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1. Introduction

Since years, the fire resistance is one of the rhaidrances to the development of the
steel construction in multi-storey buildings. Thewnfire engineering methods
issued from various recent research projects hiagers that it is possible to obtain
fire safe steel structure without passive fire gction.

Between 1983 and 1990, many research works have Oedicated to optimise the
behaviour of steel or composite structure subjetdetthermal loads similar to the
ones of tests in laboratories, i.e. the standa® durve also called 1SO curve.
Owing to these research works, the steel structleahents can be assessed with a
full range of tools from tabulated data up to sspbated tools based on Finite
Element Method while the fire itself was defineddmly one curve as function of
time.

More recently, the research works are focused manl the study of steel structural
behaviour under natural fire development sincénig tase, the temperature field is
not homogenous inside the compartment and highlpenids on different
parameters such as fire loads, compartment bowsdaand its ventilation
condition. Moreover, the structural analysis is enand more considered in the
scope of global behaviour rather than single menpleeformance. With this type
of approach, the analysis permits a much betteenstahding of what will really
occur during a fire as far as steel structuresundlings are concerned because it
provides the fire behaviour much closer to realityconsequence, the outcome of
all above works have brought the fire safety engiimg of steel structures to a new
era during which different advanced calculationlsoare combined together to
predict the real behaviour of steel structures iig. fThe application of these
advanced tools becomes also more and more comnibteads already to some
significant evolution of fire regulation toward nfuenore consideration on real
risks that the occupants and fire brigade may emeouluring a fire.

On the basis of all above technical advancemestpblean carried out with RFCS funds a
specific research project [1] on the industrial l$alThis project has deeply
investigated the hidden resistance of steel strestuyprovided by their 3D
behaviour and the possible consequence of somefaitae in fire situation. In
the scope of this project, it is also clearly destoated with the help of advanced
calculations using validated numerical models thiael structure, if designed
appropriately, fulfils the safety requirements ase of fire which will be given in
terms of "non-progressive collapse” and "non damggfailure type". On the basis
of a series of parametric studies, several simpkgnh rules as well as some key
construction details are proposed (see [2]) in otdéhelp all engineers to design
safe steel structures for single storey induskrnigldings.

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

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

RFS2-CR-2007-00032 4
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= 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 desigrsingle storey industrial
buildings

However, the application of these design rulesmofteeds the approval of corresponding
authorities who in turn would like to understan@ tientific basis of proposed
design methods in order to get full confidencehain. In addition, a lot of experts
and engineers are interested in knowing the backgr®f these design methods
for extended application of them. Therefore, tlosuiment is with the purpose of

= giving a survey of real fire cases

= providing a summary of several European nationauirements in fire
regulation

= explaining in detail the mechanical basis of sing#sign rules

= showing the validity of simple design rules withspect to advanced
calculations

2. Survey of Real Fires in Industrial Halls

2.1.Charleroi (Belgium)

This building was a 6000 m2 storage hall settle€lmarleroi (Belgium). One part of this
hall was composed of a prestressed concrete steuetnd another part was
composed of steel structure.

The fire load in this industrial hall was big (ita& a factory of clothes recycling). A big
part of this hall was devoted to the storage oftilebundles.

RFS2-CR-2007-00032 5
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Figure 2-1 Prestressed concrete
structure fallen OUTSIDE (above) and stee
structure fallen INSIDE (right)

The particularity of this structure is the diffetenaterials used to compose it (Prestressed

concrete and steel) and the difference of compartroé those parts of 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 steelusture falls INSIDE the
compartment in fire.

2.2.Industrial hall (Spain)

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

Figure 2-2 After fire, partial collapse

RFS2-CR-2007-00032 6
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Partial collapse shown in the Figure 2-3 has bemmlated numerically. The results are
presented below. A similar behaviour of the road &teral structure is observed in
both images, which indicates correct applicatiorthaf software for prediction of
this kind of behaviour.

It must be highlighted that lateral collapse hagnb@roduced inwards not affecting
outside.

Figure 2-3 Partial collapse and simulation

2.3.Logs Santos Warehouse (Spain)
This fire took place on 18th May 2001 in a wareleakthe firm FAGOR that belongs to
MCC, located in Vitoria in the northern part of 8pa

The warehouse had two storage zones, one office, zodressing room, one custom and
the room for the switchboards of alarms. In the &asade it had four exits and in
the west facade had one exit and three doors &aliig and unloading the lorries.
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Figure 2-4 Fire scheme made by the Fire Brigade

Figure 2-5 Photography of the fire

In terms of damages the A pavilion collapsed comeptewhile the beams of pavilion B
did not reach the collapse stage. All the instiallet were completely destroyed in
both pavilions and stored products were destroyed.

2.4.Industrial building (France 2007)
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The storage building consists of several cells -
for various storage activities. The cell
destroyed by fire is a steel framed
structure and in flammable liquid
storage activities. It is separated from
the surrounding cells by flrewallsn
equipped with sliding fire door. The
cause of fire was most likely of
electrical origin. As it can be seen in
the following photos the steel

during the fire and did not cause anyby fire
damage to the juxtaposed structure.
Except little and non structural
damage, the fire wall was intact and
there wasn’'t any significant heat
transfer to neighbour cells.

Figure 2-6 Layout of the building

In addition, all facades of the cell in fire hadlapsed together with steel frame toward
inside of buildings constituting a safe failure raddr fire brigade fighting against
the fire.

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

c) Firewall not damaged by the fire d) Structurenponents after the fire

Figure 2-7 The storage hall damaged in fire

RFS2-CR-2007-00032 9
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2.5. Steel industrial building in France

The storage building is composed of four parts fa®ve in Figure 2-8. The building
consists of steel frameworks with unprotected stedlimns and lattice beams.
Facade elements are panels with double steel dgdzbntaining fire insulating
material. Partition walls between the two storagkscas well as the delivery cells
are made with masonry blocs. The steel structuoseclto partition walls is
embedded in walls and openings are not closedduatits. Separation between the
small storage cell and the office building is eesuby a partition wall in masonry
blocks with a door without any fire resistance.

Only 10 minutes after the fire was discovered threelfrigade arrived. They observed large
quantity of smoke, which quickly filled in the wolbuilding as the storage
products were primarily paperboards and paper 99& and plastics with 1%.

L 765m L 424m m
Ly O O

Small Storage area
475m Office area
Large Storage area

t

Delivery area

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

The firemen observed important chimney effects emafronted to a violent flashover of
smokes. Although the building was equipped withomatic extinguishing system,
sprinklers didn’t function or badly functioned amdconsequence are not capable
of stopping the fire at the beginning preventingréfore the generalized flashover.

After the fire (Figure 2-9), the large storage calllapses entirely and the small storage
cell doesn’t reach the collapse. Only the extefaeihgs of the smallest cell remain
stable. This is primarily due to the efforts of tlieemen to protect the
administrative building which was not touched by fire. All storage products
were destroyed in both cells, by fire or water.

Collapse of the large storage cell towardllapse of the lattice beams of the large
the inside of the building storage cell

RFS2-CR-2007-00032 10
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Figure 2-9: Collapse of the storage building

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 begipnthe development and the
propagation of a fire, ensure the safety of thesuaad facilitate the intervention of
firemen.

The industrial buildings (IB) are sorted in thrdasses according to the characteristic fire
load density (Class A 350 MJ/mz, Class B, and Class C > 900 MJ/m2,

The general stability of the hall and the influerase interaction between the elements
have to be considered taking into account the ebtogs and deformations
produced by the increase of temperature (secorat eftects).

A distinction is made between two types of elements

type 1: Element which, in case of collapse will leadat@rogressive collapse that is not
limited to the compartment where this element isated or to damages on the
walls of this compartment.

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

The requirement for type 1 elements is R60 forcclasind R120 for classes B and C.

The requirement for type 2 elements is based orethavalent time as defined in EN
1991-1-2.

The requirement for separating walls is EI 60 féasS A and El 120 for Class B. Doors
must be EI60 and be equipped with an automaticraasy/stem.

Recommendations are given for connections betweemrampartment walls and the roof
and between the compartment walls and the facades.outside walls and the
compartment walls must be designed in such a wayttte risk of collapse
toward the outside is limited

The surface of the compartment #annot lead to a total design fire load highent&@00
GJ without sprinklers and 34200 GJ with sprinklé&sone storey IB is deemed to
satisfy the requirements ifgAis lower than the values presented in the follgwin
table.

Fire resistance of structural elements

Without sprinklers With sprinklers

RFS2-CR-2007-00032 11
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Class. of the hall no determinedR 30 or more | no determinedR 30 or more
R R

A 25 000 25 000 150 000 150 000

B 5 000 (*) 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 6DO(

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

The fire radiation to the neighbouring buildingscat be higher than 15 kw/mz2. Deemed
to satisfy distance are given in the following &bl

Fire resistance of thle% of openings Distance [m]
facade
El (i—0) 60 0% 0

0% < % openings < 10%
10%< % openings < 15%

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

("I" means inside and "0"means outside)

Other rules take into account that both buildings@n the same piece of land or not, the
height of the highest facade, the eventual presehsprinkler installations.

The IB must be equipped with an automatic fire ckte installation (manual alarm is
sufficient for Class A buildings with ;Anot higher than 2000 m?)

Smoke and heat extraction is required except ifdl@ving cases:

- Class A with A < 10 000 m2 or Class B withgA&< 500 m2,

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

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

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

3.2.France

RFS2-CR-2007-00032 12



Fire Safety of Industrial Hall @

3.2.1.Covered warehouses (storage of materials, products combustible substances
in quantities exceeding 500 tons)

Classification If V is warehouse’s volume then:

V <5000 n 5000nm<V<50000mM |V>50000ni
not classified declaration Authorization

Requirement

The boundary walls of the warehouse or structueghents in case of an open warehouse
must be located at a minimum distance of 20 m frib@ perimeter of the
establishment.

Fire-fighters must have access to all exits of wlaeehouse by a path of 1.40 m wide at
least.

The automatic fire detection in cells with storagasmission of the alarm to the operator
is required.

