New fire safety regulations for single-storey buildings have appeared in several coun-
tries (Belgium, Spain and France) that could significantly reduce the application of steel
in this type of building. In order to provide strong technical arguments and solutions to
avoid the introduction of excessive fire resistance requirements in the single-storey field
throughout Europe, an ECSC research project ‘Fire safety of industrial halls and low-rise
buildings’ has been carried out, with completion in 2007.
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The project clearly demonstrated that a steel structure, if designed appropriately, fulfils

the safety requirements in case of fire in terms of ‘non-progressive collapse’ and ‘non-
dangerous failure type’. On the basis of a series of parametric studies, several simple
design rules and some key construction details have been proposed in order to help
engineers to design safe steel structures for single-storey industrial buildings.

Dissemination of these results was an important aim of the project. Therefore the follow-
ing actions have been taken.

— The simple design rules and construction details worked out for single-storey indus-
trial buildings have all been summarised in a design guide.

— A background document has been created in order to give more detailed information
from previous research, provide a summary of several European national require-
ments in fire regulation and include a survey of real fire cases.

— User-friendly ‘LUCA’ software has been developed for more efficient application of
the design guide.

— Technical seminars have been organised in order to communicate all the abovemen-
tioned design tools to engineers in several European countries

Additionally, a simplified method to evaluate heat flux depending on the distance from
the facade is reported on in this project. The method has been developed within a
French national project, and includes large number of real scale fire tests in order to vali-
date the methodology.

Fire safety of industrial halls —
A valorisation project
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1 Final Summary

WP1

Investigation of real fires in industrial halls pemted in the scope of the previous research progec
been updated with new cases. Review of Fire S&etyulations in Luxembourg, France, Spain and
Belgium has been updated. Results of the WP1 amtesl in the Background Document.

WP2

Based on the results from the previous project sigbeGuide has been edited covering design rules fo
industrial buildings in respect to structural bebav as well as the behaviour of attached elemehts
steel industrial buildings.

The study related to calculation of heat flux eedtin case of fire in steel storage buildings hesnb
developed mainly within a scope of French natiquralject. Due to the delay in real scale fire tests
performed in the French project the methodology Ieesn developed too late to be included in the
Design Guide of this project. However, it is prasenin the following section of this report. Theahe
flux emission is an important aspect only for tlierf€h partner in this project and it has been pitese
during the seminar organised in France.

WP3

In order to be able to present the different docume the mother tongue to all seminar participamt
Spain, Luxembourg, Belgium and France, the docusneslised in the scope of WP1 and 2 were
translated into French and Spanish. Additionalbnsidering specific character of the Belgium market
the Design Guide has been also translated in Dutisith was outside of the project requirements.

WP4

The calculation method developed for industriallshdlas been implemented in software called
“LUCA”". The software refers clearly to the equasopresented in the Design Guide and produces
report of the calculations performed also in pafifat.

WP5

In order to disseminate deliverables prepared énptevious project seminars have been organised in
France, Spain and Belgium (in French and Dutchjoi®ethe event, invitations have been prepared and
distributed to the target audience; stakeholderohited in the construction market, architects,
engineers, steel fabricator and general constrsicstudents, and professors as well as last bueast
decision makers with authorities, insurance congmm@ind firemen. During the workshops, printed
documents as well as CD-Rom or USB memory stick® westributed.

It is very important that alignment with the Nat@brRegulations was strongly highlighted during the
seminars, when the regulations were also presented.






2 Objectives and Introduction

New Fire Safety Regulations for single storey boid were introduced in different countries (France
Spain, and Belgium) that could result a signifidass of market share for steel. The steel industugt
be ready to provide strong technical argumentssahations to avoid the introduction of excessive fi
resistance requirements in the single storey tietdughout Europe. With this aim, the ECCS Project
“Fire Safety Of Industrial Hall And Low Rise Builtj” (CEC Agreement 7210-PR-378) has been
launched, focusing on the industrial halls whererehis also hidden resistance provided by the 3D
behaviour and where it is needed to analyse thetste after some local failure in order to demaatst
that the structure fulfils the safety requirementgase of fire which will be given in terms of 'mo
progressive collapse" and "failure type".
In the scope of this project research obtainedhénRFCS Project “Fire Safety of Industrial Hallglan
Low Rise Building” has been disseminated. This gtbjhas proved that the fire safety of steel single
storey buildings is sufficient, in the absence atgive fire protection, by means of risk assessment
showing that the safety of people and firemen &iesd.
The work performed in this project has been orgahisy Work Packages, which clearly specify
expected deliverables.
- To realise a design guide for Single Storey IndaistBuilding taking into account the
structural behaviour in case of fire, the facadg#eays and the fire walls.
- To translate this design guide into French and Span
- To implement Software to design (using the simptifmethods) the Single storey structure
in case of fire
- And the final objective is to organise various W&lt&p with the local authorities in order to
aware them about this new concept of calculation.






3 Guidelines and Background Document

Within the project two documents have been credbesign Guide and Background Document. The
English version of the documents is attached inAtheex hereafter. The Design Guide contains all the
simple design rules and construction details foglsi storey industrial buildings, which have been
developed in the previous research project.

The design rules apply to the specific range ofssiaf frames used in the parametric. Design beyond
the scope of analysis will not be recommended gntesated as preliminary design, which will be
farther validated.

- Length of bays for simple bay: 15m, 20m and 30m
- Length of bays for multiple bay: 20m, 30m and 40m
- Height — simple bay: 5m, 7.5m and12.5m

- Height — multiple bay: 7.5m, 12.5m and 20m

- Slope: 5 degrees

- Number of bays: 1, 3 and 5

- Lattice beam: equal angles 50x50x5 till 120x120x12

The design rules have been further validated andlifioation of certain parameters has been
introduced in order to improve the design. Detadedcription of the study and alteration are descri

in the Background Document.

In particular the changes comprise the followingagpns:

1. Formula for calculation of tensile force for fastemhas now formF =W +5po.d/n

Initial coefficient 3 has been replaced with thefticient 5. The explanation is following:
from the static calculation the coefficient is elqiea0.5. Considering that in 720 degrees C
the steel has 20% of the strength the coefficieimidreased to 2.5. Furthermore, due to the
simplified assumption (no second order effect) aceutainty factor of 2 has been included
which leads finally to the factor 5 in the formula.

2. CTICM made study to identify the best value of dtiplier within the coefficient k related
a 12EI,

1+2a (h+f)?
3. Also the coefficient a will is changed as a result of study done by CTICM:

o :I_b h+ f (1- f )

I, | 0.6h

where

h — is the height of the columns [m]

f —is the ridging [m]

| —is the length of the span [m]

Ib — is the second moment of area of the beaff [m

Ic — is the second moment of area of the columif) [m

E — is the modulus of elasticity of steel for norrr@hperature [N/m?]

to stiffness. The coefficient is described by therfula: k =

The Background Document in comparison to the prevjaroject has been updated with the new survey
of real fires in industrial halls. The new casedude fire in Logs Santos Warehouse (Spain) and two
industrial buildings in France.

Also the actualisation of the National Regulatibas been made. Additionally, regulation for Belgium
has been added as a partner from this countryddine project. It has been also agreed between the
partners not to include information regarding ditbain the United Kingdom, which has been present
before, due to lack of the partner from this countr

9



In parallel to this project a French national pebjes carried on by CTICM, which concentrates on
emission of heat flux through the facades of indaisbuilding during fire. Number of real scale tees
had been performed and the methodology to calcthatbeat flux was developed and validated.
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4 Design guide - Heat flux emitted in case of fire insteel storage
buildings

4.1  Background

Nowadays, the radiation effect associated withfitles of warehouse is based on "simple" calculation
tools. The core method is essentially derived fimool fire tests (fires with hydrocarbon liquidsi |
practice, experts and engineers have developeddivei hypotheses to take into account the influence
of various characteristics of warehouses. Thesengstons can differ a lot from one expert to anothe
and delay the acceptance of technical report Qyoaities.

Within the scope of a French national project immy four technical institutes (CNPP, CTICM,
INERIS and IRSN), which have already made several dngineering studies on this topic, a new
method aimed at estimating heat fluxes and theisequences has been developed. This method takes
into account main characteristics of warehouse lwhan evolve during the fire (e.g. influence offroo

or wall collapsing).

The validity of above method is evaluated in congmar with experimental tests. Eight tests on a
100m? warehouse were conducted and one real sesiepéerformed on 850 m? warehouse (first
worldwide).

4.2  General Description Of The Method

4.2.1 Field of application

The method is related to ordinary warehouses. pidieation complies with the risk analysis to be
realized for the installations subjected to highmdge consequences due to important quantity of
combustible materials according to French regutati@r this simple calculation method, the follogin
assumptions are used:

- Active protection measures did not succeed in priévg the extension of initial fire.

- Heat release rate varies over time.

- If several compartments are present and separgtéicelresistant walls then an analysis is
conducted in the compartment where fire has deeelop

Passive protection measures (fire resistant elesheme efficient and prevent the fire propagation t
adjacent compartments. Consequently, fire fightemld contain the fire from surrounding
compartments. Nevertheless, the owner must denadadtre efficiency of these protection measures.

In this case, consequences of fire include:

- radiation of flames that may induce a thermal imgatin potential target around the building:
people, other buildings...

- toxicity and smoke spreading.

However, the latter point is not yet included witline framework of French risk analysis. In factlyo
the distances associated to heat flux of 3 and Sii&¥re given in the case of a scenario where the fire
is fully developed within the compartment. When eggling to other compartments cannot be
prevented, a calculation is done for each compantrmalividually then effects are summed (a delay
corresponding to the fire resistance capacity df iwaaken into account).

11



4.2.2 Main steps

Input data
Storage area

Combustible

Data available no

Experimental
yes Protocol

Compartment

¥

Calculation of Calculation of Calculation of
compartment storage area combustible
characteristics characteristics characteristics

r

‘ Calculation of fire development ‘

‘ Calculation of frames characteristics ‘

Calculation of heat flux/effects on
Surrounding buildings and people

The application of this simple calculation methaeds to follow a specific flowchart given above.

All these application steps are detailed in thioWing sections.

4.3  Input data

This section explains the input parameters thatremeded in order to apply the method. If any
parameter is not known, default value is proposethat case, the value will be equivalent to tleesy
situation (e.g. highest heat of combustion).

Another option will be to estimate their value.drder to do this, a method of estimation is progose
specially for. This option is intended specificatty new products or if no consensual value can be
found in existing technical references.

. Data relevant to compartment include length, widhsight of structure, characteristics of
wall and roof.

. Data relevant to storage area include size, nurobéevels and mode of storage (rack,
loose).

- Data relevant to combustible material include sizenposition of pallet.

In the method, characteristics of materials listedable 4.1 are included.

Combustible Incombustible
Wood pallet Steel

Wood Water

PE Glass
Cardboard

PVC

Polystyrene

12



Cotton cloth

Synthetic cloth
PMMA

Table 4.1 List of combustible and incombustibleamnak

4.4  Calculation of combustible characteristics
The heat release rate depends mainly on the nafupmllets and on ventilation. The following
parameters are directly related to the heat reledse
. combustible material (wood, cardboard, PE,...)
« incombustible material (steel, water,...)
compactness (state of division) and packaging

They are used to characterize:
heat release rate of one pallet
mass loss rate
heat of combustion
spreading of fire
combustion delay of a pallet
horizontal velocity
vertical velocity

4.4.1 Rate of mass loss
A pallet is considered globally (in terms of comipios) and the rate of mass loss is calculated by
mass-weight averaging:

z M comb_ivcomb_i

Vcomb7 palette = Comb_iz M Equation 4-1
comb_i

comb_i

In the section on fire spreading, a rate of mass lper unit area is then deducted where the area
considered is the external area of a pallet.

4.4.2 Heat of combustion

As for rate of mass loss, a mean heat of combussiasbtained by mass-weight averaging of each
material into the pallet:

Z M comb_iAH comb_i

AH comb_ palette = comb Z M Equation 4-2
comb_i

comb_i

4.4.3 Combustion delay for a pallet

It is used to estimate the total surface of rackranat a given time by eliminating pallets of whithe
combustible materials have been fully consumeds Thiachieved by considering that surfaces which
begin to burn at a time t will disappear at titAetcomn_paeteWith:

Z M comb _i

t _ comb_i
comb_ palette — vV
comb_ palette

Equation 4-3

13



4.4.4 Horizontal and vertical flame spreading velocity

Horizontal and vertical flame spreading velocitae estimated for several groups of material (mix
wood, steel, water, PE). Those groups serve a®tbeences and other materials are also classifted
groups (some in reference groups, some on new gyobgperimental results of Cleary, Quintiére and
Ingason were used to estimate velocity ratio betwesch group. These results are detailed in Table
4.2.

Flame spreading velocities are assumed to be tme $adependently of mode of storage (rack or
loose).

G Horizontal flame spreadingVertical flame  spreading
roup . :
velocity velocity
1 V prop_horiz palX 5 V prop_vert palx 5
2 V prop_horiz_pal \% prop_vert pal
3 V prop_horiz pa/ 5 V prop_vert pa/ 5

Table 4.2 Flame spreading velocities

4.5  Fire spreading

Heat release ratP(t) is calculated according to :

P(t ) = Sfeu _dev (t ) X Toccupation XVcomb_moyen X AH comb _moyen Equation 4-4
Where:
Toccupation 1S the occupancy ratio equal to storage capasiéy maximal capacity. It is supplied by the

owner and will not have to be exceeded afterwarfallt value is 1.

V and AH are detailed in paragraphs 4.4.1 and 4.4.2.

comb _ palette comb _ palette

S (t) is the fire area at a given time The area considered is the external surface af as

feu_dev

indicated on Figure 4-1.

Figure 4-1 left: double rack, right: extern surfacensidered

4.5.1 Calculation of fire area
The general formula is:

Sfeu_dev(t) = Z Spyro (i.,t) - Schute_toit ®) Equation 4-5

where:

Syl t) , fire area for rack i at time t considering that f

14



i=1: double rack where fire starts

i=2 et i=3: racks next to rack 1

i=4 et i=5: racks next to racks 2 and 3
i=6 et i=7: racks next to racks 4 and 5

It is assumed that the fire starts in the centeoofpartment.

S

chute_toit

(t) : area of rack which is covered by parts of roo¢mrits collapsing. In reality, the elements

of roof which collapse can reduce fire intensitygogventing air supply.

Calculation of fire area for each rack

Betweent andt+dt, fire area evolves according to two phenomenastlyi the increase of fire area
induced by flame propagation (terfxS, . .in (t)) and secondly the decrease of fire area induced by

extinction of totally burnt pallets (last term). i$Herm is equal to the increase of fire arearaeti-

tcombfpalette

Sfeu_dev(t + dt ) = Sfeu_ dev(t ) + ASpropagaticn( t ) - ASpropagatim (t - tcomb_ palette) Equation 4-6

Moreover, flame spreading is different between priyjnracks (racks 1, 2 and 3) and secondary racks
(racks 4 and so on).

4.5.2 Flame spreading between adjacent racks
The flame spreading is considered in following way:

Convective transfert  Radiative transfert Convective transfert

ARATY A YA VAN AN

Figure 4-2 flame spreading between racks

From rack 1 to racks 2 and 3, the radiative transfolving lateral faces- dominates the convestiv
transfer (the hot layer is not enough wide). Thesppgation is mainly governed by convective transfe
as the hot layer develops.

15



Increase of fire area for first racks involved in re

Flame spreading is divided into two phases as destin Figure 4-3. The fire starts on middle afka
and spreads toward the edge parts of racks. Dthisgphase the shape of fire area seems to be a "V"
on lateral side (and rectangular on upper sidegnTfiames spread gradually downward to the floor.

‘oo, x(®) X(t) R

'0. .
L . N

* +* g

Illllllllll:i‘. ‘“f:llllllllll [ 14

* * z(t)

Figure 4-3 flame spreading for primary racks

Input data:
X(t): abscise of flame front on upper side at ttme

z(t): height of flame front at time t
vit_prop_hor: horizontal spreading velocity
vit_prop_ver : vertical spreading velocity
t:time

At : time step

Output data:
X(t+dt): absciss of flame front on upper side aidit+dt

z(t+dt): height of flame front at time t+dt
AS(t+dt): fire area increase at time t+dt

Longueur_stoc%

2 Equation 4-7

X(t +dt) = min(x(t) + vit _ prop__horxdt;

X_virtl=vit_ prop_hor xt

X_virt2=vit_ prop_hor x(t + dt)
X(t +dit) < Longueur_stock

If 2 then

z(t + dt) = hauteur_stockage
AS(t +dt) = 4a(or2b)><(x(t +dt) — x(t)) x(largeur _stock+ hauteur_stock)

(% in case of a simple rack
® in case of a double rack)

Else
z(t + dt) = max(O; z(t) —vit _ prop_verxdt) Equation 4-8

16



AS(t+dt) =(x(t+dt)—x(t))x(2 argeur_stock)

+4%(or2°)x| Longueur_stock— At)xx_virtl xZ7(t) Equation 4-9
hauteur_stock

Z(t+dt)xx_virt2
hauteur _stock

—4%(or2)x [Longueur_stock— jx Z(t +dt)

(% in case of a simple rack
® in case of a double rack)

Increase of fire area for secondary racks

As flame spread to surrounding racks is done byawbrwith the hot layer of smoke, it is considered
that the upper part burns instantaneously theneffaspread toward the floor as shown on Figure 4-4.

EEEEEEEEEEEEEEEEEEEEDR EEEEE S EE EEEEEEEEEEEEESRm mul®

Z(t)

Figure 4-4 flame spreading for secondary racks

Input data:
z(t): height of flame front at time t

vit_prop_ver: vertical spreading velocity
At : time step

Output data:
z(t+dt): height of flame front at time t+dt

AS(t+dt): fire area increase at time t+dt
z(t + dt) = max(O; z(t) — vit_ prop_verxdt) Equation 4-10
AS(t + dt) = (z(t + dt) — z(t)) x (périmétre_stockagé Equation 4-11

périmétre_stockage :
4Longueur_stock+2largeur_stock for double racks

2Longueur_stock+2largeur_stock for simple racks

4.5.3 Calculation of area hidden by collapsed elements obof

The following formula is used:
Schute_toit (t) = Sfeu_ plafond (t - tretard_toit) X Coef_tOit Equation 4-12

Shute_toi(t) is related to the flaming of the upper part afkras described on Figure 4-5. It is assumed
that the area of collapsed roof at time t equath¢oground area of flamed rack at titgarq_ o ThiS
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area is extended to adjacent alley on half widddileg t0Se, paondt) then the coefficienCoef_toitis
applied.

rack 2 rack 1 rack 3 rack 2 rack 1 rack 3

rpbr—  —.,—.— e— e emema-
l » A I

larnanir o

2 |

IanAiianr ctnr

» [ v

largeur_st time t1 time t2

Figure 4-5 Evolution of roof surface which collapse

Steu_platona(t) = Z X(i,t)x(largeur _stock+largeur _allée) Equation 4-13

wherex(i,t) =

for primary racks (i=1,2,3), abscise of flame front
for secondary rack (i>3), O if the rack do not bugise longueur_stock

tretard it @S Well agCoef_toitdepends on the roof structure and nature. A timé Is also introduced
after which roof above storage area collapseslyotal

4.6  Final Output

4.6.1 Fire characteristics: flame height and emissivity

Flame height H is estimated via a formula basedukoski correlation :
_ . (PsY )i _
H =min Z’) ,0,026(P s.D) Equation 4-14

where :

Ps': heat release rate per unit area [kW/m?]. IhesratioP(t) / Sy, i (t)

D : hydraulic Diameter [m] based on 48, ; (t) / Per
Per : perimeter of collapsed roof surface

This formula is applicable only B's < 14130/D
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Figure 4-6 Example of flame height

Mudan's correlation is used for flame emissivity

Emoy = Emaxe " + ES'(l_e_S'D) Equation 4-15
Enax equivalent blackbody emissive power, 140 kW/h@00 °C)

s extinction coefficient, 0.12 ™

D hydraulic diameter (m)

m
w

emissive power of smoke, 20 kW/mz (500 °C)

4.6.2 Flame shape, heat fluxes and associated effects

For each wall, the flame area is modeled as reatangurface with height H, its width is limited to
storage area and it is positioned at the top dépséd roof.

