spatial coordinate x refers to the depth inside the wall; x=0 is the wall
surface.

The temperature gradient in Eq. 3.8 is evaluated by advancing a known temper-
ature profile from toiq to t using the heat conduction equation:

oT,  k 0°T,
=— 39
ot  c¢p 0x? (3.9
with a constant temperature boundary condition:
T,0,t)=T, (3.10)

Where p, c and k are the density, specific heat, and thermal conductivity of the
wall material.

In order to solve the zone fire modelling equations CFAST uses the differen-
tial/algebraic solver DASSL [19, 20] to solve the differential equations Eqs. 3.4
through Eq. 3.7 and the algebraic equation (once it is discretized) Eq. 3.8 for P,
Ty, Vy, Trand Ti.
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3.2.1.3.Fire properties in CFAST

Fires in CFAST are specified by the user in terms of a time-dependent heat
release rate (HRR), an effective fuel molecule, and the yields of the products of
incomplete combustion like soot and CO.

Fires can be specified in multiple compartments and are treated as totally sep-
arate entities, with no interaction of the plumes. These fires are generally referred
to as “objects” and can be ignited at a prescribed time, temperature, or heat flux.

CFAST does not include a pyrolysis model to predict, as opposed to specify,
the growth and spread of the fire. Rather, the transient pyrolysis rates for each
fire are prescribed by the user.

The HRR of the fire is specified by the user, but it may be constrained by the
availability of oxygen in the compartment. The combustion of a hydrocarbon fuel
is described by the following single step reaction:

CrcHntOnoNpon Clyy + V0,05 = V0,C05 + vy,0C0; + o CO +
+vsSoot + vy HCL + vyeyHCN + vy, N, (3.11)

The user must specify the composition of the fuel molecule and the yields of
soot and CO, ys and yco, which are the mass of CO or soot emitted per unit mass
of fuel burned and which are related to their stoichiometric coefficients as fol-

lows:
Mg
Vs = Vsys (3-12)
M
Veo = — Yco (3.13)
Mco
. Mg
Vyen = min (nN:M YHCN) (3.14)
CN

As fuel and oxygen are consumed, heat is released, and various products of com-
bustion are formed. The heat is released as radiation and convective heat.

3.2.1.4.Ventilation in CFAST

CFAST models three types of vent flow: natural flow through vertical vents (such
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as doors or windows), natural flow through horizontal vents (such as ceiling
holes or hatches) and forced flow via mechanical ventilation. Forced flow can

occur through either vertical or horizontal vents.

3.2.2. Simulation of the test series 4

The first test series that was modelled in CFAST was test series 4, for several
reasons; firstly among all the experimental tests carried out by the authors [150]
it is the only series in which the dimensions of the compartments are defined,
(except for the 4.1 test which was not modelled), but also for the higher availa-
bility of input data and of results, such as temperature curves recorded by ther-
mocouples and provided by the final annexes of the paper.

Within test series 4, five different tests were performed, all the datils are listed
in §3.1.4. In order to create the input file for the CFAST models of each test, first
the properties of the materials were defined, as equal for all four tests. Three
materials were defined, and listed in Table 3.1:

Table 3.1 Material properties for test series 4

thermal specific density thickness emissivity
conductivity heat
[kW/m°C] [kJ/kg°C]  [kg/m’] [m] [-]
steel 0.005 0.65 7800 0.004 0.7
plasterboard 0.0025 1 810 0.1 0.8
concrete 0.00125 1 2400 0.3 0.8

The compartment dimensions for each test were provided by authors in [150].
Regarding the construction materials of the compartment, the ceiling and the
floor were considered made of concrete, while the walls were considered made
of plasterboard. The ventilation condition was defined like the test setup i.e., by
a square wall vent with dimensions equal to (0.30 m x 0.3 m) placed in the middle
of one of the long sides, while for test 4.5, with the largest volume, the opening
was moved on one of the short sides, on the one that, is placed at 1.20 m from the
fire.
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In CFAST models, objects referred to as “targets,” may be added to any com-
partment to represent measurement devices. Targets absorb thermal radiation
from the fire, walls, and hot gas layer, but targets do not affect the fire simulation.
In each test a series of steel targets were placed along the same vertical, at differ-
ent distances from the ceiling, near the corner of the first compartment. It is
worth saying that despite the dimensions of the compartment having been
changed by passing from test 4.2 to test 4.3 to test 4.4 and 4.5, the position of the
thermocouples has never changed, leaving, in this way, their mutual position
unchanged.

The compartments so defined are shown in the following Figure 3.15.

\ H

(©) (d)
Figure 3.15. CFAST model in SMOKWIEV environment of test 4.2 (a), test 4.3 (b),
test 4.4 (c) and test 4.5 (d).

To define the input fire in CFAST the first step is the definition of the Heat
Release Rate (HRR) curve, this one was evaluated for points starting from the
HRR output curve provided by the authors in [150], in this way it was possible
to obtain the HRR input curve for the CFAST’s models, which are shown in the




96 CHAPTER 3. FIRES MODELLING OF STEEL RACKS

following Figure 3.16a, c, and Figure 3.17a,c.

Regarding the determination of some materials properties and fire properties
required by the program, the SFPE Handbook of Fire Protection Engineering [120]
was consulted indeed this one in chapter 1-5 provide the thermochemistry of the
most common materials, and as a consequence it was possible to find that the
heat of combustion of pine wood can be considered equal to 19.4 kJ/g.

In chapter 3-4, instead, the values of CO Yield and Soot Yield are provided. In
particular, the Soot Yield (ys), in lack of specific value for pine wood, was con-
sidered equal to 0.015 g/g which is the common value for both wood (red oak)
and wood (Hemlock) conifer wood. While the CO Yield (yco) was equal to 0.005
g/ g for pine wood.

No information related to the parameters of HCN Yield and TS Yield has been
found in the literature and therefore they have been fixed zero in every analysis
carried out. Regarding the stoichiometry of the material, the chemical structure
of wood was considered equal to C6H1006 as indicated in SFPE Handbook of Fire
Protection Engineering [120].

Finally, to complete the table related to the definition of the fire in CFAST, it
was necessary to calculate the fire area Asi(t), because the heat release rate is
linked to the fire area. The fire area is the burning area of fuel, in real fires, it is
usually varying with time, in some cases (ex. pool fire tests), the fire area can be
constant.

The fire area Afi(t) can be defined function of time:
A =A RHR(?) 3.15
£i(t) = Afimax RHR,. (3.15)
Where, the maximum fire area Afmaxin a compartment is the floor area on
which combustible is present. In most case the maximum fire area is equal to the
floor area. The hypothesis is made that the maximum value of the fire area ar-
rives when the rate of heat release is maximum [114].
Once the models of the four tests were defined, by running the analyses
CFAST provided the temperature curves recorded by the four thermocouples.
For each test, it was noted that the temperature of the thermocouple closest to

the ceiling was significantly higher than the temperatures recorded by the other
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thermocouples that were in the cold zone, they recorded temperatures equal in-

stant by instant. To compare the numerical results with the experimental ones

the curve representing the average of the four thermocouples was considered.

The following figures represent, for each test: the comparison between the ex-

perimental HRR curve and its reconstruction, the comparison between the ex-

perimental temperatures and the numerical ones calculated with CFAST that are

the ones recorded by the thermocouples at different heights, and their mean

value.
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Figure 3.16. Comparison between numerical and experimental results in terms of

HRR curves for test 4.2 (a) and 4.3 (c) and temperatures for test 4.2 (b) and 4.3 (d).
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Figure 3.17. Comparison between numerical and experimental results in terms of

HRR curves for test 4.4 (a) and 4.5 (c) and temperatures for test 4.4 (b) and 4.5 (d).

By analysing the comparisons between the experimental and the calculated

temperatures, some general considerations can be made:

The initial part of each numerical temperature curve is characterized by a

time delay due to the same delay of the experimental HRR curve and then in

the reconstructed HRR curve. Referring to test 4.2 where the time delay is

maximum, this leads to numerical temperatures lower than the lower the ex-

perimental ones for the first minutes. During the heating this difference is

recovered, indeed, the two peaks are almost coincident both in terms of time
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and in terms of temperature. For the other three tests, although it is not ex-
plicitly stated by the authors, probably they have provided the HRR curves
without the time delay, indeed the numerical and experimental results are in
very good agreement.

- Regarding the maximum temperature, except for test 4.3, the numerical tem-
perature curves, obtained like the mean values between the hot and cold zone
ones, have very similar peak values: slightly lower but at the same time for
test 4.2, very similar but earlier for test 4.4 and slightly higher and earlier for
test 4.5.

Finally, by considering that the numerical temperature curves are based, first
of all, on HRR curves evaluated for points starting from the HRR output curve
provided by the authors derived from the combustion product measurements
and then by an empirical method also subject to errors, and, secondly, since
some aspects of the chemistry of the fire were not explicitly stated, but they
have been evaluated from the literature, it is possible to affirm that the results
of this comparison can be considered satisfactory for its purpose.

Therefore, the CFAST program can be used to model numerically all the fire
tests carried out by the authors.

3.2.3. Simulation of the test series 1 and 2

In order to model the vertical propagation of a localized fire, the main aim
was to simulate the Test series 5, that, as seen in 3.1.5, consists of the study of the
vertical and horizontal fire propagation for a group of four racks.

However, to validate all the CFAST models also the Test series 1 and 2, which
provide the necessary input data, were modelled.

First, the Heat Release Rate (HRR) curves that characterize the fire scenarios
were defined. Test series 2.2 was modelled first, since this one refers to boxes
with a double thickness, the HRR curve was set starting from results of the test
series 1.2 (see Figure 3.1) and by doing some considerations:

- The Maximum Heat Release Rate (HRRmax) Was considered equal to 247
kW /m?, like the test results.
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- The total developed energy (qy) for a single box was equal to 23.9 MJ/m?,
but to consider 4 boxes per level, this value was amplificated obtaining a
value of gt equal to 95.6 MJ/m2.

- The value of t; was considered equal to 250 s, which is the value between
the ones that the Eurocode provides for bookshops (150 s) and offices (300
s), therefore similar uses of paper and paperboard.

- The fire area Ar was calculated as the floor area of the shelves containing
the boxes multiplied by 4 to represent the 4 levels of boxes. The dimensions
of the shelves are: 0.24+0.05+0.24m equal to 0.53 m in one direction,
0.20+0.05+0.20 equal to 0.45 m in the other one. As a result, it was possible
to obtain the fire area Ar equal to 0.53x0.45x4 equal to 0.954 m2.

The parameters calculated are summarized in the following Table 3.2:

Table 3.2 Fire parameters for HRR curve of test 2.2

HRR¢ Ar qr to HRRumax ta to te
[kW/m? [m?]  [kI/m?] [s] [kW] [min] [min] [min]
247 0.954 95600 250 236 2.0 5.9 9.7

By knowing these parameters it was possible to evaluate the HRR curve,
which was compared with the experimental one, see Figure 3.20. From this com-
parison, it is possible to realize that the calculated HRR curve and the experi-
mental one are very similar to each other in terms of pattern and duration, and
therefore the HRR curve calculated can be considered representative of fire test
2.2 and can be used like the HRR input curve for the CFAST model.

To model Test2.2 setup a single compartment with the rack dimensions of
0.64x0.56 m in plan and 1.60 m in height, was modelled in CFAST. Since this
compartment represents the single rack, each surface was characterized by the
thermal properties of the steel, see Table 3.1. Along the walls 4 openings per side
(always considered open), were defined to simulate the rack openings.

The compartment modelled is shown in Figure 3.18 while the flame develop-
ment is shown in Figure 3.19.
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Figure 3.19 CFAST results in terms of flame development for test 2.2.

A single type of fire has been defined, characterized by the previously calculated
HRR curve and by all the parameters like the heat of combustion and CO yield,
soot yield, and stichometry, as explained in test 4. The fire defined in this way
was placed in the middle of the compartment at the height of the bottom shelf.
A steel target in the middle of the rack was modelled, such as the thermocouple
2 in test 2.2.

Figure 3.20b shows the comparison between the experimental temperatures and
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the numerical ones. The temperature calculated in CFAST, regards the fire dura-
tions and the temperatures range can be considered coherent with the one rec-
orded experimentally. Differences between the two curves can be justified by
several reasons:

- the error already affecting the HHR curve is also reported in terms of
temperature.

- since in the model, a single fire in the centre of the shelf was placed and
not 4 fires in the centre of the 4 boxes, the CFAST thermocouple was along
the fire axis, leading to higher temperatures than the experimental ones.

- theresults could be affected by errors because the modelled compartment
is slightly larger than the minimum size allowed in CFAST program.

500 HRR Experi@ental 1200 0 [°C] Experimental
[KW] Numerical Numerical
400 1000 -
800 -
300
600 -
200
400
100 200 -
0 0 T T T 1
0 2 4 6 8 10 0 5 10 15 20
time [min] time [min]
(a) (b)

Figure 3.20. Comparison between numerical and experimental results in terms of
HRR curves (a) and temperatures (b).

In conclusion, modelling the test 2.2 it was possible to validate the CFAST

model for a single rack.

3.2.4. Simulation of the test series 5

Finally, the main test, for our purpose, such as the fire test 5 was simulated,
this test was selected also because it is the only one that provided the vertical fire
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spread between levels of the racks, the ignition took place at the bottom of 2nd
rack (first ignition to I level), with vertical propagation up to the other V levels
and horizontal propagation to the other three racks (see Figure 3.21). This prop-
agation was considered in the CFAST model by assigning time delays to the HRR
curves, starting from the HRR curve of a single level.

The Heat Release Rate (HRR) curve of the single levels of the 2nd rack was
evaluated by using the same procedure used to evaluate the HRR curve of the
entire rack for the test 2.2, i.e., starting from the test series results 1.2 and by con-
sidering that the 2nd rack of test 5.3 was characterized by 24 double thickness
boxes for each level. The parameters calculated are summarized in the following
Table 3.3.

R
o
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# 0:24
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i e 0:12
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TT T T T T T TP T I T 7 I 177171 TrrTTTTTT7rT] TTT I T T T ITTId T T i T T /T
1st rack 2nd rack 3rd rack 4th rack
boxes with a single- boxes with a double- boxes with a single- boxes with a single-
thickness thickness thickness thickness

Figure 3.21. Test 5.3 setup with fire propagation times.

Table 3.3 Fire parameters for HRR curve for a single level of the 2nd rack

HRR¢ Ar qr ta HRRmax ta to te
[kW/m?] [m?] [kJ/m?] [s] [kW] [min] [min] [min]
247 1.96 95600 250 484 2.5 6.3 10.2

Therefore, starting from HRR curves of a single level, these ones were then
summed moment by moment, referring to the exact time delays provided in [1],
and obtaining the HRR curve of the whole 2nd rack, shown by the red curve in
Figure 3.22a.
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For the other three racks the test results didn’t provide the vertical time de-
lays, in this case, the HRR curve of the whole rack was directly evaluated. Start-
ing from the results of the test 1.1 (see Figure 3.1), since this one refers to boxes
with a single thickness, it was possible to obtain the HRR curve of a single level
of the rack for test 2.1 which refers to 4 boxes. Since the single level of the 1st, 31,
and 4t rack of test 5.3 consists of 24 boxes and the entire rack has 5 levels, the
HRR curve of the single level corresponds to 6 times the HRR of 4 racks, while
the HRR curve of the whole racks corresponds to 30 times the HRR of 4 racks.
The HRR curve obtained is shown in Figure 3.22b.

— Ist level

HRR = = =2nd level HRR
2500 - [kW] 3rd level 2500 - [kW]
4th level whole racks
5th level
2000 whole 2nd rack 2000
1500 1500
1000 1000
500 500
time [min] time [min]
0 0
0 5 10 15 0 5 10 15
(a) (b)

Figure 3.22. HRR curves for the test 5.3: HRR curves of the 2nd rack (a) and of the lat-
eral ones (b).

These HRR curves provided the input of the CFAST program. To model the
test 5 setup a large compartment of 16x15 m in plan and 1.85 m in height, was
modelled, its dimensions were not provided by authors [150], and for this reason,
they were defined to guarantee proper ventilation to reach the decay phase of
the fire test. Within this one, 4 compartments representing the 4 racks of 0.64x3.06
m and in 1.85 m in height, were modelled (see Figure 3.23).

The surfaces of the large compartment were plasterboard to simulate the walls
of the test setup, while the 4 compartments representing the racks were charac-
terized by the thermal properties of the steel (see all properties listed in Table
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3.1). Along the walls, 5 openings per side (always considered totally open), were
defined to simulate the rack openings. For each rack, the corresponding fire was
placed at the base, in the middle of the compartment.

1 - first
ignition

Figure 3.23. CFAST model of the test 5.3, dimensions are in meters.

In particular, the fire of the 2nd rack was modelled by the red HRR curve as shown
in Figure 3.22a. As regards the lateral racks, the fire of the 1st, 34, and 4t racks
was modelled using the HRR curve shown in Figure 3.22b applied at 129seconds,
130seconds and 150 seconds respectively as defined by authors [150] and showed
in Figure 3.21a.

The following Figure 3.24 shows the comparison between the experimental re-

sults and the numerical ones, in terms of temperature.
1200 0 [°C] Experimental

Numerical

1000
800
600
400
200

0

0 2 4 6 8 10 12
time [min]

Figure 3.24. Comparison between numerical and experimental results.

The temperature calculated in CFAST regarding the maximum temperature,

is coherent with the one recorded experimentally. The heating phase is not too
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different, indeed only a time delay is observed in the numerical temperature. The
same is true for the first part of the cooling phase, while, after 8 minutes, the
temperatures are very similar.