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

Height S <3000 m? 3000 m2 < S < 6000 ran S >6000 m
H<125m | RO RO + sprinklers RO + Sprinklers + FSE
R60 or R60 + Sprinklers or R60+Sprinklers+FSE or
H>125m i i i
Sprinklers + FSE | Sprinklers + FSE Sprinklers + FSE

Separating walls

-REI 120 minimum

-All elements ensure a equivalent REI level

-The door between cells must be REI 120 with autanséut-off.
-Separating walls must be at least 1 m from roof.

-If the exterior walls do not have a degree REI @, walls separating these cells are
extended sideways to the exterior walls over alwaftl m or 0.50 m protrudin
from the front in the continuity of the wall. F

The Fire Safety Engineering Study (FSE) must beiezhrout to demonstrate that the
collapse of one cell does not create the chairapsé of the whole building and
when building collapses in fire, it shall not cplé® toward outside. Moreover this
study must show that all the staff has enough tionevacuate from the building
before the collapse occurs.

RFS2-CR-2007-00032 13
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3.2.2. Storage of polymers, pneumatic and products of whh at least 50% of the total
mass unit is composed of polymers [plastics, rubbgsynthetic resins and adhesives]

Classification

If V is storage’s volume then:

V < 100 n? 100 nf <V < 1000 nf V >1000 m
not classified declaration Authorization

Requirement

The boundary walls of the structural elements rbedbcated at a minimum distance of 15
m from the perimeter of the establishment or 10f the cell is equipped with a
sprinkler system or the external wall is REI 12@eeding at least 1 m of roof and
0.5 m laterally and of which doors have a firem@tREI 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 Cordoimcommodo described in a
prescriptive law of 10 June 1999. It replaces thevipus law of 1979 and was
introduced for adapting reasons. It is enforcedheyMinistry of Employment [13].

No fire resistance requirement is defined for indakbuildings.
3.4.Spain

Due to the law 2267/2004 of 3 December 200# case of industrial buildings (industries
in general and industrial storages) and any typgtafige building with a fire load
bigger than 3.000.000 MJ, the regulation havingsgiction is the “Fire Safety
Regulation for Industrial buildings” called RSIEI.

This regulation can be accomplished in two différgays:
= Fulfilling the prescriptive requirements of the EStode.

= With equivalent safety techniques, based on wedvknrules and regulations,
properly described by the designers and approvedhbyauthority having
jurisdiction.

Buildings are classified according to:
= Fire risk depending on the industrial activity eadrout:
— Low risk buildings: fire load < 850 MJ/Mm
= Medium risk activities: fire load < 3400 MJ/m

RFS2-CR-2007-00032 14
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— High risk activities: fire load bigger than 3400 M3

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

= Type A: industrial occupancy in a building sharedthwother industrial
occupancies or even not industrial ones

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

= Type C: industrial hall occupied completely by cmecupancy 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
structural stability, compartment size and fire lgjadlistances for the evacuation of

people...
o Type A Type B Type C
Fire risk rTJ
Basement| Storey Basement Storey Basement Storey
R60 R30
R90
Low R120 R90 R15* R60 RO*
R60**
RO** RO**
Not R90 R60
Medium \?v”eo R120 R120 R30* R90 R15*
d R15** RO**
R90
Not Not R120 .
High allo allo| 2160 R60* rizo R3O
we we R15**
d d R30**
RO***

* If the roof is light (<100kg/m2) and the cafise of the structure does not endanger
other buildings or damage the compartmentation k&moontrol system is
necessary if the fire risk is medium or high)

**  Single storey buildings fitted with sprinkkeand smoke control system
***  Single storey C buildings detached at lea@trieters from other buildings

Table 3.1 : Structural fire resistance requiremtontsingle storey building in Spain

RFS2-CR-2007-00032 15
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For general buildings, the requirements given ibl@&.1 are demanded for structural fire
resistance. Some reductions are allowed in caghifroofs (up to 100 kg/f) for
buildings B and C for structural stability of thepporting structures of the roof.
Also reductions are allowed for sprinkled halls.dAfinally, all single storey C
buildings detached at least 10 meters from othédibgs, no stability requirement
is demanded.

4. Numerical Simulations

4.1.Software verification

Software applied to simulate structural behavidiuhe building in fire has to cover the 3D
structural behaviour including membrane and restdhieffects as well as the
failure mode so that post-local failure stage canamalysed. Such calculation
models (ANSYS [9], ABAQUS and SAFIR [14]) have beeompared true a
benchmark. In this benchmark, two different usesxsduABAQUS.

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

vl = 4700 N/m
IR EEEEEEEEEEEEEEEEEEEEEEEEEEER]
0,5m hl = 1300 N/m
om IPE 500 (S355) }IPE 450 (S355)
. 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 dog the fire;

» for the calculation of the temperature in the steeglan I1SO fire curve is
considered [19];

» for the thermal transfer, convection and radiation have been
considered true the following parameters:

a=25 W/m*K

Equation 4-1
£=05

» no shadow effect has been taken into account.
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The simple calculation method of EC3 [6] is usecetaluate the temperature curves of
steel members (IPE 450, IPE 500). This lead toifoum distributed temperature
in the cross sections.

The study is composed of 4 parts as presentedyuré-4-2:

a double frame in 2 dimension a double frame inidedsions partially
maintained in the third dimension
Structure submitted to fire

T

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

Figure 4-2 lllustration of the analysed models.

Unfortunately, the statistical finite element caddédion stops before the real failure of the
structure even for 2D analysis of single frame.

In order to avoid this numerical interruption, {hessibility to perform a dynamic analysis
of the structure has been studied with the differsoftware [10]. Dynamic
approach has been applied to the full 3D calcutatio

4.1.2.Results in 3 dimensions for one frame

The same frame has been analysed in 2D and in 3@llbywing the out-of-plane
displacements. The frame is hinged frame with amthd fixations added in the
third dimension. In reality the restrains are pdad by purlins (the 11 fixations in
the third direction 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 tnefE is no initial deformation
for the columns.

RFS2-CR-2007-00032 17
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z

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

» Evolution of the horizontal and the vertical displacements:

Evolution of the displacements in respect to tinakcwated using different software is
presented in Figure 4-4. The displacements areumsds nodesd” to “d”. As it
is marked on the image below, the nodé fs located at 1/4 of the length of the
first beam, which is heated (marked red):

Horizontal displacement Node a
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Displacement in third axis Node d
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0 ‘ - =————
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Figure 4-4 Displacement analysis of the 2D portahfe in space

The collapse of the structure occurs some minutésrd the 2D analysis due to the lateral
buckling of the beam under fire.

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

Beam Axial force

45000

40000 +

35000 ~

Force [N]

30000 ~

— Safir = Abaqus Labein = Ansys — Abaqus Corus

25000

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 meag at the connection between the
central column and the beam under fire and the ection of the central column
and the “cold” beam.

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

» Deformation of the structure:

Displacerment araplification = 10 X

Figure 4-6 Spatial deformation of the frame
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The deformation of the structure illustrated inuFg4-6 is amplified 10 times.

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

The frame analysed independently in the previowti®es is now included in a full 3D
structure with other parallel frames connectechfirst one by purlins. As in the
precedent cases, the only central left frame iscldeamarked red in Figure 4-7.

i 20m i 20w A 75h

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

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

The 3 displacements are the same for the purliddarthe beam in the connecting nodes.

For the rotation, the rotation around the Z ax@sgxis is directed along the purlins) is the
same for the beam and for the purlins becauseutimp are fixed by 2 bolts on the
beam. But the rotation around the X axis, Y axid #re warping are free between
the purlins and the beam.

The structure is maintained in several points nousate the presence of wind bracing and a
load is applied to each purlin simulating a read®n the structure.

4.2.Numerical investigation of simple and multi-bay potal and lattice

frame structures

The mechanical behaviour of simple and multi-banfed structure under standard fire
exposure has been investigated with a paramettysnh which different main
parameters affecting the performance of this tyfpge®el structures were taken into
account, such aspan of frames, height of columns, number of spangire
location, position of fire walls etc.

4.2.1.Characteristic of the structures

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

> steel grade S235 was used for the frame systems;
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» 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 tledléwing 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 120R0x12mm
according to beam span and column height. The deptbf lattice
beams is 2m;

» connections between lattice members (chords and djanals) and
connections between lattice beams and columns angid.

4.2.2.Assumptions of numerical modelling for analysis othe portal frames

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

» 2D numerical model was studied in a three dimensi@h space;
» dynamic simulations have been performed,;
» steel columns and beams are modelled using beamitenelement;

> loads applied on the building roof and on the colums are uniformly
distributed, Figure 4-8;
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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.TED
[N pieds.em

Figure 4-8 : Loading conditions of steel frames

» global out of plane imperfection was applied to thenodel (see Figure

4-9);
» no residual stresses taken into account;

Figure 4-9 : Out of plane imperfection

» the mechanical materials properties according to EG Part 1.2;
> restrained lateral displacement of several pointstgposition of purlins

(see Figure 4-10).
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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 tem
[ 1PE360COLD .tem
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 ofcttmal steel frames exposed to fire with
the computer code ANSYS [9] have been conductechgushe following
assumptions:

» simulations have been performed under static and dywamic
procedure;

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

MAR 7 200!
15:58]:5
NO.

Diagonals

Top chord
member

bottom chord
member

Steel column

A
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Figure 4-11 : Modelling of steel frames with bedengents

> loads applied on the building roof are taken into acount as
concentrated loads applied at nodes of top chord§&igure 4-12).

> the loads applied on the columns are uniformly distbuted along the
element;

Target elements

\ Concentrated loads

Distributed loads

Contact elements

Figure 4-12 : Loading conditions of steel framesagd| as modelling of ground level

> there is no sway or member imperfection in the modeand the
residual stresses are not taken into account;

» the mechanical materials properties are those giveloy EC3 Part 1.2,

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

PLOT NO.

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 tenuperan the basis of Part 1.1 of
Eurocode 3 [21].

The various load valuessdlfweight, effect of the wind and snoyvas well as their
combinations under fire situation are describe@dker:

» self weight ‘G’:
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= 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/m?;

= This load corresponds to a building with a roof ihgva slope above 5%,
located in zone 2a at altitude less than 200 m.

» the wind load ‘W’ is taken as 555 N/m2;

= This load will be reduced using appropriate pressaefficients (Cpe and Cpi)
as shown in Figure 4-14 and Figure 4-15 respegtit@ portal and lattice
frame. Numerical analyses have been carried out witly one the most
unfavourable configuration of wind for fire conditi has been considered,;

» no imposed loads have been considered.

