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Introduction

Fire in the athletics hall of the University of Physical Education in Budapest
(15/10/2015)

Photos: FKI Facebook
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I Introduction

Council Directive 89/106/EEC of 21 December 1988, replaced by Regulation (EU) No
305/2011 of 9 March 2011 of the European Parliament and of the Council, laying down
harmonised conditions for the marketing of construction products.

Essential requirements

1. Mechanical resistance and stability
2. Safety in case of fire

3. Hygiene, health and the environment
4. Safety in use

5. Protection against noise

6. Energy economy and heat retention
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I Introduction

Council Directive 89/106/EEC of 21 December 1988, replaced by Regulation (EU) No
305/2011 of 9 March 2011 of the European Parliament and of the Council, laying down
harmonised conditions for the marketing of construction products.

Essential requirements
1. Mechanical resistance and stability

2. Safety in case of fire

The construction works must be designed and built in such a way that in the
event of an outbreak of fire:

- the load-bearing capacity of the construction can be assumed for a specific
period of time,

- the generation and spread of fire and smoke within the works are limited,

- the spread of the fire to neighbouring construction works is limited,

- occupants can leave the construction works or be rescued by other means
- the safety of rescue teams is taken into consideration.

3. Hygiene, health and the environment
4. Safety in use

5. Protection against noise

6. Energy economy and heat retention
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Introduction

Safety in case of fire:

Reaction to fire: is the response of a product in contributing by its own
decomposition to a fire to which it is exposed, under specified conditions.

Fire resistance: is the capacity of a building or constrution element to resist
the impact of fire as long as possible. The length of time this can be
maintained is the fire resistance duration.

R - Load carrying capacity
E - Integrity
| - Insulation
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Introduction

Structural Eurocodes — Analytical and numerical verification

| Actions load

EN 1990 Eurocode - Basis of structural design I combinations in fire

EN 1991 Eurocode 1 - Actions on structures (10 parts)

EN 1992 Eurocode 2 - Design of concrete structures (4 parts)

EN 1993 Eurocode 3 - Design of steel structures (20 parts)

EN 1994 Eurocode 4 - Design of composite steel and concrete structures (3 parts) <—

EN 1995 Eurocode 5 - Design of timber structures (3 parts)

EN 1996 Eurocode 6 - Design of masonry structures (4 parts)

EN 1997 Eurocode 7 - Geotechnical design (2 parts) Fi
ire

EN 1998 Eurocode 8 - Design of structures for earthquake resistance (6 parts) \

‘ Parts 1.2

EN 1999 Eurocode 9 - Design of aluminium structures (5 parts)
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Introduction

Structural Eurocodes — Analytical and numerical verification

I Design Procedures I
|

[
Prescriptive Rules
{Thermal Actions given by Nominal Fire)

[ 1
Analysis of Analysis of Part Analysis of
a Member of the Structure Entire Structure
| [
Determination of Determination of ]
Selection of
Mechanical Actions Mechanical Actions Mechanical
and Boundary and Boundary Actions
conditions conditions
| |
I I [ I |
. } Advanced Simple Calculation Advanced Advanced
Tag:'ge” S'mp'ﬁqggéclg'atm" Galculation Models Calculation Galculation
Models (if available) Models Models
Performance-Based Code
(Physically based Thermal Actions)
|
Selection of Simple or
Advanced Fire Development
Models
[ |
Analysis of Analysis of Part Analysis of
a Member of the Structure Entire Structure
Determination of Determination of :
Selection of
Mechanical Actions Mechanical Actions Mechanical
and Boundary and Boundary Actions
conditions conditions
1
Simple Calculation Advanced Advanced Advanced
Models Calculation Calculation Calculation
(if available) Models Models Models
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Introduction

Structural Fire Safety Engineering vs. Classification

Prescriptive:

Performance based:

Standard fire Natural fire
Member \Lﬂl Classification (R##) Fire safety
engineering

AN
Part of the structure Fire safety Fire safety
Fr== engineering engineering
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Introduction

Procedure for the numerical modelling of
structures under fire conditions

Fire action (temperature-time curve)

Thermal analysis of the sections
* WV

Behaviour of the structure until
colapse in function of the time
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Fire action

Modelling of the thermal action (EN 1991-1-2)

v" Nominal fires
v 1SO 834
v’ External fire
v' Hydrocarbon fire

v Simplified fire models
v' Localised fires
v’ Parametric fires
Natural fire concept
v Advanced fire models
v’ Zones models
v' Computer fluid dynamics (CFD)
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Fire action: NOominal fires

v' Standard curve ISO 834
T =345log,,(8t +1)+ 20

v' External fire curve (external members treated with simplified model)

T =1080(1— 0.3256 ©1™ — 0.675¢ 25 )+ 20

v" Hydrocarbon curve
T = 660(1—0.687e %% —0.313¢ ** )+ 20

Temperature
(2)
1200 -

Nominal fire curves

No data needed 1000

800

600 - , , ,
e |S0834 curve |

400 - A A A — Externalcurve| |
200 4 ........... ......... eimﬂydrx::)caﬁboncpwe .......
0 T T T T T T 1