To define a generalized model for the vertical propagation, it was necessary
first to validate the propagation times of Test 5.3. It was found that these are
equal to the times for the flame to reach the upper level of the racks calculated
by using the flame lengths L¢ for a localized fire proposed in the Annex C of the
EN1991-1-2 [1] and given by:

Ly = —1.02 Dfireeq + 0.0148 HRR (£)%* (3.16)

Where:

HRR(t) is the heat release rate of the fire in [W];

Dfire,eq is the equivalent diameter in [m]; which can be evaluated by using the
expression, given in [108], indeed if the main combustible involved in the local-
ized fire is not circular, then it is modelled as a circle assuming that the area on

the ground is equal. The equivalent diameter is calculated with:

4A5(t)
T

Dfire eq = (3.17)

Where:
Af;(t) is the area of localized fire in [m?] which was calculated by using the

Eq. 3.15.

Table 3.4 Comparison between experimental and calculated propagation times.

Load Level Experimental time [s] Calculated time [s]
st 0 0
2nd 12 13
3rd 24 25
4th 32 38
5th 38 50

These values were obtained by considering Eq. 3.16 in the following way: once
the load level height was obtained from the equation, the HRR curve of the upper
level was added, and so on.

From the results obtained end shown in Table 3.4 it is possible to observe that
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the calculated times are in good agreement with the time provided by the exper-
imental test and for this reason it is possible to affirm that the vertical propaga-
tion of the fire can be modelled like the time for the flame to reaches the following
load level along its vertical. In particular, it is worth saying that the values are all
the more consistent at the first levels compared to the following ones, this is be-
cause the formula was calibrated to consider only one fire and not the overlap-
ping of more fires, moreover the exponential leads to an asymptote at a certain
time, which doesn’t allow to reach a higher fire length.

3.3. Proposed fire model for ARSW, CFAST

Thanks to the simulation and validation of the fire tests carried out by Lon-
nermark and Ingason [150] by using the software CFAST [112] it was possible to
obtain the parameters which define the design fire, that together with the method
to calculate the times for the vertical propagation, can be applied to obtain a fire
model for the ARSW structure.to proceed it is worth remembering that the fire
tests carried out by [150] were small-scale fire tests. Thus, the first step to obtain-
ing a real fire model is to scale up these fire parameters in a way that they can be
representative of a full-scale fire configuration by using various physical scaling
laws. Physical scaling has been widely used in the fire safety science community,
allowing a better understanding of fire dynamics. Indeed, Heskestad [168] re-
viewed scaling techniques, mainly pressure modelling and Froude modelling.
Quintiere [169] also reviewed the scaling applications in fire research with a fo-
cus on ceiling jets, burning rate, flame spread and enclosure fires. Perricone et al.
[170] investigated the thermal response of a steel tube covered by insulating ma-
terials using scaling principles.

Li and Ingason provided a general scaling method for pallet fires presented
in [162] modelled ad hoc on cellulosic material fires that develop in steel racks
structures. This method is based on the Froude scaling technique in particular,
these coefficients can be used for scaling the parameters that define a fire in terms
of HRR value, volumetric flow, propagation speed, time, energy released, mass
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and temperature, in relation to the geometric ratio between the full-scale dimen-

sions L¢ (in real scale) and the model scale dimensions Ly, (in reduced scale).

Heat Release Rate (HRR) L 5/,
[kW] HRR fyy scate = ( f/Lm) HRR moger scate (3-18)
Volume flow [m?/ L/ )2
olume flow [m’/s] V fuil scate = ( /Lm) V model scale (3.19)
1
. L /2
Velocity [m/s] U il scate = ( f/Lm) U model scate  (3-20)
1
) L /2
Time [s] t full scate = ( f/Lm) ¢ model scale (3.21)
L 3
Energy [kJ] E funi scate = ( f/Lm> E model scate (3.22)
L/}
Mass [kg] M full scale = ( /Lm) M model scale (3.23)
Temperature [K] Tfull scale = T model scale (3.24)

Considering the ARSW structure shown in the previous chapter, and the fire
test 5.3 that was validated in the previous paragraph, it was necessary to scale
the behaviour of the double-thickness cardboard box with dimensions of 0.24 m
x 0.2 m x 0.195 m against a box to be included in the generic storage module of
the ARSW structure, which has a length equal to 4.00 m, the width equal to 1.66
m and the height equal to 1.50 m. Since these three dimensions are different, by
scaling you go from a box cubic box to a very elongated transverse-direction box.
For this reason, it was calculated a geometrical ratio equal to 11.76, by using the
following expression which is a proportion between areas:

Ly _ |4
[ (3.25)

This geometrical ratio equal to 11.76, led to different scale factors used for the
time and the HRR values, respectively 3.4 and 474.

Regarding the value of t,, firstly the same value of the fire test equal to 250s
was considered. The HRR curve obtained for a box with table thickness in real
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scale is shown in Figure 3.25a. On the other hand, by carrying out a critical anal-
ysis of the HRR obtained, it is possible to observe that the parabolic section of
the curve is characterized by a slope that makes the first phase too fast. This HRR
for paper material is not consistent with the value according to Italian regulation

[171] that for paper material proposes a t, equal to 150s.

For

3.25a by applying only to the parabolic section the suggestion of the code, leaving
unchanged the peak, the duration, and the descending phase of the HRR curve.

this reason, it was decided to modify the HRR curve showed in Figure

The HRR curve modified in this way is shown in Figure 3.25b.

Table 3.5 Scaling factor for the model [21].

Small scale box Full scale box Ly/Lu
length 0.240 4.00 16.7
width 0.200 1.66 8.3
height 0.195 1.5 7.7
Proportion of the equivalent area. 11.76
HRR HRR
6000 1 kW) 6000 | [cw]
5500 5500
5000 5000
4500 4500
4000 4000
3500 3500
3000 3000
2500 2500
2000 2000
1500 1500
1000 1000
500 . 500 .
0 t [min] 0 t [min]
0 5 10 15 0 5 10 15
(@) (b)

According to the method validated before to calculate the vertical fire propa-
gation,

tion at

Figure 3.25. HRR curves: (a) calculated with scaling laws, (b) modified one.

the base of the central shoulder (see Figure 3.27) and considering that the

109

these ones were calculated for the ARSW structure. Placing the first igni-
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height of the load cell is equal to 2.04 meters, the ignition time was the time at
which the flame length reaches this height, and its multiples. In this way it was
possible to obtain the vertical propagation times shown in the following Table
3.6.

Table 3.6 Vertical propagation times calculated for ARSW structure.

Time [s] Reached height [m] Description
0 0.00 Fist ignition at the base
107 2.04 The flame reaches the 2nd level
244 4.09 The flame reaches the 34 level
368 6.12 The flame reaches the 4th level
515 8.15 The flame reaches the 5t level
691 10.20 The flame reaches the 6th level
800 11.59 The flame reaches the 7th level

It is worth saying that since the flame length fails to reach the height of the 7t
level equal to 12.24 m it was supposed that there was no ignition of the 7th load
level, and therefore the proposed fire model will consider a vertical fire propa-
gation within the first six load levels.

Regarding the study of the horizontal fire propagation, a time delay between
the ignition of the first shoulder and the ignition of the adjacent ones was evalu-
ated.

600 - ¢ o]

500 -
400 -
300 -

200

100

0

0 5 10 15 20 25

30
t [min]

Figure 3.26 Evaluation of the horizontal fire propagation time.
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In particular, the time required for the combustible material stored in the ad-
jacent load cells to reach a temperature of 230 °C that is the paper auto-ignition
temperature [120] was considered, obtaining a time equal to 506 seconds e.g., 8.4
minutes (see Figure 3.26).

Once the HRR curve for a box in real scale and fire propagation times were
obtained, all the input data for the CFAST model were evaluated.

3.3.1. Previous model

In CFAST, a first large compartment that represents one transversal cross sec-
tion was modelled. Within this one, 5 compartments representing the 5 racks
shoulder and 1 steel compartment representing the bottom steel frame, were
modelled. In this way, 7 compartments were modelled, in total (see Figure 3.27).
The lateral shoulders were not modelled as a compartment because they were

considered cold.

7th level
j6th level

5th level
=4th level
3th level

-2nd leve
st level

&

Figure 3.27. First CFAST model of the ARSW structure.
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Each compartment representing the shoulders was characterized by the ther-
mal properties of the steel. Along the walls, different openings per side (always
considered totally open), were defined to simulate the rack openings at each load
level.

It is worth saying that once the compartment is characterized by openings and
the fire can travel from one compartment to another one, the meaning of the
compartment is lost, so in the following descriptions, the term “cell” will be used
to refer to this type of zones modelling. Thanks to the time delays calculated pre-
viously (see Table 3.6), it is possible to affirm that for this fire model, the ignition
took place at the bottom of the central shoulder (first ignition to 1st level), with
vertical propagation up to the other six levels and horizontal propagation to the
other two shoulders.

For this reason, in the CFAST model, for each shoulder, 6 HRR curves were
assigned at the middle height of each load level with the corresponding time
delays, defined previously.

In this way, 18 HRR curves were assigned, in total, these HRR curves are showed
in the following Figure 3.28 for the central shoulder and in Figure 3.29 for the

adjacent ones.
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Figure 3.28. HRR curves for the central shoulder.
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Figure 3.29. HRR curves for the adjacent shoulders.

For the analysed fire scenario, Figure 3.30 shows the temperature distribu-
tions recorded by the CFAST thermocouples placed at the first four levels near

the horizontal elements and uprights ones.

1400 46 [°C] — istlevel 1400 10 [°C] — istlovel
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|}
|
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J
200 - / 200 - / ‘
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0 15 30 45 60 0 15 30 45 60
time [min] time [min]
(@) (b)
Figure 3.30. Temperatures recorded in the CFAST model for the horizontal elements
(a) and uprights one (b).

By analysing the results, these ones seem to be not consistent because of the
heating phase which is characterized by a strong discontinuity, and the different
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temperatures reached for the 3rd level compared to the other ones. Moreover,
since in this type of model, there is only one hot zone at the upper level of each
compartment (i.e., shoulder), it was not possible to compare the temperature of
the hot zone with the temperature recorded by the thermocouple, to see if the
thermocouples work properly.

In conclusion, this type of model didn’t work properly and for this reason,
different modifications were made.

3.3.2. Final model

Starting from the previous considerations, the first modification that was
made in the CFAST model to better represent the fire scenario, concerned the
different modelling of each shoulder. Every single unit of the load was modelled
as a single cell but communicating between them thanks to horizontal openings
(ceiling/floor vent). In this way a model with different compartments/cells al-
lowed comparing the temperatures recorded by the thermo-couple with the tem-
peratures of the hot zone and cold zone. Indeed, such a model allowed dividing
each load level into two zones instead of the entire shoulder.

The second modification that was made in the CFAST model concerned the
ventilation condition, the first large compartment that represented one trans-
versal cross section was modified by referring to the dimension of the entire vol-
ume of the ARSW representing the entire ARSW, but since it was noted that even
this condition underestimated the oxygen supply, and also considering some
studies in the scientific literature regarding the loss of the sandwich panels after
their damage due the fire [121], a bigger volume was considered to provide more
oxygen to the fire.

The result was, a fluid dynamics model too complex for processing by using
CFAST, with different errors during the analysis. Therefore, it was decided to
achieve a good compromise between the complexity of the model, the potential
of the software, the processing time and the amount of data generated.

The fluid dynamic model that met these requirements consists of an extremely

large external compartment (Compartment 1) capable of providing the amount
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of oxygen necessary for the full development of all the HRR curves. Within this
one, 5 compartments representing the 5 shoulders and 1 steel compartment rep-
resenting the bottom steel frame, were modelled (see Figure 3.31).

Figure 3.31. Final CFAST model of the ARSW structure.

As said before, for the central three shoulders, the first six load levels which
were directly affected by the presence of a fire, were modelled as a single com-
partment but communicated among them. The result was a model with seven
compartments for each shoulder in particular: six single compartments related
to the first six levels where, with several delays, the fire develops and the seventh
compartment grouping the remaining load levels where no fire was defined.

Figure 3.32a shows the temperature distributions recorded by the CFAST
thermocouples placed at the first seven levels near the horizontal elements, while
Figure 3.32b shows the temperature of the hot zone.
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Figure 3.32. Temperature distributions recorded by the thermocouples placed at the
first 7 levels near the horizontal elements (a) and temperature of the hot zones (b) of the
central shoulder.

By analysing temperature results, it is possible to appreciate, how the time
delay imposed for the HRR curves was found also in the natural fire curves. All
the curves reach a maximum temperature equal to about 1120 °C. The results
confirm that the measurements of the thermocouples near the transverse ele-
ments are in good agreement with the temperatures recorded in the hot zone of
each compartment where a fire is present. Moreover, the new modelling allows
also overcoming the problem of the strong discontinuity that characterized the

heating phase in the previous modelling, because, in the previous modelling, the
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thermocouple was engulfed in the flame and passed from 20° to 1200° very
quickly.

In the new modelling, the thermocouple near the generic transverse is always
in the hot zone, during all the thermal transients. Thus, it heats up in the same
way as the gases that are concentrated there, with slower heating but reaching
the same peak of temperature.

Figure 3.33 shows the temperature distributions recorded by the CFAST ther-
mocouples placed at the first seven levels near the horizontal elements of the
adjacent shoulders, where also in this case it is possible to appreciate, how the
time delay imposed for the HRR curves was found also in the natural fire curves.
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Figure 3.33. Temperature distributions recorded by the thermocouples placed at the
first 7 levels near the horizontal elements of the lateral shoulder.

The new modelling didn’t sort out the problem regarding the other thermo-
couples placed outside the hot zone; therefore, to define the heating curves for
the diagonals and the uprights elements, a temperature curve evaluated as the
average of the temperatures recorded in the hot zone and in the cold zone was
considered at each level.

The following Figure 3.34 shows the temperature distributions evaluated for
the elements belonging to the central shoulder and to the later ones.
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Figure 3.34. Average of the temperatures recorded in the hot zone and in the cold
zone at each level, for the central shoulder (a) and the lateral ones (b).

In the following Figure 3.35 a final schematization of the temperature distri-

bution obtained with the proposed multi-cell zone model is shown, where it is

possible to see the temperature field obtained from the model, in a simplified

form.
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Figure 3.35. Temperature distribution within the structure for the proposed multi-
cells zone model.

3.4. Proposed fire model for ARSW, FDS

The computational fluid dynamics model of the ARSW structure was created
also in FDS software developed by NIST [172] to simulate the gas temperature
distributions and compare them to CFAST measurement results. FDS is a com-
putational fluid dynamics model that specifies solving Navier-Stokes equations
in the limit of low-speed, thermal-driven flow on predefined rectilinear grids
over time. FDS is a Fortran program that reads input parameters from a text file,
computes a numerical solution to the governing equations, and writes user-spec-
ified output data to files. Smokeview developed by NIST [173] is a companion
program that reads FDS output files and produces animations on the computer
screen, at the same time Pyrosym provided by Thunderheadeng engineering
[174] is a graphical user interface that helps to create the input file for FDS, at the
same time. Smokeview and Pyrosym have a simple menu-driven interface, while
FDS does not.

In Pyrosym, a large compartment that represents the whole compartment was
defined as 52 m x 35m x 29.8 m in a model domain of 58.8m x 35.4m x 30m. Into

FDS environment, the geometry is described in terms of rectangular obstructions
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(OBS) that can heat up, burn, conduct heat, etc.; and VENTS from which air or
fuel can be either injected into or drawn from the flow domain. A boundary con-
dition needs to be assigned to each obstruction and vent, describing its thermal
properties.
For this reason, firstly, in the computational domain the steel frame was mod-
elled as shown in Figure 3.36, it is worth saying that the diagonal bracings be-
longing to the shoulder and the truss were not modelled because of the type of

modelling that this type of program request, where it is only possible to model
rectangular OBS.

Figure 3.36. FDS model of the ARSW structure with AST devices positions.

The boundary conditions were defined as close as possible to the ones of the
reality. Boundary conditions for obstructions and vents are prescribed by an at-
tached surface (SURF) where most parameters must be defined. In FDS software,
solids are assumed to consist of layers that can be made of different materials,

the thermal properties of each material required are designated via the MATL

name list group.

In this context, the floor and the ceiling were set as INERT which is the default
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FDS boundary condition representing a smooth wall with a fixed temperature,
equal to the ambient temperature, and emissivity equal to 0.9, where radiative
and convective heat transfer is calculated. The walls were considered made of
0.15 m of gypsum with the properties listed in Table 3.7, the surface attached
was set as a “layered” type, whit a layer of 0.15 m of material “gypsum”.

The same type of “layered” surface was assigned to the structural steel ele-
ments, by considering the steel properties listed the Table 3.7, in this case, it was
set that the steel elements are not allowed to participate in combustion and
whose physical surface characteristics are calculated during the thermal transi-
ent with the incident flow.

Table 3.7 Material properties for test series 4.

thermal specific density thickness emissivity
conductivity heat
[W/mK] [K]/kgK]  [kg/m’] [m] [-]
steel 45.8 0.46 7850 0.004 0.7
gypsum 0.17 1.09 930 0.15 0.9

The fire load is supposed to be made of discrete wood cribs and paper rolls,
but in this modelling, no detailed representation of a wood crib (i.e., 1m?3 involv-
ing alternation of sticks and air gaps) was used but a simpler approach was
adopted, using solid cubes, modelled as OBS. This approach is based on the work
done by Horov4, 2015 [175] and Degler et al., 2015 [176].