Wind

|:> Cp=+0.8

Figure 4-14 : Pressure coefficient Cp=(cpe-cpifine situation

Cp=-045

|:> Cp=+0.8 Cp=-03

Figure 4-15 : Pressure coefficient Cp=(cpe-cpifine situation

From above loads, the load combinations takenantmunt in the numerical analyses are
= 1.0xG + 0.2 W and
= 1.0xG + 0.%S.

4.2.5.Heating conditions:

» steel frames are submitted to the standard time-teperature curve
according to I1ISO 834;

» the material laws for thermal properties are thoseof EC3 Part 1.2;

> steel elements are assumed to be unprotected andated from four
faces;
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» internal columns at the position of fire walls reman at room
temperature;

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

> heating rate of steel members exposed to fire haseén determined
using the section factor of the element accordingptEC3 Partl.2;

> all profiles have been assumed class 1 sections ihgy the fire.

For framed structures and lattice structures, iiffeconfigurations have been investigated
according to the frame number, the position offiteewalls and the fire location in

the disaster cell (see Figure 4-16 and Figure $-17

(o] o] ]

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

[Tl T T 1

c) Five frames with fire in two contiguous frames

I S R I

d) Five frames with fire in both second and thiahfies

Figure 4-16 : Fire scenarios in portal frame strucg

MNSINNNL L]

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

c) Triple frame with fire in the middle
span d) Triple frame with fire in 2 contiguous frames

NN\NNAAAMINNNNAAY

g) Five frames with fire in both second and thiahfies

Figure 4-17 : Fire scenarios in multi-bay frames

For the calculation of temperatures, the followmpagameters have been considered:
» coefficient of heat transfer by convection: h = 2%V/m3K;

> emissivity: € = 0.5;

» no shadow effect.

4.2.6.Range of parametrical tests

Below are listed parameters and their range us#ukistudy 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;
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» two pitches: 1.5 ° and 10 °.

And parameters used for analysis of the latticeést

» 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 spaagnis taken as 4m
or 5m according to beam span;

» equal leg angles are ranging from 50x50x5mm to 120R0x12mm
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 thewebr of multi portal framed structure
can be divided in two successive phases leadidgferent structural behaviours.

One phase corresponds to thermal expansion ofchesmbers (expansion phase). During
this phase, the following observations have beetlema

» a progressive increase of lateral displacements #te top of columns
towards the outside of the fire compartment (Figure4-18, Figure
4-19);

—
TN A

Figure 4-18 : Lateral displacements at the top @ions

— —

Figure 4-19 : Lateral displacements at the top @ions

» a progressive increase of internal forces (additial compressive force)
in the heated beams. These compressive forces argedo the axial
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restraint against thermal elongation induced by thecold parts of
the structure;

> in the case of the lattice beams the end of this pbe occurs when the
heated lattice beams fail mainly under compressiviorce. Stability
depends on the fire resistance of steel members ebituting the
beam (Figure 4-20).

a) Buckling of verticalb) Buckling of bottomc) Buckling of the diagona
member chord near the column

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

A second phase refers to the collapg¢éhe heated beam. During this phase the following
events 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 ofalumns go back
to initial state and finally moves towards the firecompartment (see
Figure 4-21, Figure 4-22),

 T~—"T T 1

Figure 4-21 : Lateral displacements at the top @iions

— <
VI\N\N//VVI j\l\\/l/w

Figure 4-22 : Lateral displacements at the top @fimns
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» under important tensile force, heated beam behavesaa chain;

» the lateral displacement at the top of compartmenedge columns and
the tensile force reach maximum points due to colfse of the beam
and decrease then slightly;

> if the rigidity of the cold parts is not strong enaugh in the final phase,
the structure collapses inside the fire compartment

4.3.2.Parametric study observations

The structural behaviour of multi-bay frames undtandard fire exposure have been
investigated with a parametric study by varying thain parameters expected to
influence the performance of this type of steelitire such as span, height of
columns, number of bays, fire location and positainfire walls. Studied steel
frames have been designed for room temperaturehenbasis of part 1.1 of
Eurocode 3.

The analysis of obtained results shows clearly thatcollapse of the multi-bay lattice
frames is always caused by the failure of the liebam as a result of important
additional internal forces due to the axial resiramagainst thermal expansion
induced by the cold parts of the structure (seair€igt-23). In fact, under fully
developed fire all the structural elements (beamd aolumns) of the same
compartment are exposed to fire. In the fire coodg the beams fail always before
columns as they tend to be made from smaller grééspecially the lattice beams).
Additionally the temperature rise is much lowertire columns and the failure
occurs later. Therefore, when beams fail beforectiiapse of columns, the chain
effect will occur over one span alone (see fordeesat about 500 seconds of fire
in Figure 4-24). It can be observed that the maxmhorizontal tensile force
created by chain effect is reached just after tkeire of the beams. Afterwards,
this force decreases progressively because thimgfaileams are continuously
heated up and the plastic tensile resistance dmil@éached quite early leading to a
significant increase of their elongation (in givexample illustrated in Figure 4-24,
this phenomenon occurs at about 900 seconds of f&en steel columns
collapse, this elongation is so important that etlenchain effect with two spans
will lead to smaller horizontal tensile forces tmid parts of the frame (see Figure
4-24).

a) Five frames with fire located in both second #midl frames
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b) Deformed shape at time t=652 sec

c) Deformefdeshatime t=1986 sec

FODRZ SOLUTION AN

—
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QL ; Five bays frame H-7,5 and P-30,0 ; 30 benaviour with ground ; Snow
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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 case aifite beams has to be limited by the

plastic tensile resistance of both top and bottdwords which are much less
resistant than steel beams in case of portal frafRemm this point of view,

regarding the example given in Figure 4-24, if ieated column failed at about 18
minutes of fire, even the elongation of above twembers is supposed to lead to

the maximum chain effect at this moment, the haiabforce predicted by the
simple calculation method using single span chaould/ not be exceeded.
However, the failure of the column at this stagérefis quite early.

As a consequence of above investigation, for tlrames, the tensile force induced by

the failure of the heated parts of the structureheck the performance of the
lattice framework with respect to the progressiolapse of the storage building

can be calculated by considering that each heatédd beam behaves as a single
span chain between their support columns.
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» In the calculation method, heated columns are asswed to be
sufficiently fire resistant to be considered as rigl support. So, the
number of spans to take into account in the desigmethod should

not exceed 1, even if the number of spans of thedicompartment is
more than 1.

> In real fire situation, the use of single span chai effect can be
considered also as a realistic assumption becauseder general fire
spread, roof beams will be much more heated than exl columns
due to the hot gas layer formed in the upper part bthe building at
the early stage of fire.

500000 \
Fx 13
\ :
400000 | | Tensile force Fx 11
given by
simplified rules L
300000 -
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Figure 4-24: Axial forces induced in heated lattice beams

5. Standardised Solution for Industrial Halls

5.1.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 @ pf structure submitted to fire and
on displacements generated at the compartment @hése displacements may

become the main criteria to evaluate the fire behanof partition walls and fagade
elements.
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So design methods developed for industrial buildifty steel structure must allow:

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

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

As these calculations are performed on cold strastiso they can be assessed using room
temperature design tools for structure analysisyided that the forces induced by
the behaviour of the heated structure can be etelua

Simple methods allowing a safe evaluation of tHesees are given hereafter. Two types
of steel structures are covered by these methaasely:

» Portal steel frames with cross section in standardd 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 observationsshow that steel
frame behave as a chain under fire situation if colmns are stable.
For this reason, the evaluation of tensile force cabe estimated in
such a way to be as accurate as possible with thetenary theory.

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

Rva

Rve

ho

yT V1 Lo

X
L

Figure 5-1: Parameters of the catenary.
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According to catenary theory the horizontal tensRnat the top of the frame is derived
from the expression:

R, =ga Equation 5-1

Under constraints:

X, < L, withx, is suchthat h, —h, = a(cosh(x(’j —COSh[ L-X%, j] ,
a a

Y, >0,with z, =h, +a{l— cosh(xoﬂ,

a
h, >h, ., with h, . =h; - L2 -L2%.
Equation 5-2

In Equation 5-1, g is the linear load aladzi, is a parameter function of which can

be estimated by,

sinh(X)=«.X, where «? :M Equation 5-3
Catenary parameters are as follows:
h;, hy - heights of support columns
L - distance between columns
Xo, Yo - coordinates of the lowest point of the chain
R, ., R, - horizontal and vertical reactions (see Figure 5-1
Lo - length of the chain, given by the implicit eqoat
L, = 2R, sinh(q—Lj, Etjoa 5-4
q 2R,

During fire, different situations can be met. Indeeolumns are considered as fixed at
support and, under fire conditions, the unproteategtmediate column in the same
cell determines the parameters of the catenaryla@mthe generated forces in the
top of columns. The following figures illustrateiglconnection in case of frames
where two spans are heated.
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o8 I e

Case 1: The intermediate column does not fail

“\ > 1 /|

Case 2: The intermediate column partially collapsmed still contributes to the structural
strength

| P —y

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

Figure 5-2: Different cases to be considered inttsieload estimation.

The effective computational procedure consists efggming an iterative calculation of
the tensile horizontal force according to the imiplEquations 5-1, 5-3 and 5-4
under constraints defined by Equation 5-2. For #beve different situations
(Figure 5-2) and for several constructive configiores, calculations have been
performed in order to evaluate the horizontal ferfsirces at compartment ends. It
Is obvious that the third case is the most unfaabler one and corresponding
results has served as reference for the proposgulesimethod (Section 5.1.2 for
portal steel frames and Section 5.1.3 for lattreenies). The catenary results for the
case 3 are resumed in the table below;

Load (KN/m)| Height (m)| Horizontal tensile force from catenary calculat(BiN) Case 3
7,5 102.79
e (2,16
p 12,5 102.79
= 7,5 138,8
< 2,88
n 12,5 138,8
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7,5 173,49
3,6
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
Pl 7.5 260,24
S 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
c |36 12,5 342.86
& 20 342.86

Table 5.1: Horizontal tensile forces according taenary theory.