Depending on their fire resistance, walls can matdation of lower part of the flame. Here, RE wall
assumed to hide all radiation in the time limittioéir fire resistance. Moreover, analysis of réadsf
shows that beyond this limit of stability, walls yneontinue to filter consequently the radiation.

Thus, wall surfaces capable of stopping radiati@ncalculated for the duration of fire and taketo in
account.

b= b

Figure 4-7 Left: without wall; right: with wall

Target position

Two types of target are considered: human peomlesarrounding buildings.

Human
Target's elevation is fixed to 1.8 m.

Human head is modeled forms a horizontal and \&@iézget. So, the total view factor is:
¢V T2+ 2
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wheref,, (respectivelyf,) is the horizontal view factor (respectively veali view factor)

Buildings
Two cases are analyzed,; firstly a vertical target secondly a horizontal target.

The vertical target corresponds to walls and t&detight must be that where heat fluxes are maximu
(in the limit of wall height). The horizontal tatgeorresponds to the roof ant its height is thef'soo
height.

View factor
For a differential surface parallel to a finite tastgular surface, the expression for view factor is
b
1 X -1 Y Y -1 X
fy =—| ———=tan + tan
Y 2.77(\/1+ X2 (J1+ XZJ J1+y? [\/1+Y2 B a
-2

d
Y :.El

d

And for a differential surface perpendicular toimité rectangular surface, the expression for view
factor is:

b

fh =1 tan_l(ij— Y tan !

277 Y) JX2+Y2 IX2+Y?2
X :E a b

b

a

Y :.Ei

b

4.6.3 Atmospheric attenuation

Atmospheric attenuation is mainly due to water vapeoesent in the atmosphere. The Bagster
correlation is used:

r=2,02. (. x°"% Equation 4-16
Where:
x = distance between flame and target [m]

pw = partial pressure of water in the air [Pa]
5328
Pw = RH.e(“*“““‘Hj .1,013 .10

RH : relative humidity [%], default value : 70%

T: ambient temperature [K], default value : 298 K

4.6.4 Heat fluxes
The heat flux F emitted by flame and received leytdrget is estimated according to:
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F=1.f.Enoy Equation 4-17
where

Emoy: €missivity (paragraph 4.6.1)

f : view factor (paragraph 4.6.2)

7. atmospheric attenuation (paragraph 4.6.3)

Calculations are relatively simple because onlylyital or empirical formulas are used but due to a
great number of calculations (heat fluxes are ¢aled along all the walls and for the whole dunatid
fire). Therefore, it is only possible to apply thiethod with a software which under preparation.

In French fire regulations, several limit valuesheht fluxes are of interest:
3 kW/m2
5 kW/m?2
8 kW/m?
They constitute the main criterion adopted in treghrad to evaluate the acceptable distance.
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5 Software

The objective of the software “LUCA” is to simplifiyork of the different engineering offices while
applying calculation method presented in the Dedi@gride. With this simple tool, the integrity
verification of the single storey building in casfdire is assured.

The Software is currently delivered in three largpsa(Spanish, French & English). But it gives the
possibility to users to implement another langubgéranslating a series of words and sentences in a
file that is provided with the software.

The launch window contains information about thpli@pbility conditions and the description of how
to treat the results given by the software.

The user has to select between the different tgp&mmes (simple frame, frames with cross sedition

H or | hot rolled profiles and frames with lattit@ams and columns in H or I) he/she wishes to
calculate. Further, detailed characteristic offtaene has to be specified. For example, the usetda
give the type of profile of the beams and colunting,length and height of the frames, the span numbe
in the fire compartment and in the cold part, thsifoon of the fire compartment, the position of fire
wall (parallel or perpendicular to the frame), ttweal design value of the load in the roof (fire
situation), etc.

All the calculation results (displacement in theaxsion phase, displacements in the collapse phase,
tensile forces on the top of the columns, etc.pioled are illustrated with schematic pictures for a
easier understanding and control of data.

The software also gives the possibility to prodand print a report from the calculation in pdf fatm

This document will bring together the data that besn implemented, the intermediate results used fo
the final calculations, the final results and a sary of the equations used for the calculations.
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6 Dissemination of Knowledge

Results of the project were presented during sesiiogganised in Belgium, France and Spain. Each
seminar included part related to national fire ftaggons and alignment of the proposed calculatidth w

the regulations.

6.1  Belgium

- There were two seminars organised in Belgium ineor respond to the bi-lingual market

requirements.

. Seminars were organised by CIA (Belgium IPO) on 178 of November 2008 in Mechelen in

Dutch and the Z1of November 2008 in Namur in French

. The Dutch seminar was attended by 93 participantsthe French seminar by 59 participants,

which significantly exceeded our expectations

. The seminars had been advertised on the CIA welhsipe//www.infosteel.bewhere at this

moment all the documents and presentations ar&ableafor download

- All the documents and software were distributedraduthe seminars on USB keys.

Séminaire F5+
Le vendredi 21 nevembre 2008 - Namur

'Studiedag FS+

ments
gramme de 13 jourmés

Le projet de base, appelé ‘Fire Safety of Industrial Hallz and
Low-rise Bulldings® est une élude réalisée en 2007 donl le
but it de développer des sol h de maniére &
e que I'Industrie puisse répondre aux nouvelles
réglemeniations européennes en matiéne de sécurité incendie
des bltiments mdustneks

La recherche a montré qu'un bitiment industnel peul toul & fel sabisfare aux exgences de sécuntd
incendie sans protection passive Des méthodes simples ont donc été développées pour calculer les
structures en acier non protégées. A lissue de ce projet, des recommandations ont été foumies afin,
dés la conception, de garantic des modes de ruines sécurtaires et d'éviter I'effond

1T 2008 te

« Documenten van die dag
= Het programma van die dag

Het basisproject, “Fire Safety of Industrial Halls and Low-rise
Buildings" is een studie uitgevoerd in 2007. Het doel hiervan
was technische oplossingen te ontwikkelen zodat de industrie
zou kunnen beantwoorden aan de nisuwes Europese

i inzake brar id van industriéle

Onderzosk heeft aangetoond dat een industriee! gebouw volledig kan voldoen aan de eisen van de

gebouwen.

Dans ka continuité de cette recherche, le projet FS+ 3 &1é fancé avec comme objectif de dissé

brar igheid zonder daarom verdere passieve beschemming aan te brengen. Er werden dus

les résultats. A oot effet, un o« guide de conception = a &0k daboré. Des séminaires en Belgique, en
France el en Espagne seront pour el détadler le conlenu de ce
quide.

En Belgique, deux séminaires awront lieu, auxquels nous avons Fhonneur de vous inviter. Vous
pourrez suivre Féve en néerandais be 17 bre 2008 a Malines tant dis qu'une autre
session se déroulera en frangars e 21 novembre 2008 & Namur

Fartenaires du projer:

dige methodes il om stalen structuren te berekenen. Na afioop van
dit project werden aanbevelingen opgesteld om, vanaf het coneept, een veilige bezwijkvorm te
garanderen en om prog instorting te

In navelging van dit basisproject en met als doel de resultaten ervan te verspreiden werd FS+
i d. Een of ids werd op . In Belgié, Frankrijk en Spanje worden nu studiedagen
georganisesrd om de inhoud van deze gids voor te stellen, te verspreiden en toe te lichten.

Partners van het project:

09h30 Introduction et programme de la journée
Jo Naessens — Centre Information Acier

09h45 Feux réels dans les halls industriels

Auvdrey Det — Centre Inf ion Acier

10h00 Réglementation nationale : Annexe 6
Jean-Paul Renier - Brigade des pompiers de La Louviere

10h45 Champs d'application
Jean-Mare Franssen - ULg

11h00 Pause café

11h15 Comp en cas d'i
Jean-Marc Franssen - ULg

ie des structures en acier et conséquences
11h40 Guide de conception -
Jean-Marc Franssen - ULg

12h30 Dé ion des softy
Jean-Baptiste Lansival - ULg

de calcul

12h50 Questions et conclusions

13h00 Lunch

14h00 Fin du séminaire

» ArcelorMitial » ArcelorMittal

= Ulg = Uig

s Labwin Tecnalia « Labein Tecnalia

= CTICM = CTICM

09h00  Accueil des invités 09030  Inleiding - Echte branden in industriéle hallen
Jo M e

09u40 Mationale reglementering : Bijlage 6 en schoolvoorbeelden uit Belgié
Guy Van De Gaer — Directeur van Brandweervereniging Viaanderen

10u25 Toepassingsgebieden
Luc Schueremans — Katholiek Universiteit van Leuven

10u3s Handelingen in geval van brand bij stalen structuren en gevolgen
Liney Pyl - Hogeschool Denayer

11ub0 Koffiepauze

11u1s O ids - C lemiddelen en b
— Katholiek Uni iteit van Leuven

ontwerp

12ul0 D
Lincy Pyl = Hogeschool Denayer

atie van

12h25 Toepassingsvoorbeelden
Lincy Pyl - Hogeschool Denayer
12u50  Vragen en conclusies

13h00  Lunch

14u00 Einde van de studiedag
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6.2 France

. The FS+ French seminar was organised by the CTI@Mtaok place the 16of December in
‘Tour Areva, La Defence’ in Paris

. The number of participants was exactly 25 persdrdifferent activities as explained in the next
diagram

Universities; Fire
2, brigades; 1

1genierie incendie

Les faux d'enfrapdts conatifuent par leur ampleur un danger potendiellement impartard pour les services
de ascows jorz de fews interventions, en pa.m\cc.l.uer rur‘aque Iz siructure de ces entrepdls ne se com-
pors pas de manisne spﬂfwﬂee Par alfieurs; fe Sdiat dea bt g eat ibfe de
subir des dégats en raizon des fiur thermiguas dus aux effels de rayonnement, Cependart, comple fenu
des avancees technologigues dans /e domaine de & securité incendie, cerfzing reglements Europsens
sufonsent luiliastion d'approches & objectifs faizant appel aux efudssa’!ng@mens de fa Sécurité incen-

e afin didentifier et quaniifier les naques Towlefois, ces eﬂu\jea a'151, bien quii m:ontmat\!ﬂa dans de

nombreuy caa de figures, ENcore o 0 El ﬂE it infer-
venant dans ia et l'exploiation des ote. Far 3 t, dane je uim'E o'un projef de
Sen FRGA, diffé méthodes de caloul ai Sea ont éte aux

mgemem de dﬁp:lSErdE maoyena de concepfion abordables powr concevoir deg enﬁﬂnoh en atructure
aier ayant un comporfement stuchural conforme ux objectifs de sécwité. Par aillewrs, i= projet natio-

nal Fumilog va permetire également de mefire su point une méfhode de calow capable de prendre en
compde Vinfiuence des parois, y compris celles de fagades ef de toifurea en acier, dans 'évaluafion des

iy regus dang fe voisinage o'in cendie ol
Ceife. ,v_'l.mt-e !=chru.;|u= a am.:rpour abjet principal de
der les -l irez en maltisre de sécurifé incendie pour fes endrepdls, au ni-
vesu national frangais, i
- expliquer Jo guide de i i refatif aux 2 de caloul fies en femmes de
comporiement au feu dea = dea 5i

- Wlustrer les détalls constructifa & respecter pour affeindre fee t.\tyscbfa recherchés,

- démanirer ['application du guide su travers d'un logiciel comvvial en ='appuyant sur des cas réels
d'antrepdt,

- fourmir des informations fechniques sur le projet Fumilog (objecfifs, contenu =t résultate aftendus),

- prégenter ez grandes lignes d'une méthode de calew! relative aux fiur thermigues en cowrs d'éizba-

rafion au seimn ou projet FHumilog.

Journee technique - 16 décembre 2008 - Tour Areva, la Défense

i
Oundum et dduede joumée - 1. Kruppa (CTICM)

- Mr Kruppa opened the presentations speaking albeuhéw approaches applied in fire safety and
the French regulations concerning fire safety ofelvauses (Mr Diey who was supposed to give
this presentation was unable to attend the semirfdrg following presentations were held
according the program given in the flyer.
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- An USB key including all technical documents andgantations of the FS+ project as well as the
software was distributed to the participants. Egxéints received also a folder with printed
PowerPoint presentations.

6.3

Spain

- Spanish seminar has been organised in Madrid di2thef November 2008

=]
3

1 Emlok

s A,

-

ONISIO BOSYIDOTO00LANAOINYININYIDDY l)':l»"*“-i -

= [ ueE N B

o=~

[abein T

Marco Reglamentario y
Metodologias de Disefio

Wiadrid; 12 de novie mbré e 2008

ido técnico do la jomada estard basado en el trabajo desarrold

vestigacién en materia de seguridad ante incendio:

P

Las autoridades de contral

Lo aus antrol frente al disefio prestacional”

D. José Carfos Péry

Mr. Paul Janking. Grop Manage: Fu Ergrmsring Gaop. Land:

Pausa. Cafe

Ingenieria de seguridad ante incendic en Difisek+ y Fs+

Edificios industriales [FS+)

Otras Edificios (Diflasks)
Coloquio (cen tedos los penentes)

Clausura

DIFfISEK

- Considering that the target, objectives and subjectre similar for this project as well as for
DIFISEK+ (RFS-CT-2007-00030), it was decided to elep an unique seminar with a wider
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scope, to reach a bigger impact in the Spanishteat®n agents (constructors, engineering
offices, authorities...)

143 participants attended the seminar
Invitation and the agenda of the meeting is preskah the pictures below

During the seminar participants received all thespntations and documentations on the CD
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7 Summary and Conclusion

The project has been very important for the coetitya especially steel construction market. It teas
be remembered that the industrial halls creatediderable market for steel.

Thanks to the research the engineers and steédidns obtained a tool enabling them to arguetgafe
of their designs for industrial halls. Also, invelwment of firemen and authorities in the seminacsda
significant impact on their understanding of theenal.

Number of participants of the seminars indicatesarty an importance of the subject for the
construction. Fire was always considered an issuatéel structures. And this project clearly showe
that this issue that can be easily overcome andnthestrial halls made of steel comply with thesfir
safety regulations. Good knowledge and understgndinthe structural behaviour developed in the
previous research project had been successfullymeonicated to the designers, fabricators, authsritie
and fireman.
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1 Introduction

This design guide is a response of the steel inglust the new fire safety regulations introduced
recently in many European countries.

As a result of extensive research works, financgdRF-CS project [6], the methodology and

recommendations for design of single storey indaishalls were developed. The results are derived
from numerical and parametric study performed fortgd and lattice frames on number of various
height and spans of the structures. The 1SO fireechas been used for the simulations.

Design beyond the scope of analysis will not beomamended unless treated as preliminary design,
which will be farther validated.

The sizes considered in the project are typicairfdustrial halls as listed:
= Length of a span for simple bay: 15m, 20m and 30m
= Length of a span for multiple bay: 20m, 30m and 40m
Height — simple bay: 5m, 7.5m and 12.5m
Height — multiple bay: 7.5m, 12.5m and 20m
Slope: 0° to 10°
Number of bays: 1, 3 and 5

U Ul

= Lattice beam: equal angles 50x50x5 till 120x120x12

The primary aim of the research work was to prdwa tn absence of passive fire protection the fire
safety of steel single storey industrial buildingjsufficient. By means of risk assessment and:ttral
simulation it has been shown that the safety ofipants and firemen is guaranteed by the following
criteria:

» criteria of “no collapse towards the outside”. In @se of fire occurring in one of the
building compartments, the structure does not collpse towards the outside of the
building.

> criteria of “no progressive collapse”. In case ofife occurring in one of the
building compartments, the localized failure of thecompartment does not lead to
the collapse of the adjacent compartments.

The objective of this design guide is to providgiaeering offices with simplified design rules and

calculation methods ensuring that the structurddab®sur (load-bearing structure, facade elements,
roofing and fire walls) of the industrial buildinfpllows the above criteria satisfying the safety

objectives for peoples (occupants and firemengims of structural behaviour.

41






ARl

2 Behaviour of structures in fire

The behaviour of multiple bay portal frame strueturin fire conditions can be divided in two
successive phases leading to different structaiahiours?

Figure 2.1 Heating condition

First phase corresponds to thermal expansion dfetiemembers. During this phase, the following
events are observed:

» a progressive increase of lateral displacements tands the outside of the fire
compartment at the top of the columns supporting tk roof structures;

» a progressive increase of internal forces (additical compressive force) in the heated
beams. These compressive forces are due to the &xestraint against thermal elongation
induced by the cold part of the structure;

Figure 2.2 Deformed shape during the expansion @has

The second phase corresponds to the collapse difetdted part of the structure. During this phase th
following observations are made:

» beam changes progressively from combined compressiand bending state to
simple tensile state;

» from the beginning of this phase, displacements #te compartment ends change
in direction: the top of external columns go backa initial state and finally move
towards the fire compartment;

! Note: A very important assumption in the behavianalyses presented hereafter is that the inteoiainns at
the position of fire walls remain at room temperatu
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» the heated beam behaves as a chain under signifi¢aansile force;

Figure 2.3 Deformed shape during the collapsingggha

> the lateral displacement at the top of unheated copartment edge columns and
the tensile force reach the maximum point and thedecrease slightly due to the
collapse of the heated beam;

» if the stiffness of the cold part is strong enoughin final phase, the heated structure
collapses inside the fire compartment. If the stregth of the cold part is strong
enough, the cold part remains standing, without futher collapse.

Figure 2.4 Deformed shape at he end of the coltapphase
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3 Field of application

3.1  What the guide does not do

This design guide does not:

explain how to calculate fire resistance of structes;
define fire resistance requested by regulations;
explain how to calculate stability of cold structue;

YV V VYV V

show how to design facades or fire walls.

3.2  What the guide does do

This design guide does illustrate possible failm@des of industrial halls that have to be avoided a
proposes some methods to avoid these failure matesfailures discussed are as follow:

> collapse of a structure towards the outside;

» collapse of facades and fire walls towards the oltie;

Risk of

ESN
collapse /«\\\
W
R

Figure 3-1 Risk of collapse of facade elements tde/éhe outside during the
expansion phase

> collapse of adjacent cold structures — progressivellapse.

Figure 3-2 Risk of progressive collapse of the lbadring structure

3.3  Structure and compartmentalisation of storage builihgs
The present document applies to storage buildiatisfging the following conditions:

» storage buildings with steel structure; either in g2el portal frames with cross
section in standard H or | hot rolled profiles or equivalent welded plate girders, or
steel frames based on lattice beams with columns standard H or | hot rolled
profiles or equivalent welded plate girders;

» storage buildings divided in one or several celleparated one from each other by
fire walls. These walls can be either perpendiculao the steel portal frames or
parallel to the steel portal frames.
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Figure 3-3 Fire wall perpendicular to portal frame

Figure 3-4 Fire wall parallel to portal frame
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Recommendations proposed in Section 5 of the prekmument can be applied to any type of fire
wall, such as walls made of lightweight concregéinfiorced concrete, hollow block, steel sheetinthwi
insulator, plasterboard, bricks, or built with asther material.