The specified ignition of the fire was basically modelled as the ejection of gas-
eous fuel from a solid surface, this is essentially a burner, with a specified Heat
Release Rate Per Unit Area, HRRPUA, in units of kW /m?2. The solid burner was
modelled with dimensions equal to 4.05m x 1.65m x 0.15 m. To obtain the same
HRR represented in Figure 3.25b, the HRRUA for this surface was set equal to
670.2 kW /m?2, moreover, it was necessary to specify a time ramp for volumetric
heat source, obtaining an HRR that lasts for 12.60 minutes.

The paper constituting the cubes is assumed to be pine wood type with the
following chemical composition: C6H1206 and a soot yield of 0.0015 g/g. No
CO yield was defined. These values are the same specified for the zone model in
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section 3.2.2.

The pine wood properties were considered equal to conductivity 0.14
W/m/K, specific heat 2.85 k] /kg/K, emissivity 0.9 and density 640 kg/m3. These
values are adopted in FDS Validation Guide [177].

All the other unit loads were modelled as solid cubes with dimensions equal
to 4.05m x 1.65m x 1.65 m, i.e., the real dimensions of the unit loads. To obtain
the same HRR represented in Figure 3.25b, the HRRUA for this surface was set
equal to 174.81 kW /m?2, with a specific time ramp for this volumetric heat source,
obtaining the HRR that lasts for 12.60 minutes.

Since one of the aims of this simulation was to analyse the fire propagation
without the predefined delay times, all the unit loads were not modelled as
BURNERS but as surfaces with an ignition temperature set equal to 230 °C that
is the paper auto-ignition temperature [120]. When the threshold temperature of
230°C is met on at least one face of the volume, then the six surfaces are set to
start burning following the prescribed HRRPUA curve.

Two opening were placed along the length of the compartment, on both walls
parallel to the DA direction of the compartment, always considered totally open.

The modelled compartments and the simplified fire load are depicted Figure
3.36.

To obtain the CFD simulations outputs that can interface with the following
FEM analyses all the structural elements were equipped with devices which
were Adiabatic Surface Temperature (AST) to summarize and transfer the ther-
mal boundary information [178] (see Figure 3.36). They assume the surface to be
a perfect insulator and the net heat flux is thus zero. The fictitious temperature
Oasr is calculated based on the incident radiative heat flux and the gas tempera-
ture near the surface [179]. Then the Oasr is applied to the FEM thermal analysis
as thermal constraints.

For simulations involving buoyant plumes, the FDS User’s Guide [172] de-
fines a non-dimensional parameter to assess the quality of the mesh: D*/dx,
where D* is a characteristic fire diameter and dx is the nominal size of a mesh
cell. Since no comparison with experimental results is possible, values were not
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based on a sensitivity analysis but on existing analyses representing fire dynam-
ics in large enclosures. Indeed, the FDS Validation Guide [177] contains a table
of the values of D*/dx used in the simulation of the validation experiments
which were used as guidance.

Since the steel frame was heated and most temperature devices were set at the
heated frame, different mesh sizes were adopted to save computational costs
without hurting modelling accuracy. The mesh size of the heated frame was 0.15
m x 0.15 m x 0.15 m, while that of another meshes were 0.6 m x 0.6 m x 0.6m, as
is shown in Figure 3.37.

Figure 3.37. FDS model with mesh definition.

These CFD simulations were launched on a high-performance computing
cluster, to do this the whole model was split into 102 meshes and ran in parallel
through Open Multi-Processing (OpenMP) techniques, in this way the simula-
tions required 48 h to complete, using 102 cores (102 MPI processes with 1
OpenMP threads per process).
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3.4.1. Results discussion

The results obtained from the CFD simulations are reported below by distin-
guishing among the results obtained for group of ASTs, placed in each shoulder
for both the horizontal and uprights elements, such as for each the truss beams.

Figure 3.38 shows the temperature distributions recorded by the AST placed
at the eleven seven of the horizontal beams of the central shoulder, (third shoul-
der as represented in Figure 2.15).

The first thing that it is possible to observe is that by using the CFD model it
is possible to observe vertical and horizontal propagation without the pre-de-
fined delay times. The second aspect is that the temperature doesn’t reach the
same peak for all the structural elements like the CFAST temperature. In the case
of the first heated element, the horizontal beam at the 2nd level is possible to

observe a very similar behaviour to CFAST.

2nd level
3rd level
4th level
Sth level
—— 6th level
—— T7th level
8th level

1200 - g [oC]

1000 -

9th level
—— 10th level
1

1

800

600

1

|
400 - ~

200

1

OTIYTTI
0 5 10 15 20 25 30 3

T T

5 40 45 50 55 60
time [min]

Figure 3.38. Temperature distributions computed by FDS at the horizontal beams of
the central shoulder.

The Figure 3.39 to Figure 3.42 break down the FDS results: they are shown
alongside Smokeview images for corresponding times, which helps understand
the fire propagation. From Figure 3.39 (i.e., at 5 minutes), it is possible to observe
the first cube is heated and the flame is reaching the second level. Figure 3.40
(i.e., at 12 minutes) shows that that all the first cube is consumed by the fire which
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means that all the HRR of this level is used, this is the reason why the tempera-
ture distribution for the second level is very similar to the CFAST one.

Figure 3.41 (i.e., at 20 minutes) shows that going to the 3rd and 4t levels the tem-
perature peak decreases because the fire starts to propagate within the aisle be-
tween the two shoulders, like a chimney effect. This aspect confirms the ventila-
tion effect which may play a very important role, in changing the fire traveling
trajectory. Figure 3.42 (i.e., at 35 minutes) shows that due to this type of propa-
gation, the fire reaches the upper levels very fast going to heat also all the truss
elements, indeed all the horizontal beams from the 6th to the 11th levels are heated

at the same times, with only a little delayed time among them.
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Figure 3.39. (a) Smokeview image for the simulation at 5 minutes and (b) corre-
sponding temperatures computed by FDS.
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Figure 3.40. (a) Smokeview image for the simulation at 12 minutes and (b) corre-
sponding temperatures computed by FDS.
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Figure 3.41. (a) Smokeview image for the simulation at 20 minutes and (b) corre-
sponding temperatures computed by FDS.
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Figure 3.42. (a) Smokeview image for the simulation at 35 minutes and (b) corre-
sponding temperatures computed by FDS.

In Figure 3.43 the temperature distributions recorded by the AST, placed at
vertical elements of the truss are illustrated, where it is possible to observe that
the central ones (1,2,3, and 4), are heated with a little delay time among them.
While moving towards the lateral ones (5,6,7 and 8) lower temperatures are
reached and all the elements are heated together. Finally, for the elements above
the aisles (9,10,11, and 12), the maximum temperatures are lower since there is
no combustion material in that area.
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Figure 3.43. Temperature distributions computed by FDS at the vertical beams of
the truss.
The same aspects can be observed also in the temperature distributions recorded

by the AST, placed at the bottom chord of the truss, which are illustrated in the
following Figure 3.44, where it is possible to see how from the elements 6 to 9
which are the ones over the aisle the temperature peak is lower than the ones
reached for the elements over the five shoulders.
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Figure 3.44. Temperature distributions computed by FDS at the bottom chords of
the truss.
The same considerations can be done by analysing the results obtained for the
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uprights. In particular, Figure 3.45 shows the results obtained for the central
shoulder where the fire started (III shoulder Figure 2.15).

It is worth saying that since the propagation occurred within the aisle, the
ASTs for the adjacent shoulders, were placed for both the uprights of the single
shoulder. Thus, in the Figure 3.46 and Figure 3.47 the temperature distributions
for the adjacent shoulders, next to the ignition (II and IV shoulders) are illus-
trated for both the uprights on the right and on the left, where _NEAR states for
near the fire, which means the upright on the left of the shoulder, while _FAR
means the upright on the right of the shoulder. From the results showed in both
Figure 3.45 and Figure 3.46, it is possible to confirm that all the HRR of the first
level is used for the combustion, confirming the results showed for the horizontal
beams, indeed the uprights reached 400°C in the first 5 minutes of the fire prop-
agations. Moreover, the results for the uprights show that after the combustion
of the first level the fire started the propagation within the aisle, the AST for the
2nd and 3rd levels, on the left of the lateral shoulder (Figure 3.46) recorded, indeed,
temperatures higher than the corresponding ones of the central shoulder (Figure
3.45). While, after 10 minutes, it is possible to see that the propagation occurs for

all levels sequentially.
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Figure 3.45. Temperature distributions computed by FDS at the uprights of the cen-
tral shoulder (III shoulder).
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Figure 3.46. Temperature distributions computed by FDS at the upright on the left
of the adjacent shoulders (I and IV shoulders).
From the results shown in Figure 3.47 it is possible to see that in the case of

the upright on the right of the lateral shoulder, which means far from the igni-
tion, the propagation changed, in the sense that, once the fire reached the ceiling
and thus the 11t level it started to propagate to the levels below.
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Figure 3.47. Temperature distributions computed by FDS at the upright on the right

of the adjacent shoulders (I and IV shoulders).
The same considerations can be made for the external shoulders (I and V
shoulders Figure 2.15), where the results are shown in Figure 3.48 and Figure

3.49.
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Figure 3.48. Temperature distributions computed by FDS at the upright on the left
of the adjacent shoulders (I and V shoulders).
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Figure 3.49. Temperature distributions computed by FDS at the upright on the right
of the adjacent shoulders (I and V shoulders).

The results confirmed that, since these shoulders are both far from the ignition

the propagation occurs in the same manner for the upright on the left and on the
right, also in this case it is possible to see that the fire first reached the upper level
and after it started to propagate to the bottom ones. It is worth saying that even
though, the temperature propagation is the same for the external upright, a lower
temperature peak was reached for the first tree levels (13th, 12t and 11th).
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3.5. Benchmarks between fire models

The following figures compare the fire curves obtained using the previously
illustrated fire models: the multi-cells zone model (CFAST), where the fire prop-
agation was defined using the vertical and horizontal propagation times evalu-
ated with the analytical criterion. The FDS model, in which the same fire scenario
was modelled using FDS software; allowing the analysis of fire propagation
without the default delay times.

In particular Figure 3.50 shows the temperature distributions recorded by the
FDS and CFAST’s devices placed at the horizontal beams of the central shoulder
for the first 2nd, 3rd, and 4t levels.

Thanks to these comparisons it is possible to underline some aspects already
analysed previously. By comparing the temperature distributions for the 2nd
level Figure 3.50a, it is possible to see how the proposed multi-cell zone model
(CFAST) can properly predict the fire duration, in particular the temperature cal-
culated in CFAST regarding the maximum temperature, is coherent with the one
recorded by FDS. The heating phases are not too different, indeed only a time
delay is observed in the FDS temperature. Moreover, the first parts of the two
cooling phases are very similar, while after 13 minutes, the temperatures start to
diverge.

The comparison of the temperatures for the 3t level (see Figure 3.50b) allows
a first validation of the fire propagation times calculated analytically and used in
the zone model. Indeed, the heating phases of the two distributions start at the
same time, and also the fire duration is similar, with the cooling phases similar
to around 15 minutes. The comparison shows that the temperature obtained
from the multi-cell zone models is characterized by the same temperature peak
for all the levels, unlike the FDS model where the temperature peaks are lower
due to the chimney effect that changes the fire propagation.

These aspects are more evident for the 4t level (see Figure 3.50c) due to this
different fire propagation also the heating phase is different for the two fire mod-
els.
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Figure 3.50. Temperature distributions computed by FDS and CFAST at the hori-
zontal beams of the central shoulder for the first three levels.
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The CFD model in this case underlines on one hand the ventilation effect,
which may play a very important role in changing the fire traveling trajectory,
but on the other hand, allows the validation of the fire propagation times calcu-
lated analytically and used in the multi-cells zone model.

Figure 3.51 shows the temperature distributions recorded by the FDS and
CFAST devices placed at the uprights of the central shoulder for the first 2nd, 34,
and 4t Jevels. In this case, since the propagation occurred within the aisle, in the
comparisons the temperature distributions recorded from the ASTs of the adja-
cent shoulders are also provided. “FDS_left” stands for the AST placed on the
left of the aisle and “FDS_right” stands for on the right of the aisle and so belongs
to the adjacent shoulder.

More or less the same considerations made for the horizontal beams can be
made also in the case of the uprights. By comparing the temperature distribu-
tions for the 1st level Figure 3.51a, it is possible to see how the proposed multi-
cell zone model (CFAST) can properly predict the fire duration, whole the tem-
perature calculated in CFAST regarding the maximum temperature, is higher
than the one recorded by FDS. The heating phases are not too different, indeed
only a time delay is observed in the FDS temperature, while the two cooling
phases are very similar. The two FDS temperature distributions are similar with
the distribution recorded from the thermocouple on the right that better fits with
the CFAST ones.

The comparison of the temperatures for the 2nd level (see Figure 3.51b) allows
another validation of the fire propagation times calculated analytically and used
in the zone model. Indeed, the heating phases of the two distributions start at the
same time. In this case, the two FDS distributions are different and only the one
on the right can be compared with the CFAST one. These aspects are more evi-
dent for the 3rd level (see Figure 3.51c) due to this different fire propagation also
the heating phase is different for the FDS distribution.

Finally, from these comparisons, it is possible to see how, the results are sim-
ilar for the first moments of the fire, at the same time before then the chimney
effect starts, the analytical time propagations are similar to the numerical ones
obtained from FDS. On the other hand, due to the chimney effect in the FDS
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model, the multi-cell zone model temperatures are higher and so on the safe side.
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Figure 3.51. Temperature distributions computed by FDS and CFAST at uprights of the
central shoulder for the first three levels.
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Chapter

4. Thermo-mechanical modelling of
ARSWs

This chapter presents the second part of this work regarding the study of a
typological self-supporting automated warehouse in fire conditions, thus after
defining the fire modelling, it was necessary to evaluate the mechanical response
and the analysis of the collapse mechanism. For this reason, several thermo-me-
chanical analyses were performed using the SAFIR software. These analyses
were carried out by considering different types of fire models, such as localized
fire (LOCAFI and Heskestad method), the results of the zone model by using
CFAST software, and the results of the computational fluid dynamics using the
FDS software. All these analyses discussed in §4.3 have shown that to correctly
estimate the collapse times and the shape of the global mechanism, it is necessary
to go beyond the time of collapse provided by the software, by manually elimi-
nating the elements that collapse. §4.4 shows an iterative procedure based on
subsequent implicit thermo-mechanical analyses to obtain a progressive collapse
by using SAFIR; this aspect has been analysed and validated by modelling the
same structure with a second structural software, ABAQUS CAE that allows the
implementation of implicit analyses and explicit ones, by obtaining the same re-

sults but with an automatic procedure.

4.1. Steel structures collapse analysis
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Besides the choice of the fire model the types of methodologies of analysis
that the designer adopts to properly interpret it, influence the results of a fire-
induced progressive collapse.

Nowadays, the well-known Finite Element Analysis (FEA) is the most used
tool to perform structural analysis in fire conditions by using advanced calcula-
tion models. Besides the method used to discretize the elements, the event “col-
lapse” has a dynamic nature, as it can be highly impulsive. Trying to evaluate a
building failure means making choices about the analysis type. Four approaches
can be used: linear static, nonlinear static, linear dynamic, and nonlinear dy-
namic analyses. In the literature, there is no uniform conclusion about what type
of analysis is the most suitable to use; for example, Powell [180] comparing var-
ious analysis types, concludes that the static analysis is a conservative approach
to evaluating progressive collapse, while Kaewkulchai and Williamson [181]
proved that the static analysis is not on the safe side.

The dynamic analysis seems the most adapted in fire conditions, moreover,
when choosing a dynamic nonlinear approach, the solution scheme can be im-
plicit or explicit. The majority of commercial FE packages work with an implicit
solver only, which is the case of SAFIR developed at the University of Liége in
Belgium [182]. Mei et al underline [82] how the use of the implicit approach could
be seen as a limit in a fire-induced collapse analysis since the implicit solution
cannot handle the numerical singularity that under-goes when the structure
starts collapsing. The static analysis can be inadequate in dealing with great
strains that can happen in short periods during the kine-matic. Such analyses
lead to an embryonic collapse state in the best possible way. Then designers or
researchers must evaluate the post-critical status by observing deformed shapes
or temperatures, neglecting any dynamic interaction during the collapse. The use
of the explicit solution scheme to solve singularity issues has been proposed re-
cently by Sun et al. [29] proposed a method based on two steps: implicit static
and explicit dynamic, and successfully used it to continue the analysis beyond
the temporary instabilities that would cause singularities in the implicit analysis.

Moving in this context, in order to analyse all these aspects of the ARSW struc-
ture shown in §2.2.3, several thermos-mechanical analyses were performed by
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using first the implicit analysis with SAFIR software and after exploring the
method proposed by Mei et al [82] based on three steps static/dynamic im-
plicit/ dynamic explicit, by modelling the same structure with a second struc-
tural software, ABAQUS CAE.

4.2. Modelling structures in fires with SAFIR: theoretical

background and capabilities

This section provides a general description of the SAFIR software developed
at the University of Liege in Belgium [182].

SAFIR® is a software based on the finite element method (FEM), the software
allows modelling the behaviour of structures in fire, considering material and
geometrical non linearities, the thermal elongation, as well as the reduction of
strength and stiffness of the materials at elevated temperature.

By using the Safir program, it is possible to carry out an analysis of a structure
exposed to fire which consists of several steps. Indeed, the analysis of a structure
in the fire situation requires the determination of the temperatures in the struc-
ture (thermal analysis), as well as evaluation of stresses, strains, and displace-
ments (mechanical analysis). SAFIR allows performing these two types of anal-
yses with an easy transfer of information between the two.