5.1.2.Portal steel frames with cross section in standartl or | hot rolled profiles

Explanations given in this section deal with Set#oof the design guide [1] and concern
only the configurations when fire walls are pergealar to portal frames of the
storage building. When fire walls are parallel twtpl frames, the risk of collapse
towards the outside and progressive collapse (lmetwéferent fire compartments)
can be simply avoided with regard to several recenaations suggested in [2]. As
well for expansion as for the collapse phase twe @ionfigurations have been
considered namely,

= Fire compartment in the middle of the storage ungdsee Figure 5-3);
= Fire compartment at the end of the storage buil(seg Figure 5-4);
2 0,

—)I

m;=1 n=1 m, =2

Figure 5-3 : Fire located in a cell at the middl&tbe building
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n=1 my; =3

Figure 5-4 : Fire in a compartment at the end o #torage building

5.1.2.1.Collapsing phase: horizontal tensile force andldsgment induced

The design guide gives, in Eqg. (4-8) (cf. [1] Sext#d), the horizontal tensile force to be
used in order to evaluate the stability of the quddts in case of fire situation. One
recalls here for convenience this tensile force,

=N A, Equation 5-5

where

g is the vertical applied load given by Equation,4-7
¢ is the span of one heated bay,

N IS @ coefficient given by Equation 4-5 as a fumctof the number of heated

bays and the two studied fire configurations (firehe middle or in the end of
compartment),

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

It is to note that for intermediate slope valueér interpolation may be performed. The
coefficientc, is adjusted so that the horizontal tension foreerg by the simple
method (Equation 5-5) is well correlated with catgnresults (Table 5.1). Figure

5-5 gives the correlation between loads calculateidg the catenary theory (cf.
Table 5.1) and loads calculated using the simplénaake
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Forcesaccording to simple method {KN)

Horizontal tensile force calculated
according to simple method (KN)
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Horizontal tensile force calculated according to the catenary method {KN)

Figure 5-5 : Correlation between horizontal tendibeces calculated using the

catenary method (Equations 5-1, 5-2 and 5-3) anddicalculated using the proposed
simple method.

Figure 5-6 gives the correlation between lodetermined by numerical simulations
(where no failure of the cold parts of the struetoccurred) and loads calculated
according to the simple method.

35073

300 -

2501

200+

100 +

50 A

SAFE o e

UNSAFE

50 100 150 200 250 300 350

Forces according to numerical simulations (KN)

Figure 5-6: Correlation between tensile forces cédted using numerical simulations

and those calculated using the proposed simpleadeth

5.1.2.2.Expansion phase: force induced by thermal expansion

For the expansion phase, the only performance rieritto be checked concerns
displacements induced at the ends of fire companttieaed then forces generated by
the thermal expansion of the beam.

When fire occurs in a compartment in the middlehaf building, generated force can be
given as a function of the slope of the roof actoaydo,

F, =c,ngf

where
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n is the span number of the compartment submitteiréeo The number of
spans “n” to take into account in design is limite@®, even if the total number
of spans in the fire compartment is higher than 2;

m; is the span number of the neighbouring cold catnnts;

q=G+0,2Sn- is the linear load on roof [N/m] (equal to theadb density

multiplied by the spacing between frames) appliedle beam and calculated
in fire situation (where G is the permanent loaduding self-weight of the
steel frame and the equipment overloads ayd e snow load);

/- is the span length [m];

c,- is an empirical coefficient (function of the stopf the roof) according to
Table 5.2 (for intermediate values of slope, lineéerpolation may be used),

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

Table 5.2 : Slope values,C

> For simplification reasons, the coefficientc in Equation 5-1 is taken

the same as for Equation 5-5, which corresponds the evaluation

of the horizontal tensile force induced by the spadeflection under
fire.

When fire occurs in a compartment at the end ofstioeeage building (see Figure 5-4),
pushing force induced at the compartment ends eaablained in the following

way:
Fp =Kine, £, Equation 5-7
where:
_ KK, : : : :
S , with K, and K, equivalent stiffness for lateral displacements
Kl + K2

o, andd, of steel frame;
nis the span number of the cell submitted to fire;
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c, Is the reduction factor which corresponds to artfa expansion at a
temperature of 740°C. Values of, as a function of the slope are given in
Table 5.3. For intermediate values of slope, linetarpolation 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 values,C

The value ofK, is defined as the lateral stiffness of the steeht of the fire compartment
which can be evaluated as follows:

0.065k forn=1
K, =40.13k forn=2 Equati5-8
0.13ck forn>2

When the span number of the heated édl higher than 2K, = 013k, with k as defined
in Equation 5-10 and determined according to Equation 5-11 wiilx= n - 1.
The value ofK, is defined as the lateral stiffness of the stemink of cold parts of the

structure.K, can be calculated using standard structural arsaystware or, as for
K, formulas explained of the paragraph below.

Frame lateral stiffness evaluation

In practice, especially for the unequal steel framéisplacements will be calculated
directly using standard software for structural lgsia. For usual steel frames
(constant range, even standard steel profiles somspan to another), equivalent
lateral stiffnessK; can be calculated in an approximate way usingCihessy’s
relations [3]:

Form =1:
Ki=k Equation 5-9

with:

=_a DlZEICS[N/m], and azl—bdﬁ—f Equation 5-10
1+2a (h+f) I, ¢
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where (see Figure 5-7):

h - is the height of the portal frame [m];
¢ - is the span length [m];
lp - is the second moment of area of the beaf; [m

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

E - is the modulus of elasticity of steel for notreanperature [N/m2];
Form = 2:

K,=ck with c=1+>+—9 Equation 5-11
=21+ 2ia

¢ | o

m;=2

Figure 5-7 : Definition of parameters of cold parts

The Figure 5-8 shows the correlation between latdisplacement (and then lateral
stiffness) calculated with structure software ahdttcalculated using Eg. 5-3.

Results show that the used formula gives, exceptstome cases, safe design
values.
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This correlation can be improved (see Figure 5¥inodifying the parametes such that
Eq.(5-10) is replaced by

a [1 Eh + f .
= <[N/m] and a=— Equation 5-12
“1+2a  (h)® O6h
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Figure 5-9: Correlation between lateral displacerteecalculated using structure

software and those calculated using the simple otktgq. 5-12)
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5.1.2.3.Displacement at fire compartment ends

When the fire occurs in a compartment of the boddidisplacement§ [m] induced at the
compartment ends (see Figure 5-4) can be obtamatding to

ma>{Fp, Ft} ) )
—x attheneighboumgcold part,
o = Fi Equation 5-13
?p, attheendof the frame
where

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

K, is the equivalent lateral stiffness of the steahfes of cold compartments
[N/m].

Displacements obtained allow checking that bothadac and partition elements are
compatible with the displacements developed atetius of the fire compartment in

ord

er to avoid the collapse towards outside andptiogressive collapse between

different fire compartments.
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Figure 5-10: Correlation between lateral displacerteecalculated using structure
software and those calculated using the simple otetRquation 5-13)

5.1.3.Steel frames with lattice beams and columns in staard H or | hot rolled
profiles
5.1.3.1.Expansion phase: Displacement at the fire companttiereds

For the expansion phase, the checking of the fekabiour of lattice structures with
respect to the fixed objectives only requires taleate maximum displacements at
the ends of the fire compartment.

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

K, & .
3, =0,009—+>"7,. Etjoa 5-14
i o=l

where:

li is the length of the heated span i [m];
n is the span number of the fire compartment;

K1K2
Kl + K2
structures for the lateral displacemendisand J, (see Figure 5-11).

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

The partial coefficient (0.009) in Equation 5-14rresponds to a thermal expansion at a
temperature of 650°C. This coefficient is deterrdinperforming thermo-
mechanical simulations which show that the collapks&attice beams occurs at a
maximum temperature of 650°C.

It should be noted that equivalent stiffness ofgteeel frameworks of the cold parts of the
structure must be evaluated using standard softf@asgructural analysis.
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m travées froides, K2

Elément de
compartimentage

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

K, is the lateral stiffness of the steel frameworktled fire compartment which can
approximated by:

If n=1, Kl - 0,2K2 and 51 :0,0075./f’ 62 :0,0015./f

Ifn=2, Ki=03K> and §,=0,0070> ¢, , &,=0,002) ¢,.
i=1 i=1

a) Fire compartment at one end of the storage ingild

o1 02
m, travées froides, K1 | |& n travées échauffées > I" m, travées froides, K2

Elément
Séparatif

k EI,émen_t >
séparatif N ™ )

Ki and Kz are the equivalent lateral stiffness of the steeheworks of cold parts of t
structure

e

b) Fire compartment in the middle of the storagiding

Figure 5-11 : Definition of lateral stiffneski and K2

Partial coefficients in previous expressions hagernbdetermined such that one obtains a
good correlation between results of numerical satiohs and those of the simple

method. Figure 5-12 and Figure 5-13 show the caticel between the expansi

on

displacements (for different structural configuoas) at the top of the column
calculated using numerical modeling and those tatied according to the simple

method for the case a and b respectively (see &igirl for the two cases).
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Figure 5-12 : Correlation between expansion displaents calculated using
numerical modeling and those calculated using thpke method (Equation 5-14 and case
a of Figure 5-11)
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Figure 5-13 : Correlation between expansion displaents calculated using
numerical modeling and those calculated using thpke method (Equation 5-14 and case
b of Figure 5-11)

5.1.3.2.Collapsing phase: Stability of cold parts of theusture and displacement at the
fire compartment ends
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During the collapsing phase, chord members of kledsttice beams pass from a

compression state to a simple tensile state. Teamb behave as chain subjected
to uniform loads.

In the case of a simple heated span located anitiele of the building (see Figure 5-14),

the horizontal tensile force applied at the endghef fire compartment can be
obtained from:

F=c,al Equation 5-15

where:

gq=G+0,2Sn is the linear load on roof [N/m] (equal to thedadensity multiplied

by the spacing between frames) applied on the baadncalculated in fire
situation (where G is the permanent load includsedf-weight of the steel
frame and the equipment overloads ap@s3he snow load);

¢ is the length of the span [m];

Cp is a coefficient taken as 1.45.

> Itis to note that the value of the coefficient cps calculated so that one
obtains a good correlation between results of numaral modeling

and those calculated using the simple method (seeére 5-15 and
Figure 5-17).