3.4  Fire walls and facade elements

However, the fire walls must be sufficiently flebébor fixed in a suitable way to remain compatible
with the lateral displacements of the steel frarmwmder fire condition.

Use of facade elements is not limited for storagiédings. Nevertheless, whatever the type of fagade
its structural adequacy, its integrity and its catitglity with respect to the movement of the steel
framework must be ensured. In this way, the eleseiit fail with the framework towards the insidé o
the building in case of collapse.

The utilisation of self-stable facades is not resmnded because, as a consequence of thermal bowing
effects, they always move towards the outside. &Hagades will be used only if their behaviour is
evaluated by advanced calculation model taking atoount second order effects, or if their load-
bearing structure is located outside, and thuscserfitly protected against heating to remain stable

In addition, during the expansion phase the strectooves towards the outside although it may not
collapse at that stage. Consequently, facade etsnmust be capable of absorbing this movement.
Afterwards, the structure moves in opposite dicgcind falls down towards the inside (see Sectjon 2

The facade elements must be attached to the dteetuse in a way that they fall down together

towards the inside of the building.
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4 Design method

4.1  Means of checking
» Collapse toward the outside:

Assessment of possible collapse of the structwaris the outside of the fire compartment.

» Tensile force:

Calculation of tensile forces that appear at tipedbcold part of the portal frame as a resultigd in
the adjacent compartment. The forces enable stabliieck of the remaining cold structure.

61,max Fvézmax

Case of n heated spans

a) Fire compartment at the end of the storage imgjld

/ /n
Case of n heated spans HI

b) Fire compartment at the middle of the storaghlimg

Figure 4-1 Maximum displacements and forces trattethio cold parts of the structure

» Lateral displacements:

Calculation of maximum lateral displacements thgtear at the top of the heated part of the franee as
result of the thermal expansion of the beams in fire compartment. The maximum lateral
displacement is used to assess the stability dirdevalls and facades.
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K, is the lateral stiffness of the steel frameworkhef cold part of the structure.

A=
i
~

v
A

(1 fn

K, is the lateral stiffness of the steel frameworkhef fire compartment compartment

a) Fire compartment at one end of the storage ibgild

01 02
Ku -] | =~ K2
NN AT
) /1 > /n >

K, and K, are the equivalent lateral stiffness of the stegheworks of cold parts of the structure

b) Fire compartment in the middle of the storagiéding

Figure 4-2 Lateral displacements of the structuveinny expansion phase

4.2 Cases

4.2.1 Single bay

> Collapse towards the outside:
The collapse towards the outside of the compartisesntoided if Equation 4-1 is fulfilled:

h/1<0.4 Equation 4-1
where
h—is the height of the columr
| —is the span of the beam L ¢
h

> Tensile force:

Not applicable /

> Lateral displacement:

o0 =0.5% Equation 4-2
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4.2.2 Multiple bays — fire wall perpendicular to the mainframes — portal and lattice frames

» Collapse towardsthe outside:

Never occurs [6] for buildings up to 20m of height

» Tensile force:
Step 1 — Coefficient related to the slope of thef rg,

= Portal frame

1.19 for 0% slope
c, =¢1.16 for 5% slope Equation 4-3
1.10 for 10% slope

= Lattice frame

c, =145 Equation 4-4

Step 2 — Coefficient related to the number of hebateys n in the fire compartment

= Portal frame

1.0 in themiddleof the frame

1.0 attheendof the frame _
, , for n>2 (morethan onebayunder flre)
2.0 inthemiddleof the frame

0.5 attheendof the frame
} for nzl(onebayunder fire)

neff

Equation 4-5

= Lattice frame

0.6 attheend of the frame ]
, , for n=1(onebay under fire)
1.0 in themiddleof the frame

1.0 attheendof the frame i
_ _ for n= 2 (morethan onebay under fire)
1.0 in themiddleof the frame

neff

Equation 4-6
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Example

Configuration of a storage building (portal fram&ypans and 3 compartments

v

3 fire scenarios need to be considered

Scenario 3: fire in cell 3, end of the frame, tvay® under fire n=2,4 =1.0

Figure 4-3 Possible fire scenarios in a storagelding with 3 compartments

Step 3 — Vertical logdy [N/m]
q=G+0.2S5 Equation 4-7
where

G —is the dead load

S —is the characteristic snow load in fire coratii

Step 4 — Tensile forc& [N] on top of the columns (Figure 4-1)
F=c,ngql Equation 4-8

where

| —is the span of on heated bay connected to tlienco

2 Note: The design value of the applied load infifeesituation “q” shall be calculated, if necesgaaccording to
load combination coefficients defined in corresgagadational annexes instead of using Equation 4-7.
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» Lateral displacement:
Stepl — Reduction factor related to the slope eftof ¢y,

= Portal frame

0.01 for 0% slope
C, =10.011 for 5% slope Equation 4-9
0.015 for 10% slope

= Lattice frame

¢, =0.009 Equation 4-10

Step 2 — Equivalent lateral stiffnelss [N/m] of the cold part of the steel frame

= If fire compartment is in the middle of the franwibustrated in Figure 4-8

K: andK; should be calculated by one of the classicalielastthods.
o, o,

K1 4,‘ K2

m =1 n=1 my, =2

Figure 4-4 Fire located in a cell at the middletbé storage hall

Notice:

For usual steel frames (constant range, even stahddeel profiles from one span to another),
equivalent lateral stiffness;Kan be calculated in an approximate way accordionghe cold span
number mi using the following relations:

For m=1:

K =k Equation 4-11

K, =ck Equation 4-12
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_ a  12E
1+2a (h+ f)?
C=1+ZI— 20’4-'1 Equation 4-13
= 2 1+2a
golht ot
I 0.6h

where (as indicated in Figure 4-4):

h —is the height of the columns [m]

f —is the ridging [m]

| —is the length of the span [m]

I, — is the second moment of area of the beam [m4]
I — is the second moment of area of the column [m4]

E — is the modulus of elasticity of steel for norreghperature [N/m2]

S

f

Ib
le h

>

m=2

Figure 4-5 Definition of parameters of cold parts

= If fire compartment is at the end of the frame

K, should be calculated as for fire in the middle parntment

K;, which is defined as the lateral stiffness of thteel frame of the heated fire
compartment, should be calculated as follows:

0.065k forn=1

0.013k forn=2 for portal frame

K,=10.013ck forn>2 Equation 4-14
02K, forn=1
03K, forn=2

} for lattece frame

wherek and c calculated from Equation 4-13 with= n - 1, hencen is the number of
heated bays as shown in Figure 4-6.
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n=1 my, =3

Figure 4-6 Fire in a compartment at the end of sk@rage building

Step 3 — Lateral displacement} in the expansion phase (Figure 4-2, 4-6)

K 4 .
?t Ch 21, for the lattice frame
i i=0
K, .

0 = ra Cen N at the end of portal frame Equation 4-15
%a, |
K Negr for the middle of portal frame

where

n - is a number of heated spans
- KK,

LK +K,
(Figure 4-6)

, with K, K, equivalent stiffness for the lateral displacemaritsteel frame

Step 4 — Maximum displacemedy,..; induced by tensile force at the top of columngiFé 4-1)

Onaxi = % Equation 4-16
where
F - is the tensile force calculated Fh=c, n gl Equation 4-8

4.2.3 Multiple bays — fire wall parallel to the main frames — portal and lattice frames

Risk of collapse towards the outside and progressillapse (between different fire compartments) ca
be avoided simply just complying with some recomdaions given in section 6.2.

4.3  How to use the values

The tensile force F calculated at the top of thiel é@me (Equation 4-8) should be used as additiona
horizontal load for stability check of the framenaning after the fire.

The stability check should be done with steel adergd at ambient temperature but in the fire sinat
according to national annex for Eurocode (adedloats: combination and coefficients).

The maximum lateral displacement calculated atapeof the remaining cold frame should be used to
check stability of the fire wall and facade elenseethod for this verification depends on the tgpe
the wall, connections to the frame etc. and theesitds not included in this design guide.
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5 Software “LUCA”

51 Introduction

The objective of the software LUCA is to simplityet works of the different engineering offices while
applying calculation method presented in this Desglide.

With this simple tool, the integrity verificatiorf the single storey building in case of fire is plified.

n Fus Bl

Welcome to the FS+ Project

[

5.2  Description, Input & Output

The Software is delivered in three languages (Spairench & English). But the whole Program FS+
has been implemented to give the capability tosuserranslate it easily into another language. The
user, who wants to work with the program writteraimother language than the one previously given,
will just have to translate a series of words agrtances in a file that will be given with the sate.

The launch window is configured to propose the ob@f languages (English, Spanish and French).
Once the language is selected from the drop downunal the following comments are in this
language and the second window appears.

This window contains the applicability conditionsdathe description of how to treat the results give
by the software.

On the third window the user must select betweendifferent types of frames (simple frame, frames
with cross section in H or | hot rolled profilesdainames with lattice beams and columns in H or 1).

Once this choice made, another window appearsdistata that is necessary for the calculations and
has to be specified by the user. For example, see lnas to give the type of profile of the beand an
columns, the length and height of the frames, fgm siumber in the fire compartment and in the cold
part, the position of the fire compartment, theitas of the fire wall (parallel or perpendicular the
frame), the total design value of the load in thef (fire situation), etc.
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Once this information is provided, a button callblégxt’ appears at the bottom of the page. If this
button is ‘clicked’, another page appears withtladl calculation results (displacement in the exjoens

phase, displacements in the collapse phase, téosikes on the top of the columns, etc.).

All these results are illustrated with schematitynies for an easier understanding and controat.d

Reports

5.3
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By clicking on a button ‘Print’ the software willpduce document in pdf format. The document will
contain a report of the calculation performed. Eb&ware will identify a ‘pdfwritter’ to produce ¢h
report in electronic form or if the user’s computieies not have the ‘pdfwritter’ it will directly iot the
report on the default printer. This document wilhl together the data that has been implemenited, t
intermediate results used for the final calculaidhe final results and a summary of the equatisesl
for the calculations.

The summary of this Design Guide can also be opettty by a ‘click’ on a button called ‘see the
equations of the calculations’.

54 Screen shots from the software

™ Simple frame

T

™ Frames with cross section in H or | hot rolled profiles
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~ Frames with lattice beams and columns in H or |
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Fire Bafety of Industrial Hall
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= FS+
A’JPUf data REQort '!-'ﬁ-a‘"»-.w- -

Frames with |attice beams and columns in H or|
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6 Design recommendation

Additional design recommendations must be put pméxtice to allow the collapse of the steel strectu
under fire condition on either side of the fire lWwaithout causing any damage to the fire wall.

6.1 Fire walls

Recommendations proposed hereafter can be appliadyt type of fire wall, such as in lightweight
concrete, reinforced concrete, hollow block, swedeting with insulator, plasterboard, bricks, oiltb
with any other material. However, fire wall mustfbeed in a suitable way to remain compatible with
the lateral displacements of the steel framewodeufire condition.

6.1.1 Attachment of facade and partition elements to stéstructure

In order to prevent any failure of partition elerge(fire walls) and facade elements due to sigaific
lateral displacements of the steel structure, itésessary to ensure that these elements remadltysol
attached to the structure.

Facade element 3m Fire wall

Figure 6-1 Design detail for separation elements

A solution consists in fixing these elements whik tolumns of the load-bearing structure, by medns
suitable attachment systems uniformly distributkoh@ the building height, arranged on columns and
separated with a specific maximum depth. This maxrinvalue will be fixed by the manufacturer of
the walls, and it is recommended a maximum value3ofm for made on-site walls (concrete,
masonry...)

In addition, fastenings used to connect fire walid facade elements on the columns must be designed
to resist the forces produced due to wind andwelght of partition elements under the effect af th
lateral displacement induced by the steel framthefstorage building. If these fastenings are éelst
and unprotected against fire, each of them mustidsigned at ambient temperature to support the
following extracting force:

F=W+5pdd/n Equation 6-1
where

W — is the characteristic wind load used for thegteat ambient temperature and applied
to each fastening

p — is the self-weight of the wall
d — is the spacing between frame

n — is the total number of fastening (uniformly distited along the height)

O — is the lateral displacement by the steel strectur
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The elements that could damage the walls (being oreerossing the walls) will remain stable with a
fire resistant rate at least equal than the wallshift away the plastic hinges from the wallsefiéfore
fire protection has to be applied to some parheflieam and columns:

6.1.2 Steel structures near separation elements

» Thickness of fire protection applied to columns andeams can be simply
calculated assuming a steel section exposed on fdaces, for a standard fire
exposure of one hour and a heating limited to 500°C

> Thickness of fire protection applied to lattice beara can be calculated assuming: a
steel section exposed on four faces for bottom chus, vertical members and
diagonals and three faces for top chords, for a stalard fire exposure of one hour
and a heating limited to 500°C.

6.1.3 Roof system above the separation elements
The roof shall be independent from one compartreetite others.

fireproof material = 2x2.50m )
< > roofing
Roofing part between purlins
LR R T ::::::m::::::m:::::::“‘: 4__purlln
I
tbeam

< Fire wall

Column

Fire protection

Figure 6-2 Protection of the roof

» Purlins on both sides of the fire wall;

» Stop the roof on both sides of the fire wall.

» Roof with fireproof material, over a width of 2.50m on each side of the wall;
> Other possibility is to allow the wall exceed theaof up to a specific distance

6.2  Fire walls perpendicular to steel frames
General recommendation regarding fire protectiocodfimns, beams and purlins:
» COLUMS that are into or near a wall must be alwaysife protected.

» BEAMS that cross walls must be protected over a spiic distance from the wall.
In case of portal frames this minimal length shouldbe 200mm, and for lattice
structures a minimal length equal to the distanceeparating the wall with the first
vertical member.

» PURLINS never cross the walls so it is not necesgato be fire protected.
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6.2.1 Fire wall inserted between the flanges of the colum

Fire wall

Steel column

purlins Fire _
—\, protection I Lattice beam
T Cross ~. Il ./
beam 2174
«t—rHire wall Fire wall

colum Column:

Fire . protection

protection

a) b,

Figure 6-3Fire protection required for near thediwall inserted between the flanges of the column
a) portal frame b) lattice frame

Apart from the column the lattice steel structumear fire wall must be protected over a minimagtén
equal to the distance separating the wall withfits¢ vertical member for lattice frame to avoiceth
possible disorder induced by the failure of thédatbeam near to the fire wall

6.2.2 Fire wall fixed to one flange of the column

Fire wall

Steel column

If the fire wall is built beside one flange of colas, to prevent wall damage caused by the collepse
the beam adjacent to the fire wall, a fire protaciinust be applied to the beam:

» over a minimal length of 200 mm beyond the wall edgfor portal steel frame

» over a minimal length equal to the distance separatg the wall with the first
vertical member for lattice frame
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>200 mm Purlins

Fire — >
' — Lattice beam g5 Cross
protection —[ﬁ beam
Lo Fie/
protection _Flr?ect_
—Fire Fire nall —L» protection
Column R protection column
a) b)

Figure 6-4 Fire protection required for beams arawnns near fire wall fixed to one flange of the
column a) lattice frame b) portal frame
6.3  Fire Walls Parallel To Steel Frames

» COLUMS that are into or near a wall must be alwaysife

» BEAMS that are into or near a wall must be always fie protected.

> PURLINS are going to cross the walls so it is necgwy to fire protect the
continuous purlins (over a distance of 200mm fromfte wall) or design a not
continuous purlins system.

6.3.1 Fire wall in the plan of steel frame

Fire wall

Steel column

In this situation the beam and the column has tiiregrotected.

purlin

Protected
beam

< Fire wall
Protected J
column

Figure 6-5 Fire protection for the column when fiwall is in the plane of the frame
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6.3.2 Fire wall attached to the steel frame

Fire wall
Steel column
Steel elements going across a fire wall shouldaffect the fire performance of the wall (stability,

thermal insulation qualities...). It is thus necegdarconsider design solutions so that the collagse
the roofing structure closest to the fire wall dgemitiate the failure of the wall.

. . >200 mm
purlin — purlin o= _
i | [ | purlin purlin
Rigidl support—s] | Protected . . ourer
element beam Fire protection
Protected
lattice beam
Fire vl PR g%en?fd Fire wall —— Protected
column
a) b

7

Figure 6-6 Design details for elements near firdlwa
In case of the portal frame the following recomneiahs are suggested:

» when the fire wall is inserted in the steel framewt, rigid steel elements fixed on
the beams should be inserted through the wall to gport the purlins;

» in case of continuous purlins, a fire protection shuld be applied to purlins on both sides
of the wall, over a minimal length of 200 mm beyonthe wall.

In case of lattice frame the recommendations dleving:
» protection of purlins and counters near the wall oer a minimal length

corresponding to the distance from the wall to thgunction counter/ purlin when
the roof structure is made of purlins;

> application of fire protection to beams, located athe wall side, over a minimal
length corresponding to the distance from the walio the first vertical members of
the beam when the roof structure is made of latticbeams

6.3.3 Fire wall between two steel frames

corbeau

=Nn

counter
Fire wall
\Lattice beam
Steel column Fire wall
Column——» <+«—Column

Figure 6-7 Fire wall between two portal frames
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Lattice beams cannot allow inserting a continuowsdl wp to the roof, so a solution consists in
subdividing industrial building in two independesttuctures and inserts the fire wall between them.

6.4  Recommendations for bracing system

6.4.1 Fire walls perpendicular to steel frames

Requirement of no collapse towards outside alomgldimgitudinal direction (perpendicular to steel
frames) can be satisfied using appropriate brasysgems. Specifically, each compartment must have
its own bracing system. So, the following solutishsuld be adopted:

» use additional vertical bracing system on each sid# the fire wall. This bracing system
should be designed to support a lateral load takeas 20% of the normal wind load
(according to the load combination for the fire sitiation) calculated for a gable area “S”
limited to the width of only one span (S=Hhl);

» to double the bracing on both sides of fire wallsrao protect against fire the preceding
bracing systems.

M’i/ Fire wall

.114’,/“% ’\ ’ " - Building end
]
Bundingé g”’ l

& Bracing system for

normal temperature

Doubling of
bracing system W
|
Figure 6-8 Bracing systems at the longitudinal efithe storage building

Nevertheless, these bracing systems shall be ciigatth ambient temperature design; in a way that
they will not cause problems e.g. to expansioroiit]

6.4.2 Fire walls parallel to the steel frames

The bracing systems (vertical between columns ozbwtal on the roof) are generally located inside
the same compartment. When fire walls are paratiesteel frames, it is necessary to install an
additional bracing system (vertical and horizowtalthe roof) at each compartment, so that the psdia
of the steel structure of the heated cell doeslead to the instability of the whole building. Each
bracing system must be designed to support a hddkoniform load taken as:

F =119q¢ Equation 6-2

where
g=G+02S = Equation4-7

When the fire wall is mixed with the steel framésneents of bracing systems must be fixed to rigid
steel elements implemented to support the purlneach side of the wall.
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Figure 6-9 Bracing systems of storage buildings

6.5  Additional design recommendation for simple portalsteel frames

Parametric studies [6, 11, 12] performed with tdgamced numerical model SAFIR [5, 10] showed
that the collapse could occur towards the outsidée case of storage buildings with simple pasteél
frame in some conditions .