In particular, the strategy that the SAFIR adopts is a weak coupling from the
thermal analysis to the mechanical analysis. The temperature field in the differ-
ent parts of the structure is evaluated in the first step up to the end of the fire,
and then the mechanical behaviour is determined in a subsequent analysis.

The temperatures influence the mechanical behaviour, but the results of the
mechanical analysis do not influence the temperature distribution. This strategy
is valid in most cases because temperatures strongly affect the mechanical re-
sponse of structures, whereas the opposite influence is negligible except in very
specific situations [182]. As a finite element program, SAFIR accommodates var-
ious elements for different idealization, calculation procedures and various ma-

terial models for incorporating stress-strain behaviour. The elements include the
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2-D SOLID elements, 3-D SOLID elements, BEAM elements, SHELL elements
and TRUSS elements.

Before conducting the thermal analysis, the fire attack must be defined by the
user and input in SAFIR as an entry. Several methods can be used to characterize
the fire attack and transfer the information to the program.

For beam elements, each section is drawn by arranging a set of triangular and

quadrangular elements side by side, each one made of its own material, which
allows the user to draw virtually any section types. This offers more flexibility
than relying on a library of predefined section types. This discretization of the
section is used for the thermal analysis (calculation of the temperature at each
node) as well as for the mechanical analysis (determination of forces and stiffness
in the section based on the temperatures in each element used in the thermal
analysis which will form a fibre in the beam element).

It is worth saying that SAFIR does not have any failure criterion embedded as
such. The simulation will run until the time specified by the user is reached or
until it cannot converge to a state of equilibrium for the structure, or it encounters
numerical problems at the material level. It is then the responsibility of the user
to judge whether the last converged step corresponds to the fire resistance time
or to a premature numerical failure.

The problem to be solved is defined in input ASCII files. These can be con-
structed using a text editor or using the general-purpose graphic pre-processor
GiD [183] for which specific interface routines with SAFIR have been developed.
SAFIR is written in FORTRAN language, versions 77 and 90, and is provided as
an executable file to run in a Windows®© environment. The results are provided
in two ASCII files: one user-readable file that can be directly examined in a text
editor and one file organized in an XML format that can be visualized by the
accompanying graphic post-processor DIAMOND. This latter format allows vis-
ualizing the results also by any other graphic post-processor.

To accommodate large models in reasonable computational times, the system
of equations inherent to the finite element method is solved using a sparse matrix
solver. The direct solver PARDISO [184] is adopted by using a symmetrical ma-
trix of the system. Figure 4.1 shows a schematic representation of the different
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steps and files that may be involved in the case of a frame structure comprised
of two types of different sections, one for the columns and one for the beam.
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Figure 4.1. Workflow of a thermo-mechanical analysis in SAFIR [185]

The next sections give more detailed information about the thermal analysis,
the mechanical analysis, and the constitutive material models available in SAFIR.

4.2.1. Thermal analysis

The first step referred to as “thermal analysis”, allows the evaluation of the
temperature distribution inside the structural members. In particular, the ther-
mal analysis is made using 2-D SOLID elements, to be used later, on cross-sec-
tions of BEAM elements or on the thickness of SHELL elements. For the first case,
the temperature obtained is non-uniform in the cross sections of the beam ele-
ment, but there is no heat transfer along the axis of the beams. A general structure
with different structural elements will require separate thermal analyses for each
of these section types. From these analyses, the temperatures across the cross-
section are obtained and stored for subsequent structural analysis.

Linear isoparametric finite elements with classical shape functions are used to

represent the geometry, as a function of the coordinates of the nodes, and the
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temperature field in the element, based on the temperature at the nodes [185].
Heat transfer by conduction according to the Fourier law is assumed in the ma-
terial.

The weighted residual method is used in the finite element formulation of the
problem and, summing the contributions from all the elements, Eq. 4.1 is ob-
tained, which describes in matrix form the equilibrium of heat fluxes in the struc-
ture at any given instant in time:

[KI(T} + [CHT} = {g} (4.1

Where:

[K] = matrix of the conductivity.

[C] = matrix of the capacity.

{T} = vector of the temperatures at the nodes.

{g} = vector accounting for the heat exchanges at the boundaries.

Numerical integrations by the method of Gauss are performed on the volume
of the element to evaluate the conductivity and the capacity matrix.

The fact that the thermal properties are temperature-dependent is considered,
including the fact that these thermal properties vary in the element, i.e., from one
point of integration to another. The Eq. 4.1, expressing the thermal equilibrium
at a given time, must be integrated in time to yield the evolution of the tempera-
tures during the fire. This is done by the implicit single step scheme of the gen-
eralized central point [185]. Convergence is checked considering the residue in
Eq. 4.1, i.e., the out of balance thermal flux. If the equilibrium is not satisfied, a
correction of the temperatures must be applied. This correction is evaluated by
setting the linearized form of the residue (using Newton method) to zero. Itera-
tions are then performed until the residue and/or the corrections made on the

temperature reach an acceptable low level.

4.2.1.1.Boundary conditions for thermal analysis

The fire action is given as input data in SAFIR. To model the effect of the fire
on the structure, it is necessary to prescribe boundary conditions for the thermal
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analysis that can have various forms. In particular, the following boundary con-
ditions can be introduced:

First option: It is possible to prescribe the evolution of the temperature as a
function of time at different nodes. This capability is particularly useful for
benchmark purposes, or when it is necessary to apply the temperatures recorded
during a fire test in the mechanical model as closely as possible because the focus
of the analysis is on the mechanical response.

Second option: It is possible to prescribe the evolution of the temperature of

hot gases that surround the section, in the form of a time-temperature relation-
ship. All the standard fire curves are already implemented in SAFIR, but it is
possible to define a user-defined time-temperature relationship contained in a
“my fire.fct” file.
The heat flux exchanged between a boundary and the hot gas is computed using
the Eurocode 1 part 2 [1] formula with a linear convective term and a radiation
term:

Un=ac (8, —0;) +-0-[(6, +273)" — (6, +273)*] (4.2)

Where:

a. = the coefficient of heat transfer by convection [W/m?2K?];

6, = the gas temperature in the fire compartment, or near the member [°C];

6. = the temperature of the boundary [°C];

€ = emissivity of the material.

o = the Stephan Boltzmann constant equal to 5,67-10% [W/m2K?];

Third option: It is possible to prescribe a boundary condition as a heat flux.
The heat flux from one or several localized fires can be considered, different
models are available to represent localized fires and directly transfer the gener-
ated heat flux in SAFIR, these flux constraints are named either “Hasemi” or
“LOCAFI”.

For the Hasemi and the LOCAFI models, each fire source is described in a .txt
file, by:

- the 3D position of the source in the structure (where the flame origi-
nates),
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- the vertical elevation of the ceiling (used to check whether the flame
touches the ceiling or not);

- the diameter of the circular fire source (as a function of time);

- the rate of heat release of the fire (as a function of time). In case of
multiple fires, the input fluxes from each fire are simply added.

All results are also organized in the *.tem files in the same way as for the
Hasemi model and LOCAFI model. The structure can be subjected to one or sev-
eral local fire sources. In case of multiple fires, the fluxes from each fire are
simply added.

Fourth option: finally, the thermal flux can be imported from a computational
fluid dynamics (CFD) calculation owing to a dedicated interface [186].

The second and the third options will be further analysed in the following
paragraphs.

4.2.2. Mechanical analysis

The second step referred to as “structural analysis” is carried out to evaluate
the response of the structure due to static and thermal loading. For each calcula-
tion, the loads are applied to the structure, described as. BEAM, TRUSS, and
SHELL elements. The temperature history of the structure, due to fire, is read
from the files created during the temperature analysis. As the computation strat-
egy is based on a step-by-step procedure, the following information can be ob-
tained until failure occurs in the structure:

- Displacement at each node of the structure.

- Axial and shear forces and bending moments at integration points in each
finite element.

- Strains, stresses, and tangent modulus in each mesh at integration points
of each finite element.

The mechanical problem can be solved in a quasi-static manner using the fol-
lowing equation:

{AF} = [K]{Au} (4.3)

Where:
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[K] is the stiffness matrix of the structure,

{AF} the vector of incremental applied nodal forces;

{Au} the vector of incremental nodal displacements.

The vector of incremental displacements Au is divided in two parts, one for
which the displacements must be determined from Eq. 4.1 and one that contains
the displacements imposed by the user.

The vector of incremental forces AF is also divided into two parts, one where
the variation as a function of time is imposed by the user and one where the
reaction is calculated (at the nodes where the displacement is imposed). During
a fire situation, the applied loads are normally kept constant, but SAFIR allows
varying the forces as a function of time if desired.

The stiffness matrix is usually taken as the tangent matrix, recalculated at
every iteration of every time step (pure Newton-Raphson procedure). The itera-
tive procedure to integrate in time from one converged time step n (point A) to
the next step n + 1 is illustrated in Figure 4.2. At converged time step n, the stress-

related strain is noted &, (Tr) and the plastic strain gp.
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Figure 4.2. First step of the time integration procedure in SAFIR

The procedure is as follows:

1. The increment of thermal expansion at every point of integration is calcu-
lated on the base of temperature increments fromn ton + 1.

2. The properties of the materials (strength, stiffness, etc) are updated corre-

sponding to the new temperatures. As a result, the virgin stress-strain law
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(o - &) is different at temperature Tr+1 compared with T, (Figure 4.2).

3. Plastic strains g, at the points of integration, as well as nodal displace-
ments, are kept constant at the beginning of the step. Because the displace-
ments are frozen, the total strains are also constant. However, the thermal
strain component in the total strain has changed by Aem because of the
temperature variation. Therefore, a new value of the stress related strain
e s &q (Tn+1) is calculated. In case of temperature increase, the thermal strain
increases so the stress related strain decreases (considering elongation as
positive); compared to the converged step, the structure is in an artificial
state of compression.

4. A new stress and a new tangent modulus are calculated as a function of
the new stress related strain &, (Tn+1) considering the new material proper-
ties (stress strain law at Tn+1).

5. These stresses are integrated on the volume of the elements to compute
the internal nodal forces which are not anymore in equilibrium with the
applied nodal forces. In case of temperature increase because the displace-
ments are constrained, the structure undergoes an internal state of out of
balance compression.

6. The stiffness at the integration points is integrated to compute the stiffness
matrix of the structure.

7. The out-of-balance forces are applied to the structure, leading to incre-
mental displacements, new strains (stress related component), new
stresses and new nodal forces.

8. The procedure described under point 5 to 7 is repeated several times at
constant temperature until the convergence criteria is satisfied.

9. Plastic strains are updated after convergence.

The convergence criteria are based on the energy norm rate (ENR) calculated
as the vector product of the incremental forces and the incremental displace-
ments at each iteration. The ENR of the current iteration is compared to the cu-
mulated ENR from the beginning of the calculation and convergence is assumed
when the ratio of both is lower than a limit defined by the user.

It must be stressed that at every iteration to reach equilibrium in the structure,
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internal iterations may be required in each point of integration to find the stress
that corresponds to the strain and temperature (Step 4 in the procedure above),
in accordance with the material constitutive law.

The quasi-static procedure that has been described here is valuable if the
structure is relatively stable. Yet this procedure fails when the structure or a part
of it is not statically stable. The displacements increase, whereas the internal
nodal forces decrease, and it is impossible to find a position for which the equi-
librium is satisfied. This may prevent the software to provide a good insight into
the failure mode because the computation stops at a time when the displace-
ments are limited and their evolution in the post-critical phase are not accessible.
More than that it may occur that simulation stops at an early stage because of the
occurrence of a local instability (buckling of an individual bar in a statically in-
determinate structure, for example). To circumvent this problem, a dynamic
equation has been introduced:

Foxt = [K]u + [M]ii (4.4)

Where:

[M] is the matrix of masses of the structure (rendered diagonal in SAFIR) and
il the vector of nodal accelerations.

The damping matrix has not been introduced in Eq. (4.4) because it is usually
computed as a linear combination of the mass matrix and the stiffness matrix,
and this may create problems when the stiffness matrix is not anymore positively
defined. Instead, numerical damping is being used (Newmark method with =
0.45 and = 0.80). More information can be found in [187].

Because the mass matrix is constant the procedure simply implies computa-
tion of the nodal velocities and accelerations and utilization of a modified matrix
for the system of equations.

An automatic procedure has been established in the software that continu-
ously monitors and controls size of the time steps based on the number of itera-
tions required to converge and on an automatic return to the previously con-
verged step when convergence is not possible within a limited number of itera-
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tions. The time step is automatically reduced or increased depending on the dif-
ficult or easy convergence. The user must introduce the value of the initial time
step, the maximum value of the time step to be accepted, the minimum value at
which the simulation stops if convergence cannot be achieved and the final time
when the simulation stops even if stability is still ensured.

4.3. Finite element model by using SAFIR software.

A typological frame in the cross-aisle direction of the ARSW structure shown
in §2.2.3 was modelled in SAFIR by using beam elements. All the structural sec-
tion types considered are listed in Table 2.2. The structure was analysed in 3D
space by blocking out-of-plane displacements thanks to restraints. At the struc-
tural base, fixed restraints were considered while the braces, horizontal beams of
the shoulders, and diagonal and vertical elements of the truss were modelled as
pinned beams.

The cross-aisle view of the FE model in the GID environment is shown in the
following Figure 4.3.
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Figure 4.3 The cross-aisle view of the FE model in the GID environment.

The combination of actions for accidental situation given by NTC2018 [1] was
considered:
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n
Gy1 + Gy + z Y2iQri + Aq(t) (4.5)
i=1

Where:

Gk 1 is the structural loads;

Gk, is the non-structural loads;

Qx;are the characteristic value of the variable loads on the structure;

Aq (t) are the indirect fire actions;

W2, i is the combination coefficient for the quasi-permanent value of the i th
variable action, in the case of the industrial buildings, are equal to 0.8

For this reason, the unit loads equal to 25.000 N were multiplied by 0.8 and
applied as concentred forces at the four intersections between uprights and
beams. Since SAFIR doesn’t consider the self-weight of the element, each force
has been added to the weight of the structural element that converges in the node
by referring to its section and its length. In this way, many different loads have
been defined to be applied in each node because of the variety and the quantity
of the section types. Regarding the truss and the lateral shoulder, to the self-
weight was added the weight of the sandwich panels equal to 22 kg/m?2. All the
loads in Newton (N) obtained in this way are shown in the following Figure 4.4.
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Figure 4.4 Intensity of loads (in N) applied in the FE model.
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In all the considered cases, dynamic analyses were carried out by considering
the nonlinear geometry and material nonlinearity. In addition, it should be noted
that, for a more correct modelling of Class 4 steel elements through beam ele-
ments, all elements have been assigned a modified constitutive low to consider
in beam-based numerical models, local instabilities that can occur in thin sections
[188]. The stress-strain relationship in compression is modified by a reduction in
the limit of proportionality (fp), the effective yield strength (fy ) and the strain
corresponding to the beginning of the horizontal plateau (see Figure 4.5).
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Figure 4.5. Effective law proposed by Franssen et al. [188] versus actual steel mate-
rial law from the EC3 part 1-2.

The elastic stiffness during unloading after the first plasticisation in compres-
sion is also reduced according to a damage model to consider the plastic defor-
mation of the plate. The level of reduction depends on the slenderness of each
plate that belongs to the section and the conditions at the edge of the plate, this
means that for every section type listed in the Table 2.2 a new material was cre-

ated and associated with the mechanical analyses.

4.3.1. Fire scenario with nominal fire curve ISO834

Other than the natural curves obtained with the different fire models de-
scribed in the previous chapter, a fully developed fire using ISO 834 fire curve

was considered. In this way, each cross-section has been subjected to the same
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fire curve, substantially reducing the number of .TEM files to 18 as the number
of the cross-sections for the cross-aisle frame. Once the thermal results were ob-
tained the mechanical part was carried out.

The following Figure 4.6 shows the deformed shapes of the structure at 432
seconds (i.e., 7.2 minutes), which is the last step of the structural analysis pro-
vided by SAFIR, since all the structural elements are heated with the same fire

curve, the deformed shape shows an expansion of all structure.

) L=

z

L.

Figure 4.6. ISO834 fire curve: deformed shape at 7.2 minutes in the Diamond envi-
ronment.

In order, to study the collapse, or better the reason why the analyses stopped
at 432 seconds, it was necessary to study the output file provided by the software,
where it was found that a critical element that could have stopped the analysis
could be the transversal beam of the lateral shoulder at the first load level, which
is a coupled U section 80x40mm and 2mm thickness.

Figure 4.7 shows the temperature distribution within the cross-section, ob-
tained from the thermal analysis, where it is possible to appreciate a little tem-
perature difference among the web and flanges.

In particular, the thermal results confirm that since this section is character-
ized by a high section factor An/V (i.e., small thickness), faster heating.
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1400 -+ 0°C Standard ISO 834 fire curve
web

1200 - — — = flange

1000 -
TEMPERATURE :
726.6°C to 727.5°C

725.79C to 726.6°C 800
724.9°C to 725.7°C
724°C to 724.9°C
723.1°C to 724°C
722.2°C to 723.1°C

721.3°C to 722.2°C 400
720.4°C to 721.3°C

600

0 5 10 15 20 25 30
time [min] (b)

Figure 4.7. ISO834 fire curve: temperature distribution within the cross section in
the Diamond environment at 7.2 minutes (a), temperature distribution over time (b).