FOmax  Fdmax
Fire A Fire
wall = wall Ky Ka
<>
[

Figure 5-14 : Fire compartment in the middle of sharage building

I

The Figure 5-15 gives the correlation between tenfirces at the top of columns

calculated according numerical simulations and ehoalculated using simple
method according to Equation 5-14.

From previous maximum forde, displacementsnasi at the top of the columns supports
of the partition elements can be calculated inuthgal way:

Omaxi =F [ Ki Equation 5-16

where
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Ki is the lateral stiffness of the examined cold péthe structure.

300 B

—_ +10% -
Z - — - ."'.’
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@ o=
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£ 03 spans 1 ofwhichis heated
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L 100 1 A3 spans 1 ofwhichis heated
% o UNSAFE 03 spans 2 of which are heated
e 50 - 05 spans 2 of which are heated
LE o5 spans 2 of which are heated

0 1 1 1

0 50 100 150 200 250 300

Forces by numerical model (KN}

Figure 5-15 : Correlation between forces calculaldnumerical methods and those
calculated by the simple method (Eq. 5-14)

In the case of different partitioning (several leelspans; edge span heated) displacements
at the top of columns supports of the facade otitiwar elements and forces
transmitted to the cold parts of the structure bancalculated by applying the
previous relations to the heated span(s) of theedoampartment close to cells not
submitted to fire as indicated in Figure 5-16.

F1d‘nax
H/lv\ K IH
l
F =145.(0.6q9/) and
Omax=F /K
F:d‘nax
HI K IH
/
F:1,43:]fn and OJmax=F/K
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Case of n heated spans

a) Fire compartment at the end of the storage imgild

F1,81,max
H H
Ky
<
l1
Fz,@ max
l1 £n
H H
Kz
<>

Case of n heated spans ln
R=14%0 and  Gme=R/K:

F2:1,4a:]€n and 52,max=F2/K2

b) Fire compartment at the middle of the storagiling;

Figure 5-16 : Displacements and forces transmittedold parts of the structure

The Figure 5-17 gives the correlation between disginent calculated using numerical
simulations and those calculated using the sim@thod (Equation 5-16).
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Figure 5-17 : Correlation between displacementsuakdted using numerical
modelling and those calculated using the simplénote{Equation 5-16)

5.2.Simple model for expansion phase
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More accurate design method, therefore less simplase, is presented hereafter for
expansion phase. This method allows calculating imam horizontal
displacements 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 bynaremental calculation maximum
displacements induced at the ends of a fire comant during the expansion
phase, taking into account the evolution and thstridution of temperatures as
function of time, as well as their effects on theertnal properties (thermal
expansion) and mechanical properties (reductiomofacfor yield strength and
Young’s modulus) of steel.

It should be noted that maximum displacements ®inghe design of steel frameworks
are those obtained when heated lattice beam falsyhen the buckling resistance
of one of the elements making up the beam is rehichire situation.

The following procedure can be followed for the atstination of maximum
displacements:

» Step 1: Choice of fire scenarios: i.e. choice ofestl members (lattice
beams) which will be heated. These scenarios are fidked in
accordance with the arrangement of the storage buling (structure
and partitioning) as illustrated in the Figure 5-18

‘ ?Hrewil
a1 a2 Gal3
cdll Cel2 Cell3
Buildi 5 ad3cdls
Building arrarngeent : 3 spans and 3 cells @
@ 3fire soerarics need to be cosidered
2fire scenarios need to be considered

Sceraio 1: firein the exterrdl oell Nl

Scenaio 2 fireinthe midde cell

Scerario 2: fireinthe middle cell

Scenaio 3 fire in the externdl cell N3

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

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

» Step 2: Calculation of temperatures in steel membermaking up the
lattice beams in the fire compartment. Temperaturedistribution is
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assumed to be uniform along the length and within e cross-
section of steel profiles. So, no thermal gradientacross section or
along element length are considered.

» Step 3. Checking of fire resistance of heated latte beams. From the
temperature fields previously established, failuretime of heated
lattice beams which lead to the end of expansion pke should be
predicted. More precisely, for each temperature lesl, the stability
of various steel profiles making up the lattice beas (horizontal
chords, vertical elements and compression diagonalshould be
checked calculating:

= On the one hand, the design buckling resistanc¢he$e elements in fire
situation (according to part 1-2 of Eurocode 3;[4])

= On the other hand, internal forces introduced as¢helements in case of fire.
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Mechanical loading according to fire combination
internal forces N p=20c

[ Fire scenarios ]

Choice of the heated lattice beam

I

Choice of « n » steel elements to be checked
(Chords, vertical elements and diagonals)

A

Calculation of temperatures ]
of steel element <
(§B.1.L11) J
(8 B.1.1.2.1) ]
|

Calculation of internal force: N 1.¢
(§BB.1.1.2.2)

I

|
[ Elementi: 8
|
[ Calculat ion of buckling

resistance: N fird o

Checking of the stability:
Nri,e ? Nfi,rd, 0
(§B.1.1.2)
¢ no
[ End of expansion phase ]

|

[ Calculation of displacements ]

a-6 +a8

Change in design of
steel structure

no

no Change in design of
partition element and

A 4

Checking of the ]
displacement compatibility J

End of

facade element

yes

A

checking

(*) for all available fire scenarios

Figure 5-19 : Application flowchart of simple modet expansion phase

» Step 4. Calculation of the maximum displacements athe top of
columns supports of both partition and facade elemds. Once
theses displacements obtained, it's possible to akethe design for
displacement compatibility between steel frame angdartition walls.

Application flowchart of the simple model is sumimad in the Figure 5-19.

Two situations need to be considered, namely:
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» Fire compartment in the middle of the storage builahg;

» Fire compartment at the end of the storage building

5.2.1.1.Fire compartment in the middle of the storage bngdsimple heated span

&

K1 & < K2

¥

AN

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 fagigh/ of the several steel profiles making
up lattice beams, the temperature level reacheddh type of these elements must
be calculated.

Temperatures in steel elements should be calcuktedrding to the simplified method
given in Part 1-2 of Eurocode 3 as function of tiamel section factor [4].

The calculation procedure summarised on Figure 5sl%hen performed taking into
account successively the temperatures previoustyleded.

The simple model is applied step by step untilfdikire of the heated lattice beam using
the following 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 gteffles making up the heated lattice
beam (horizontal chord members, vertical membediagonals) fails as a result of
the progressive increase of internal forces dubecaxial restraint against thermal
expansion induced by the cold parts of the strectur
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Also, to evaluate the maximum displacements to seduin the design method, it is
necessary to estimate the temperature reachecdeblyotiizontal chord members at
the failure time of heated lattice beam. This terapge is evaluated step by step
by checking for each steel member the conditionrevtige internal force applied to
the element reaches its design buckling resistamcempression, i.e.:

Nfi,0 =Nfird 6 Equation 5-17
where:

Nfi rd,0 IS the design buckling resistance of the steel besrn fire situation, for
the temperatur®é;

N ¢ is the internal force in fire situation for thertperatured, which is defined
as:

Nri,e =Nfi, 6 =20°c* ANfi,e Etjoa 5-18
where:

Nsi o=20°c IS the internal force in steel members obtainedoam temperature
with the load combination in fire situation. Thisrée should be calculated
using standard computer code for structure analysis

ANy ¢ is the additional compressive force, for the terapee 6, due to the
partial restraint to the free elongation of therbhea

The checking of the resistance in the case ottkatieam can be limited to the following
steel members:

> Elements of the bottom chords close to the ends fife compartment
(i.e. close to the columns supports of the fire wia);

» For each type of steel profile used for vertical nmabers, the element
which is the more loaded at normal temperature (wit load
combination in fire situation);

» Diagonals loaded in compression.

Calculation of the buckling resistance of steefifgs

The design buckling resistance at temperadlrél, si rg, Of @ Steel member subjected to an
axial compression should be obtained from:

Nb.fird= Xfi A Kyefy/Ymii Equation 5-19

where:
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Xs is the reduction factor for flexural buckling irrdisituation which depends
on the non-dimensional slenderness ratio ;

ky.¢is the reduction factor for the yield strengthstéel at the temperatuée

For a practical use, the buckling coefficigggtcan be evaluated from values given in the
following table, according to the steel grade amelnon-dimensional ratio at room

temperature\ .

— Steel grade - Steel grade

A 5235 5275 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
0.5 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 | 05127 | 0.5361 2.2 0.0977 | 0.0991 | 0.1014
0.8 0.4378 | 0.4506 | 0.4713 23 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
1.2 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 factgyj as a function of relative slenderneksand steel grade

The non dimensional slenderness at room tempergtisgiven by:

A =(A1)(Ba)%° Equation 5-20
where:

Ah=939(235 f,)*.

A =/l is the slenderness of the element for the buckdibgut the weak
axis;

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

| is the radius of gyration of the cross-sectionultbe weak axis ;

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

For steel members making up the lattice beamsbtlekling length in the fire design
situation may be taken as:
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— for horizontal chords? = 0,7/ :

= for diagonals:/ ; = 0,65/

— for vertical membersf = 0,57

where ¢ is the member length. For horizontal chords, atlvisable to take the
distance separating two successive vertical members

Calculation of the internal forces in the heatdtida beams

During the expansion phase, the temperature ramsléo a longitudinal elongation of the
heated lattice beam which results in an increasentgirnal forces (additional
compressive forces) due to axial restraint agahesimal expansion induced by the
cold 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 foréeghe horizontal chords

In order to check the stability of the heated tattbeam, and then to calculate the
horizontal displacements at the ends of fire commpant, it is necessary to
determine the additional compressive forces intcedun the bottom chord as well
as in the top chord.