0 15 30 45 60 75 90 105 120

Time (min)
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Fire action: NOominal fires

Temperature (2C) ISO834 curve

OO0 - A R |

1000 -

800 |\ e R i iL e

e D e e e

200

Pre-Flashove

Post-Flashover |
0 | i i : : . : :
] 15 30 45 60 75 a0 105 120
Time (min)

v Does not depend on fire load and ventilation conditions
v" Never decreases

v Does not consider the Pre-Flashover phase

v' Same temperature in whole compartment
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Fire action: Natural fire concept

v' Simplified fire models
v' Localised fires
v Parametric fires

v" Advanced fire models
v’ Zone models
v' CFD

In function of:

v Rate of heat release

v" Fire surface

v' Boundary properties

v' Opening area

v' Ceiling height

v Exact geometry (advanced fire models)

Fire

Compartment
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Fire action: Natural fire concept

Fire Load Density (see EN 1991-1-2 national annexes for each country)

Ot g =O0q- Og2 - [0y
In function of the / T
compartment floor area In function of the
occupancies

Combustion factor, 0.8 for

/ cellulosic materials

In function of the active fire
fighting measures

Rate of heat release

RHR (MW)

2
v’ Growing phase - Q=106£tij [W]
v’ Steady state - RHR,

v' Decay phase - starts when 70 % of the
total fire load has been consumed

10

--------------------------------------------------------------------------------------------

--------------------------------------------------------------------------------------------

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

0 15 30 45 60 75 Q0 105 120

Time (min)
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Fire action: Natural fire concept

Characteristic of the Fire for Different Buildings

Occupancy Fire Growth | RHR; [kKW/m?] Fire Load
rate 0 (80% fractile)
[MJ/m?]
Dwelling Medium 250 948
Hospital (room) Medium 250 280
Hotel (room) Medium 250 377
Library Fast 500 1824
Office Medium 250 511
School Medium 250 347
Shopping centre Fast 250 730
Theatre (cinema) Fast 500 365
Transport (public space) Slow 250 122

Finite element modelling of steel structures in case of fire



Fire action: SiMplified fire models

Localised fires (when Flashover is unlikely to occur)

Flame axis |

v' Heskestad (Flame is not impacting the ceiling of a | |
compartment ) . )
H d
Temperature only in function of the heigh L »K
Example: columns in compartments with high ceiling . ZT - “,\f 2
Flame axis L,
PP S
v' Hasemi (Flame is impacting the ceiling) ! == o
Temperature in function of the distance to the flame —\ /

Example: car parks }2{’53{&
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Fire action: SiMplified fire models

Parametric fires (Fully engulfed fire)

In function of:

v' Parameter to account for the thermal properties of the enclosure

v Parameter to account for the openings in the vertical walls

v' Fire load density

1200

1000

800 -

600

400

200 -

Temperature
(2C)

---------------------------------------------------------------------------------------

.........................................................................................

_______________________________________________________________________

—————————————————————————————————————————————————————————————————————————————————————

_____________________________________________________________________________________

0 10 20 30 40 50 60

Time (min)
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Fire action: SimpliﬁEd fire models

Temperature-time curves:

(O standard fire curve, ISO 834

N - (O Hydrocarbon fire curve
Elefir-EN

Version: 1.5.3 (April 2013)
Software registered. License key: KASK8S22RNENAUEHLJ2T

@ Parametric fire curve

(O User defined fire curve

University of Aveiro

Developers:
Barbara Pires
Nuno Lopes

Carlos Couto

University of Liege

(O Localised fire

Back MNext
Under the supervision of:
Jean-Marc Franssen
jm_franssen®@ulg.ac.be
| i Graph = 5

| File View Help

RN NG: This computer program is protected by copyright

i

“and international treaties, Unauthorized reproduction or 800
tribution of this program, or any portion of it, may result
y civil and criminal penalties, and will be prosecuted 7004
um extent possible under law.
Copyright © 2010. Paulo Vila Real, Jean-Marc Franss _ =
5% 500
% 400+
% 300 = Compartment
200+
100+
0 : : : '
0 20 40 60 80 100 120
Time [min]
Offered together Wlth the bOOk: [Maximum temperature] Compartment: 701.2 °C at 30 min
J ._M . Franssen , P. VI Ia Real , FI re DeSIg n of Steel After 120.0 minutes, the compartment has a temperature of 20.0 °C.
Structures, ECCS, Ernst & Sohn, 2"4 edition, 2015 Main menu Repor
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Fire action: Advanced fire models

Two zones models

When a localised fire transforms to a fully engulfed fire, it will be formed
a upper hot layer and a lower cool layer. It is based on the resolution of
equations of Mass balance and Energy balance.