To investigate the achievement of the capacity of the beam, the compression
resistance axial force at different exposure times was calculated. To calculate the
normal compressive stress strength for the Class 4 section the first step was the
evaluation of the effective cross-sectional area. This one was evaluated by con-
sidering both the capacity methods explained before in §2.2.2, indicated as “Ac-
tual EC” and “New EC”. In the following Table 4.1 is shown the comparison
between the area for the coupled U 80x40x2mm and the effective cross-area cal-
culated with the effective width method, according to EC3 part 1-5 [50].

Table 4.1 ISO834 fire curve: effective cross-sectional area for the coupled U section
80x40x2mm according to the capacity methods of the actual EC3.

A Acte ducti
[m?] [oom?] reduction
600 537 10%

Once that the A is known it was possible to evaluate the design buckling
resistance at different exposure times, by using the Eq. 2.19, to better evaluate
these values the non-uniform temperature distribution was considered, there-
fore the Eq. 2.19 becomes the following one:
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Np fitra = Xfi Z Aierr kozpei* fy (4.6)
7

The following Table 4.2 shows the results also in terms of temperature 0, the
corresponding reduction factors for the 0.2% proof strength at elevated temper-
atures, koopge.

Table 4.2 ISO834 fire curve: design buckling resistance at different exposure times
for the coupled U section 80x40x2mm according to the capacity methods of the actual

EC3.
time 0 web 0 flange Kp0.2,6,web Kpo.28,flange N it rd
[s] [°C] [°C] [-] [-] [kN]
0 21 21 1.00 1.00 104
3.1 353 406 0.71 0.64 69
4.0 432 479 0.61 0.55 60
4.5 467 510 0.61 0.51 56
5.0 496 536 0.54 0.45 49
5.5 521 557 0.48 0.40 44
6.0 542 575 0.43 0.36 39
6.5 561 591 0.39 0.32 35
7.0 577 605 0.35 0.29 32
7.1 579 608 0.35 0.29 31
7.2 580 610 0.35 0.28 31

Moreover, the following Table 4.3 shows the comparison between the area for
the coupled U 80x40x2mm and the effective cross-area calculated according to
the capacity methods of the new EC3.

Table 4.3 ISO834 fire curve: effective cross-sectional area for the coupled U section
80x40x2mm according to the capacity methods of the new EC3.

A Acse
[mm?2] [mm?2]
600 324 46%

reduction
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From the previous table it is possible to see how with the new expression the
reduction of the effective area is higher than the one obtained with the actual
EC3.

Once the A« is known, it was possible to evaluate the design buckling re-
sistance at different exposure times, by using the Eq. 2.27, to better evaluated
these values the non-uniform temperature distribution was considered, there-
fore the Eq. 2.27 becomes the following one:

Ny fitra = Xfi Z Aierr kypi fy (4.7)
7

The following Table 4.4 shows the results also in terms of temperature 0, the
corresponding reduction factors of the yield strength at elevated temperature 6
ky.o.

Table 4.4 ISO834 fire curve: design buckling resistance at different exposure times
for the coupled U section 80x40x2mm according to the capacity methods of the new

EC3.

time 0 web 0 flange Ky,0,web Ky 6 flange Nb,fi,trd
[s] [°C] [°C] [-] [-] [kN]

0 21 21 1.00 1.00 67
3.1 353 406 1.00 0.99 63
4.0 432 479 0.93 0.83 55
45 467 510 0.85 0.83 50
5.0 496 536 0.79 0.67 45
55 521 557 0.72 0.60 40
6.0 542 575 0.65 0.55 37
6.5 561 591 0.59 0.50 33
7.0 577 605 0.54 0.46 30
7.1 579 608 0.54 0.45 30
7.2 580 610 0.53 0.45 30

The previous buckling resistances calculated with both capacity methods are
shown also in the following Figure 4.8 in comparison with the axial force pro-
vided by SAFIR, where a positive axial load indicate compression in the beam
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element. For the sake of clarity, the graph is followed by Table 4.5 where the

differences between the two capacity methods are shown.
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Figure 4.8. ISO834 fire curve: comparison between stress and resistance.

Table 4.5 ISO834 fire curve: difference between design buckling resistance accord-
ing to the two capacity methods.
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This comparison confirms that the critical element is the selected transversal
beam, the thermal action has induced an increment of the initial compression
load, and when this one becomes equal to the reduced buckling resistance the
element achieves its capacity leading the analysis to stop. Moreover, the results
confirm that to consider a non-uniform temperature distribution for calculating
the cross-section proprieties is essential, even though the difference between the
different parts seems small.

In addition, from the comparison of the two capacity methods it is possible to
see that these provide different results within the first 3 minutes, with lower val-
ues obtained with the new EC expressions, while after this time the results are
very similar to each other, this because once the element reaches the 500°C the
two reduction factors (kye and ko2pe) become similar to each other (see Figure
2.4).

4.3.2. Fire scenario with zone model

The second thermo-mechanical analysis was carried out by considering the
natural fire curves obtained from the proposed zone model explained in §3.3.2.
In this case, each cross-section has been subjected to different natural fire curves,
increasing the number of .TEM files from 18 to 82. Once the thermal results were
obtained for each section, it was possible to carry out the mechanical part.

The following Figure 4.9 shows the deformed shapes of the structure at 348
seconds (i.e., 5.8 minutes), which is the last step of the structural analysis pro-
vided by SAFIR. From the deformed shape it is possible to see that at that time
the critical element could be the transversal beam of the central shoulder at the
2nd ]oad level, which is a coupled C section 150x50x15mm and 2mm thickness,
which shows a buckling shape.

Figure 4.10 shows the temperature distribution within the cross-section, ob-
tained from the thermal analysis, where it is possible to appreciate a little tem-

perature difference among the web, the flanges, and the lips.
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Figure 4.9. Zone model, CFAST: deformed shape at 5.8 minutes in the Diamond en-
vironment.
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Figure 4.10. Zone model, CFAST: temperature distribution within the cross section
in the Diamond environment at 5.8 minutes (a), temperature distribution over time (b).

To investigate the achievement of the capacity of the beam of the beam, the
compression resistance axial force at different exposure times was calculated. To
calculate the normal compressive stress strength for the Class 4 section the first
step was the evaluation of the effective cross-sectional area. In the following Ta-

ble 4.6 is shown the comparison between the area for the coupled C section
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150x50x15mm and 2mm thickness and the effective cross-area calculated with
the effective width method, according to the actual EC3 part 1-5 [50].

Table 4.6 Zone model, CFAST: effective cross-sectional area for the coupled C sec-
tion 150x50x15x2mm according to the capacity methods of the actual EC3.

A Aete ducti
(2] [mm2] reduction
1080 842 22%

Once the A is known it was possible to evaluate the design buckling re-
sistance at different exposure times, by using Eq. 4.6. Thus, the following Table
4.7 shows the results also in terms of temperature 0, the corresponding reduction
factors for the 0.2% proof strength at elevated temperatures, kozpe.

Table 4.7 Zone model, CFAST: design buckling resistance at different exposure
times for the coupled C section 150x50x15x2mm according to the capacity methods of

the actual EC3.
time 0 web 0 flange Kpo.2,6,web Kpo.2,6,flange Nb,fi,tRd

[s] [°C] [°C] [-] [-] [kN]
0. 20 21 1.00 1.00 154
1.0 76 111 1.00 0.99 153
2.0 258 362 0.83 0.70 114
3.5 546 648 0.43 0.22 43
4.0 628 714 0.25 0.12 25
4.5 699 751 0.13 0.10 17
5.0 740 835 0.11 0.06 12
5.3 770 884 0.09 0.05 10
5.5 814 916 0.07 0.05 8
5.8 862 947 0.06 0.04 7

Moreover, the following Table 4.3 shows the comparison between the area for
the coupled C section 150x50x15x2mm and the effective cross-area calculated ac-
cording to the capacity methods of the new EC3. Where it is possible to see how

with the new expression the reduction of the effective area is higher than the one
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obtained with the actual EC3.

It is worth saying that, since in this case the section is characterized by a stiff-
ness part (lip), it was necessary also to calculate the reduced thickness to consider
the distortional buckling, with both capacity methods.

Table 4.8 Zone model, CFAST: effective cross-sectional area for the coupled C sec-
tion 150x50x15x2mm according to the capacity methods of the new EC3.

A At .
reduction
[mm?2] [mm?2]
1080 562 48%

Once the A« is known, it was possible to evaluate the design buckling re-
sistance at different exposure times, by using Eq. 4.7. Thus, the following Table
4.9 shows the results also in terms of temperature 0, the corresponding reduction
factors of the yield strength at elevated temperature 0 ky 6.

Table 4.9 Zone model, CFAST: design buckling resistance at different exposure
times for the coupled C section 150x50x15x2mm according to the capacity methods of

the new EC3.
time 0 web 0 flange Ky,0,web Ky 6 flange Nbfi t Rd

[s] [°C] [°C] [-] [-] [kN]
0.1 20 21 1.00 1.00 109
1.0 76 111 1.00 1.00 109
2.0 258 362 1.00 1.00 105
3.5 546 648 0.64 0.35 46
4.0 628 714 0.40 0.21 28
45 699 751 0.23 0.17 19
5.0 740 835 0.18 0.09 13
53 770 884 0.15 0.07 10
55 814 916 0.10 0.06 8
58 862 947 0.08 0.05

The previous buckling resistances calculated with both capacity methods are
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shown also in the following Figure 4.11 in comparison with the axial force pro-
vided by SAFIR, where a positive axial load indicate compression in the beam
element.

This comparison confirms that the critical element is the selected transversal
beam, the thermal action has induced an increment of the initial compression
load which corresponds to an expansion of the beam, after 3 minutes the load
starts to decrease, and the beam starts to deflect inward, at this point the section
has reached a temperature equal to 400°C more or less and so the steel resistance
starts to decrease. The load decreases until 5.8 minutes with an inward deflection
for a tension load, with a little catenary effect, for the beam.

Also in this case, it is possible to see that the two capacity methods provide
different results within the first 2 minutes, with lower values obtained with the
new EC expressions, while after this time the results are very similar to each
other.
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Figure 4.11. Zone model, CFAST: comparison between stress and resistance.

4.3.3. Fire scenario with localized models

Since the literature assess that the most indicated simplified fire model for a
member outside the fire area is the localised model [189], the third thermo-me-

chanical analysis was carried out by considering these types of models, which
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are implemented in SAFIR like different boundary conditions for thermal anal-
yses as explained before in §4.2.1.1.

In SAFIR, the flux constraint “Hasemi” allows computing the flux applied to
each point of integration (POI) of the steel beams based on the simple Hasemi
model. While the flux constraint “LOCAFI” allows computing the flux by using
the solid flame model. It is worth noting that the Heskestad model is embedded
in the flux constraint named “LOCAFI”. With the flux constraint “LOCAFI” ap-
plied, the heat transfer computation in SAFIR automatically shifts between the
virtual solid flame model and the Heskestad model considering the relative po-
sition of the point of integration (POI) and the fire flame. For members in the axis
of the flame, thus when the POl is in the flame, the Heskestad model is applied.
Hence, the heat flux to the member is then evaluated considering both the con-
vective flux, with the flame temperature, and radiative heat flux with this tem-
perature, while a view factor of 1 is considered.

The flame temperature is calculated by the Heskestad model [1] in the cen-
treline of the flame at the height of the POI. When the POl is located outside the
flame, only the radiative heat flux is considered with the LOCAFI model.

4.3.3.1.Heskestad/LOCAFI model

In SAFIR the geometric method of the LOCAFI project developed by [108] has
been implemented as a geometric method that compared to the simplified model
is based on the numerical integration of some integral inside the model. The
method is divided into two global steps; calculation of the incident heat flux re-
ceived by a section, then calculation of the temperature of the section itself.

In the case of a localized fire, this thermal heat flux is strongly dependent on
the relative position of the fire source and the vertical member.

The LOCAFI project allowed the development of a method for the vertical
member that is outside the fire area with a distinction between parts located in-
side the smoke layer under the ceiling and those outside the layer. Indeed, in the
case of a localized fire, if a vertical member is not engulfed by the flames, the
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convective heat flux is negligible, and for this reason the flames produced by the
localized fire affect mainly an exposed member through the radiative heat flux.

Nevertheless, this is not true in the smoke layer that spreads under the ceiling
and where the convective heat flux cannot be neglected compared to the radia-
tive heat flux. For a localized fire, the width of the hot layer is small compared to
the height of the compartment. Thus, the convective heat fluxes are limited over
a reduced length of the member. Because of this, the LOCAFI method provides
two configurations: sections of the member outside the smoke layer and sections
of the member inside the smoke layer.

Thus, the most important part of the modelling, in the LOCAFI method, con-
cerns the radiative heat flux, this one has been modelled by using the concept of
the virtual solid flame, i.e., the flame has seen a solid surface that radiates toward
the member.

The main point is the definition of the flame shape and its radiative properties:

1) The characteristics of flame are affected mainly by the area of combustible

that burns and by the energy released by the combustion, depending on
these characteristics two situations are considered, flames impact the ceil-
ing and flames do not impact the ceiling. Two shapes of the virtual solid
flame are investigated: a cylinder and a cone (see Figure 4.12). The char-
acteristics of the solid flame, such as the radiative properties (emissivity
and temperature) and geometric properties (height, diameter) are calcu-
lated using the equation still available in the Eurocode [1] and shown be-
fore.

As the HRR increases, the flame length will also increase up to the ceiling
and at this point the flame may spread under the ceiling. Thus, while the
lower part of the flame remains unchanged, an additional part is added
under the ceiling, in the method a disk centred on the flame axis is used
(see Figure 4.12).
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Flames under the ceiling
Lower part of
the flame ~
(a) (b)

Figure 4.12. Cylindrical flame and conical shape for a flame not impacting the ceil-
ing (a) and a flame impacting the ceiling (b) [108].

2) Once the flame shape and its properties are known, the next step is the
calculation of the radiative heat flux received by a structural member. This
step is divided into two other steps, in the first step, columns are modelled
as vertical members with an equivalent rectangular shape, independently
of their original shape, this allows for taking the shadow effect into ac-
count. In the second step, the vertical member is discretized into a several

sections (see Figure 4.13).

- =~
\1 Equivalent
rectangular Model of
> member the vertical

member

N Face

Figure 4.13. H column modelling and modelling of a vertical member [108].

For a rectangular section, the heat flux is determined for the four faces and a
mean value is calculated for the whole section by averaging the heat fluxes of
faces by their width. For a specific face, the radiative heat flux received is evalu-
ated by dividing the solid flame into small parts where the radiative properties
are constant. Figure 4.14 shows the divisions (bands) of the solid flame if the
flame is impacting or not the ceiling. The radiative heat flux received by a face is
the sum of all these small parts, evaluated by the following equation:

4
fluxflameefacei = Z g-&: (9f,j + 273) ’ Fbj—>facei (4.8)
bj
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Where:
¢ is the member emissivity;
Or;is the temperature of the band b;in [C°];

Fy;~faceis the configuration factor between band b; and face i; the configura-

tion factor measures the fraction of the total radiative heat leaving a given radi-
ating surface that arrives at a given receiving surface, its value depends on the
size of the radiating surface, on the distance from the radiating surface to the
receiving surface and on their relative orientation. The mathematical formulation
of the configuration factor involves a surface integral, which can be computed
through a direct numerical integration. This approach was implemented into
SAFIR while for the analytical model few simplifications were made.

As stated previously, sections of the vertical member which are not in the
smoke layer are surrounded by gases at ambient temperature thus the convective
flux is negligible. This is the case over a wide length of the vertical member as
this model is dedicated to localised fires where the smoke height is small com-
pared to the ceiling height (on the contrary, two zones” models are the best solu-

tions to handle these cases).

Band by [constanttemperature 8(r)) |

Band b, [constant
temperature 6(z)) ]

JUTRTTTIR ST
ziI g é Band b, [constant I
temperature 6(z) 1
(@)

(b)
Figure 4.14. Cylindrical flame and conical shape for a flame not impacting the ceil-
ing (a) and a flame impacting the ceiling (b) [108].

However, sections inside the smoke layer are surrounded by hot gases even
if the flame is not impacting the ceiling and the convective heat flux must be
considered. This is done by computing the gas temperature using the equation
provided by EC1 part 1-2 [10] and showed before in the Hasemi model, and in a
consistent way with the radiative calculation under the ceiling.
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For a member inside the fire area, the convective heat flux is a major compo-
nent of the total heat flux. In addition, the concept of solid flame where the ex-
ternal surface of the flame radiates toward a member is not pertinent. A distinc-
tion is made between sections of the vertical element which are inside the smoke
layer under the ceiling or outside the smoke layer. When the segment is outside
the smoke layer, the heat flux can be evaluated by using the Heskestad method,
with a slight modification. When the segment is in the hot layer, the total heat
flux received is taken as the maximum between Hasemi model and Heskestad
model.

Once the heat flux has been evaluated it is possible to evaluate the tempera-
ture distribution of the section.

4.3.3.2. LOCAFI implementation in SAFIR

The Hasemi model is in accordance with the model from Annex C of EN 1991-
1-2 [1] if the flame touches the ceiling. With this model, the heat flux received by
the section is isotropic, which means that the direction from the fire to the section
is not considered.

In the LOCAFI fire model, each fire source can be assumed as cylindrical or
conical. At each time step, the length of the flame is calculated according to equa-
tion C.1 of EC1 part 1-2 [1].

The geometric model based on view factors has been implemented in SAFIR®.
The main features of this implementation are:

1) The thermal model of SAFIR® calculates the temperature by a series of
2D thermal analyses performed at each longitudinal point of integration
of each beam finite element of the structure chosen by the user. These
elements can have any orientation in space: vertical in columns, horizon-
tal in truss chords or inclined in truss internal members.