Assumptions:

» The compressive force is assumed to be uniform algnhorizontal
chords ;

» Horizontal chords of the lattice beam are modelledas simply
supported isostatic beams (Figure 5-21) combined thi horizontal
spring taking into account the cold parts of the sucture located
beyond the partition elements. This spring acts irthe horizontal
direction and its stiffness Ky is equivalent to the horizontal
stiffness of the cold parts of the structure. Sincthe studied phase is
the expansion phase, this springs are one-directiahand provide a
response to thermal expansion;
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C—

Figure 5-21 : Isostatic beam

» Stress-strain relationships for steel are bilinearand derived of
mechanical properties given in part 1-2 of Eurocode3 (Figure

5-22).
A
fy,e —————————————————————————————— .
fo.0 T Ele=(fye=fp.el(0.02-£,0) !
Eo | |
.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 tlogtdon chord which can be
calculated by the following formula:

_ al,.(6-20) 1K, -1/K,

AN = el8
m UK +1/K, UK, +1/K,

Equation 5-21

where:

0 is the steel temperature;

a is the coefficient of linear thermal expansiorkéa as 14.16) ;

Lp is the span submitted to fire;

Neip is the design resistance of the chord for the t¥atpred : Nejo=A.fyp ;

Keq is the equivalent lateral stiffness of the coldritpaof the structure:
/K, =Y 1/K; where K is the lateral stiffness of the considered steel

framework.
Ky et Ky are the axial stiffness (linear and non-linear teda®of the chord for

the temperatur®.

The axial stiffness Ket Ky are defined for the temperatlgdy:
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= Kb:A.EB/Lb
= Kpi=Kp if Nmi.e=20°ctANmig < Neig ;
= Kpi= A.E'e/lLp  If Nmi.e=20°ctANmig > Neig ;

with:

Ep et E are the slope of the elastic linear range anchtmelinear elastic range

for steel at the temperatube(see Figure 5-22) and A is the cross-section area
of the chord.

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

_al,(8-20)-3, 1/K, -1/K,,

AN
MUK FUKy LK +1Ky o

Equation 5-22

where

0o (=AN,,4/K,,) is the displacement at temperat@réue to the above additional
compressive force in the bottom chord.

The axial stiffness Ket Ky are defined for the temperatidoy:
= Kp=A.Eg/Ly
= Kpi=Kp if  Nmsp=202ctANmsp < Neig ;
= Kpi= A.Ed/Lp if Nmsp=20°ctANmsp > Neip ;

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

Studies performed on the basis of advanced caiocokashow that internal forces in the
diagonals under compression of lattice beam remagmoximately constant despite
the temperature rise.

With regard to vertical members, the temperatuse as well as the axial restraint to free
expansion induced by the horizontal chords initile additional compressive
force in this type of element. However, numericdults show that instability of
vertical members, when it takes place, always acdor values of compressive
force close to those obtained at normal temperdtuith the load combination for
the fire situation).

From the above comments, values of internal focadsulated at normal temperature with
the load combination for the fire situation can umed to check the stability of
diagonals under compression and vertical members.

For these elements, compressive forces are given by
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Nrit =Nfip=20cc and ANy =0 Equation 5-23

Calculation of maximum displacements at the endg@tompartments
Displacements at the top of the columns supportghef partition elements can be
calculated from:

6max,i = (ANmi,eC + ANms,ec )/K| Equat|0n 5'24

where:
Kiis the lateral stiffness of the designed cold péstructure;

AN, is the additional compressive force in the bottthord obtained for the
temperaturdc (cf. Equation 5-20) ;

AN, IS the additional compressive force in the toprdhobtained for the
temperaturd@c (cf. Equation 5-21).

B¢ is the temperature reached in horizontal chordsnbees at the end of
expansion phase.

5.2.1.2.Fire compartment in the middle of the storage hogd 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 thpesposition and the combination
of the basic case presented in Figure 5-20 witiggpate values of Kand K.

For example, the displacement at the top of coluairke fire partition wall will be equal
to the sum of the lateral displacement of eachduegpan, which can be obtained

by applying the method of § 5.2.1.1 with suitaltiffreess K; and K as shown in
Figure 5-23.
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Figure 5-23 : Principle of displacement superpasiti

For a practical use, in alternative to the supetipmsmethod, displacements at the ends of
fire compartments can be obtained by applying #dicase (see § 5.2.1.1) with a
cell made up of only one equivalent heated spanotaf length L equal to the sum

of all heated spans) and with appropriate valudsitefal stiffness Kand K (see
Figure 5-24).

Figure 5-24 : Equivalent heated span

5.2.1.3.Fire compartment at the end of storage building

In the case of a fire compartment located at tlteadrthe storage building, displacements

at the top of columns supports of partition elermesntd facade elements can be
calculated using the following rules:

» Displacements at partition elements can be obtainebdy applying the
simple model presented in paragraph 5.2.1.1 to thepan of the fire
compartment contiguous to the fire wall and consideng
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appropriate values of lateral stiffness K and K, (see Figure 5-25).
In the case of only one heated span, the value of ghould be taken

as K; = 0.2K (where K is the lateral stiffness of the span at nonal
temperature)

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

s=adl. (6:—20)-c2
; 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 expansiorkéa as 14.16).

5.3.Recommendation for bracing

Additional design recommendations must be put practice to allow the collapse of the

steel structure under fire condition on either sadléhe fire wall without causing
any damage to the fire wall.

Figure 5-25 : Displacements in the case of a fisenpartment at the end of building
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5.3.1.Fire walls perpendicular to steel frames

Requirement of no collapse towards outside alorddhgitudinal direction (perpendicular
to steel frames) can be satisfied using appropbadeing systems. Specifically,
each compartment must have its own bracing syst&a Figure 5-26). So, the
following solutions should be adopted:

> to use of additional vertical bracing system on edcside of the fire
wall. This bracing system should be designed to spert a lateral
load taken as 20% of the normal wind load (accordig to the load
combination for the fire situation) calculated for a gable area “S”
limited to the width of only one span (S=Hl);

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

Nevertheless, these bracing systems shall be cdrigatith ambient temperature design;
in a way that they will not cause problems e.gexpansion of joint.

Fire wall

Building end

Building end

Bracing system for

_ normal temperature
Doubling of

bracing system

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 eizbotal on the roof) are generally
located inside the same compartment. When firesvealk parallel to steel frames, it
IS necessary to install an additional bracing sysfeertical and horizontal on the
roof) at each compartment, so that the collapsthefsteel structure of the heated
cell does not lead to the instability of the whdileilding (Figure 5-27). Each
bracing system must be designed to support a hdakaniform load taken as:

F=119q Equation 5-26

where
g=G+02S
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When the fire wall is mixed with the steel framénmeents of bracing systems must be
fixed to rigid steel elements implemented to supfwe purlins on each side of the
wall.

Figure 5-27 Bracing systems of storage buildings

5.4.Case study for lattice structures

As application example, design methods describedipusly in 8 5.1.3 are used hereafter
to evaluate maximum displacements and forces irlatehe fire compartments
ends of a building with lattice steel framework idgrboth expansion phase and
collapsing phase.

5.4.1.Description of chosen steel framework

The lattice steel structure characteristics anchtdauy 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
3 30 7.5 L100x100x10 L80x80x8 3
450 L50x50%x5
L70x70x7
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L50x50x5
Table 5.6 : Main characteristics of steel framework
2(L100|x100x10) 2(L50x50%5)
_ |
I | !
2(L70x70x7) 2(L100x100x10) 2(L80x80x8)
| _HEA 450 HEA 450 —
0=5.4 KN/m
*‘V‘VV \AA 4 #V‘VV VV*V **VVVVVVVVVV‘
2m
? 7.5m
Fire wall Fire wall
P 30m - 30m .~ 30m ~
Cell 1 Cell 2 Cell 3

Figure 5-28 : Arrangement of steel framework

5.4.2.Choice of fire scenarios

In this study, building is divided into 3 cells septed by fire walls. Then, symmetry leads
to consider only two fire scenario (see Figure %-29

» Scenario 1: fire in the external cell (cell 1 or 3)
» Scenario 2: fire in the middle cell (cell 2);

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

Scenario 2: fire in the middle cell

Figure 5-29 : Fire scenarios for studied steel fiamork

Lateral stiffness calculated using structure anslysftware is given in Table 5.7.
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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 expanphase) and the forces (for the
collapsing phase) are determined using the simyliesy simplified method and
numerical simulations (ANSYS). Main results (disfgments and forces) are
reported in Table 5.8 and Table 5.9 respectively.

The results of simple design methods are compavethdse obtained with numerical
analysis (ANSYS). There is a good agreement betwaemerical model 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
Tensile
Method Displacement Displacement
Force P Tensile Force (kN) P
(k| (m) (m)
N)
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 collapgihgse

6. Facade Elements, Partitions and Fire Resistance Wal

To minimize the risk for people and to prevent asi¢ of fire spread between buildings or
compartments separated from one to another by tipartielements, safety
regulation requires, in addition to the fire resite rating usually needed for
compartment elements (which depends on the usd@igtit of the building), that
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the localized failure of the first cell under findition doesn’t lead to the
progressive collapse of the load-bearing struct@ithe building and doesn’t imply
the collapse of the structure towards the outsithese requirements assumes that
the movement of the load-bearing structure of tihiddimg don’t lead to the
prematurely collapse of the facades and partiti@lsw To reach this objective,
adequate design recommendations should be puaatiqe.

After a short description of some systems curreaslgd for industrial & storage buildings,
recommendations for fagades and partition wallsvai as steel structure are
suggested. These recommendations aim at preveptargaturely the failure of
elements and so to avoid the risks of progressilapse and collapse towards the
outside.

6.1.Description of selected facades and wall systems
A short description of some type of facade and firall systems currently used for
industrial & storage 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

6.1.1.1.Product description

Manufacture of sandwich panels of big length ubh#im and width 1198 mm. Insulators
are extruded polystyrene, expanded polystyrene Raro#twool.

Lecson Lectol Lecpol Lecfeu
Figure 6-1 : Isocomposite systems

Sandwich panels for fagades (Lecson, Lectol, Ldktpo
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Sandwich panels for fire partition walls (Lecfeu).

L& [

Products

Lecson Lecfeu Lectol Lecpol
Width 1180 mm 1180 mm 1180 mm 1180 mm
Insulator 60, 80, 100,60, 80, 100,60, 80, 100/60, 80, 100
thickness 120 mm 120 mm 120 mm 120 mm
Length up to 6 m; up to 6 m; upto12m upto 12 m

Phonic Fire resistance,

isolation especially

especially
Loading thickness: 2 tq thickness: 2.3 thickness: 2 tq thickness: 2 ta
resistance 2.5m to4 m 4m 4m
Fire resistance| MO (rock MO (rock M1 (EPS) M1 (PS)

wool) wool)
Thermal uptoK=0.34| uptoK=0.27 uptoK=0.26 uke 0.26
performance
Durability galvanized steel and painted;

(corrosion)

Table 6.1 Properties of the Isocomposite panels

6.1.2.Fireproof panels

6.1.2.1.Product description

The alternative to concrete in EI30, EI60, EI90 &hti80. The insulation core of the panel
IS non combustible acc. fire resistance class Al.efement thickness of 70mm
responds to EI30 & W60, a thickness of 100mm redpaio EI60 & W90. An
element thickness of 120mm achieves EI90. The paarel available with different

profile designs and thickness.