In such cases, the failure mode towards the outsasebe avoided by providing to the connections
between columns and foundation, as well as to e¢lsestance capacity of the foundation, an ultimate
resistance at ambient temperature. The resistdnoegdsbe such that the vertical loads correspontiing
the fire situation can be carried with an additidmending moment equal to 20 % of the ultimate tdas
moment of the column at ambient temperature.

Fire wall
simple portal steel frame

N\

simple portal steel frame

A--

L

Figure 6-10 Industrial buildings with simple portstieel frame
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1 Introduction

Since years, the fire resistance is one of the nmamdrances to the development of the steel
construction in multi-storey buildings. The newefiengineering methods issued from various recent
research projects have shown that it is possiblebtain fire safe steel structure without passive f
protection.

Between 1983 and 1990, many research works havedszhcated to optimise the behaviour of steel or
composite structure subjected to thermal loadslaintd the ones of tests in laboratories, i.e. the
standard fire curve also called 1ISO curve. Owinghiese research works, the steel structural element
can be assessed with a full range of tools fromltbd data up to sophisticated tools based orteFini
Element Method while the fire itself was defineddnty one curve as function of time.

More recently, the research works are focused mainlthe study of steel structural behaviour under
natural fire development since in this case, thaptrature field is not homogenous inside the
compartment and highly depends on different pararsetuch as fire loads, compartment boundaries
and its ventilation condition. Moreover, the stuwrel analysis is more and more considered in thpesc

of global behaviour rather than single member perémce. With this type of approach, the analysis
permits a much better understanding of what wallyeoccur during a fire as far as steel structukes
buildings are concerned because it provides tleebfhaviour much closer to reality. In consequence,
the outcome of all above works have brought the gafety engineering of steel structures to a rmew e
during which different advanced calculation toals @ombined together to predict the real behavidur
steel structures in fire. The application of thagganced tools becomes also more and more common
and leads already to some significant evolutiofiiref regulation toward much more consideration on
real risks that the occupants and fire brigade empunter during a fire.

On the basis of all above technical advancemers, deen carried out with RFCS funds a specific
research project [1] on the industrial halls. Trisject has deeply investigated the hidden resistan
steel structures provided by their 3D behaviour #redpossible consequence of some local failure in
fire situation. In the scope of this project, itakso clearly demonstrated with the help of advence
calculations using validated numerical models #teél structure, if designed appropriately, fultiie
safety requirements in case of fire which will beegp in terms of "non-progressive collapse™ andn'no
dangerous failure type". On the basis of a serigzacametric studies, several simple design rutes a
well as some key construction details are propg@see [2]) in order to help all engineers to desgfe
steel structures for single storey industrial boid.

Considering the important progress obtained in el@wject, a new RFCS project is initiated with the
objective of

= summarizing all obtained simple design rules andstraction details for single storey
industrial buildings in a design guide

= developing user-friendly software for more effidieapplication of simple design rules
given in design guide

= communicating through technical seminars all abdesign tools to engineers of several
European countries for their fire design of simgjlerey industrial buildings

However, the application of these design rulesnofteeds the approval of corresponding authorities
who in turn would like to understand the scientifasis of proposed design methods in order touglet f
confidence of them. In addition, a lot of expems @ngineers are interested in knowing the backgrou
of these design methods for extended applicatidherh. Therefore, this document is with the purpose
of

= giving a survey of real fire cases

= providing a summary of several European natiorglirements in fire regulation
= explaining in detail the mechanical basis of sing#sign rules

= showing the validity of simple design rules witlspect to advanced calculations
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2 Survey of Real Fires in Industrial Halls

2.1  Charleroi (Belgium)

This building was a 6000 m2 storage hall settledCharleroi (Belgium). One part of this hall was
composed of a prestressed concrete structure atldesipart was composed of steel structure.

The fire load in this industrial hall was big (iew a factory of clothes recycling). A big part losthall
was devoted to the storage of Textile bundles.

Figure 2-1 Prestressed concrete structure falle|$ o
OUTSIDE (above) and steel structure fallen INSIC,

(right)

The particularity of this structure is the diffetenaterials used to compose it (Prestressed cenaret
steel) and the difference of comportment of thas#spof structure during the fire.

As you will see in the following figures, the sttue in prestressed concrete falls OUTSIDE the
compartment in fire while the steel structure fiNSIDE the compartment in fire.
2.2 Industrial hall (Spain)

This industrial hall was used for the storage otdmne. This warehouse has not reached the total
collapse.

Figure 2-2 After fire, partial collapse
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Partial collapse shown in the Figure 2-3 has beewlated numerically. The results are presented
below. A similar behaviour of the roof and latestucture is observed in both images, which inégat
correct application of the software for predictumfithis kind of behaviour.

It must be highlighted that lateral collapse hasnberoduced inwards not affecting outside.

Figure 2-3 Partial collapse and simulation

2.3  Logs Santos Warehouse (Spain)

Figure 2-4 Photography of the fire
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Figure 2-5 Fire scheme made by the Fire Brigade
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This fire took place on 18th May 2001 in a warelwwo$ the firm FAGOR that belongs to MCC,
located in Vitoria in the northern part of Spain

The warehouse had two storage zones, one office, zodressing room, one custom and the room for
the switchboards of alarms. In the east facadadtfbur exits and in the west facade had one exit a
three doors for loading and unloading the lorries.

In terms of damages the A pavilion collapsed coiehtewhile the beams of pavilion B did not reach
the collapse stage. All the installations were cletagy destroyed in both pavilions and stored pobsiu
were destroyed.

2.4 Industrial building (France 2007)

The storage building consists of several cells for
various storage activities. The cell destroyeditg/it a
steel framed structure and in flammable liquid ager
activities. It is separated from the surroundintisciey
firewalls equipped with sliding fire door. The causf
fire was most likely of electrical origin. As it mabe
seen in the following photos, the steel structuas h
fallen inside the cell during the fire and did ratuse
any damage to the juxtaposed structure. Excepe litt
and non structural damage, the fire wall was inganct
there wasn’t any significant heat transfer to nbair
cells.

Cell
by fire

In addition, all fagcades of the cell in fire hadlapsed
together with steel frame toward inside of building
constituting a safe failure mode for fire brigadghfing
against the fire.

Figure 2-6 Layout of the building

a) Damaged building after the fire b) Collapsehef structure inside the cell

c¢) Firewall not damaged by the fire d) Structure camponents after the fire

Figure 2-7 The storage hall damaged in fire
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The storage building is composed of four partshelsve in Figure 2-8. The building consists of steel
frameworks with unprotected steel columns anddattieams. Facade elements are panels with double
steel cladding containing fire insulating materRrtition walls between the two storage cells a8 w

as the delivery cells are made with masonry blddse steel structure close to partition walls is
embedded in walls and openings are not closed adatrs. Separation between the small storage cell
and the office building is ensured by a partitioallin masonry blocks with a door without any fire
resistance.

2.5  Steel industrial building in France

Only 10 minutes after the fire was discovered the lfrigade arrived. They observed large quantity o
smoke, which quickly filled in the whole building @he storage products were primarily paperboards
and paper with 99% and plastics with 1%.

L 76.5m L 42.4m m
< > J‘ﬁ
Small Storage area X
475 m Office area
Large Storage area

Delivery area

Figure 2-8 Layout of the storage building and
development of fire (right)

The firemen observed important chimney effects aodfronted to a violent flashover of smokes.
Although the building was equipped with automatitirgguishing system, sprinklers didn’t function or
badly functioned and in consequence are not capbdéopping the fire at the beginning preventing
therefore the generalized flashover.

After the fire (Figure 2-9), the large storage amlllapses entirely and the small storage cell aibes
reach the collapse. Only the external facings efsimallest cell remain stable. This is primarilyeda
the efforts of the firemen to protect the admirisie building which was not touched by the firdl A
storage products were destroyed in both cellsirbyof water.

Collapse of the large storage cell towards ti@ollapse of the lattice beams of the large
inside of the building storage cell

Figure 2-9 Collapse of the storage building
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3 Fire Safety Regulations for Industrial Halls

3.1 Belgium
Summary of the Belgian regulations for industriaildings

The aim of the regulations is to prevent the beigignthe development and the propagation of a fire,
ensure the safety of the users and facilitaterttegviention of firemen.

The industrial buildings (IB) are sorted in thréasses according to the characteristic fire loatsity
(Class A< 350 MJ/mz2, Class B, and Class C > 900 MJ/mz2,

The general stability of the hall and the influerased interaction between the elements have to be
considered taking into account the elongations detbrmations produced by the increase of
temperature (second order effects).

A distinction is made between two types of elements

type 1: Element which, in case of collapse will leadatprogressive collapse that is not limited to the
compartment where this element is located or toadg® on the walls of this compartment.

type 2 : Element which, in case of collapse lead to agmssive collapse that is limited to the
compartment.

The requirement for type 1 elements is R60 forschasind R120 for classes B and C.
The requirement for type 2 elements is based ordhévalent time as defined in EN 1991-1-2.

The requirement for separating walls is El 60 ftasS A and EI 120 for Class B. Doors must be EI60
and be equipped with an automatic closing system.

Recommendations are given for connections betweerdmpartment walls and the roof and between
the compartment walls and the facades. The outgidls and the compartment walls must be designed
in such a way thahe risk of collapse toward the outside is limited

The surface of the compartment éannot lead to a total design fire load highentB@00 GJ without
sprinklers and 34200 GJ with sprinklers. A oneestdB is deemed to satisfy the requirements;ifiA
lower than the values presented in the followirgea

Fire resistance of structural elements
Without sprinklers With sprinklers
Class. of the hall no determinedR 30 or more no determingdR 30 or more
R R
A 25 000 25 000 150 000 150 000
B 5000 (*) 10 000 40 000 60 000
C 2 000(*) 5 000 7 000(*) 30 000
Storage class C 5 000(*) 5 000(*) 12 500(*) 30 0DO(

(*) The surface of a one storey IB compartment loarincreased by 60% if this hall has an improved
accessibility.

The fire radiation to the neighbouring buildingsweat be higher than 15 kW/m2. Deemed to satisfy
distance are given in the following table

Fire resistance of the facade % of openings Distane [m]
El (i—0) 60 0% 0
0% < % openings < 10% 4
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10%< % openings < 15% 8

15%< % openings < 20% 12
>20% 9% openings 16
No determined resistance 16

("i" means inside and "o"means outside)

Other rules take into account that both buildingsa@n the same piece of land or not, the heiglh®f
highest facade, the eventual presence of sprimidgallations.

The 1B must be equipped with an automatic fire cide installation (manual alarm is sufficient for
Class A buildings with Anot higher than 2000 m?2)

Smoke and heat extraction is required except iridi@wing cases:

- Class A with A <10 000 m? or Class B withyA 500 m>.

- Compartments equipped with an automatic suppressstallation (Sprinklers).
Every fire start has to be signalled to the fireraervice.

The control functioning and the command of thevaciistallation must be executed in a central abntr
room (El 60 wall).

A primary water supply has to exist near the baidior the firemen.

3.2 France

3.2.1 Covered warehouses (storage of materials, productsr combustible substances in
guantities exceeding 500 tons)
Classification

If V is warehouse’s volume then:

V > 50000 m

Authorization

5000 M<V <50 000 m

declaration

V <5000 ni

not classified

Requirement

The boundary walls of the warehouse or structul@ients in case of an open warehouse must be
located at a minimum distance of 20 m from themeter of the establishment.

Fire-fighters must have access to all exits ofitechouse by a path of 1.40 m wide at least.
The automatic fire detection in cells with storéigenssmission of the alarm to the operator is reglir

With respect to structural fire resistance requestmof these storage buildings, it is summarized in
following tables.

Height S <3000 m? 3000 m2 < S < 6000 m? S > 6000 m
H<125m RO RO + sprinklers RO + Sprinklers + FSE
R60 or R60 + Sprinklers or R60+Sprinklers+FSE or
H>125m
Sprinklers + FSE Sprinklers + FSE Sprinklers + FSE
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Separating walls

-REI 120 minimum

-All elements ensure a equivalent REI level

-The door between cells must be REI 120 with autmnséut-off.

-Separating walls must be at least 1 m from roof.

-If the exterior walls do not have a degree REItB@, walls separating these cells are extended
sideways to the exterior walls over a width of 10m0.50 m protruding from the front in the
continuity of the wall.

The Fire Safety Engineering Study (FSE) must beéezhiout to demonstrate that the collapse of one
cell does not create the chain collapse of the @ballding and when building collapses in firestiall

not collapse toward outside. Moreover this studystmehow that all the staff has enough time to
evacuate from the building before the collapse mcu

3.2.2 Storage of polymers, pneumatic and products of whh at least 50% of the total mass unit
is composed of polymers [plastics, rubber, synthetiresins and adhesives]
Classification

If V is storage’s volume then:

V <100 nd 100 <V < 1000 n V >1000 ni

not classified declaration Authorization

Requirement

The boundary walls of the structural elements rbestocated at a minimum distance of 15 m from the
perimeter of the establishment or 10 m if the ekquipped with a sprinkler system or the external
wall is REI 120 exceeding at least 1 m of roof &rislm laterally and of which doors have a firermgti
REI of 60 minutes, equipped with a closed-door.

Regarding other elements, the requirement is:

Floor Separating walls External walls
up to REI 60 REI 120, door REI 60 R 30

3.3  Luxembourg

The safety regulation in Luxembourg is called Cordoitncommodo described in a prescriptive law of
10 June 1999. It replaces the previous law of 18@@ was introduced for adapting reasons. It is
enforced by the Ministry of Employment [13].

No fire resistance requirement is defined for indakbuildings.

3.4  Spain

Due to the law 2267/2004 of 3 December 2004 ,case of industrial buildings (industries in gead
and industrial storages) and any type of storagieibg with a fire load bigger than 3.000.000 Mdet
regulation having jurisdiction is the “Fire Saféggulation for Industrial buildings” called RSIEI.

This regulation can be accomplished in two différeays:
- Fulfilling the prescriptive requirements of the EStode.

- With equivalent safety techniques, based on wedvikn rules and regulations, properly
described by the designers and approved by thediythaving jurisdiction.

81



Buildings are classified according to:
- Fire risk depending on the industrial activity eagrout:
- Low risk buildings: fire load < 850 MJ/’m
- Medium risk activities: fire load < 3400 MJm
- High risk activities: fire load bigger than 3400 M3

Building typology: proximity of other occupanciesitmin the same building or in neighbouring
buildings:

- Type A: industrial occupancy in a building shareithvother industrial occupancies or even
not industrial ones

- Type B: industrial occupancies taking up a wholéding detached less than 3 metres from
any other one

- Type C: industrial hall occupied completely by ameupancy and detached more than 3
metres from other buildings

- Types D and E: occupancies covered by open stegtuithout walls.

In function of this classification, the prescrigivequirements are established in terms of strailctur
stability, compartment size and fire walls, distséor the evacuation of people...

o Type A Type B Type C
Fire risk
Basement | Storey Basement Storey Basement  Storey
R60 R30
R90
Low R120 R90 R15* R60 RO*
R60**
RO** RO**
R90 R60
Medium Not allowed R120 R120 R30* R90 R15*
R15** RO**
R90
R120
] R30*
High Not allowed Not allowed R180 R60* R120 R15H
R30**
RO***

* If the roof is light (<100kg/m?) and the cafise of the structure does not endanger otheritgdéd
or damage the compartmentation (smoke control sysaecessary if the fire risk is medium or high)

**  Single storey buildings fitted with sprinkleand smoke control system
***  Single storey C buildings detached at leaBtrieters from other buildings
Table 3.1 : Structural fire resistance requiremémtsingle storey building in Spain

For general buildings, the requirements given ibl@&8.1 are demanded for structural fire resistance
Some reductions are allowed in case of light r@ofsto 100 kg/rf) for buildings B and C for structural
stability of the supporting structures of the roafso reductions are allowed for sprinkled hallsidA
finally, all single storey C buildings detachedl@ast 10 meters from other buildings, no stability
requirement is demanded.
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4 Numerical Simulations

4.1 Software verification

Software applied to simulate structural behaviduthe building in fire has to cover the 3D struetiur
behaviour including membrane and restrained effastsvell as the failure mode so that post-local
failure stage can be analysed. Such calculationeleddNSYS [9], ABAQUS and SAFIR [14]) have
been compared true a benchmark. In this benchrivaokdifferent users used ABAQUS.

4.1.1 Benchmark definition
This benchmark is based on the following structure:

vl =4700 N/m
v ¥ ¥ ¥V v ¥ ¥ ¥V Y Y ¥ Y Y Y Y Y YV Y Y Y YV YV Y YV VYV

0.5m h1 = 1300 N/m
Sm IPE 500 (S355) IPE 450 (S355) g

20m 20m

Figure 4-1 Benchmark 2D portal frame

» the material laws for thermal and mechanical propeties come from the EC3 Fire parts
[18];
» for the mechanical properties, the strain hardenings not considered;
» all the profiles will be assumed class 1 section daog the fire;
» for the calculation of the temperature in the steglan ISO fire curve is considered [19];
» for the thermal transfer, convection and radiationhave been considered true the following
parameters:
a=25 W/m*K .
Equation 4-1
=05

» no shadow effect has been taken into account.

The simple calculation method of EC3 [6] is use@vtaluate the temperature curves of steel members
(IPE 450, IPE 500). This lead to a uniform disttézitemperature in the cross sections.

The study is composed of 4 parts as presentedyiré-u-2:

a double frame in 2 dimension ‘a double frame in 3 iohensions partially

1aintained in the third dimension
e

83



ARl

a full study in 3 dimensions with more than ¢aefull study in 3 dimensions with more than one
double frame double frame and hot purlins

Figure 4-2 lllustration of the analysed models.

Unfortunately, the statistical finite element cadtion stops before the real failure of the strueteven
for 2D analysis of single frame.

In order to avoid this numerical interruption, thessibility to perform a dynamic analysis of the
structure has been studied with the different saién[10]. Dynamic approach has been applied to the
full 3D calculation.

4.1.2 Results in 3 dimensions for one frame

The same frame has been analysed in 2D and in 3a@ldying the out-of-plane displacements. The
frame is hinged frame with additional fixations addn the third dimension. In reality the restraams
provided by purlins (the 11 fixations in the thdulection are shown in Figure 4-3).

The only initial deformation is in the frame plak¥ according to the Y axis as shown in Figure 4-3.
The maximum value is L/1000 = 0.01 m. There ismtal deformation for the columns.

Z

Figure 4-3 lllustration of the fixed points in thi@rd dimension and a scheme of the initial
deformations

» Evolution of the horizontal and the vertical displacements:

Evolution of the displacements in respect to timécwalated using different software is presented in
Figure 4-4. The displacements are measured in d@dew® “d”. As it is marked on the image below,
the node 4" is located at 1/4 of the length of the first bearhich is heated (marked red):

Horizontal displacement Node a

00
U0

1900

\ Evaviv)
faYaYal

OO0

H
\ 800

Time [sec]

-0.25 -0.20 -0.15 -0.10 -0.05
Displacement [m]

—— Safir — Abaqus Labein =——Ansys —— Abaqus Corus
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Vertical displacement Node b . .
Horizontal displacement Node ¢

0.05
/-—\ 1200y
0.00 ‘ ‘ ‘ ‘ ‘ 003
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0.01 200 400 600 800 1000 1200
Time [sec]

Figure 4-4 Displacement analysis of the 2D portahie in space

The collapse of the structure occurs some minugésréd the 2D analysis due to the lateral bucklihg o
the beam under fire.