2) For each section, the heat flux at any time is calculated separately for each
surface of the boundary. This means that the thermal attack from the local
fires to the section is anisotropic: the boundaries that are facing the fire
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receive the highest flux while the boundaries on the opposite side receive
no flux at all. When a LOCAFI flux is calculated on a boundary, heat
losses are automatically added from the boundary to the far field sup-
posed to be at ambient temperature.

3) The length of the flame (i.e., the length of the fire source in the direction
of the axis of the cylinder or of the axis) is calculated according to Eq. C.1
of EN 1991-1-2 or Eq. 3.16.

4) The temperature evolution along the centreline of the fire source up to
the ceiling is calculated according to Eq. C.2 of EN 1991-1-2 or Eq.2.37. If
the length of the flame exceeds the source to ceiling distance, a disk will
form underneath the ceiling, and the horizontal flame length Ly of the
Hasemi model is used to calculate the radius of this disk (see the blue
radius in Figure 4.15a)

5) If this length is longer than half the diameter of the flame at that level,
(see the green radius in Figure 4.15a) it will calculate the radius of the
disk (equal to the horizontal flame length) and, as a function of the radial
distance, an adiabatic temperature corresponding to the flux of Hasemi.

6) The fire source is divided into horizontal slices of equal depth (10cm) and,
if there is a disk, the disk is divided into concentric rings with a radial
depth of 10 cm, see Figure 4.15b. The temperature of each slice is uniform
and taken as the temperature along the centreline at mid-level of the slice,
see point 4). The temperature of each ring is uniform and calculated from

the Hasemi model at mid radial distance, see point 5).

Figure 4.15. LOCAFI model [108].
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7) Each slice and each ring are divided into 72 sectors of 5 degrees opening
each, see Figure 4.16a.

(@) (b)

Figure 4.16. (a) divisions of the flame (b) distance r between a facet of the fire and
the section [108].

8) These two divisions mentioned under 6) and 7) define a series of facets
that form the boundary of the flame. The radiative flux from each facet is
calculated to each boundary of the section. It is based on the normal to
the facet n1 and the normal to the boundary of the section n2, the position
of the canter of the facet, the distance r between the canter of the facet and
the position of the longitudinal point of integration of the beam finite el-
ement that is considered. The real position of the receiving surface is thus
not considered, which introduces an approximation of maximum %2 of
the transverse dimension of the cross section of the beam finite element.
This is shown in Figure 4.16b where the section is a square tube, and the
fire source is divided into 6 sectors of 60 degrees opening. If cosine
(n1;r)<0 or cosine (n2, r)<0, the facet and the boundary don’t “see” each
other and there is no flux.

4.3.3.3. Results and discussion

To create the input file, needed to carry out the thermal part, the fire source
was described in a .txt file, by assigning the 18 fires where for each of them, the
following parameters were defined:
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- the 3D position of the fire, which was set as in the CFAST model at the
middle height of each load cell;

- the vertical elevation of the ceiling which corresponds to the height of
each load level;

- the HRR curves as a function of time, which were assigned for each
fire with the predefined delayed times, this means that the HRRs input
curves are the same as the CFAST model, illustrated in Figure 3.28 and
Figure 3.29;

- the diameter of the fire source as a function of time, calculated by us-
ing the Eq. 3.17

All results of the thermal analysis are organized in the *.tem files. The follow-
ing Figure 4.17 illustrates the LOCAFI/HESKESTAD results obtained for the
horizontal beam belonging to the central shoulder. Since the input boundary con-
ditions of a localized fire is a flux, it is worth saying the results are directly in
terms of temperature distribution within the cross-section.

By analysing temperature results, also in this case it is possible to appreciate,
how the time delay imposed for the HRR curves was found also in the tempera-
ture curves. All the curves reach a maximum temperature equal to about 877 °C
so lower temperatures than the CFAST with a peak equal to equal to 1120 °C.

1200 10 [°C] 2nd level

= = =3rd level
1000 - 4th level
Sth level
6th level
7th level

800

600

400

200

D =
0 T T T M T T

0 S5 10 15 20 25 30 35 40 45 50 55 60
time [min]

Figure 4.17. LOCAFI model: Temperature distributions of the horizontal elements at
the first 6 levels
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Figure 4.18 shows the temperature distribution along the first level of the up-
right, obtained with LOCAFI, in comparison, with the one obtained from the
thermal analysis carried out with the CFAST natural fire curve. By analysing the
results, it is possible to see that LOCAFI provides different temperatures along
the vertical development of the column, unlike by using the zone model where
it is possible to obtain only one uniform temperature, on the other hand, it is
possible to see that CFAST could be seen as a mean value of the LOCAFI one.
Consideration of a localized fire thus resulted in a transient and largely non-uni-
form temperature distribution in the structure, which was then used by SAFIR
in a subsequent structural analysis, with the elements having any orientation in
space.

The structural part of SAFIR® then, in a subsequent analysis, calculated the me-
chanical behaviour of the structure based on this transient and non-uniform tem-

perature distribution in the structure.

1200 70 °C] ———CFAST

1000 - LOCAFI z =4.8m
———LOCAFIz=6.Im

800 ——LOCAFI z=6.7m

600 -

400 -

200 -

0 T T T
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0 5 10 15 20 25 30 3

Figure 4.18. Temperature distributions along the 1st level of the upright, compari-
son between LOCAFI model and CFAST one.

The following Figure 4.19 shows the deformed shapes of the structure at 234
seconds (i.e., 3.9 minutes), which is the last step of the structural analysis pro-
vided by SAFIR.
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z

L.

Figure 4.19. LOCAFI model: deformed shape at 3.9 minutes in the Diamond envi-
ronment.

From the deformed shape it is possible to see that at that time the critical ele-
ment could be the transversal beam of the central shoulder at the first load level,
which is a coupled C section 150x50x15mm and 2mm thickness, which shows a
buckling shape. Figure 4.20 shows the temperature distribution within the cross-
section, obtained from the thermal analysis, where it is possible to appreciate a
little temperature difference among the web, the flanges, and the lips.
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Figure 4.20. LOCAFI model: Temperature distribution over time of the horizontal
beam at 2"d level.
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To investigate the achievement of the capacity of the beam, the compression
resistance axial force at different exposure times was calculated, like in the pre-
vious analyses. Since the element that led to the analysis to stop is the same as
the zone model the effective cross-sectional area will be the same, for both the
capacity methods.

For this reason, Table 4.10 shown the result in terms of temperature 0, the
corresponding reduction factors for the 0.2% proof strength at elevated temper-
atures, ko2pe and the design buckling resistance at different exposure times, ac-
cording to the capacity methods of the actual EC3.

Table 4.10 LOCAFI models: design buckling resistance at different exposure times
for the coupled C section 150x50x15x2mm according to the capacity methods of the ac-

tual EC3.
time 0 web 0 flange Kpo.2,0,web Kp0.2,6 flange Nb,fitRd
[s] [°C] [°C] [-] [-] [kN]
0 20 20 1.00 1.00 154
0.8 22 25 1.00 1.00 154
1.0 27 33 1.00 1.00 154
1.2 36 45 1.00 1.00 154
1.6 281 437 0.80 0.61 103
2.0 465 646 0.57 0.22 50
2.4 592 728 0.32 0.11 27
29 694 778 0.14 0.08 16
3.4 736 825 0.11 0.07 12
3.9 767 850 0.09 0.06 11

At the same time the following Table 4.11 shows the results also in terms of
temperature 6, the corresponding reduction factors of the yield strength at ele-
vated temperature 0 kyp and the design buckling resistance at different exposure

times, according to the capacity methods of the new EC3.
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Table 4.11 LOCAFI models: design buckling resistance at different exposure times
for the coupled C section 150x50x15x2mm according to the capacity methods of the

new EC3.
time 0 web 0 flange Ky,6,web Ky 6 flange Nbfitrd

[s] [°C] [°C] [-] [-] [kN]

0 20 20 1.00 1.00 109
0.8 22 25 1.00 1.00 109
1.0 27 33 1.00 1.00 109
1.2 36 45 1.00 1.00 109
1.6 281 437 1.00 0.92 99
2.0 465 646 0.86 0.36 54
2.4 592 728 0.49 0.20 30
29 694 778 0.24 0.14 18
34 736 825 0.19 0.10 13
39 767 850 0.15 0.08 11

The previous buckling resistances calculated with both capacity methods are

shown also in the following Figure 4.8 in comparison with the axial force pro-

vided by SAFIR, where a positive axial load indicate compression in the beam

element.
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Figure 4.21. LOCAFI models: comparison between stress and resistance.
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This comparison confirms that also by using the localized fire model for all
the structural elements the critical element is the horizontal beam of the 2nd [evel,
but in this case, the last step of the structural analysis provided by SAFIR is lower
than the one obtained with the zone model. This is because the temperature, in-
creases faster, by reaching a temperature equal to 400°C before 2 minutes, which
leads the beam to achieve its capacity before with a lower increase of the initial

compression load and without reaching the catenary effect.

4.3.4. Fire scenario with a combined fire model

Since the localized model provided more accurate results along the uprights,
another thermo-mechanical analysis was carried out by considering different fire
models for different structural elements. For all the uprights the LOCAFI model
was used while for all the other structural elements, the zone model was used.
The following Figure 4.22 shows the deformed shapes of the structure at 336 sec-
onds (i.e., 5.6 minutes), which is the last step of the structural analysis provided
by SAFIR.

z

L.

Figure 4.22. Combined model CFAST-LOCAFI: deformed shape at 5.8 minutes in
the Diamond environment.

From the deformed shape it is possible to see that at that time the critical element
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could be the transversal beam of the central shoulder at the 2nd load level, which
is a coupled C section 150x50x15mm and 2mm thickness, which shows a buck-
ling shape. Since this element is the same as the fire scenario with the multi-cell
zone model for all the elements, the results of the thermal analysis are the same
as shown in Figure 4.10.

To investigate the achievement of the capacity of the beam, the compression
resistance axial force at different exposure times was calculated. Also in this case,
the effective cross-sectional area, and the design buckling resistance at different
exposure times according to both capacity methods, are the same as shown in
§4.2.2. For this reason, the results are illustrated directly in the following Figure
4.23 in terms of comparison among the buckling resistances calculated with both
capacity methods and the axial force provided by SAFIR.
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Figure 4.23. Combined model CFAST-LOCAFI: comparison between stress and re-
sistance.

This comparison confirms that the critical element is the selected transversal
beam, this one exhibits the same behaviour, indeed, the thermal action has in-
duced an increment of the initial compression load which corresponds to an ex-
pansion of the beam, after 3 minutes the load starts to decrease, and the beam
starts to deflect inward, at this point the section has reached a temperature equal
to 400°C more or less and so the steel resistance starts to decrease. The load de-
crease until 5.6 minutes with an inward deflection for a tension load, with a little
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catenary effect, for the beam.

Within the time interval of these analyses, it seems that the use of the zone
model or the localized one for the columns doesn’t produce significant differ-
ences in terms of structural behaviours, this is due also to the fact that the element
that led the analysis to stop is the same horizontal beam which is heated by the

zone fire model also in this case.

4.3.5. Fire scenario with FDS

The fifth thermo-mechanical analysis was carried out by considering the nat-
ural fire curves obtained from the computational fluid dynamic model obtained
with FDS. As analysed in §3.4.1, since this fire model has produced a wider prop-
agation, by heating also the truss and the external shoulders, this has led to an
increase in the number of .TEM files from 82 to 192 in the corresponding thermo-
mechanical analysis. Once the thermal results were obtained for each section, it
was possible to carry out the mechanical part. The following Figure 4.24 shows
the deformed shapes of the structure at 373.5 seconds (i.e., 6.2 minutes), which is
the last step of the structural analysis provided by SAFIR.

z

1—>>< < =<

Figure 4.24. CFD model, FDS: deformed shape at 6.2 minutes in the Diamond envi-
ronment.
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From the deformed shape it is possible to see that at that time the critical ele-
ment could be the transversal beam of the central shoulder at the 2rd load level,
which is a coupled C section 150x50x15mm and 2mm thickness, which shows a
buckling shape. Figure 4.24 shows the temperature distribution within the cross-
section, obtained from the thermal analysis.
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Figure 4.25. CFD model, FDS: temperature distribution within the cross section in
the Diamond environment at 6.2 minutes (a), temperature distribution over time (b).

To investigate the achievement of the capacity of the beam, the compression
resistance axial force at different exposure times was calculated. To calculate the
normal compressive stress strength for the Class 4 section the first step was the
evaluation of the effective cross-sectional area. This one is the same evaluated
before and showed in Table 4.6 according to the capacity methods of the actual
EC3 and Table 4.8 according to the capacity methods of the new EC3. Once the
Aeft is known it was possible to evaluate the design buckling resistance at differ-
ent exposure times, by using Eq. 4.6. Thus, the following Table 4.12 shows the
results also in terms of temperature 0, the corresponding reduction factors for
the 0.2% proof strength at elevated temperatures, kozpe. In the same way once
that the Aeraccording to the capacity methods of the new EC3 is known, it was
possible to evaluate the design buckling resistance at different exposure times,
by using Eq. 4.7. Thus, the following Table 4.13 shows the results also in terms
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of temperature 0, the corresponding reduction factors of the yield strength at el-

evated temperature ky o.

Table 4.12 CFD model, FDS: design buckling resistance at different exposure times
for the coupled C 150x50x15x2mm according to the capacity methods of the actual EC3.

time 0 web 0 flange Kpo.2,0,web Kp0.2,6 flange Nb,fitRd

[s] [°C] [°C] [-] [-] [kN]

0 20 20 1.00 1.00 3
1.0 34 42 1.00 1.00 5
1.7 45 57 1.00 1.00 5
2.0 51 65 1.00 1.00 6
2.5 66 86 1.00 1.00 7
3.3 120 165 0.98 0.93 15
4.2 294 418 0.79 0.63 30
4.7 435 583 0.61 0.34 42
5.8 745 934 0.10 0.04 1
6.2 847 994 0.06 0.03

Table 4.13 CFD model, FDS: design buckling resistance at different exposure times
for the coupled C 150x50x15x2mm according to the capacity methods of the new EC3.

time 0 web 0 flange Ky,0,web Ky 6 flange Nbfitrd

[s] [°C] [°C] [-] [-] [kN]
0 20 20 1.00 1.00 3

1.0 34 42 1.00 1.00 5
1.7 45 57 1.00 1.00 5
2.0 51 65 1.00 1.00 6
32.5 66 86 1.00 1.00 7
3.3 120 165 1.00 1.00 15
4.2 294 418 1.00 0.96 30
4.7 435 583 0.92 0.52 42
5.8 745 934 0.18 0.05 7
6.2 847 994 0.09 0.04 7

The previous buckling resistances calculated with both capacity methods are




178 CHAPTER 4. THERMO-MECHANICAL MODELLING OF ARSWS

shown also in the following Figure 4.26 in comparison with the axial force pro-
vided by SAFIR, where a positive axial load indicate compression in the beam

element.

NEd.fi
Nb,Rd,fi - Actual EC
= = =Nb,Rd.fi - New EC

200 Ngq. Ngag [KN]
150 4

100" """ T T T T T T T

t = 6.2 min

collapse

50 A

0

-50 A1

-100 -

-150 -

-200 - time [min]

Figure 4.26. CFD model, FDS: comparison between stress and resistance.

This comparison confirms that also in this case the critical element is the se-
lected transversal beam, the thermal action has induced an increment of the ini-
tial compression load which corresponds to an expansion of the beam, but in this
case this redistribution is slower than the zone model’s one, indeed after 4.7
minutes the load starts to decrease, and the beam starts to deflect inward, at this
point the section has reached a temperature equal to 400°C more or less and so
the steel resistance starts to decrease. The load decreases until the achievement
of the capacity of the beam at 6.2 minutes with an inward deflection for a tension
load, with a little catenary effect.

Also in this case, it is possible to see that the two capacity methods provide
different results within the first 2 minutes, with lower values obtained with the
new EC expressions, while after this time the results are very similar to each
other.
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4.3.6. Benchmarks between thermo-mechanical analyses with

different fire models

The following figures compare the results for typological elements obtained
using the previously illustrated fire models: the multi-cells zone model (CFAST),
the LOCAFI model and the FDS model.

In particular, Figure 4.27 shows the temperature distributions for the horizon-
tal beams of the central shoulder for the first 2nd, 3rd and 4th levels evaluated with
the thermal analysis carried out by using the input fire curves obtained the three
fire models: FDS, CFAST and LOCAFI. Regarding the comparison between the
FDS and CFAST results, since the steel elements are characterized by a high
An/V, these show similar heating and cooling phases to their fire curves and so
the considerations are the same as obtained for the input fire curves, shown in
§3.5. Indeed, by comparing the temperature distributions for the 2nd level (see
Figure 4.27a), it is possible to see how the proposed multi-cell zone model
(CFAST) can properly predict the fire duration, in particular the temperature cal-
culated in CFAST regarding the maximum temperature, is coherent with the one
recorded by FDS. The heating phases are not too different, indeed only a time
delay is observed in the FDS temperature. Moreover, the first parts of the two
cooling phases are very similar, while after 13 minutes, the temperatures start to
diverge. On the other hand, the LOCAFI temperature is characterized by a faster
hating phase with a temperature peak lower than the other ones, but also in this
case the cooling phase follows the other ones after 11 minutes. The comparison
of the temperatures for the 3t level (see Figure 4.27b) shows that the heating
phases of the three models distributions start at the same time, and also the fire
duration is more or less similar, to the LOCAFI results which show faster heating
and cooling phases, while the FDS and CFAST ones are similar in terms of slop-
ing. The CFAST model provides a higher temperature peak while the LOCAFI
and FDS ones are similar. These aspects are more evident for the 4t level (see
Figure 4.27c) due to different fire propagation in the FDS model the heating

phase is different compared to other two fire models, which are coincident with
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Figure 4.27. Comparison between temperature distributions for the horizontal
beams of the central shoulder for the first three levels obtained with CFAST, FDS and

LOCAFI fire models.
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In particular, Figure 4.28 shows the comparison among the results of the anal-
ysis, already shown and commented on in §4.3 but this time, in terms of evolu-
tions of the axial forces in the horizontal beams belonging to the 2nd, 3rd and 4th
levels of the central shoulder, as a function of time evaluated with the thermal
analysis carried out by using the input fire curves obtained the three fire models:
FDS, CFAST and LOCAFI. In the same way Figure 4.29 shows the same compar-
ison in terms of bending moments.