6.1.2.2.
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Figure 6-2 : Fireproof Panel

6.1.2.3.Application field

The outstanding characteristics enable a greaerahgpplication. It ranges from external
and internal wall construction to the constructioh ventilation plants, office
containers, roofs, ceilings enamelling chambersdigohg installations

6.1.2.4.Technical comments

Dimensions

Width: 915 mm or 1100 mm. Special construction tadtbetween 500 mm and 1200 mm.
length: standard length at most 10 m. Thickness48550, 60, 70, 80, 100, 120,
140, 160, 180, 200 mm. At panels of series L an@ Vhm must be added to the
standard thickness because of the profile design.

Durability (corrosion)

Resistance class K Ill / DIN 55 928 part 8. Outed anner plate: 0,55 mm - 0,75 mm
sendzimir galvanised steel acc. DIN 17162, polyestd®VDF coated. Insulation:
Mineral fibre plates in a web form, non combustibke. fire resistance class Al.
Sealant: For tongue- and groove joint acc. demaridbe fire resistance class.
Higher steel thickness upon request. Polyestelirgp26 pum, PVDF 80/20, Kynar
500 appr. 25 pum. Colours in stock: RAL 9002, RALOBQRAL 9010. Further
colours acc. Pflaum-Colour-Spektrum (available upsguest). Surface protection:
The panels are supplied with a protection foil.

Fire Resistance
Behaviour in fire:
(thickness/class) 70mm / EI30; 80mm / EI60; 120A&#0O0; 100mm / EI180

Thermal performance
K-values:
= for35mm K= 1.19 W/m;
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= for 200 mm K = 0.24 W/m2K;

Acoustic performance
Sound insulation:
= 35 to 60 mm: 34dB;
= 70 to 200mm: 35dB;

6.1.3.Frame walls with cold formed sections

6.1.3.1.Product description

Cold formed sections are introduced between twatetaboards. The thickness, the size
and the shape of the cold formed section can hahlar

— —
f— f—
— —
Lo L [-— [-—
— —
f—, o
—
e e — —
f-—) f-—)
|I —_—1 — — —

FFWO01 FFCO02 FFWO03

Figure 6-3 : Cold formed sections

6.1.3.2.Application field

Partitions walls and fire resistant walls.

6.1.3.3.Technical comments

Dimensions
FFwWO01

93mm steel channel 1.2mm gauge (CH9312). Inteiinaldg: One layer 15mm Lafarge
Megadeco plasterboard. Insulation: 50mm minerallwleasity 33kgm3.Weight 26
Kg/mz?,

FFCO02

93mm steel channel 1.2mm gauge (CH9312). Interinaig: One layer 15mm
Lafarge Vapourcheck Megadeco plasterboard. Extdrimahg: One layer 22mm
Thermal Minerit. Insulation: 50mm mineral wool déps33kg/m3.Weight 27
Kg/mz2,

FFWO03
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Internal Lining: One layer 15mm Lafarge Megadeastdrboard. Sandwich lining:

Two layers 9mm Minerit. Weight 52 Kg/m?,

L& [

Products
FFWO01 FFCO02 FFWO02
Fire resistance EI30 EI60 El120
Thermal n.a K=0.35 n.a.
performance
Acoustics Sound Sound Sound
performance insulation 454 insulation  48- insulation  55-
n.a dB n.a dB n.a dB
Table 6.2 Properties of walls with cold form setio
6.1.4.Fire walls with hot rolled profiles and light weight concrete
6.1.4.1.Product description
1. Light weight : 1. Light weight concrete ]
concrete 2. Steel structure
2. Steel structure Z 3. Rock wool
3. Rock wool 4. Fusion bolt type 1
4. Anphor plate 5. Fusion bolt type 2
5. Nail Gunnebo 0

WL P Pl PN i

%) \?{’ - — e S, ,// .
— — Pl [T T S
7| A EEE T

582)/\ C‘JD @ 3 é) L\L//;/V

Figure 6-4 : Doubled wall (left side) and simplellngith 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 stimectcan be doubled and
connection on each side of the wall with fusionroeetions.
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6.1.4.2. Application field
Partitions walls and fire resistant walls.

6.1.4.3.Technical comments

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

Loading Resistance

Steel meshing in the light weight concrete is dalmd for a wind pulling of 800 N/m
this quantity of steel meshing can be upgradeédkssary;

Fire Resistance

The concrete part of the wall for 150 mm resistacexe reach a fire resistance of 6 hours.
But the global fire resistance depends on the systeelf;

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 calontathave shown that horizontal
displacements of the load-bearing structure of stiiai building under 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 edemif it is not sufficiently ductile or
not accurately fixed. It is thus important to ersthat displacements of the load-
bearing structure can be absorbed by a partitidh(afaa facade) in contact with it
so that the integrity condition of partition elerhecan be conserved. As a
consequence, corresponding design methods eassetand allowing to evaluate
these displacements are given later.

6.3.Design recommendation

Recommendations proposed hereafter can be appliadyt type of fire wall, such as in
lightweight concrete, reinforced concrete, holloiod, steel sheeting with
insulator, plasterboard, bricks, or built with amtyer material. However, fire wall
must be fixed in a suitable way to remain compatibith the lateral displacements
of the steel framework under fire condition.

RFS2-CR-2007-00032 71



Fire Safety of Industrial Hall @

Use of facade elements is not limited for storagédings. However, whatever the type of
facade is, its structural adequacy, its integritg &s compatibility with respect to
the movement of the steel framework must be ensumredder that the collapse of
these elements, if it takes place, occurs towasttlénof the building. The self-
stable facades must be proscribed as far as thmiemment occurs always towards
outside as a consequence of thermal bowing efféety will be used only if their
behaviour is evaluated by advanced calculation itadéng into account second
order effects, or if their load-bearing structure located outside, and thus
sufficiently protected against heating to remaabkd.

6.3.1.Attachment of fagade and partition elements to stéetructure

In order to prevent any failure of partition elertee(fire walls) and facade elements due to
significant lateral displacements of the steeldtrte, it is necessary to ensure that
these elements remain solidly attached to the tstreic

So, to avoid any risk of collapse of the facadenelets towards the outside or collapse of
partition elements, a solution consists in fixihgge elements with the columns of
the load-bearing structure, by means of suitaliechinent systems. For example,
horizontal steel plates or purlins uniformly dibtried along the building height,
arranged on columns and separated with a spec&figmum depth. This maximum
value will be fixed by the manufacturer of the waland it is recommended a
maximum value of 3 m for made on side walls (cotecigocks, 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 anfedwssaght of partition elements
under the effect of the lateral displacement induicg the steel framework of the
storage building.

3mi
Smi

Fire wall

Facade element

Figure 6-5 : Design detail for separation elements

6.3.2.Design recommendations for steel structures near eparation elements

Additional design recommendations must be put prirctice to allow the collapse of the
steel structure under fire condition on either sidghe fire wall without causing
any damage to the wall
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The elements that could damage the walls (being mearossing the walls) will remain
stable with a fire resistant rate at least equah tihe walls, to shift away the plastic

hinges from the walls.

Thickness of fire protection applied to columns dmeams can be simply calculated
assuming a steel section exposed on four faces, $tandard fire exposure of one

hour and a heating limited to 500°C.

Thickness of fire protection applied to lattice tmsacan be calculated assuming: a steel
section exposed on four faces for bottom chordgjoa members and diagonals
and three faces for top chords, for a standard dkposure of one hour and a

heating limited to 500°C.

6.3.3.Design recommendations for roof systems above theparation elements

In order to prevent that the collapse of the ropfatructure close to the fire wall leads to
the damage of the wall during the fire, some dedegfails must be applied.

firfproof material = 2x2.50m R roofing
) Roofing part between purlinsr
tbeam

Fire wall

Column
=N Fire protection

b)

Figure 6-6 : Design details near to the roof

A solution consists (see Figure 6-6 a)):

» 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 purling must be
designed so as to be supported by the wall. Therhet roof will be

independent from one compartment to the others.
» And in using roof with fireproof material, over a width of 2.50 m on

each side of the wall;
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Other possibility is to allow the wall exceed tlo®f up to a specific distance (Figure 6-6

b)).

6.3.4.Design recommendations for fire walls perpendiculato steel frames

In case of fire walls perpendicular to steel frartitesse 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 minima length should
be 200mm, and for lattice structures a minimal lenth equal to the
distance separating the wall with the first vertich member.

» PURLINS never cross the walls so it is not necesgarto be fire
protected.

In storage buildings with steel frames, severalitsmhs for partition elements need to be
considered, namely (see Figure 6-7):

» Fire wall inserted between the flanges of columns;
» Fire walls fixed to one flange of columns;

Fire wall

Steel column

Steel column

a) fire wall inserted between b) Fire walls fixed to one
the flanges of the columns flange of the columns

Figure 6-7 : Arrangement of separation elements

In common cases, the fire requirements lead toyapibire protection on columns of steel
frames (see Figure 6-8 and Figure 6-9).

In addition, when the fire wall is inserted betwdbr flanges of columns, no additional
fire protection is needed for beams of portal steshes (see Figure 6-8). On the
contrary, lattice steel structures near fire wallsnbe protected to avoid the
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possible disorder induced by the failure of theéidatbeam near to the fire wall.
Consequently, a fire protection on both side ofwa must be applied to lattice
beams (on horizontal chords, vertical members aladodials) over a minimal
length equal to the distance separating the wadh tie first vertical member (see

Figure 6-8 b).

In the similar way, when the fire wall is built hids one flange of columns, to prevent wall
damage with the collapse of the beam near thenak a fire protection must be

used on beam (on the side of wall):

» Over a minimal length of 200 mm beyond the wall lint, for portal

steel frame (see Figure 6-9 a).