» Evolution of the normal force with respect to the ime:

Beam Axial force
o m
< 40000 / \
35000
30000
/ A
25000

Force [N]

—— Safir — Abaqus Labein =——Ansys —— Abaqus Corus 0 200 400 600 800 1000 1200

Time [sec]

Figure 4-5 Axial force evolution

As marked in the Figure 4-5 the axial force is miead at the connection between the central column
and the beam under fire and the connection oféh&al column and the “cold” beam.

The axial forces applied on the cold part of thectture have the same order of magnitude as the 2D
analysis.

> Deformation of the structure:

Displacernent araplification = 10 %

Figure 4-6 Spatial deformation of
the frame
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The deformation of the structure illustrated inUfigy4-6 is amplified 10 times.

4.1.3 Results of the full 3 dimensional analysis - for nre than one frame

The frame analysed independently in the previogi®es is now included in a full 3D structure with
other parallel frames connected to the first onglifins. As in the precedent cases, the only aéntr
left frame is heated - marked red in Figure 4-7.

.(.o-ox""'( (-....( - ‘A"°'( oo 0(-... v

Ao /--" . / .K-- . :F

I,/],. i (F PLRe (F |

Figure 4-7 3D structure with multiple frames witlarked single heated frame

/....’.---V' CePrececy0n LAAAE R XY ) 00.1

The initial deformations applied to the central ldieuframe only and they are the same as for thgesin
bay analysed earlier.

The 3 displacements are the same for the purlid§arthe beam in the connecting nodes.

For the rotation, the rotation around the Z ax@saxis is directed along the purlins) is the saorettie
beam and for the purlins because the purlins asalfby 2 bolts on the beam. But the rotation around
the X axis, Y axis and the warping are free betwerpurlins and the beam.

The structure is maintained in several points toutite the presence of wind bracing and a load is
applied to each purlin simulating a real load amgtructure.
4.2  Numerical investigation of simple and multi-bay potal and lattice frame structures

The mechanical behaviour of simple and multi-bayrfed structure under standard fire exposure has
been investigated with a parametric study in whiitferent main parameters affecting the performance
of this type of steel structures were taken intooaot, such aspan of frames, height of columns,
number of spans, fire location, position of fire wis, etc.

4.2.1 Characteristic of the structures

All the analysed systems were built from the saype tof hot-rolled profiles with the same type of
connections as follows:

» steel grade S235 was used for the frame systems;
» steel columns are hinged or semi rigid at bottoms;
» connections between beams and columns are rigid;
>

columns are | or H hot rolled steel sections.

Additionally for the lattice frame structures tl@ldéwing feature are considered:

» lattice beams (top and bottom chord member and diamnals) are built from two equal leg
angles back to back or crossed;

» equal leg angles are ranging from 50x50x5mm to 12020x12mm according to beam span
and column height. The depth of lattice beams is 2m
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» connections between lattice members (chords and djanals) and connections between
lattice beams and columns are rigid.

4.2.2 Assumptions of numerical modelling for analysis ofhe portal frames

The simulations of the mechanical behaviour of cétmal steel frames exposed to fire with the
computer code SAFIR and ABAQUS have been condugtet) the following rules and assumptions:

» 2D numerical model was studied in a three dimensiah space;
dynamic simulations have been performed;
steel columns and beams are modelled using beamifnelement;

YV V V

loads applied on the building roof and on the colums are uniformly distributed, Figure
4-8,;

Figure 4-8 Out of plane imperfection

Diamond 2004 for SAFIR

FILE: QFI20-7,5-8
NODES: 305
BEAMS: 150
TRUSSES: 0
SHELLS: 0
SOILS: 0

BEAMS PLOT

POINT LOADS PLOT
DISTRIBUTED LOADS PLOT

I PE400HOT.TEM
[ 1PE400COLD.TE
[ pieds.tem

z

A

Figure 4-9 Loading conditions of steel frames

» global out of plane imperfection was applied to thenodel (see Figure 4-8);
» no residual stresses taken into account;
» the mechanical materials properties according to EG Part 1.2;

87



ARl

» restrained lateral displacement of several pointstgosition of purlins (see Figure 4-10).

Diamond 2004 for SAFIR

FILE: QFI20-7,5-6
NODES:301
BEAMS: 148
TRUSSES: 0
SHELLS: 0
SOILS: 0

BEAMS PLOT
IMPOSED DOF PLOT

[ 1PE400COLD teny
[ IPE360COLD ten)
I (PE360HOT.tem
I 'PE400HOT.tem

Figure 4-10 Boundary conditions of steel frames

4.2.3 Assumptions of numerical modelling for the latticeframes

The simulations of the mechanical behaviour of cdtmal steel frames exposed to fire with the
computer code ANSYS [9] have been conducted usiaddilowing assumptions:

» simulations have been performed under static and dhamic procedure;

» steel columns and lattice beams are modelled witinfte element beam as shown in Figure
4-11;

Diagonals

Top chord
member

bottom chord
member

Steel column

A

Figure 4-11 Modelling of steel frames with beamredats

> loads applied on the building roof are taken into acount as concentrated loads applied at
nodes of top chords (Figure 4-12).

» the loads applied on the columns are uniformly distbuted along the element;
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Target elements
Concentrated loads

o

2

L

-—

—
—

O Ay

Distributed loads

-

Contact elements

Figure 4-12 Loading conditions of steel framesva#l as modelling of ground level

taken into account;

Restrained lateral
/ displacement

Hinged end

Figure 4-13 Boundary conditions of steel frames

4.2.4 Loading conditions

Steel frames have been dimensioned at room tenyperait the basis of Part 1.1 of Eurocode 3 [21].
The various load valuesélfweight, effect of the wind and snoyvas well as their combinations under

fire situation are described hereafter:
» self weight ‘G’

= Weight of roof is taken as 250 N/m? ;

= Weight of wall cladding is taken as 150 N/m? ;

the snow load ‘S’ is taken as 550 N/mz;

= This load corresponds to a building with a roofihg\wa slope
at altitude less than 200 m.

the wind load ‘W’ is taken as 555 N/mz;

= This load will be reduced using appropriate pressmefficients (¢ and G;) as shown in
Figure 4-14 and Figure 4-15 respectively for poatadl lattice frame. Numerical analyses
have been carried out with only one the most unfealde configuration of wind for fire

condition has been considered;

no imposed loads have been considered.

89

there is no sway or member imperfection in the modeand the residual stresses are not

the mechanical materials properties are those givelny EC3 Part 1.2;

restrained lateral displacement of several pointstgosition of purlins (see Figure 4-13).

above 5%, located in zone 2a



Figure 4-14 Pressure coefficient€c,e-Cyi) in fire situation

|:> Cp=+0.8 Cp=-03

Cp=-0.45

Figure 4-15 Pressure coefficient€c,eCyi) in fire situation

From above loads, the load combinations takendntmunt in the numerical analyses are

4.2.5
>

>
>
>
>

>

>

= 1.0xG + 0.2 W and
= 1.0xG + 0.%S.

Heating conditions:

steel frames are submitted to the standard time-teperature curve according to ISO 834;
the material laws for thermal properties are thoseof EC3 Part 1.2;

steel elements are assumed to be unprotected ancated from four faces;

internal columns at the position of fire walls reman at room temperature;

uniform temperatures on the cross-section as welkaover the length of heated steel
elements;

heating rate of steel members exposed to fire hagén determined using the section factor
of the element according to EC3 Partl.2;

all profiles have been assumed class 1 sections ithgr the fire.

For framed structures and lattice structures, diffeconfigurations have been investigated accgrttin
the frame number, the position of the fire wallgl &me fire location in the disaster cell (see Fgdirl6
and Figure 4-17).

a) Heated simple Frame b) Double frame with fire in the first span

-
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c) Five frames with fire in two contiguous frames

T &l &7 T

d) Five frames with fire in both second and thiahfies

Figure 4-16 Fire scenarios in portal frame struatur

| NNRNANANZAZAZAPAY. NN A VA V|

d) Triple frame with fire in 2 contiguous frames

INNNNNAAAY

N\NAAAY

g) Five frames with fire in both second and thir@hfies

Figure 4-17 Fire scenarios in multi-bay frames
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For the calculation of temperatures, the followmpagameters have been considered:

> coefficient of heat transfer by convectionh = 25 W/ntK;
» emissivity: €= 0.5;

> no shadow effect.

4.2.6 Range of parametrical tests

Below are listed parameters and their range usékeirstudy of the behaviour of the portal frames in
fire conditions:

» frame systems: single, double and five frames;
» frame spans: 20m, 30m and 40 m;

» the column length is ranging from 7.5m to 20m;

» the frame spacing is taken as 6m, 8m and 10 m;

» two pitches: 1.5 °and 10 °.

And parameters used for analysis of the latticenés

» frame systems: single, double, triple and five frams;
» frame spans: 20m and 30m;

» the column length is ranging from 7.5m to 17.5m;
>

the frame spacing is taken as 15m and purlin spaainis taken as 4m or 5m according to beam
span;

» equal leg angles are ranging from 50x50x5mm to 12020x12mm according to beam span and
column height.

4.3  Results of parametric studies

4.3.1 Fire behaviour of portal and lattice frame structure

The analyses of numerical results show that thenkebr of multi portal framed structure can be
divided in two successive phases leading to diffesguctural behaviours.

One phase corresponds to thermal expansion ofcheaenbers (expansion phase). During this phase,
the following observations have been made:

» a progressive increase of lateral displacements #ite top of columns towards the outside of
the fire compartment (Figure 4-18, Figure 4-19);

—
'NN NN

Figure 4-18 Lateral displacements at the top déiomns

92



4-_____-» Wv

Figure 4-19 Lateral displacements at the top déioms

» a progressive increase of internal forces (additical compressive force) in the heated beams.
These compressive forces are due to the axial reaint against thermal elongation induced
by the cold parts of the structure;

» in the case of the lattice beams the end of this abe occurs when the heated lattice beams fail

mainly under compressive force. Stability dependsrothe fire resistance of steel members
constituting the beam (Figure 4-20).

a) Buckling of vertical member b) Buckling of batichord | ¢) Buckling of the diagonal

near the column

Figure 4-20 Origin of the failure mode of heatattice beam

A second phase refers to the collaps¢he heated beam. During this phase the follovangnts take
place:

» beam changes progressively from combined compressiand bending state to simple tensile
state;

» from the beginning of this phase, displacement inements at the compartment ends change

its direction: the top of columns go back to initid state and finally moves towards the fire
compartment (see Figure 4-21, Figure 4-22);

 I~———T T 1

Figure 4-21 Lateral displacements at the top dfions

Figure 4-22 Lateral displacements at the top dficos
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» the lateral displacement at the top of compartmenédge columns and the tensile force reach
maximum points due to collapse of the beam and dezase then slightly;

» under important tensile force, heated beam behavesa chain;

» if the rigidity of the cold parts is not strong enaigh in the final phase, the structure collapses
inside the fire compartment.

4.3.2 Parametric study observations

The structural behaviour of multi-bay frames unstandard fire exposure have been investigated with
a parametric study by varying the main parameteps&ed to influence the performance of this type o
steel structure such as span, height of colummapeu of bays, fire location and position of firellwa
Studied steel frames have been designed for romparature on the basis of part 1.1 of Eurocode 3.

The analysis of obtained results shows clearly ttiatcollapse of the multi-bay lattice frames isayjs
caused by the failure of the heated beam as at refsimportant additional internal forces due te th
axial restraint against thermal expansion inducgthb cold parts of the structure (see Figure 4-283)
fact, under fully developed fire all the structurelements (beams and columns) of the same
compartment are exposed to fire. In the fire cood# the beams fail always before columns as they
tend to be made from smaller profile (especially lditice beams). Additionally the temperature rése
much lower in the columns and the failure occutsrlarherefore, when beams fail before the collapse
of columns, the chain effect will occur over onarsglone (see force values at about 500 seconds of
fire in Figure 4-24). It can be observed that thaximum horizontal tensile force created by chain
effect is reached just after the failure of the rbgaAfterwards, this force decreases progressively
because the failing beams are continuously hegieahd the plastic tensile resistance could be szhch
quite early leading to a significant increase ditlelongation (in given example illustrated in Uig
4-24, this phenomenon occurs at about 900 secohdsed. When steel columns collapse, this
elongation is so important that even the chainceffeith two spans will lead to smaller horizontal
tensile forces for cold parts of the frame (seeifggi-24).

a) Five frames with fire located in both second i frames

AN
ol 16 2096
Stor .

2L SOTUTTON

(05ENY .o 396078 o
oL ; Five bays frave H-7,5 and P=30,0; 30 kel

b) Deformed shape at time t=652 sec c) Deformedeshatime t=1986 sec
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Q1 ; Five bays frame I-7,5 and P-30,0 ; 2D benaviour with ground ; Sncw

d) Deformed shape at time t=1987 sec

Figure 4-23 Example of failure mode of five steel frames

In addition, the maximum tensile force in caseatfite beams has to be limited by the plastic tensi
resistance of both top and bottom chords whichnaweh less resistant than steel beams in case of
portal frames. From this point of view, regardidge texample given in Figure 4-24, if the heated
column failed at about 18 minutes of fire, even ¢hengation of above two members is supposed to
lead to the maximum chain effect at this momeng Horizontal force predicted by the simple
calculation method using single span chain wouldb®oexceeded. However, the failure of the column

at this stage of fire is quite early.

As a consequence of above investigation, for katiames, the tensile force induced by the faibfre
the heated parts of the structure to check theopmence of the lattice framework with respect t® th
progressive collapse of the storage building cardleulated by considering that each heated lattice

beam behaves as a single span chain betweenupegiors columns.

500000 ‘\
400000 + | Tensile force
given by
simplified rules
300000 -
| \ buckling of the
> 200000 - heated column
3 -
5 100000 ) IIIIIII
E ‘LWEIIIIII-
<>(< 0 J ....... R === = === s====2°7 T T
2100000 AN\ - - . .- L. —Ax?al force ?n top chord (Fx_11)
- - = Axial force in diagonal member (Fx_12)
: —0O— Axial force in bottom chord (Fx_13)
-200000 - «— Failure of heated Total axial force
lattice beams Plastic tensile resistance of top chord
-300000 S
0 250 500 750 1000 1250 1500 1750 2000 2250 2500
Time (S)

Figure 4-24 Axial forces induced in heated lattice beams
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In the calculation method, heated columns are asgdumbe sufficiently fire resistant to be conséder
as rigid support. So, the number of spans to tafeaccount in the design method should not exdéeed
even if the number of spans of the fire compartnenore than 1.

In real fire situation, the use of single span oheffect can be considered also as a realistiogsson
because under general fire spread, roof beamswithuch more heated than steel columns due to the
hot gas layer formed in the upper part of the lngdat the early stage of fire.
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5 Standardised Solution for Industrial Halls

51 Simplified rules for expansion and collapsing phase

The failure mode of steel framework of storage dings depends on the resistance of the cold part of
the structure, the resistance of the part of atrecsubmitted to fire and on displacements gengrate
the compartment ends. These displacements may leett@nmain criteria to evaluate the fire behaviour
of partition walls and facade elements.

So design methods developed for industrial buildifitty steel structure must allow:

» On the one hand, to check the stability of the coldarts of the structure under the effect of
the collapse of the heated part, and

» On the other hand to provide displacements inducedt the fire compartment ends during
both expansion phase and collapsing phase.

As these calculations are performed on cold strastwso they can be assessed using room temperature
design tools for structure analysis, provided ttiat forces induced by the behaviour of the heated
structure can be evaluated.

Simple methods allowing a safe evaluation of thiesees are given hereafter. Two types of steel
structures are covered by these methods, namely:

» Portal steel frames with cross section in standartl or | hot rolled profiles
» Steel frames making up lattice beams with columnsistandard H or | hot rolled profiles

5.1.1 Catenary method and tension force

The numerical modelling and real fire observatishew that steel frame behave as a chain under fire
situation if columns are stable. For this reasba,dvaluation of tensile force can be estimatesiigh a
way to be as accurate as possible with the cat¢haoyy.

The following figure shows a general case of chmodelling, for which the two points of support are
not at the same height.

L.

Figure 5-1 Parameters of the catena.,.

Y

According to catenary theory the horizontal tensiggat the top of the frame is derived from the
expression:

R, = qga Equation 5-1
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Under constraints:

X, < L, withx,is suchthat h, —h, = a(cosh();"] - cosh(L_X"D,

Y, >0,with z, =h, + a[l— cosh(x"ﬂ, Equation 5-2
a

hz >h2,min Wlth h2,min = hl - V L%) - L2 .

L
In Equation 5-1,q is the linear load an@zﬁ, is a parameter function oK which can be
estimated by,
I—S ~ (hl — h2)2
L2

. _ 2 _
sinh(X)=«.X, where k° = Equation 5-3

Catenary parameters are as follows:
hy, h - heights of support columns
L - distance between columns

X0, Yo - coordinates of the lowest point of the chain
R, . R, - horizontal and vertical reactions (see Figurg 5-1

L, - length of the chain, given by the implicit eqoat

ZRH Slnh( J Equation 5-4
q 2R,

During fire, different situations can be met. Indeeolumns are considered as fixed at support and,
under fire conditions, the unprotected intermedéiimn in the same cell determines the parameters
of the catenary and then the generated forceseitoin of columns. The following figures illustrates
connection in case of frames where two spans atetie

Case 1: The intermediate column does not fail

h Il\ hApoteau M
L ) -~ L

Case 2: The intermediate column partially collases$ still contributes to the structural strength
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P

Case 3 : The intermediate column collapses andmgel considered as a support

Figure 5-2 Different cases to be considered intdpeload estimation.

The effective computational procedure consists effggming an iterative calculation of the tensile
horizontal force according to the implicit EquagoBb-1, 5-3 and 5-4 under constraints defined by

Equation 5-2. For the above different situationig\{fe 5-2) and for several constructive configumasi,

calculations have been performed in order to evalthee horizontal tensile forces at compartmensend
It is obvious that the third case is the most uatasble one and corresponding results has served as
reference for the proposed simple method (Sectitr Jor portal steel frames and Section 5.1.4 for
lattice frames). The catenary results for the Gasee resumed in the table below;

w

Load (KN/m)| Height (m) Horizontal tensile force from catenagyoulation (KN) Case
7,5 102.79
2,16
12,5 102.79
7,5 138,8
c 2,88
12,5 138,8
S
c 7,5 173,49
s |36
) 12,5 173,49
7,5 156,14
2,16
12,5 156,14
7,5 208,19
c 2,88
S 12,5 208,19
(2 7,5 260,24
© 3,6
) 12,5 260,24
7,5 208,19
2,16 12,5 208,19
20 208,19
7,5 277,59
2,88 12,5 277,59
20 278,26
£ 7,5 342.86
=)
g 3,6 12,5 342.86
& 20 342.86

Table 5.1 Horizontal tensile forces according téeceary theory.
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5.1.2 Portal steel frames with cross section in standarti or | hot rolled profiles

Explanations given in this section deal with Settib of the design guide [1] and concern only the
configurations when fire walls are perpendiculamptotal frames of the storage building. When fire
walls are parallel to portal frames, the risk oflaygse towards the outside and progressive collapse
(between different fire compartments) can be singsyided with regard to several recommendations
suggested in [2]. As well for expansion as for tdo#lapse phase two fire configurations have been
considered namely,

= Fire compartment in the middle of the storage lngdsee Figure 5-3);

= Fire compartment at the end of the storage buil¢beg Figure 5-4);
o, o,

—>|

m =1 n=1 my, =2

Figure 5-3 Fire located in a cell at the middletbé building

S, %,

4>‘

n=1 my, =3

Figure 5-4 Fire in a compartment at the end of st@rage building

Collapsing phase: horizontal tensile force and didpacement induced

The design guide gives, in Eq. (4-8) (cf. [1] Sewt#), the horizontal tensile force to be usedrdento
evaluate the stability of the cold parts in casdiref situation. One recalls here for conveniertus t
tensile force,

R =C N A, Equation 5-5

where

q is the vertical applied load given by Equation,4-7

¢ is the span of one heated bay,

Mt is a coefficient given by Equation 4-5 as a fumctof the number of heated bays and
the two studied fire configurations (fire in theddie or in the end of compartment),

P is a coefficient given according to Equation 4eBdifferent slope values.