By comparing distributions for the 2nd level (see Figure 4.28a), is possible to
see that in all the cases the thermal action induces an increment of the initial
compression load which corresponds to an expansion of the beam, but since the
heating phases are different this increment is more or less faster. The FDS redis-
tribution is the slowest one, indeed only after 4.7 minutes does the load start to
decrease, and the beam starts to deflect inward, at this point the section has
reached a temperature equal to 400°C more or less and so the steel resistance
starts to decrease. In all the cases the changes in the axial load correspond to a
change in the bending moment sign as is seen in Figure 4.29a

The loads decrease until the achievement of the capacity of the beam with an
inward deflection for a tension load, with a little catenary effect for the FDS and
CFAS models. While for the LOCAFI model, since the temperature, increases
faster, the beam achieves its capacity before with a lower increase of the initial
compression load and without reaching the catenary effect.

The beam of the 34 level (see Figure 4.28b), starts with the same axial load as
the 2nd one, but due to the heating of the beam of the 2nd Jevel and its expansion,
it has an opposite behaviour, indeed the load starts to increase in tension, and
after 2-3 minutes when the beam itself begins to be heated, the beam starts to
expand, and the axial load increases in compression. The same considerations
can be made for the 4t and level Figure 4.28c, where it is possible to appreciate
the same behaviour of the 2nd level but with lower axial loads and bending mo-
ments (see Figure 4.29c¢).
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Figure 4.28. Comparison between axial forces in the horizontal beams of the central
shoulder for the first 3 levels obtained with CFAST, FDS and LOCAFI fire models.




CHAPTER 4. THERMO-MECHANICAL MODELLING OF ARSWS 183

W AN
4 2nd level_ LOCAFT
3 4
2 4
1 I
0 =D - = -~ ' S '
q 4 s U 6 7 (@)
2
3
4
- time [min]
3 Mg, [KNm] —3rd level_FDS

- — =3rd level CFAST
7 3rd level LOCAFI
3 4
2 4
: -_‘;‘/\ -7 }
? 0 1 2 3 T —i T 7 (b)
2
3
4
S time [min]
5 1 Mgyq[KNm] 4th level FDS

— = —4th level CFAST
1 4th level LOCAFI
3
2 4
1 1
T 2 3 T ©
2
3
4
5 time [min]

Figure 4.29. Comparison between bending moments in the horizontal beams of the cen-
tral shoulder for the first 3 levels obtained with CFAST, FDS and LOCAFI fire models.
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Figure 4.30 shows the temperature distributions for the upright of the central
shoulder along the first level evaluated with the thermal analysis carried out by
using the input fire curves obtained from the three fire models: FDS, CFAST, and
LOCAFL

By analysing the results, it is possible to see that LOCAFI provides different
temperatures along the vertical development of the column, unlike by using the
zone model where it is possible to obtain only one uniform temperature, on the
other hand, it is possible to see that CFAST could be seen as a mean value of the
LOCAFI one. The comparison underlines, that the FDS results are in good agree-
ment with the LOCAFI one at the same height of the position for the FDS device.

Finally, this comparison confirms that the CFAST model provides higher tem-
perature distribution compared to the other ones, and for this reason, can be con-
sidered on the safe side compared to both LOCAFI and FDS which are fire mod-
els more indicated for the upright.
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Figure 4.30. Comparison between temperature distributions for the upright of the
central shoulder for the first level obtained with CFAST, FDS and LOCAFI fire models.

Figure 4.31 shows the comparison in terms of evolutions of the axial forces for
the upright of the central shoulder along the first level evaluated with the ther-
mal analysis carried out by using the input fire curves obtained from the three
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fire models: FDS, CFAST, and LOCAFI. The results confirm the previous consid-
eration, indeed the FDS and LOCAFI one is in good agreement, while since with

the CFAST model, the temperature is higher the load shows a higher increment.
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Figure 4.31. Comparison between axial forces in the upright of the central shoulder for
the first level obtained with CFAST, FDS and LOCAFI fire models.

4.4. Study of a progressive collapse by using the SAFIR soft-

ware

All the thermo-mechanical analyses carried out by varying the fire model,
have shown that the collapse time for this type of structure is of the order of a
few minutes, and to study the collapse it is essential not only to carry out ad-
vanced analyses but also to refine them as much as possible, for example to in-
vestigate the achievement of the capacity of the beam in terms of compression
resistance axial force, the non-uniform temperature distribution had to be con-
sidered, combined with the assessment of the effective width to consider the lo-
cal instability, and the assessment of x coefficient to consider the global instabil-
ity in compression.

Moreover, for all the analyses, with all the fire models, the analysis stopped
at the achievement of the capacity of the most stressed elements. For this reason,
it was not possible to analyse the global collapse and the correct collapse time.




186 CHAPTER 4. THERMO-MECHANICAL MODELLING OF ARSWS

This is due to the type of analysis that SAFIR allows to implement, which is dy-
namic analysis as shown in §4.2.2 but it is an implicit analysis, which stops when
convergence problems are reached. Since ARSWs are characterized by elements
with a reduced deformed capacity (class 4 sections), that does not allow the de-
velopment of a full plastic stress distribution in the section which leads to a not
complete plastic redistribution along the members in the structure, for these rea-
sons the last step of the analysis corresponded to the achievement of the capacity
of the most stressed structural elements, as the previous analyses showed.

All these aspects lead to affirm that to correctly estimate the collapse times
and the shape of the global mechanism, it could be necessary to go beyond the
time provided by SAFIR, manually eliminating the elements that fail.

The following Figure 4.32 shows the comparison among the results of the
analysis carried by using the multi-cell zone model, already shown and com-
mented on in §4.3.2 but this time, in terms of evolutions of the axial forces in the
horizontal beams belonging to the first 5 levels of the central shoulder, as a func-

tion of time.
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Figure 4.32. Evolutions of the axial forces in the horizontal beams belonging to the
first 5 levels of the central shoulder.

Figure 4.33 shows the comparison among the evolutions of the horizontal dis-
placements at the external point of the horizontal beams of the first 5 levels, with
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a positive sign for expansion displacement.
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Figure 4.33. Evolutions of the horizontal displacements at the external point of the
horizontal beams of the first 5 levels.

As said previously for the beam of the 2nd ]evel, the thermal action has in-
duced an increment of the initial compression load which corresponds to an ex-
pansion of the beam, after 3 minutes the load starts to decrease, and the beam
starts to deflect inward, at this point the section has reached a temperature equal
to 400°C and so the steel resistance starts to decrease. The load decreases until
the achievement of the capacity of the beam at 5.8 minutes with an inward de-
flection for a tension load, with a little catenary effect. The beam of the 3rd level
starts with the same axial load as the 2nd one, but due to the heating of the beam
of the 2nd level and its expansion, it has an opposite behaviour, indeed the load
starts to increase in tension, and after 2-3 minutes when the beam itself begins to
be heated, the beam starts to expand, and the axial load increases in compression.
The same considerations can be made for the 4t and 5t levels, where it is possible
to appreciate the same behaviours but with lower axial loads. The results show
that the analysis stops due to the beams belonging to the 2nd level but there is a
little redistribution of the stress in the structure, and it is possible to appreciate
the travelling fire among it.

Starting from the analysis carried out with the zone model, since it was
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demonstrated that the element that led the analysis to stop was the horizontal
beams of the 2nd level, another structural model was built by removing this ele-
ment and applying the internal forces as times changes, that the previous ther-
mos-mechanical analysis had provided. The following figures show the results
of this analysis without the beam of the 2nd load level. In particular, Figure 4.34
shows the deformed shapes of the structure at 468 seconds (i.e., 7.8 minutes),

which is the last step of the structural analysis provided by SAFIR.

z \/
L.

Figure 4.34. Deformed shape at 7.8 minutes in the Diamond environment of the
structure without the beam at the 2nd Joad level.
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Figure 4.35. Temperature distribution within the cross section over time (a), compar-
ison between stress and resistance (b).
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From the deformed shape it is possible to see that at that time the critical ele-
ment was the transversal beam of the central shoulder at the 3 load level, which
is a coupled C section 150x50x15mm and 2mm thickness, which shows a buck-
ling shape.

Figure 4.35a shows the temperature distribution within the cross-section, ob-
tained from the thermal analysis, while Figure 4.35b shows the comparison
among the axial force provided by SAFIR in the beam element and the buckling
resistances calculated with both capacity methods.

In the same way as the previous one, however, Figure 4.36 shows the com-
parison among the results in terms of evolutions of the axial forces in the hori-
zontal beams belonging to the 34, 4t and 5th levels of the central shoulder, as a
function of time.
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Figure 4.36. Evolutions of the axial forces in the horizontal beams belonging to the
3rd, 4th and 5th levels of the central shoulder.

Figure 4.37 shows the comparison among the evolutions of the horizontal dis-
placements at the external point of the horizontal beams of the same levels, with
a positive sign for expansion displacement.

The first thing that it is possible to appreciate is the fact that the last step of
the analysis increased from 5.8 to 7.8 minutes, in this way, the beam of the 3rd

level has continued its heating corresponding to an increase of the horizontal
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displacements, and the axial load in compression, until 7 minutes when the load
starts to decrease, and the beam starts to deflect inward, at this point the section
has reached a temperature equal to 600°C more or less and so the steel has lost
about half of its strength. The load decreases until 7.8 minutes with an inward

deflection for a tension load, with a little catenary effect for the beam.
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Figure 4.37. Evolutions of the horizontal displacements at the external point of the
horizontal beams of the first 5t levels.

It is worth observing that, by comparing the results Figure 4.36 and Figure
4.37 with the previous ones in Figure 4.32 and Figure 4.33 it is possible to affirm
that the global behaviour of the structure without one element is not changed,
the load and the displacements are the same in shape and entities until the last
step of the previous analysis.

For these reasons, another structural model was built by removing both the
2nd and 3rd horizontal beams of the central shoulder and applying the internal
forces as times change, that the previous thermos-mechanical analysis had pro-
vided. The following figures show the results of this analysis without these ele-
ments, in particular Figure 4.38 shows the deformed shapes of the structure at
616 seconds (i.e., 10.2 minutes), which is the last step of the structural analysis
provided by SAFIR. From the deformed shape it is possible to see that at that
time the critical element was the transversal beam of the central shoulder at the
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4th Joad level, which is a coupled C section 150x50x15mm and 2mm thickness,

which shows a buckling shape.
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Figure 4.38. Deformed shape at 10.2 minutes in the Diamond environment of the
structure without the beam at the 2" and 3rdload level.

Figure 4.39a shows the temperature distribution within the cross-section, ob-
tained from the thermal analysis, while Figure 4.39b shows the comparison
among the axial force provided by SAFIR in the beam element and the buckling

resistances calculated with both capacity methods.
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Figure 4.39. Temperature distribution within the cross section over time (a), compar-
ison between stress and resistance (b).
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Figure 4.40 shows the comparison among the results in terms of evolutions of
the axial forces in the horizontal beams belonging to the 4th and 5t levels of the
central shoulder, as a function of time.
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Figure 4.40. Evolutions of the axial forces in the horizontal beams belonging to the
4th and 5t levels of the central shoulder.

Figure 4.41 shows the comparison among the evolutions of the horizontal dis-
placements at the external point of the horizontal beams of the same levels, with
a positive sign for expansion displacement.

The first thing that it is possible to appreciate is the fact that the last step of
the structural analysis provided by SAFIR increased from 7.8 to 10.2 minutes, in
this way, the beam of the 4t level has continued its heating corresponding to an
increase of the horizontal displacements, and the axial load in compression, until
9 minutes when the load starts to decrease, and the beam starts to deflect inward,
at this point the section has reached a temperature equal to 600°C more or less
and so the steel has lost about half of its strength. The load decreases until 10.2
minutes when the beam shows an inward deflection for a tension load, with a
little catenary effect.

At this time, it is possible to see that the horizontal beam belonging to the 5th
level starts its heating which corresponds to an increase in horizontal displace-

ment and axial load in compression.
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Figure 4.41. Evolutions of the horizontal displacements at the external point of the
horizontal beams of the first 5 levels.

It is worth observing that, by comparing the results of the previous analysis
in Figure 4.36 and Figure 4.37 with these the global behaviour of the structure
without two elements is not changed, and the load and the displacements are the
same in shape and entities until the last step of the previous analysis.

For this reason, the procedure was continued by removing the horizontal
beam of the 4th level. The following figures shows the results of this analysis
without these elements, in particular Figure 4.42a shows the deformed shapes of
the structure at 617.8 seconds (i.e., 10.3 minutes), which is the last step of the
structural analysis provided by SAFIR. From the deformed shape it is not possi-
ble to see the critical elements. Thus to study the reason why the analyses
stopped at 617.8 seconds, it was necessary to study the output file provided by
the software, where it was found that the critical element that led the analysis to
stop was the diagonal element of the truss on the aisle between the central and
the lateral shoulder, which is a coupled C section 150x50x15mm and 2mm thick-
ness, like it is shown in Figure 4.42 where it is possible to see the comparison
between the axial force provided by SAFIR in the beam element and the buckling
resistances calculated with both capacity methods.
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Figure 4.42. Deformed shape at 10.3 minutes in the Diamond environment of the

structure without the beam at the 274, 314, and 4t load levels (a), comparison between
stress and resistance of the truss” diagonal (b).

Since the element is cold, there is not a reduction of the resistance but since
the axial load starts to increase when this one becomes equal to the buckling re-
sistance calculated with the capacity method of the Actual EC, the analysis stops.
It is worth underlining that in this case, it is not correct to use the new EC to
evaluate the capacity load since this method is calibrated at elevated tempera-
tures and this section is not heated, indeed it could underestimate the capacity
of the section.

Since the last step of the analysis was very similar to the previous one (10.2
against 10.3) another analysis was carried out by also removing the diagonal of
the truss that led the analysis to stop.

The following figure shows the results of this analysis without these elements,
in particular Figure 4.43 shows the deformed shapes of the structure at 742.5 sec-
onds (i.e., 12.4 minutes), which is the last step of the structural analysis provided
by SAFIR. From the deformed shape it is possible to see that at that time the
critical element was the transversal beam of the central shoulder at the 5t load
level, which is a coupled C section 150x50x15mm and 2mm thickness, which
shows a buckling shape.
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Figure 4.43. Deformed shape at 12.4 minutes in the Diamond environment of the
structure without the beam at the 24, 314, and 4t load levels and the truss’ diagonal

Figure 4.44a shows the temperature distribution within the cross-section, ob-
tained from the thermal analysis, while Figure 4.44b shows the comparison
among the axial force provided by SAFIR in the beam element and the buckling
resistances calculated with both capacity methods.
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Figure 4.44. Temperature distribution within the cross section over time, compari-
son between stress and resistance (b).

The first thing that it is possible to appreciate is the fact that the last step of




196 CHAPTER 4. THERMO-MECHANICAL MODELLING OF ARSWS

the structural analysis provided by SAFIR time increased from 10.2 to 12.4
minutes, moreover the comparison confirms the critical element is the selected
transversal beam. To better understand the global behaviour Figure 4.45 shows
the comparison among the evolutions of the horizontal displacements at the ex-
ternal point of the horizontal beams of the same levels, with a positive sign for

expansion displacement.
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Figure 4.45. Evolutions of the horizontal displacements at the external point of the
horizontal beams of the first 5 levels.

It is worth observing is that in this case since the structure has fewer structural
elements, the displacements for the 2nd, 3rd, and 4t levels are not in the same in
shape and entities from the beginning of the analysis, this is because the structure
has less stiffness compared to the initial one. While the displacement of the 5t
level has the same shape as the one shown in Figure 4.41, when the beam has
started its heating, during this last analysis, it is possible to see how the beam of
the 5t level has continued its heating corresponding to an increase of the hori-
zontal displacements, and the axial load in compression, until 9 minutes when
the load starts to decrease. The beam starts to deflect inward, at this point the
section has reached a temperature equal to 600°C and so the steel has lost about
half of its strength. The load decreases until 12.4 minutes with an inward deflec-
tion for a tension load, with a little catenary effect for the beam. Currently, it is
possible to also see that the uprights belonging to the central shoulder without
the horizontal beams that have collapsed, show a global buckling.
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Finally, the shown proposed procedure has confirmed that to correctly esti-
mate the collapse times and the shape of the global mechanism, it is necessary to
go beyond the last step of the structural analysis provided by an implicit analy-
sis, by manually eliminating the elements that collapse. Indeed, since SAFIR im-
plements only implicit analysis, this type of analysis stops when convergence
problems are reached that usually correspond to the collapse of the most stressed
structural elements. This aspect has been analysed and validated by modelling
the same structure with a second structural software, ABAQUS CAE that allows
the implementation of implicit analyses and explicit ones.