» Over a minimal length equal to the distance separaig the wall with
the first vertical member, for lattice structure (see Figure 6-9 b).

purlins
I Nyeg
Cross
- beam
Fire wall
column—y _
Fire
protection

Fire
protection

Lattice beam

Column—»

Fire wall

A

‘ Fire _
protection

a) Portal steel frames

b) Lattice steel structure

Figure 6-8 : Fire Protection when the fire walliisserted between the flanges columns

2200 mm Purlins
T T} Cross

beam
Fire
protection Fire
Fire wall —bs protection
“« column

Fire
protection

i

Fire wall

Column

— Lattice beam

. Fire
protection
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a) Portal steel frames b) Lattice steel structure

Figure 6-9 : Fire protection when the fire wallbgside one flange of the columns

6.3.5.Design recommendations for fire walls parallel toteel frames

In case of fire walls parallel to steel frames thelesign recommendations should be
applied:

» 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 necgy to fire protect
the continuous purlins (over a distance of 200mm &m the wall) or
design a not continuous purlins system (see Figufell).

Several solutions for partition elements can besmered (see Figure 6-10), namely:
= Fire wall inserted in steel frame;
= Fire walls beside and in contact with the steehiza

= Fire walls between two steel frames;

Fire wall ::::: Fire wall ::::: Fire wall
Steel column Steel column 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 theuctures) lead to apply a fire
protection on steel frames (beams and columns) fireawalls (see Figure 6-11
and Figure 6-12).

When the roofing structure is made of lattice bedatice beams cannot allow inserting a
continuous wall up to the roof. A solution consists subdividing industrial
building in two independent structures and inséres fire wall between them. In
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this case, no fire protection is required for threicture close to partition elements
(see Figure 6-12hb).

Steel elements going across a fire wall shouldafigct the fire performance of the wall
(stability, thermal insulation qualities...). It ifids necessary to consider design
solutions so that the collapse of the roofing dtreee nearest the fire wall doesn’t
involve the failure of the wall.

As example, a solution consists for portal stesinfes:

» When the fire wall is inserted in the steel framewk, in putting
through the wall rigid steel elements fixed on théeams to support
the purlins (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 d 200 mm beyond
the wall. Thickness of fire protection can be caldated assuming
steel section exposed on four faces, for a standafide exposure of
one hour and a heating limited to 500°C. In fact,ite aim of this fire
protection is to move away from the wall the plast hinge which
will be formed at elevated temperature.

purlin
I I | purlin == purlin
—— Protected Rigid support - rotected
beam element beam
<«H—— Fire wall Fire wall > Protected
Protected_'L| *é’column
column
|
a) fire wall inserted in steel frame b) Fire watisved with the steel frame

Figure 6-11 : Design details of portal steel framesar to fire wall
For lattice steel structure with a fire wall besite 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 corrggonding to the
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distance from the wall to the junction counter/ putin (see Figure
6-12 a).

» When the roof structure is made of lattice beams, dire protection
must be applied to beams, located on the wall sideyer a minimal
length corresponding to the distance from the wallto the first
vertical members of the beam.

Thickness of fire protection applied to lattice iveaan be calculated assuming a steel
section exposed on four faces for bottom chordgjoa members and diagonals
and three faces for top chords, for an standaed dikposure of one hour and a
heating limited to 500°C.

All the load bearing members on both sides of tlad must be capable of expanding and
moving away from their supports without leadinghe damage of the wall. If fire
wall is not capable of bearing alone forces indubgdhermal elongation of these
members, design solutions must be takerthat these members come in contact
with the wall creating an appropriate support for fire wall.

corbeau =200 mm

purlin g B/ purlin purlin  —t— purlin
counter - :I I: Fire protection ’ ‘\\,Wcounter
\Lattice beam \Protected
lattice beam
< Fire wall Fire wall — L Protected
¥ column
Column—» <«—Column

a) fire wall between two independent st
framework

Figure 6-12 : Design details of lattice steel stwe near to fire wall

eb%' Fire wall joined with the steel frame

When the fire wall is located between two steeinfes, this wall is only loaded in normal
situation by pressures or depressions due to thd.wlowever, in fire situation the
deflection of the steel structure on a side or otfe¢he wall will generate vertical
loads on this wall. As a consequence this wall mhestdesigned for the fire
situation taking account of such additional loads.
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7. Conclusions

In previous RFCS research project, with the help advanced numerical models,
parametric studies have been carried out to ewaltis¢ structural behaviour
(failure mode, displacement...) of single storeyidings with steel structure under
fire condition. In these studies, the main paramseseisceptible to affect the fire
performance of two types of steel structures haenltaken into account, such as
span of frames, height of columns, number of sphres]ocation, position of fire
walls, etc.

On the basis of corresponding numerical resultspkiied calculation methods have been
proposed:

= On the one hand, to check the stability of the qudds of the structure under
the effect of the collapse of the heated part efdfnucture, and

= On the other hand, to evaluate maximum displacesneeveloped at the fire
compartment ends.

Two types of steel structures are covered by thesthods, namely:
= Portal steel frames with cross section in stanéthad | hot rolled profiles;

= Steel frames making up lattice beams with columrstandard H or | hot rolled
profiles.

It have been shown through the comparison with migaleresults that the proposed
calculation methods allow, with a good precisionsafe evaluation of forces
induced by the behaviour of the heated parts ofsthecture and displacements at
the fire compartment ends.

The actual document has explained in detail thesbafsdeveloped simple design rules,
their validity compared to advanced calculations vasl as the fundamental
principles of proposed construction details notydol main steel frames of single
storage buildings but also for partition walls gadade elements. Finally, a brief
description of the user-friendly design softwarg@irievided in order to facilitate its
application by engineers in their fire design afigte storage buildings in steel
structure.

8. Working examples

8.1.Example 1

Figure 8-1 illustrates multi-bay portal frame witiree fire compartments. Each of the bays
is 30m wide and 10m high with 5% slope of the r@@hly columns near the fire
walls are fire protected. The columns are made fi®M400 and beams from
IPE360. Distance between the frames is 7m.
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In this scenario fire occurs in the middle fire quartment.

columns IPE400
beams IPE360

Figure 8-1 Multi-bay portal frame with 3 fire compaents

Following the methodology presented in the “FS+ iPe<Guide” the tensile forces and
displacement that occur during fire in the midabarie will be presented hereatfter.

Tensile force

Step 1 Coefficient related to the slope of the roof
from Equation 4-3
6 =116 for portal frame with roof slope of 5%

Step 2 Coefficient related to the number of hedategs in the fire compartment
from Equatiord-5

ness = 2.00 for fire in the middle compartment and l=3/s in fire
Step 3 Vertical load

weight of the roof 0.25 kNm

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. 0 kN/nf

from Equation 4-7

q = 0.25kN/m-7m+ 0.6573 kN/m = 2.4073 kN/m
Step 4 Tensile force

from Equation 4-8

F=1.16 - 2.00 - 2.4073kN/m- 30 m = 167.5894

Lateral displacement
Step 1 Reduction factor related to the slope efrdof
from Equation 4-9

cy = 0.011 for portal frame when roof slope eq&dis
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Step 2 Equivalent lateral stiffness of the cold pathe steel frame

from Equation 4-12

Ki=Ky= c¢-k for m = 2 bays in “cold compartment” ndae fire
compartment

b= 1.63E-04 f second moment of area for beams for IPE 360

f=0.75m ridging

h=10m height of the column

[=30m span of one bay

l.= 2.31E-04 second moment of area for column for IPE 400

E = 2.10E+08 kN/Mm Young’s modulus for steel for normal temperature

from Equation 4-13
a= 0.220550061
k= 71.8065082 kN/m
c= 1.765646549

Ki=K;= 126.7849134 kN/m
Step 3 Lateral displacements in the expansiongphas
from Equation 4-15
8= 1.321532629 m 132.15cm
d,= 1.321532629 m 132.15cm
Step 4 Maximum displacement induced by the terfisiiee

from Equation 4-16
Omax= 1.321532629 m
Omax= 1.321532629 m

132.15cm
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 r@@hly columns near the fire
walls are fire protected. The columns are made fi®Ma360 and beams from
IPE330. Distance between the frames is 12m.

In this scenario fire occurs at the end of thegddrame with 2 bays.
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columns IPE360
beams IPE330 i

fire wall
10% Pd |

5x24m

Figure 8-2 Multi-bay portal frame with 2 fire conypaents

Following the methodology presented in the “FS+iBe$uide” the tensile forces and
displacement that occur during fire at the enchefftame will be presented
hereafter.

Tensile force

Step 1 Coefficient related to the slope of the roof
from Equation 4-3
6=1.10 for portal frame with roof slope of 10%

Step 2 Coefficient related to the number of he&teyb in the fire compartment
from Equatiord-5

nett = 1.00 for fire at the end of the compartment and 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 12m

span of on heated bay connected to the column 24 m

snow load in fire condition in Belgium regul. 0 kN/nf

from Equation 4-7

q = 0.25kN/h-12m+ 0.5721 kN/m =3.57208 kN/m
Step 4 Tensile force

from Equation 4-8

F=1.10-1.00 - 3.57208 kN/m - 24 m = 94303

Lateral displacement
Step 1 Reduction factor related to the slope efrdof
from Equation 4-9

Cw = 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

K1 =0.13k forn =2 bays in the fire compartmeria end of frame
from Equation 4-14
Ki=c-k for m> 2 bays in “cold compartment” near the fire

L= 1.18E-04 rf second moment of area for beams for IPE 330

f=1.2m ridging

h=7m height of the column

[=24m span of one bay

l.= 1.63E-04 second moment of area for column for IPE 360

E = 2.10E+08 kN/Mm Young’s modulus for steel for normal temperature

from Equation 4-13

a= 0.17655
k= 97.0245 kN/m
c= 2.77865

K1 =0.13 - 97.0245 kN/m = 12.6132 kN/m
K, = 2.77865 - 97.0245 kN/m =269.597 kKN/m
Step 3 Lateral displacements in the expansiongphas
from Equation 4-15
5= 0.68782m = 68cm
3= 0.03218m = 3.2cm
Step 4 Maximum displacement induced by the terfigiiee
from Equation 4-16
Omaxi= 7.47654 m
dmax= 0.34979 m

747.654 cm
34.979 cm
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