It is to note that for intermediate slope valuesdir interpolation may be performed. The coefficign
is adjusted so that the horizontal tension foroeemiby the simple method (Equation 5-5) is well
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correlated with catenary results (Table 5.1). Fegbu5 gives the correlation between loads calcdlate
using the catenary theory (cf. Table 5.1) and laadsulated using the simple method.

350 - * ® ™ >l

300 - SAFE - -
¢ "o & _.-
250 - = g =

.-~~~ -"UNSAFE

200 - 4 - -

- - J #Casel, 20m K Case2,20m
150 - .—&", - ®Case3,20m +Casel,30m
- =Casel,40m Case2,30m
- @ Case2,40m mCase 3, 30m

L Case 3,40 m

100 -

Horizontal tensile force calculated
according to simple method (KN)
1
A
\

50 -

0]

4] 50 100 150 200 250 300 350
Horizontal tensile force calculated according to the catenary method (KN)

Figure 5-5 Correlation between horizontal tengdeces calculated using the catenary method
(Equations 5-1, 5-2 and 5-3) and those calculateidgithe proposed simple method.

The Figure 5-6 gives the correlation between lodetermined by numerical simulations (where no
failure of the cold parts of the structure occujrad loads calculated according to the simple atkth

350 -
300 SAFE ’:,”i g omm
250 Pl -7

200 | _ B g
150 Lox ',E—- UNSAFE

100 sl

Forcesaccording to simple method (KN)
A
A"
A

50 - S

0

0 50 100 150 200 250 300 350

Forces according to numerical simulations {KN)
Figure 5-6 Correlation between tensile forces cilted using numerical simulations and those
calculated using the proposed simple method.
Expansion phase: force induced by thermal expansion

For the expansion phase, the only performancerierite be checked concerns displacements induced at
the ends of fire compartment and then forces géerbtay the thermal expansion of the beam.

When fire occurs in a compartment in the middlere building, generated force can be given as a
function of the slope of the roof according to,

Fo =congf Equation 5-6

where

n - is the span number of the compartment submitiefite. The number of spans™to
take into account in design is limited to 2, eveithe total number of spans in the fire
compartment is higher than 2;
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m - is the span number of the neighbouring cold cmmpents;

g=G+0,2S, - is the linear load on roof [N/m] (equal to thadbdensity multiplied by the

spacing between frames) applied on the beam awdlatdd in fire situation (wher@ is

the permanent load including self-weight of theekfeame and the equipment overloads
ands, is the snow load);

/- is the span length [m];

C,- is an empirical coefficient (function of the seopf the roof) according to Table 5.2
(for intermediate values of slope, linear interpiola may be used),

Slope of the c
roof P
0% 1,19
5% 1,16
10% 1,10

Table 5.2 Slope valueg ¢

> For simplification reasons, the coefficientc jin Equation 5-1 is taken the same as for

Equation 5-5, which corresponds to the evaluationfdhe horizontal tensile force induced
by the span deflection under fire.

When fire occurs in a compartment at the end ofstbeage building (see Figure 5-4), pushing force
induced at the compartment ends can be obtainga ifollowing way:

F,=K.nc, 7, Equation 5-7
where:

— K1K2
'K +K,
of steel frame;

, with K, and K, equivalent stiffness for lateral displacemedsand 9,

nis the span number of the cell submitted to fire;

Cs, Is the reduction factor which corresponds to artiad expansion at a temperature of

740°C. Values of ¢, as a function of the slope are given in Table B@. intermediate
values of slope, linear interpolation may be used;

¢ is the span length [m];

Slope of the roof C,

0% 0,01
5% 0,011
10% 0,015

Table 5.3 Slope valueg, ¢
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The value ofK; is defined as the lateral stiffness of the steshe of the fire compartment which can
be evaluated as follows:

0.065k forn=1
K, =40.13k forn=2 Equation 5-8
0.13ck forn>2
When the span number of the heated ocels higher than 2,K, = 013ck, with k as defined in
Equation 5-10 and determined according to Equation 5-11 witl+ n - 1.

The value ofK, is defined as the lateral stiffness of the steainf of cold parts of the structure.
K, can be calculated using standard structural arsadysgtware or, as foK; formulas explained of the

paragraph below.
Frame lateral stiffness evaluation

In practice, especially for the unequal steel frangisplacements will be calculated directly using
standard software for structural analysis. For bsteel frames (constant range, even standard steel

profiles from one span to another), equivalentridtstiffnessK; can be calculated in an approximate
way using the Daussy’s relations [3]:

Form =1:
Ki=k Equation 5-9

with:

12E | h+
= @ o g, and =t Equation 5-10
1+2a (h+1) |

where (see Figure 5-7):

h - is the height of the portal frame [m];

{ - is the span length [m];

l, - is the second moment of area of the bealff [m
| - is the second moment of area of column§;[m

E - is the modulus of elasticity of steel for norreperature [N/m?];

Form =2 :

K, =ck with c:1+zl— a Equation 5-11

= 21+2ia
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m;=2

Yy

Figure 5-7 Definition of parameters of cold parts

The Figure 5-8 shows the correlation between latksalacement (and then lateral stiffness) catedla
with structure software and that calculated usiiog ==3. Results show that the used formula gives,
except for some cases, safe design values.
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Figure 5-8 Correlation between lateral displacengecdlculated using structure software and

Lateral displacement calcultaed using structure software

those calculated using the simple method (Eqs.349) and 5-11)
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Figure 5-9 Correlation between lateral displacensecalculated using structure software and
those calculated using the simple method (Eq. 5-12)
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This correlation can be improved (see Figure 5¥9)nbdifying the parametesr such that Eq.(5-10) is
replaced by

=4 EIL[N/m] and a = Eh+ f ( 06h] Equation 5-12

T1+2a  (h)°

5.1.3 Displacement at fire compartment ends

When the fire occurs in a compartment of the buoddidisplacement®; [m] induced at the
compartment ends (see Figure 5-4) can be obtacemding to

ma>{Fp. F.} : .
————, attheneighbounngcold part,
o = Fi Equation 5-13
?”, attheendof the frame
where

F,and F, are forces induced by thermal expansion and teffisice given according to
Equations 5-5 and 5-7 respectively.

K, is the equivalent lateral stiffness of the steairies of cold compartments [N/m].
Displacements obtained allow checking that botladacand partition elements are compatible with the

displacements developed at the ends of the firepaatment in order to avoid the collapse towards
outside and the progressive collapse between diftdire compartments.

‘8 ’I’
T 09 - o .
T +10% R o
v T - -
£ O 0!8 7 g AT
s K K
EE - SAFE ’
o 9 S EE e
238 06 stia—-'a  UNSAFE
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o X & =X
v = - o .
5B 04 - i ‘, ”, W delta2 (span: 20m)
E g 03 P A delta2 (span : 30m)
vy © - -] ’/ ”I
E g R + deltal (span : 30m)
E £ 02 1 - ¥ delta2 (span : 40m)
= 7
b 0,1 &7 @ deltal (span : 20m)
3 0 1 T 1 1
0] 0,2 0,4 0,6 0,8 1
Lateral expansion displacement at the end of frame according to structure
software

Figure 5-10 Correlation between lateral displaceitsecalculated using structure software and
those calculated using the simple method (Equdiiai)
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5.1.4 Steel frames with lattice beams and columns in stdiard H or | hot rolled profiles

Expansion phase: Displacement at the fire compartnm ends

For the expansion phase, the checking of the &teabiour of lattice structures with respect toftked
objectives only requires to evaluate maximum disphaents at the ends of the fire compartment.

Lateral displacement$ induced at the top of columns located at the catmEnt ends can be obtained
using the following expression:

K n
8, =0,009—->"1,. Equation 5-14
i i
where:

li is the length of the heated span i [m];

n is the span number of the fire compartment;
— KlKZ

'K +K,

the lateral displacement} and J, (see Figure 5-11).

[N/m], where K, and K, are the equivalent stiffness of steel structuoes f

The patrtial coefficient (0.009) in Equation 5-14responds to a thermal expansion at a temperafure o
650°C. This coefficient is determined performingriino-mechanical simulations which show that the
collapse of lattice beams occurs at a maximum teatye= of 650°C.

It should be noted that equivalent stiffness of skexel frameworks of the cold parts of the struetur
must be evaluated using standard software fortstraicanalysis.

o1 02

> |= n travées échauffées, Ki > [« m travées froides, K2

NNNNAAAAN

Elément de
compartimentage

K, is the lateral stiffness of the steel frameworithef cold part of the structure.

K, is the lateral stiffness of the steel framework tbé fire compartment which can be
approximated by:

If n=1, K, =02K, and §,=0,0075/, 5, =0,0015¢

If n22, Ki=03K> and §,=0,007p ¢, , &,=0,0020D ¢,.
i=1 i=1

a) Fire compartment at one end of the storage building
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m, travées froides, K1

o1

e

n travées échauffées

m, travées froides, K2

E EI'émenlt >
séparatif

\

A4

INNNNAAN

Elément
Jj < séparatif

i

+t———m™———>

l1

ln

K1 and Kz are the equivalent lateral stiffness of the sieeheworks of cold parts of the structy

b) Fire compartment in the middle of the storage lgd

Figure 5-11 Definition of lateral stiffned€a and Kz

07
g X T
- .6 T
& +10% e
£ o5 T
@ ' - /_,.;” =10%
g AX X 4 &
E 04 ] T
w s //f .-
= Ittt
= T T
¥ 03 e
5 L 2 __AA/{ & #2 spans and 1 heated span
E ) -«/ m3 spans and 1 heated span
E 02 1 O -/",';'—" 43 spans and 2 heated spans
% > ) +5 spans and 2 heated spans
a o1 X5 spans and 3 heated spans

D / T T T T T T

o) 0.1 0.2 0.3 0.4 05 0.6 0.7

Displacements by numerical model {m)

Figure 5-12 Correlation between expansion displagets calculated using numerical modeling
and those calculated using the simple method (Egu&:-14 and case a of Figure 5-11)
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Figure 5-13 Correlation between expansion displagets calculated using numerical modeling
and those calculated using the simple method (Egu&:-14 and case b of Figure 5-11)
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Partial coefficients in previous expressions haeerb determined such that one obtains a good
correlation between results of numerical simulaiand those of the simple method. Figure 5-12 and
Figure 5-13 show the correlation between the expanslisplacements (for different structural
configurations) at the top of the column calcuatesing numerical modeling and those calculated
according to the simple method for the case a amdectively (see Figure 5-11 for the two cases).

Collapsing phase: Stability of cold parts of the sticture and displacement
at the fire compartment ends

During the collapsing phase, chord members of kdatéce beams pass from a compression state to a
simple tensile state. Then beams behave as chajiecsed to uniform loads.

In the case of a simple heated span located amitidle of the building, the horizontal tensile ferc
applied at the ends of the fire compartment caolttained from:

F=c,q/ Equation 5-15
where:

g=G+0,2S, is the linear load on roof [N/m] (equal to thedodensity multiplied by the

spacing between frames) applied on the beam awdlatdd in fire situation (wher@ is
the permanent load including self-weight of theekfeame and the equipment overloads
ands, is the snow load);

/ is the length of the span [m];
G, is a coefficient taken as 1.45.
» Itis to note that the value of the coefficient cjis calculated so that one obtains a good

correlation between results of numerical modeling iad those calculated using the simple
method (see Figure 5-15 and Figure 5-17).

Flmax  F.max

Figure 5-14 Fire compartment in the middle of therage building

The Figure 5-15 gives the correlation between terfisrces at the top of columns calculated accgrdin
numerical simulations and those calculated usimgpks method according to Equation 5-14.

From previous maximum forcE, displacement9,,., at the top of the columns supports of the
partition elements can be calculated in the usagt w

16}

maxj

=F /K, Equation 5-16

where

K; is the lateral stiffness of the examined cold péthe structure.
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Figure 5-15 Correlation between forces calculabythumerical methods and those calculated by
the simple method (Eq. 5-14)

In the case of different partitioning (several leglaspans; edge span heated) displacements aptloé to
columns supports of the facade or partition elememd forces transmitted to the cold parts of the
structure can be calculated by applying the previoglations to the heated span(s) of the fire
compartment close to cells not submitted to firendgcated in Figure 5-16.

H H
4

F =145.(0.6q/) and J,,=F/K

IH

F;d’nax

Fydnax

[ 1 f n I K
<

Fn
F=145¢, and J . =F/K

Case oh heated spans

a) Fire compartment at the end of the storage imgjld
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Case oh heated spans < ‘n 5
F=14%¢, and 9,.,=F/K,
F,=14%¢, and J,,.,=F,/K,

b) Fire compartment at the middle of the storagklimg;

Figure 5-16 Displacements and forces transmittedald parts of the structure
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Figure 5-17 : Correlation between displacementsakdted using numerical modelling and those
calculated using the simple method (Equation 5-16)

The Figure 5-17 gives the correlation between disginent calculated using numerical simulations and
those calculated using the simple method (Equé&iitB).

5.2  Simple model for expansion phase

More accurate design method, therefore less siofplese, is presented hereafter for expansion phase.
This method allows calculating maximum horizontiapthcements at fire compartment ends.

5.2.1 Lattice structures with columns in standard H or | hot rolled profiles.

The method given hereafter aims at evaluating binaremental calculation maximum displacements
induced at the ends of a fire compartment duriegetkpansion phase, taking into account the evalutio
and the distribution of temperatures as functiotimé&, as well as their effects on the thermal props
(thermal expansion) and mechanical properties @témhu factors for yield strength and Young's
modulus) of steel.

It should be noted that maximum displacements ® iosthe design of steel frameworks are those
obtained when heated lattice beam fails, i.e. vitherbuckling resistance of one of the elements ngpki
up the beam is reached in fire situation.

The following procedure can be followed for theedtination of maximum displacements:
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» Step 1: Choice of fire scenarios: i.e. choice ofestl members (lattice beams) which will be
heated. These scenarios are defined in accordancéhwthe arrangement of the storage
building (structure and partitioning) as illustrated in the Figure 5-18;

< Frewdll gﬁrev\dl
i Gdl1 Gl 2 Gdl3
Cell1 Cel2 Cell3
. Buildng arrangenen : 5 spans and 3 cells
Building arrargenent : 3 spans and 3 cells @
@ 3fire soerarics need to be cosidered

2fire scenarios need to be considered

Scerario 2: fireinthe middle cell

Seraio fireinthe exterdl odl 3

a) Frame with 3 spans and 3 cells b) Frame wihdhs and 3 cells

Figure 5-18 Fire scenarios according to the arrangent of the storage building

» Step 2: Calculation of temperatures in steel membermaking up the lattice beams in the
fire compartment. Temperature distribution is assuned to be uniform along the length
and within the cross-section of steel profiles. Sap thermal gradients across section or
along element length are considered.

» Step 3: Checking of fire resistance of heated latte beams. From the temperature fields
previously established, failure time of heated laite beams which lead to the end of
expansion phase should be predicted. More preciselfipr each temperature level, the
stability of various steel profiles making up the dttice beams (horizontal chords, vertical
elements and compression diagonals) should be chedkcalculating:

= the design buckling resistance of these elementisarsituation (according to part 1-2 of

Eurocode 3 [4]);

= internal forces introduced in these elements ddegeo
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[ Fire scenarios ]

[ Mechanical loading according to fire combination ]

—
A

Choice of the heated lattice beam

|
[ Choice of « n » steel elements to be checked ]

(Chords, vertical elements and diagonals)

Calculation of temperatures ]
of steel element <
(8B.1.1.1)

[
[ Elementi: 4
|
Calculat ion of buckling

+A§

resistance: N 1rd,0 Y Change in design of
(8B.1.12.1) steel structure
|
Calculation of internal force: N 'y
(§ B.1.1.2.2)
|
Checking of the stability:
Nri,e ? Niird,0
(8B.1.1.2)
¢ no
[ End of expansion phase ]
[ Calculation of displacements ] no
Checking of the ] no Change in design of
displacement compatibility J > ?artl(tjlon lelement and
acade element
‘yes

yes

End of

checking

(*) for all available fire scenarios

Figure 5-19 Application flowchart of simple modi@ expansion phase

» Step 4: Calculation of the maximum displacements ahe top of columns supports of both
partition and facade elements. Once theses displanents obtained, it's possible to check
the design for displacement compatibility betweentsel frame and partition walls.

Application flowchart of the simple model is sumimad in the Figure 5-19.
Two situations need to be considered, namely:
» fire compartment in the middle of the storage buildng;

» fire compartment at the end of the storage building
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5.2.2 Fire compartment in the middle of the storage builéhg: simple heated span

K1 & >l K2

Elément de
compartimentage

Elément de
compartimentage

Figure 5-20 Fire compartment in a middle cell

Determination of temperatures in steel profiles:

Due to the difference between the section faéigh/’ of the several steel profiles making up lattice
beams, the temperature level reached in each fyjbese elements must be calculated.

Temperatures in steel elements should be calcudateatding to the simplified method given in Part 1
2 of Eurocode 3 as function of time and sectiomafiale!].

The calculation procedure summarised on Figure 5slhen performed taking into account
successively the temperatures previously calculated

The simple model is applied step by step untilfttieire of the heated lattice beam using the follayv
temperatures.

Step| Chords| Diagonals| Vertical elements
1 201 265 359

2 258 335 435

3 314 399 496

10 | 604 661 693

n

Table 5.4 Step by step procedure
Checking of the fire resistance of heated lattiearbs: End of the expansion phase

End of expansion phase occurs when one of the pteéles making up the heated lattice beam
(horizontal chord members, vertical members or ahiadg) fails as a result of the progressive in@eas
of internal forces due to the axial restraint agathermal expansion induced by the cold partdef t
structure.

Also, to evaluate the maximum displacements to $edun the design method, it is necessary to
estimate the temperature reached by the horizehtald members at the failure time of heated lattice
beam. This temperature is evaluated step by stephbgking for each steel member the condition
where the internal force applied to the elementhea its design buckling resistance in compression,
ie.:

N0 =Nfi,rd,6 Equation 5-17
where:

Niirao IS the design buckling resistance of the steel bamn fire situation, for the
temperaturé®;
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N ¢ is the internal force in fire situation for thereeratured, which is defined as:

N0 =Nfi,0 =20:c+ ANfi 0 Equation 5-18
where:

Nf.e=20-c IS the internal force in steel members obtainembain temperature with the load
combination in fire situation. This force shoulddaculated using standard computer code
for structure analysis;

ANy ¢ is the additional compressive force, for the terapee0, due to the partial restraint
to the free elongation of the beam.
The checking of the resistance in the case ot&atieam can be limited to the following steel menmsibe

» Elements of the bottom chords close to the ends fiafe compartment (i.e. close to the
columns supports of the fire walls);

» For each type of steel profile used for vertical mabers, the element which is the more
loaded at normal temperature (with load combinationin fire situation);

» Diagonals loaded in compression.