4.5. Modelling structures in fires with ABAQUS CAE: theo-

retical background and capabilities

As shown before, assessing the collapse of steel structures due to fire requires
an analysis capable of processing numerical singularities, such as buckling of el-
ements, plastic hinges, and large displacements. The explicit algorithm can be a
helpful tool for solving these problems. However, the time-step size could rep-
resent the downside of the explicit scheme because the analysis is conditionally

stable for
L

At <= (4.6)

Where:
L is a characteristic length (in this case the smallest mesh size);

c is the speed of sound in the material:

4,
1=v2p (4.7)

Where:

E is the elastic modulus;

v is the Poisson ratio, and p is the density.

As deeply shown in Mei et al [82] a fire input can be more than 60 minutes

long, so an entirely explicit analysis can be computationally expensive and time-
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consuming. Classical strategies such as time or mass scale can be tricky to solve
this problem because they can introduce unrealistic inertial effects in large mod-
els during collapse, for this reason the authors proposed a nonlinear procedure
based on 3-step process: static, dynamic implicit, dynamic explicit.

In the first phase, non-structural loads (such as load unit loads) are applied to
the structure using a static procedure; when the fire begins to heat frames, the
analysis switches to dynamic implicit. Then, the last phase is the explicit analysis,
where frames undergo large displacements and deformations until the complete
collapse. Moreover, since racks have a peculiar load distribution, with point
masses representing pallet loads placed at the beam-to-upright intersection, the
dynamic procedure permits better capturing the dynamic effects due to concen-
trated masses in the collapse phase.

Abaqus/Standard uses the Hilber-Hughes-Taylor time integration. The stiff-
ness matrix is computed and inverted, and the non-linear system of equations is
solved in each time increment iteratively using Newton's method. The method
is unconditionally stable, which is advantageous compared to conditionally sta-
ble explicit methods. It is also faster for typical structural analysis but computa-
tionally less efficient due to the inversion process for the stiffness matrix. On the
contrary, Abaqus/Explicit uses a central-difference integration rule. As it is con-
ditionally stable because the time step should withstand the Courant Condition
of Equation (21), it is a computationally more efficient process as the integration
method requires the inversion of the mass matrix only.

This means that, starting from the Dynamic equilibrium of Eq. 4.4 that in the

complete form becomes:

[K]x + [C]xX + [M]X = Fey (4.8)
Solving by using an implicit analysis means that:
x = [K]7* (Fexe — ([Clx + [M]5)) (4.9)
Solving by using in explicit means that:
i = [M]™* (Fexe — ([C]2 + [K]x)) (4.9)

4.6. Finite element model by using Abaqus CAE software
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The 2D finite element model has been built in ABAQUS using B21 beam ele-
ments.

" N

Figure 4.46 The cross-aisle view of the FE model in the ABAQUS CAE environment.

To replicate the conditions of pinned beams for braces, truss diagonals, it is
impossible to use a “truss” T21 in the model since it cannot consider the buckling
eventuality of the element. For this reason, an assembled connector was used,
made by a Join and a Rotation connector. The Join connector constraints displace-
ments in the two directions, X and Y, and does not activate rotational DoF, while
the Rotation connector makes the rotation in the XY plane available. A schematic
representation of the connector is displayed in Figure 4.47.

Translational type: Join

Figure 4.47 Joint and Rotation connectors [190].
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Uprights were considered pinned in the cross-aisle direction and fixed in the
down-aisle direction.

The analyses were carried out considering nonlinear geometry and material
nonlinearity. The EC3 part 1-2 formulation was adopted for the latter, and the
obtained curves are reported in Figure 4.48. A linear interpolation was adopted
between two temperature values given by the Eurocode. The nonlinear proce-

dure before was considered to run the analyses.
400

—u—20°C 100°C T00°C 1000°C |
200°C 500°C B00°C 1100°C
300°C GO0 C a0-C

300

200f |/
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100 Hf

0= : : :
0 0.005 0.01 0.015 0.02 0.025

Nominal Strain
Figure 4.48 Different stress-strain curves at various temperatures according to EC3
part 1-2 for steel grade S355.

In the same way of SAFIR method, the unit load loads were applied as con-
centred forces at the four intersections between uprights and beams.

The analysis was carried out by considering the results of the zone model pro-
posed and shown in §3.3.2. It is worth understanding that the thermal analysis
was not carried out by using ABAQUS, but the results of the thermal analyses
provided by SAFIR were used, in this way for each element a uniform tempera-
ture was applied as predefined fields. Moreover, in order to compare the implicit
analysis with the SAFIR results, no ABAQUS General contact was activated.

4.6.1. Results and discussion

The deformation sequence is reported in the following Figure 4.49. Referring
to this figure, the collapse sequence is as follows:

1) 324 seconds, about 3.9 minutes: end of the implicit part. From the de-
formed shape, it is possible to see that at that time the critical element was
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the horizontal beam of the central shoulder at the 2nd load level, which
showed a collapse shape. At that time the temperature of that beam was
at about 690°C, while the temperatures in the other elements were still
increasing.

402.2 seconds, 402.2 seconds, about 6.7 minutes, thanks to the explicit part
of the analysis it is possible to see that, as with the previous horizontal
beam, now the beam of the 3d level collapsed in the same way as the
previous one and at the same temperature at about 689 (the yellow one).
Since the beam of 2nd Jevel has collapsed, it is not present in the structure
anymore.

554.4 seconds, about 9.2 minutes, as for the previous levels, the beam of
the 4th level has buckled at a temperature of 700°C. Due to reduced stiff-
ness in the central shoulder, the stresses within the truss began to in-
crease, particularly evident in the two diagonals above the shoulder
(highlighted in red).

666.9 seconds, about 11.1 minutes, the roof truss” diagonals were starting
to collapse.

672.9 seconds, about 11.2 minutes the horizontal beam of the 5th level col-
lapsed at the same temperature as the previous ones, i.e., at about 700°C,
the beams of the 1stlevel of the two shoulders adjacent to the central one,
started to expand and their temperature increased.

722.9 seconds, about 12 minutes the beams of the adjacent shoulders col-
lapsed at a temperature of 700°C, it is possible to see that all the elements
that were not anymore in the structures had a temperature equal to 1000
°C.

812.3 seconds, about 13.5 minutes, the horizontal beam element of the 6th
level of the central shoulder collapsed, while the temperatures in the up-
per ones were increasing.

901.9 seconds, about 15 minutes, the beams of the adjacent shoulders at
the 3rd Jevel collapsed at a temperature of 700°C. Most of the elements of
the structure were affected by the fire.
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9) 988.3 seconds, about 16.5 minutes, also the horizontal beam of the 7t level
collapsed; it is possible to see that the uprights of the central shoulder,
without the horizontal beams that collapsed, showed a global buckling.

10) 1096.9 seconds, about 18.3 minutes end of the analysis.
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Figure 4.49 Deformation sequence. Left: Von-Mises stresses; Right: Temperatures.

From the previous considerations, it is possible to affirm that the results ob-
tained with this implicit/explicit procedure are in line with the SAFIR ones. The
sequence of the progressive collapse (the elements that collapse and their times)
is the same as obtained with SAFIR, i.e., an iterative procedure only based on
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subsequent implicit analyses: however, in this case the procedure is automatic
while with SAFIR it was necessary for every step to remove manually the critical
element by replacing it with their reactions.

In the following figures Figure 4.50, Figure 4.51 and Figure 4.52 some compar-
isons are shown, to validate the previous considerations and the model reliabil-
ity. The following Figure 4.50 shows the comparison between the axial force pro-
vided by ABAQUS as a result of the implicit analysis, with the buckling re-
sistance calculated with both capacity methods for the beam belonging to the 2rd
level of the central shoulder.

This comparison confirms that, in the examined case-study, the critical ele-
ment is the selected transversal beam. The thermal action leads to an increment
of the initial compression load due to the thermal expansion of the beam: after 3
minutes the axial load starts to decrease, and the beam starts to deflect inward;
at this point the section has reached a temperature equal to 400°C more or less
and so the steel resistance starts to decrease. The axial load decreases until it
reaches the collapse at 3.9 minutes with an inward deflection.

200 _NRd.ﬁ’ NEd.ﬁ [KN]

NEd, fi
Nb,Rd,fi - Actual EC
150 A — — —Nb,Rd,fi - New EC

1004 ~ -~~~ 77~ X t =3.9 min

|
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-200 - time [min]

Figure 4.50 Comparison between stress and resistance at the last step of the implicit
part.

The implicit part of the analysis conducted in ABAQUS gives results in line
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with the SAFIR ones one showed in Figure 4.11, but in ABAQUS the collapse is
anticipated by a few minutes, confirming that SAFIR, despite stopping at the col-

lapse of the first most stressed elements, considers a redistribution of the internal

stresses. This aspect is shown and confirmed also in terms of comparison be-

tween the displacement at the end of the beam, shown in Figure 4.51.
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Figure 4.51 Benchmark between ABAQUS and SAFIR displacements at the end of

beam of the 2nd load level.

The two displacements are similar in the first phase; in the second phase the

ABAQUS one increase quickly with a beam collapse at 3.9 minutes, while the

SAFIR’s one still increasing with a collapse at 5.8 minutes.

Finally, Figure 4.52 shows a direct comparison between the two deformed
shapes at the collapse time obtained with ABAQUS (a) and Safir (b).
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Figure 4.52 Comparison between ABAQUS (a) and SAFIR (b) collapse deformed
shapes.
The two deformed shapes are in a good agreement to each other, confirming
that to analyse the collapse of these structure by using an implicit analysis re-
moving the collapsed elements, is necessary to go beyond the time provided by

the first implicit analysis.
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5.Conclusions and future work

This research provides an assessment of a self-supporting automated multi-
depth warehouse under fire conditions. The first part focused on establishing the
tire modelling necessary for assessing the mechanical response and analysing the
collapse mechanism in the second part of the study.

Automated Rack Supported Warehouses (ARSWs) represent a topic of great
interest for both the scientific community and the manufacturers of industrial
racks.

The study of the scientific literature has pointed out that numerous research
has been carried out on the analysis of cold formed steel members that charac-
terize these structures. In the last decades, the global structural behaviour of tra-
ditional racks has been investigated focusing especially from a seismic point of
view. However, under fire conditions, their behaviour is still poorly known. At
present, some studies exist about the fire design methods for class 4 sections
which have led to new formulations to determine the effective width of steel sec-
tions at high temperatures. These formulas are proposed for the new drafts of
the next generation of structural Eurocodes. The new Italian technical fire pre-
vention regulation requires this type of structures, complying with the perfor-
mance level I or II, where the absence of external consequences due to structural
collapse must be demonstrated. This means that the designer must demonstrate
analytically that the collapse mechanism is inward, and implosive.

In the case of multi-depth ARSW, due to their configuration and the presence
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of the shuttle systems the fire could start like a localized fire within the load lev-
els and could develop into a traveling fire both in horizontal and vertical direc-
tions. At present, fire design methods for vertically traveling fires are not devel-
oped as for horizontal ones. Indeed, in the last decade, vertically traveling fires
have been analysed like multi-floor fires in high-rise buildings, which represent
a different condition than the ARSWs one.

For these reasons, one of the objectives of this dissertation was to obtain a fire
model that allowed the vertical and horizontal propagation of localized fires to
be considered. To achieve this goal some experimental results on steel racks
available in the literature were considered. In this way it was possible to obtain
a multi-cells and zones fire model for ARSW structures.

The conclusions about the first part of the work are reported in the following.

Since the main assumption of the zone model is that the temperature is uni-
form in each compartment, to obtain different temperature distribution within
the structure it was necessary to divide the whole geometry of the fire model into
different cells as the load level of structure, i.e., where the combustion material
(UDC) is present. In this way, a CFAST model of the ARSW structure character-
ized by 123 cells communicating among them through horizontal openings (ceil-
ing/floor vent) was obtained in the examined case-study. In each cell/load level,
the horizontal and vertical propagation was considered by assigning time delays
to the HRR curves, along the vertical and horizontal directions. It was found that
vertical time propagation is equal to the time for the flame to reach the upper
level of the racks, calculated by using the flame lengths L¢ proposed in EC1 part
1-2. Regarding the study of horizontal fire propagation, a time delay equal to the
time required for the combustible material stored in the adjacent load cells to
reach the auto-ignition temperature of the combustible material was considered.

The same fire scenario was modelled also by using FDS software, which al-
lows the analysis of the fire propagation without the predefined delay times. The
CFD model in this case underlines on one hand the ventilation effect, which may
play a very important role in changing the fire traveling trajectory, but on the
other hand allows the validation of the fire propagation times calculated analyt-
ically and used in the zone model.
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After defining the fire modelling, the second part of this work regards the
evaluation of the mechanical response and the analysis of the collapse mecha-
nism. For this reason, several thermo-mechanical analyses were performed using
the SAFIR software which allows modelling Class 4 steel elements like beam el-
ements but considering the local instabilities that can occur in these slender sec-
tions. These analyses were carried out by considering different types of fire mod-
els, such as localized fire (LOCAFI and Heskestad method), the zone model ap-
proach by using CFAST software, and the computational fluid dynamics analysis
using the FDS software. Moreover, a comparison between the two different
methods, for determining the fire capacity of the ARSW Class 4 steel sections,
was conducted.

All these analyses have shown that the collapse time for this type of structure
is within few minutes, and to study the collapse it is essential not only to carry
out advanced analyses, but also to refine them as much as possible. For example,
to investigate the achievement of the capacity of the beam in terms of axial force,
the non-uniform temperature distribution had to be considered, combined with
the assessment of the effective width to consider the local buckling, and the as-
sessment of x coefficient to consider the member buckling in compression.

The comparison between the analysis carried out using the standard ISO-834 fire
curve and the natural fire curve showed that, for these structures, the generalized
fire is unrealistic, and it can be not on the safety side, since the natural fire can
have a heating phase faster than the nominal curve one, as in the case analysed
in this work.

The analyses carried out by using the simplified localized models for all the
structural elements have shown that the collapse time is lower than the one ob-
tained with the zone model. This is because the temperature increases faster, by
reaching a temperature equal to 400°C before 2 minutes, which leads the beam
to collapse with a lower increase of the initial compression load and without
reaching the catenary effect.

For this reason, from a theoretical point of view, in the context of collapse times,
the fire model that includes all aspects is the CFD fire model. However, the com-
bination of the zone model for horizontal beam elements and the localized model
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for the upright allows the vertical and horizontal propagation of localized fires
to be considered, returning slightly shorter collapse times and therefore on the
safety side.

Using SAFIR software, it is possible to conduct a thermo-mechanical analysis
of the ARSW. Indeed, performing a dynamic analysis it is possible to consider all
the geometric and mechanical nonlinearities, appreciating a reduced redistribu-
tion of stress. Moreover, all the analyses stopped at the collapse of the most
stressed elements, and for this reason, it was not possible to analyse the real
global collapse and the correct collapse time. This is due to the type of analyses
that SAFIR allows to implement which are dynamic implicit analyses that stop
when convergence problems are reached. Since ARSWs are characterized by el-
ements with a reduced deformed capacity (class 4 sections), that does not allow
the development of a full plastic stress distribution in the section and leads to an
incomplete plastic redistribution along the members in the structure, the last step
of the implicit analysis corresponds to the collapse of the most stressed structural
members: however, this situation does not correspond to the collapse phase of
the structure, also thanks to a certain structural redundancy.

Therefore, to correctly estimate the fire collapse times and the shape of the
global mechanism, to go beyond the time of collapse provided by SAFIR or im-
plicit analysis is necessary, manually eliminating the elements that collapse. The
reliability of this iterative procedure, based on subsequent implicit analyses, has
been examined and validated by modelling the same structure with a second
structural software, ABAQUS CAE, that allows the implementation of both im-
plicit and explicit analyses. The implicit part of the analysis conducted in
ABAQUS gave results in line with the SAFIR ones, but in ABAQUS the collapse
was anticipated by a few minutes, because SAFIR better considers the redistri-
bution of the internal stresses until the collapse of the first most stressed ele-
ments. Finally, the explicit analysis conducted with ABAQUS allowed to follow
a progressive collapse and a global collapse mechanism like those obtained by
means of the iterative subsequent procedure implemented with SAFIR: in that
case, however, the procedure is automatic and does not require removing man-
ually the collapsed elements by users.
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Even if the results of this study refer to a specific ARSW case-study with de-
fined fire scenarios, to generalise some aspects related to the fire behaviour of
these structures is possible, providing a useful guidance for designers and re-
searchers.

First, the proposed simplified fire model can be used for the evaluation of
vertical and horizontal propagation times, based on the combustible material
contained in the ARSW. This simplified method can be useful for a preliminary
evaluation of the collapse time of these structures, by using an implicit analysis
with all the instabilities that can affect these sections/elements and progressively
removing elements that collapse, to reach the global collapse mechanism. While,
for estimating the real collapse of these type of structures in a more automatic
way, an explicit analysis has to be conducted, with higher costs and computa-
tional time.

The project focused on many features of ARSW and fire exposures, but future
research will be necessary to improve understanding as well as to extend the
results to other relevant fire scenarios (e.g., other natural fire curves), not only
for further validate the propagation model, but also for understanding the col-
lapse mechanism by varying the fire scenarios.

Further studies are also needed to investigate the collapse behavior by mod-
elling the contact between the structural elements during the explicit analyses,
in order to understand if and how this aspect can influence the structural col-

lapse.
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