Calculation of the buckling resistance of steel prides

The design buckling resistance at temperatreN,rire, Of @ steel member subjected to an axial
compression should be obtained from:

Nb.fird= Xii A Kyofy/ Yui Equation 5-19

where:

Xii is the reduction factor for flexural buckling indisituation which depends on the non-
dimensional slenderness ratio ;

k,.¢is the reduction factor for the yield strengthstdel at the temperatuée

For a practical use, the buckling coefficightcan be evaluated from values given in the following

table, according to the steel grade and the noeukional ratio at room temperatl)re

— Steel grade - Steel grade
A S235 S275 S355 A 5235 S275 | S355
0.2 0.8480 | 0.8577 | 0.8725 17 0.1520 | 0.1549 | 0.1594
0.3 0.7767 | 0.7897 | 0.8096 18 0.1381 | 0.1406 | 0.1445
0.4 0.7054 | 0.7204 | 0.7439 1.9 0.1260 | 0.1282 | 0.1315
05 0.6341 | 0.6500 | 0.6752 2 0.1153 | 0.1172 | 0.1202
0.6 0.5643 | 0.5800 | 0.6050 2.1 0.1060 | 0.1076 | 0.1102
0.7 0.4983 | 0.5127 | 0.5361 2.2 0.0977 | 0.0991 | 0.1014
0.8 0.4378 | 0.4506 | 0.4713 2.3 0.0903 | 0.0916 | 0.0936
0.9 0.3841 | 0.3951 | 0.4128 2.4 0.0837 | 0.0849 | 0.0866
1 0.3373 | 0.3466 | 0.3614 25 0.0778 | 0.0788 | 0.0804
11 0.2970 | 0.3048 | 0.3172 2.6 0.0725 | 0.0734 | 0.0749
12 0.2626 | 0.2691 | 0.2794 2.7 0.0677 | 0.0686 | 0.0699
13 0.2332 | 0.2387 | 0.2473 2.8 0.0634 | 0.0642 | 0.0653
14 0.2081 | 0.2127 | 0.2200 2.9 0.0595 | 0.0602 | 0.0612
15 0.1865 | 0.1905 | 0.1966 3 0.0559 | 0.0565 | 0.0575
16 0.1680 | 0.1714 | 0.1766

Table 5.5 Reduction factgf as a function of relative slenderneksand steel grade

114



ARl

The non dimensional slenderness at room temperatisejiven by:

A = (A1A)(B)° Equation 5-20

where:

A1=939(235 fy)*°.

A =14 11 is the slenderness of the element for the bucldimgut the weak axis;

4 fi is the buckling length for the fire design sitoatabout the weak axis ;

I is the radius of gyration of the cross-sectionuhioe weak axis ;

Ba=1 for class 1, 2Zand cross-section ;

For steel members making up the lattice beamshulekling length in the fire design situation may be
taken as:

= for horizontal chords? ; =0.7(

= for diagonals:/ ; = 0.65/ ;

— for vertical membersf ; = 0.5 ;

where ¢ is the member length. For horizontal chords, dtvisable to take the distance
separating two successive vertical members.
Calculation of the internal forces in the heated Itice beams

During the expansion phase, the temperature réssl® a longitudinal elongation of the heatedcedtt
beam which results in an increase of internal ®r¢additional compressive forces) due to axial
restraint against thermal expansion induced by the parts of structure.

Two situations need to be considered, namely:
» Additional compressive force in horizontal chords;

» Additional compressive force in vertical members ad diagonals;

a) Calculation of the additional internal forcesin the horizontal chords

In order to check the stability of the heated dattibeam, and then to calculate the horizontal
displacements at the ends of fire compartmens, iiteicessary to determine the additional compressive
forces introduced in the bottom chord as well as@top chord.

Assumptions:
» The compressive force is assumed to be uniform algrorizontal chords ;

» Horizontal chords of the lattice beam are modelle@s simply supported isostatic beams
(Figure 5-21) combined with horizontal spring takirg into account the cold parts of the
structure located beyond the partition elements. Tis spring acts in the horizontal
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direction and its stiffnessK, is equivalent to the horizontal stiffness of theald parts of
the structure. Since the studied phase is the expsion phase, this springs are one-
directional and provide a response to thermal expasion;

i, e /Eﬁm

Figure 5-21 Isostatic beam

» Stress-strain relationships for steel are bilineaand derived of mechanical properties
given in part 1-2 of Eurocode 3 (Figure 5-22).

S

fo.e T Ee=(fye—fp.0)/(0,02- £,0)

€0 €=0,02

Figure 5-22 Stress-strain relationship for steel
Restraint to free elongation of the beam developgdhe cold parts of the structure introduces an
additional compressive force in the bottom chordcivitan be calculated by the following formula:

_al,(6-20) _1/K,-1/K,
UK +1/ K, 1K, +1/K,

N ¢ Equation 5-21

mi 0

where:

@ is the steel temperature;

a is the coefficient of linear thermal expansiorkéta as 14.16) ;
L, is the span submitted to fire;

Nei,o IS the design resistance of the chord for the tgatpred: Ne ~A.fy 6 ;

Keq is the equivalent lateral stiffness of the coldipaf the structurel/ K, = 21/ K,
whereK;is the lateral stiffness of the considered stegh&work.

Ky, Ky are the axial stiffness (linear and non-linear tetpsof the chord for the
temperaturé.

The axial stiffnes¥y, Ky are defined for the temperatldy:

= szA.EelLb
= Kpi=Kp if N mig=20°ctANmig < Neig ;
= Kp=A.Es /Ly if N mig=20°ctANmig > Neig ;
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Ey andE’, are the slope of the elastic linear range andhtmelinear elastic range for steel
at the temperatur@(see Figure 5-22) arilis the cross-section area of the chord.

with:

The additional compressive force developed in the ¢hord of the heated lattice beam can be
calculated from:

_al,(6-20)-48, 1/K,-1/K,
"1 K+ Ky 1 K+l Ky, o

Equation 5-22

where

do (=AN;,/ K,,) is the displacement at temperatufedue to the above additional
compressive force in the bottom chord.

The axial stiffnes&, andKy; are defined for the temperatufdy:

= szA.EelLb
=~ Kpi=Ky if Nmsp=20°ctANmsp < Neip ;
= Kp= A.E'd/Lp if Nmsp=20:ctANmsp > Nejp ;

b) Calculation of the additional internal forces in the compression
diagonals and vertical members

Studies performed on the basis of advanced calootashow that internal forces in the diagonalseund
compression of lattice beam remain approximatehstant despite the temperature rise.

With regard to vertical members, the temperatuse &s well as the axial restraint to free expansion
induced by the horizontal chords initiate low amoil compressive force in this type of element.

However, numerical results show that instability vefrtical members, when it takes place, always
occurs for values of compressive force close t@ehobtained at normal temperature (with the load
combination for the fire situation).

From the above comments, values of internal foaadsulated at normal temperature with the load
combination for the fire situation can be usedheak the stability of diagonals under compressiwh a
vertical members.

For these elements, compressive forces are given by
Niit=Nfg=200c  and AN; ~0 Equation 5-23

Calculation of maximum displacements at the ends dire compartments

Displacements at the top of the columns supportseopartition elements can be calculated from:
Opaxi = (ANmiﬂc + AN, )/ K, Equation 5-24
where:
Kiis the lateral stiffness of the designed cold pé&structure;

AN, o Iis the additional compressive force in the bottehord obtained for the
temperatured, (cf. Equation 5-20) ;
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ANmSﬂc is the additional compressive force in the toprdrabtained for the temperatuée
(cf. Equation 5-21).

@ is the temperature reached in horizontal chordsilmees at the end of expansion phase.

Fire compartment in the middle of the storage builehg: Case of several
heated spans

With regard to fire compartment with several spatisplacements at the top of columns supports of
partition wall can be derived by the superpositio the combination of the basic case presented in
Figure 5-20 with appropriate valueskf andKo.

For example, the displacement at the top of coluofitse fire partition wall will be equal to therawf
the lateral displacement of each heated span, wi@nhoe obtained by applying the method of § 5.2.2
with suitable stiffnes&; andK, as shown in Figure 5-23.

INNNNNVZAINNNNNV LV IAINNNNNAV A ZAANNNNNA A AZAINNNNN AL

& &
Kl < ! 2' K2
&=011+1 &=81 8
<« —

| NN NN ARSNSN

Figure 5-23 Principle of displacement superpositio

For a practical use, in alternative to the supétioos method, displacements at the ends of fire
compartments can be obtained by applying the lzzsie (see § 5.2.2) with a cell made up of only one
equivalent heated span (of total lengitlequal to the sum of all heated spans) and withogpjate
values of lateral stiffneds; andK; (see Figure 5-24).

Ki
NN

A
v

Figure 5-24 Equivalent heated span
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Fire compartment at the end of storage building

In the case of a fire compartment located at tltbadrthe storage building, displacements at theofop
columns supports of partition elements and facéslments can be calculated using the following rules

» Displacements at partition elements can be obtainday applying the simple model
presented in paragraph 5.2.2 to the span of the frcompartment contiguous to the fire
wall and considering appropriate values of lateraktiffnessK; and K, (see Figure 5-25). In
the case of only one heated span, the valuekafshould be taken a¥; = 0.2xK (whereK is
the lateral stiffness of the span at normal tempettare)

» Displacements at the end of the storage building nde calculated from the following
formula:

5 =adl.(6 -20-9, Equation 5-25

where:
li is the length of the heated span i;
n, is the span number in the fire compartment ;

& is the temperature reached in horizontal chordattite beam at the end of expansion
phase;

a is the coefficient of linear thermal expansiorkéia as 14.16).

5.3  Recommendation for bracing

Additional design recommendations must be put jméxtice to allow the collapse of the steel strectu
under fire condition on either side of the fire lngithout causing any damage to the fire wall.

NN\NAAAZAANNNNNAA L

INN\NNNAVVVAINNNNNAV VL AANNNNN AV NNNNNAAV AV AINNNNN AV LU

Figure 5-25 Displacements in the case of a firmpartment at the end of building

5.3.1 Fire walls perpendicular to steel frames

Requirement of no collapse towards outside alomgldmgitudinal direction (perpendicular to steel
frames) can be satisfied using appropriate brasysgems. Specifically, each compartment must have
its own bracing system. So, the following solutishsuld be adopted:
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» to use of additional vertical bracing system on edcside of the fire wall. This bracing
system should be designed to support a lateral loddken as 20% of the normal wind load
(according to the load combination for the fire sitiation) calculated for a gable area “S”
limited to the width of only one span §=hx);

» to double the bracing on both sides of fire wallsrdo protect against fire the preceding
bracing systems.

Nevertheless, these bracing systems shall be cthitgaith ambient temperature design; in a way that
they will not cause problems e.g. to expansioroiit]

P .
//I Fire wall
/1><<VZ[,‘
N < M

(2 o Building end
— > By
-v.-.ﬂ ' g

Building end

- N
ii >
# N X — Bracing system for
Doubli f X normal temperature
oubling of
bracing system w
|

Figure 5-26 Bracing systems at the longitudinal ehthe storage building

5.3.2 Fire wall parallel to steel frame

The bracing systems (vertical between columns ozbwtal on the roof) are generally located inside
the same compartment. When fire walls are paratiesteel frames, it is necessary to install an
additional bracing system (vertical and horizowtalthe roof) at each compartment, so that the psdia
of the steel structure of the heated cell doedeaat to the instability of the whole building.

Figure 5-27 Bracing systems of storage buildings
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Each bracing system must be designed to suppantizontal uniform load taken as:

F=119q Equation 5-26

where
g=G+0.2S

When the fire wall is mixed with the steel fram&neents of bracing systems must be fixed to rigid
steel elements implemented to support the purlinsach side of the wall.

5.4  Case study for lattice structures

As application example, design methods describedipusly in 8 5.1.4 are used hereafter to evaluate
maximum displacements and forces induced at tleecfimpartments ends of a building with lattice
steel framework during both expansion phase ardpihg phase.

5.4.1 Description of chosen steel framework

The lattice steel structure characteristics andnblaty conditions are summarized in Table 5.6 and
Figure 5-28.

Column | Steel members
Span Span _ _ Cell
height Horizontal ) )
number | (m) Column Vertical Diagonal number
(m) Chords
L100x100x10
HEA L70x70x7 | L80x80x8
3 30 7.5 L100x100x10 3
450 L50x50x5 | L70x70x7
L50x50x5

Table 5.6 Main characteristics of steel framework

2(L100|x100x10) 2(L50x50x5)
|
| T
2(L70x70x7) 2(L100|x100x10) 2(L80x80x8)
—HEA 450 HEA 450 —
g=5.4 KN/m
¢¢vvvv vV VVYVY v*lv*vv F V.V Y V#VW"V VVVV¢
2m
? 7.5m
Fire wall Fire wall
P 30m - 30m . 30m -
| Ll | L | >
Cell 1 Cell 2 Cell 3

Figure 5-28 Arrangement of steel framework
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5.4.2 Choice of fire scenarios

In this study, building is divided into 3 cells seated by fire walls. Then, symmetry leads to ctersi
only two fire scenario:

» Scenario 1: fire in the external cell (cell 1 or 3)

» Scenario 2: fire in the middle cell (cell 2);

Scenario 2: fire in the middle cell

Scenario 1: fire in the external cell (1 or 3)

Figure 5-29 Fire scenarios for studied steel frarogkv

Lateral stiffness calculated using structure ansigsftware is given in Table 5.7.

Span number

Stiffness (N/m) 3538.57 4933.40

Table 5.7 Lateral stiffness of steel frames

5.4.3 Summary of results

For each fire scenario displacement (for the expanshase) and the forces (for the collapsing phase
are determined using the simple rules, simplifieethad and numerical simulations (ANSYS). Main
results (displacements and forces) are report@alite 5.8 and Table 5.9 respectively.

The results of simple design methods are compapedhdse obtained with numerical analysis
(ANSYS). There is a good agreement between nuntenicdel and simplified method.

Fire scenario 1 Fire scenario 2
Method

Left end Right end Left end Right end
Simple rules 0.225 0.045 0.135 0.135
Simplified methods 0.188 0.031 0.105 0.105
Numerical results 0.17 0.026 0.10 0.10

Table 5.8 Displacements for expansion phase

Fire scenario 1 Fire scenario 2
Method Tensile Displacement _ Displacement
Tensile Force (kN)
Force (kN) | (m) (m)
Simple rules 171.0 0.035 285.0 0.081
Numerical results 141.0 0.03 270.0 0.08

Table 5.9

Displacements and forces for collappimase

122




ARl

6 Facade Elements, Partitions and Fire Resistance Wal

To minimize the risk for people and to prevent aisk of fire spread between buildings or
compartments separated from one to another bytipartelements, safety regulation requires, in
addition to the fire resistance rating usually reeetbr compartment elements (which depends on the
use and height of the building), that the localifaitlre of the first cell under fire condition dwet

lead to the progressive collapse of the load-bgastnucture of the building and doesn't imply the
collapse of the structure towards the outside. &hreguirements assumes that the movement of the
load-bearing structure of the building don’t leadtie prematurely collapse of the facades andtioauti
walls. To reach this objective, adequate desigamecendations should be put in practice.

After a short description of some systems currentged for industrial & storage buildings,
recommendations for facades and partition wallswal as steel structure are suggested. These
recommendations aim at preventing prematurely #ieré of elements and so to avoid the risks of
progressive collapse and collapse towards thedmutsi

6.1  Description of selected facades and wall systems

A short description of some type of facade andviedl systems currently used for industrial & sggga
buildings is given hereafter:

= Isocomposite panels
= Fireproof panels
= Frame walls with cold formed sections

= Fire walls with hot rolled profiles and light weigtoncrete
6.1.1 Isocomposite panels

Product description

Manufacture of sandwich panels of big length uhBim and width 1198 mm. Insulators are extruded
polystyrene, expanded polystyrene, and Rockwool.

Lecson Lectol Lecpol Lecfeu
Figure 6-1 Isocomposite systems
= Sandwich panels for facades (Lecson, Lectol, Ldrtpo

= Sandwich panels for fire partition walls (Lecfeu).

Products
Lecson Lecfeu Lectol Lecpol
Width 1180 mm 1180 mm 1180 mm 1180 mm
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Insulator 60, 80, 100, 120 60, 80, 100, 120 60, 80, 100, 120 60, 80, 100, 120
thickness mm mm mm mm
Length up to 6 m; up to 6 m; uptol2m upto1l2m
Phonic isolation Fire resistance,
especially especially
Loading thickness: 2 tq thickness: 2.5 to thickness: 2 to 4 thickness: 2 to 4
resistance 25m 4m m m
Fire resistance MO (rock wool MO (rock wool M1RE) M1 (PS)
Thermal upto K=0.34 up to K =0.27 up to K=0.26 uKte 0.26
performance
Durability galvanized steel and painted;

(corrosion)

Table 6.1 Properties of the Isocomposite panels
6.1.2 Fireproof panels

Product description

The alternative to concrete in EI30, EI60, EI90 &1@80. The insulation core of the panel is non
combustible acc. fire resistance class Al. An efgrtigickness of 70mm responds to EI30 & W60, a
thickness of 100mm responds to EI60 & W90. An eleintbickness of 120mm achieves EI90. The
panels are available with different profile designsl thickness.

Figure 6-2 Fireproof Panel

Application field

The outstanding characteristics enable a greaerahgpplication. It ranges from external and in&tr
wall construction to the construction of ventilatiplants, office containers, roofs, ceilings endimg|
chambers and drying installations

Technical comments

Dimensions

Width: 915 mm or 1100 mm. Special construction tdtbetween 500 mm and 1200 mm. length:
standard length at most 10 m. Thickness: 35, 4066070, 80, 100, 120, 140, 160, 180, 200 mm. At
panels of series L and V, 2 mm must be added tstdraard thickness because of the profile design.

Durability (corrosion)
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Resistance class K Il / DIN 55 928 part 8. Outad anner plate: 0,55 mm - 0,75 mm sendzimir
galvanised steel acc. DIN 17162, polyester or P\¢éD&ted. Insulation: Mineral fibre plates in a web
form, non combustible acc. fire resistance class€hlant. For tongue- and groove joint acc. demand
of the fire resistance class. Higher steel thickngson request. Polyester coating 25 um, PVDF 80/20
Kynar 500 appr. 25 pm. Colours in stock: RAL 90&AL 9006, RAL 9010. Further colours acc.
Pflaum-Colour-Spektrum (available upon requestyfége protection: The panels are supplied with a
protection foil.

Fire Resistance
Behaviour in fire:
(thickness/class) 70mm / EI30; 80mm / EI60; 120h&00; 100mm / EI180

Thermal performance
K-values:
= for35mm K= 1.19 W/mK;
= for 200 mm K= 0.24 W/mK;

Acoustic performance
Sound insulation:

= 35to 60 mm: 34dB;

= 70 to 200mm: 35dB;

6.1.3 Frame walls with cold formed sections

Product description

Cold formed sections are introduced between twstpteboards. The thickness, the size and the shape
of the cold formed section can be variable.

— [ 1 F— # - -
m— —a
— —1 i 1
N - 1 H E— e
= — B — Il =
p— p— w
= — I i — |-—1
. — H
— — | M
FFWO01 FFCO02 FFWO03

Figure 6-3 Cold formed sections

Application field

Partitions walls and fire resistant walls.
Technical comments

Dimensions
FFWO01

93mm steel channel 1.2mm gauge (CH9312). Inteinalg: One layer 15mm Lafarge Megadeco
plasterboard. Insulation: 50mm mineral wool den3&kgm3.Weight 26 Kg/m?,
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FFCO02

93mm steel channel 1.2mm gauge (CH9312). Inteinag: One layer 15mm Lafarge Vapourcheck
Megadeco plasterboard. External Lining: One layani Thermal Minerit. Insulation: 50mm mineral
wool density 33kg/m3.Weight 27 Kg/m2,

FFWO03

Internal Lining: One layer 15mm Lafarge Megadecasf@rboard. Sandwich lining: Two layers 9mm
Minerit. Weight 52 Kg/m2,

Products
FFWO01 FFCO02 FFWO02
Fire resistance EI30 EI60 El120
Thermal n.a K=0.35 n.a.
performance
Acoustics Sound insulation Sound insulation Sound insulation
performance 45-n.a dB 48-n.a dB 55-n.a dB

Table 6.2 Properties of walls with cold form seato

6.1.4 Fire walls with hot rolled profiles and light weight concrete

Product description

1. Light weight l 1. Light weight concrete
concrete | 2. Steel structure

2. Steel structure | 3. Rock wool

3. Rock wool 4. Fusion bolt type 1

4. Am_:hor plate 5. Fusion bolt type 2

5. Nail Gunnebo

D@ @ 1 ® 2) 1 4
\ i ) 5 I [<25mm | 1
& N\ Y . |

& !
> i |
B4 i /
D@ @ 1 3 4

Figure 6-4 Doubled wall (left side) and simple ingith fusion bolts (right side)

The wall is composed of hot rolled profile sectemd light weight concrete panels. The walls can be
completely doubled or the steel structure can hélkdal and connection on each side of the wall with
fusion connections.
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Application field
Partitions walls and fire resistant walls.

Technical comments

Dimensions
= Width: 600 mm;
= Length: 6000 mm maximum (Between two profiles);

Loading Resistance

Steel meshing in the light weight concrete is dala for a wind pulling of 800 N/mthis quantity of
steel meshing can be upgraded if necessary;

Fire Resistance

The concrete part of the wall for 150 mm resistacaereach a fire resistance of 6 hours. But thbai|
fire resistance depends on the system itself;

Thermal performance
The thermal conductivity Lamba is 0.15 w/mK;

6.2  Displacement of facades and fire walls

Studies performed on the basis of advanced caiontahave shown that horizontal displacements of
the load-bearing structure of industrial buildingder fire condition can be important.

The horizontal displacement can go up to severa td centimeters and therefore could lead to the
failure of facade or the partition element if itnist sufficiently ductile or not accurately fixedis thus
important to ensure that displacements of the lmeaing structure can be absorbed by a partitidh wa
(or a facade) in contact with it so that the initygrondition of partition element can be conserves a
consequence, corresponding design methods easetand allowing to evaluate these displacements
are given later.

6.2.1 Design recommendation

Recommendations proposed hereafter can be appliadyt type of fire wall, such as in lightweight
concrete, reinforced concrete, hollow block, setaleting with insulator, plasterboard, bricks, oiltb
with any other material. However, fire wall mustfbeed in a suitable way to remain compatible with
the lateral displacements of the steel framewodeufire condition.

Use of facade elements is not limited for storagjidimgs. However, whatever the type of facadétss,
structural adequacy, its integrity and its comphtypwith respect to the movement of the steel
framework must be ensured in order that the colagfghese elements, if it takes place, occurs tdwa
inside of the building. The self-stable facades thhes proscribed as far as their movement occurs
always towards outside as a consequence of thdyaveing effect. They will be used only if their
behaviour is evaluated by advanced calculation mtdéng into account second order effects, or if
their load-bearing structure is located outsidel @ius sufficiently protected against heating tmai
stable.

6.2.2 Attachment of facade and partition elements to stéetructure
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In order to prevent any failure of partition elense(fire walls) and facade elements due to sigaific
lateral displacements of the steel structure, nieésessary to ensure that these elements remaitysol
attached to the structure.

So, to avoid any risk of collapse of the facademelets towards the outside or collapse of partition
elements, a solution consists in fixing these el@meith the columns of the load-bearing structbse,
means of suitable attachment systems. For exanmolezontal steel plates or purlins uniformly
distributed along the building height, arrangedamtumns and separated with a specific maximum
depth. This maximum value will be fixed by the miuturer of the walls, and it is recommended a
maximum value of 3 m for made on side walls (coteckdocks, bricks...) (see Figure 6-5).

In addition, screws used to connect fire walls tawhde elements on the columns must be designed to
resist to the forces due to wind and self-weighpaftition elements under the effect of the lateral
displacement induced by the steel framework oktbeage building.

Fire wall

Facade element

Figure 6-5 Design detail for separation elements

6.2.3 Design recommendations for steel structures near teparation elements

Additional design recommendations must be put jomégctice to allow the collapse of the steel strectu
under fire condition on either side of the fire Wwaithout causing any damage to the wall.

The elements that could damage the walls (being orearossing the walls) will remain stable with a
fire resistant rate at least equal than the wallshift away the plastic hinges from the walls.

Thickness of fire protection applied to columns deéms can be simply calculated assuming a steel
section exposed on four faces, for a standarefipmsure of one hour and a heating limited to 500°C

Thickness of fire protection applied to lattice lmsacan be calculated assuming: a steel sectiorsespo
on four faces for bottom chords, vertical memberd diagonals and three faces for top chords, for a
standard fire exposure of one hour and a heatmniteld to 500°C.

6.2.4 Design recommendations for roof systems above theparation elements

In order to prevent that the collapse of the rapitructure close to the fire wall leads to the dgenof
the wall during the fire, some design details ninesapplied.
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fireproof material = 2x2.50m )
< > roofing

Roofing part between purlins

< Fire wall

Column __|
Fire protection

a) b)

Figure 6-6 Design details near to the roof

A solution consists (see Figure 6-6 a)):

>
>

6.2.5

In using purlins on both sides of the fire wall;

In stopping the roof on both sides of the fire wallRoof close to the fire wall (part located
between the previous two purlins) must be designesb as to be supported by the wall.
Then, the roof will be independent from one comparnent to the others.

And in using roof with fireproof material, over a width of 2.50 m on each side of the wall;
Other possibility is to allow the wall exceed theaof up to a specific distance (Figure 6-6

b)).

Design recommendations for fire walls perpendiculato steel frames

In case of fire walls perpendicular to steel fraiesse design recommendations should be applied:

>
>

>

COLUMS that are into or near a wall must be alwaydire protected.

BEAMS that cross walls must be protected over a sp#ic distance from the wall. In case
of portal frames this minimal length should be 200m, and for lattice structures a
minimal length equal to the distance separating thevall with the first vertical member.

PURLINS never cross the walls so it is not necessaio be fire protected.

In storage buildings with steel frames, severalitsmhs for partition elements need to be considered
namely:

>

Fire wall inserted between the flanges of columns;

» Fire walls fixed to one flange of columns;
Fire wall
Fire wall T
Steel column

a) fire wall inserted between b) Fire walls fixed to one
the flanges of the columns flange of the columns

Steel column

Figure 6-7 Arrangement of separation elements
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In common cases, the fire requirements lead toyagfliire protection on columns of steel frames (see
Figure 6-8 and Figure 6-9).

In addition, when the fire wall is inserted betweka flanges of columns, no additional fire protact

is needed for beams of portal steel frames (se&r&ig-8). On the contrary, lattice steel structuresr
fire wall must be protected to avoid the possihtoitler induced by the failure of the lattice bezsar

to the fire wall. Consequently, a fire protectiamlmoth side of the wall must be applied to latbheams
(on horizontal chords, vertical members and diatpnaver a minimal length equal to the distance
separating the wall with the first vertical memfsze Figure 6-8 b).

In the similar way, when the fire wall is built ids one flange of columns, to prevent wall damage
with the collapse of the beam near the fire wafir@ protection must be used on beam (on the gide
wall):

» Over a minimal length of 200 mm beyond the wall lirit, for portal steel frame (see Figure
6-9 a).

» Over a minimal length equal to the distance separatg the wall with the first vertical
member, for lattice structure (see Figure 6-9 b).

purlins Fire :
protection = Lattice beam
Cross
beam
Fire wall = Fire wall
column_—_Ji _ Column—»| Fire
_Fire protection
protection
a) Portal steel frames b) Lattice steel structure

Figure 6-8 Fire Protection when the fire wall isserted between the flanges columns

2200 mm  Purlins Fire _
T _’Eﬁ — Cross protection Lattice beam
: beam T A—
_ INANY
Fire INYAN
protection Fire Fire wall
_ protection — Fire
Fire wall tecti
« column Colurmn protection
|
a) Portal steel frames b) Lattice steel structure

Figure 6-9 Fire protection when the fire wall isdide one flange of the columns
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In case of fire walls parallel to steel frames thdesign recommendations should be applied:

6.2.6 Design recommendations for fire walls parallel toteel frames

» COLUMS that are into or near a wall must be alwaydire protected.
» BEAMS that are into or near a wall must be alwaysife protected.

» PURLINS are going to cross the walls so it is necgwy to fire protect the continuous
purlins (over a distance of 200mm from the wall) oidesign a not continuous purlins
system (see Figure 6-11).

Several solutions for partition elements can besicired (see Figure 6-10), namely:
= Fire wall inserted in steel frame;
= Fire walls beside and in contact with the steeh&a

= Fire walls between two steel frames;

Fire wall | Fire wall 1 Fire wall

Steel column Steel column e Steel column
a) Fire wall in the plan of steel b) Fire walls joined with c) Fire walls between two steel
frame steel frame frames

Figure 6-10 Arrangement of partition elements

Requirements of no fire propagation and no progressollapse between different compartments
(stability of the cold parts of the structures)dda apply a fire protection on steel frames (beants
columns) near fire walls (see Figure 6-11 and FEdisd2).

When the roofing structure is made of lattice bedatice beams cannot allow inserting a continuous
wall up to the roof. A solution consists in subdivig industrial building in two independent struetsi
and inserts the fire wall between them. In thiseca® fire protection is required for the structalese

to partition elements (see Figure 6-12b).

Steel elements going across a fire wall shouldaffect the fire performance of the wall (stability,
thermal insulation qualities...). It is thus necegdarconsider design solutions so that the collagse
the roofing structure nearest the fire wall doesnblve the failure of the wall.

As example, a solution consists for portal stesines:

» When the fire wall is inserted in the steel framewik, in putting through the wall rigid
steel elements fixed on the beams to support the ftins (see Figure 6-11 b);

» In the case of continuous purlins, in putting on bth sides of the wall a fire protection on
purlins, over a minimal length of 200 mm beyond thevall. Thickness of fire protection
can be calculated assuming steel section exposedfour faces, for a standard fire
exposure of one hour and a heating limited to 500°Qn fact, the aim of this fire
protection is to move away from the wall the plast hinge which will be formed at
elevated temperature.
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purlin
purlin == purlin
Protected Rigid support = rotected
= beam element - beam
<H—— Fire wall Fire wall > Protected
Protected_.r = column
column
a) fire wall inserted in steel frame b) Fire wallsjoined with the steel frame

Figure 6-11 Design details of portal steel franeanto fire wall
For lattice steel structure with a fire wall bestite steel frame, a solution consists:

» When the roof structure is made of purlins, in proecting purlins and counters near the
wall over a minimal length corresponding to the ditance from the wall to the junction
counter/ purlin (see Figure 6-12 a).

» When the roof structure is made of lattice beams, fire protection must be applied to
beams, located on the wall side, over a minimal Igth corresponding to the distance from
the wall to the first vertical members of the beam.

Thickness of fire protection applied to lattice lmeaan be calculated assuming a steel section edpose
on four faces for bottom chords, vertical memberd diagonals and three faces for top chords, for an
standard fire exposure of one hour and a heatmnigeld to 500°C.

All the load bearing members on both sides of th# must be capable of expanding and moving away
from their supports without leading to the damagehe wall. If fire wall is not capable of bearing
alone forces induced by thermal elongation of thesenbers, design solutions must be takerthat
these members come in contact with the wall crgaimappropriate support for the fire wall.

corbeau > 200 mm
purlin |_ / _ purlin purlin purlin
counter 7 y\/ Fire protection E :counter
\Lattice beam Protected
lattice beam
Fire wall Fire wall g - Protected
0 column
Column——» <—Column

a) fire wall between two independent s eb%' Fire wall joined with the steel frame
framework

Figure 6-12 Design details of lattice steel sturetnear to fire wall
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When the fire wall is located between two steefniea, this wall is only loaded in normal situation b
pressures or depressions due to the wind. Howavére situation the deflection of the steel sture
on a side or other of the wall will generate vettioads on this wall. As a consequence this walstm
be designed for the fire situation taking accodrguzh additional loads.
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7 Conclusions

In previous RFCS research project, with the helm@fanced numerical models, parametric studies
have been carried out to evaluate the structurbweur (failure mode, displacement...) of single

storey buildings with steel structure under firendition. In these studies, the main parameters
susceptible to affect the fire performance of tyjoets of steel structures have been taken into atcou

such as span of frames, height of columns, numbgpans, fire location, position of fire walls, etc

On the basis of corresponding numerical resultsplfied calculation methods have been proposed:

= On the one hand, to check the stability of the qads of the structure under the effect of
the collapse of the heated part of the structure, a

= On the other hand, to evaluate maximum displacesrdeneloped at the fire compartment
ends.

Two types of steel structures are covered by thestbods, namely:
= Portal steel frames with cross section in stanékod | hot rolled profiles;

= Steel frames making up lattice beams with columrstandard H or | hot rolled profiles.

It have been shown through the comparison with mizaleresults that the proposed calculation
methods allow, with a good precision, a safe evanaof forces induced by the behaviour of the
heated parts of the structure and displacemetle dire compartment ends.

The actual document has explained in detail théshzsdeveloped simple design rules, their validity
compared to advanced calculations as well as thdafmental principles of proposed construction
details not only for main steel frames of singlerage buildings but also for partition walls anddde
elements. Finally, a brief description of the us&ndly design software is provided in order to
facilitate its application by engineers in therefdesign of single storage buildings in steelcstme.
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8 Working examples

8.1 Examplel

Figure 8-1 illustrates multi-bay portal frame witiree fire compartments. Each of the bays is 30dewi
and 10m high with 5% slope of the roof. Only colemmear the fire walls are fire protected. The
columns are made from IPE400 and beams from IPE3B@ance between the frames is 7m.

In this scenario fire occurs in the middle fire gartment.

columns IPE400 e craemnn e
beams IPE360 r i el
v :

5% |
i
10
mI K1

6 x 30m

Figure 8-1 Multi-bay portal frame with 3 fire conmypaents

Following the methodology presented in the “FS+ifesGuide” the tensile forces and displacement
that occur during fire in the middle frame will peesented hereafter.

Tensile force

Step 1 Coefficient related to the slope of the roo

from Equation 4-3

G =116 for portal frame with roof slope of 5%
Step 2 Coefficient related to the number of heatags in the fire compartment

from Equation 4-5

N = 2.00 for fire in the middle compartment and ns&ys in
fire
Step 3 Vertical load

weight of the roof 0.25 kN/m

weight of the top frame 0.6573 kKN/m

distance between frames 7m

span of on heated bay connected to the column 30 m

snow load in fire condition in Belgium regul. KNI/

from Equation 4-7
q = 0.25kN/A-7m+ 0.6573 kN/m =2.4073 kN/m

Step 4 Tensile force

from Equation 4-8
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F=1.16-2.00-2.4073 kN/m -30m =167.5904 k

Lateral displacement

Step 1 Reduction factor related to the slope efrtof

from Equation 4-9

cw= 0.011 for portal frame when roof slope eq&és
Step 2 Equivalent lateral stiffness of the cold pathe steel frame

from Equation 4-12

Ky =Ky= c-k for m = 2 bays in “cold compartment” nda fire compartment
lp= 1.63E-04 rh second moment of area for beams for IPE 360
f= 0.75m ridging
h=10m height of the column
| = 30 m span of one bay
l.= 2.31E-04 rh second moment of area for column for #PB

E = 2.10E+08 kN/m Young’s modulus for steel for normal temperature

from Equation 4-13
o= 0.220550061
k= 71.8065082 KN/m
c= 1.765646549
Ki=K;= 126.7849134 kN/m

Step 3 Lateral displacements in the expansionegphas
from Equation 4-15

8= 1.321532629 m = 132.15cm
3= 1.321532629 m = 132.15cm
Step 4 Maximum displacement induced by the tefisiize
from Equation 4-16
dmax= 1.321532629m = 132.15cm
Omax= 1.321532629 m = 132.15cm

8.2 Example 2

Figure 8-2 illustrates multi-bay portal frame witho fire compartments. Each of the bays is 24m wide
and 7m high with 10% slope of the roof. Only colammear the fire walls are fire protected. The
columns are made from IPE360 and beams from IPE3B@nce between the frames is 12m.
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In this scenario fire occurs at the end of thegddrame with 2 bays.

columns IPE360
beams IPE330

ﬂre wﬂ(
10%

T T

5 x 24m

Figure 8-2 Multi-bay portal frame with 2 fire conmypaents

Following the methodology presented in the “FS+iBessuide” the tensile forces and displacement
that occur during fire at the end of the frame Wwél presented hereafter.

Tensile force

Step 1 Coefficient related to the slope of the roo

from Equation 4-3

G =110 for portal frame with roof slope of 10%
Step 2 Coefficient related to the number of he@eg in the fire compartment

from Equation 4-5

Nt = 1.00 for fire at the end of the compartment ar@ bays in
fire
Step 3 Vertical load
weight of the roof 0.25 kN/m
weight of the top frame 0.5721 kKN/m
distance between frames 12 m
span of on heated bay connected to the column 24 m
snow load in fire condition in Belgium regul. KBI/n?
from Equation 4-7
q = 0.25kN/mh-12m+ 0.5721 kN/m = 3.57208 kN/m
Step 4 Tensile force
from Equation 4-8
F=1.10 - 1.00 - 3.57208 kKN/m - 24 m = 94.303 kN
Lateral displacement
Step 1 Reduction factor related to the slope efrtof

from Equation 4-9
cn= 0.015 for portal frame when roof slope equ#1%o
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Step 2 Equivalent lateral stiffness of the cold pathe steel frame

from Equation 4-14

K:;=0.13k for n = 2 bays in the fire compartmerthea end of frame
from Equation 4-14
Ki=c-k for m> 2 bays in “cold compartment” near the fire
lh= 1.18E-04 rh second moment of area for beams for IPE 330
f= 12m ridging
h=7m height of the column
| = 24 m span of one bay
l.= 1.63E-04 rh second moment of area for column for 888

E = 2.10E+08 kN/fm  Young’s modulus for steel for normal temperature

from Equation 4-13

o= 0.17655

k= 97.0245 kN/m

c= 2.77865

Ky =0.13 - 97.0245 kKN/m =12.6132 kKN/m

Ko=  2.77865- 97.0245 kN/m = 269.597 kKN/m

Step 3 Lateral displacements in the expansiongphas
from Equation 4-15

&= 0.68782m =68 cm

d= 0.03218 m =3.2cm

Step 4 Maximum displacement induced by the teffigilee
from Equation 4-16

Omax= 7.47654 m  =747.654 cm

Omax= 0.34979m  =34.979cm
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