Softwares:
v’ OZone
v CFAST
v MRFC

I E

File Tools Wiew Help

D= & | Wl - | Eil | Mame: |Matural Fire Example

— Program Flaw Chart

Compartment... | Fire...

Zane Temperature

Steel Prafile. .

Heating...

Eﬁteel Temperatureé

Element. ..

Fire Besistance

Strategy
Farameters jii
U | | T
| test.ozh | Compartrent | Fire | Steel | Elements
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Fire action: Advanced fire models

Computer fluid dynamics - CFD

It has physical and theoretical background, with no empirical limits of
applicability and it can handle complex geometries.

Softwares:
v' Specific: FDS, SOFIE
v General; Fluent, CFX, PHOENIX

Input and output are complex and should be handled carefully.
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Fire action

Obtained data to be used in the thermal analysis

v Compartment fires

Time (min) | Gas temperature (°C)
20
128
355

v Localised fires

Temperature in function of time and position
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Thermal analysis

Modelling of the thermal analysis in cross-sections
by finite element method

Resulting from an imposition of a temperature-time evolution or a heat flux
at the boundary of cross-sections

v Boundary conditions
v Heat conduction in the material

v Linking thermal to mechanical analysis

Software chosen for this lecture - SAFIR (developed at University of Liege
specially for the analysis of structures in case of fire)

Other softwares: Abaqus, Ansys, Vulcan, Diana, etc
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Thermal analysis: Boundary conditions

Heat transfer from the gas to the surface of the material

Combination between convection and radiation

v Coefficient of heat transfer by convection on the exposed surface

1ISO834 25
Hydrocarbon curve 50
Natural fire 35

v Coefficient of heat transfer by convection on the unexposed surface
if radiation implicitly considered in the convection o, = 9 W/m?K, if
not o, = 4 W/m?K

v’ Surface emissivity ¢, = 0.7;

v' Fire emissivity g, = 1.0
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Thermal analysis: BOU ndary conditions

Example of a composite slab (concrete plus steel deck and rebars)

Diamond 2011.a.2 for SAFIR

FILE: lage - Copy
NODES: 5957
ELEMENTS: 11133

SOLIDS PLOT
FRONTIERS PLOT
$=1.0

=07

o =4 W/mXK I STEELEC3EN

SILCONC_EN
STEELEC3EN
STEELEC3EN

[ STEELEC2EN

—
2 hot fo

Diamond 2011.a.2 for SAFIR

_ = 10 FILE: lage - Copy
¢ - 10 ¢ NODES: 5957

=07 v o =35W/Ti'Ry =07 ELEMENTS: 11133
a =35W/m2K 9=0629 ¢ =0.62¢ a =35 W/m?l SOLIDS PLOT

&= O { 0 7 AT T T T T H T T T 11111111111 FRONTIERS PLOT
&=u. TEMPERATURE PLOT

a =35W/mK a =35 W/m2K

TIME: 51 OOZE%C?
.,

25175
22928
H 206.80
184.33

¢ - View factor to account for the L, e
concave part being shielded from
the radiactive heat
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Thermal analysis: Heat conduction in the material

Heat transfer within the material (Fourier equation)

Thermal properties (specific heat and thermal conductivity) in function

of the temperature. For example: 0(,20),0(,20),5_, 20
oxU%ox ) oyl %oy & ot
/ Steel (E N 1993- 1- 2) Diamond 2011.a.2 for SAFIR
Specific heat [J / kg K] —_——— o , o
5000 SOLIDS PLOT
4500
4000
e
3000 steel -
2500
2000 . h
1500 H Temperature } -
Thermal conductivity [ W/ mK ] 1000 /\ 1m0_69 ______________________________________________________________________________
60 500 — | § 5 § f f f f
: | : wo |
50 e 0 200 400 600 800 1000 1200 ; ;
40 T~ _ Temperature [°C] L s B
T | i | i i i i |
T~ 600 -/ 74 N R E— oo
3" S ——wsos
20 mo"m"mfm"”ﬁm"m"? """""" E”"m"f"ﬁ&é%ﬁéﬁﬁhﬁ"”
Steel 200 |/ T S — ARSI EOUSUS SUSSSS W
107 | e | e e e e |
0 0 T ; T T T T T T 1
200 400 600 800 1000 1200 0 15 30 45 60 75 90 105 120
Temperature [°C ] Time (min)
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I Thermal analysis: Heat conduction in the material

For the protection the following data should also be given:

v" Thickness
v Specific mass of the dry material

v Water content

. — Compartment Scenario 1
Temperature evolution

Steel temperature without
protection (hode 13)
— Steel temperature with FILE: he260a

600 i protection (node 13) ! NODES: 166
/ ELEMENTS: 248
500 /\ — — ; i T SOLIDS PLOT

700

Diamond 2011.a.2 for SAFIR

~ ' FRONTIERS PLOT
/ I sTEELEC3
g 400 / / N [ INSULATION
‘é‘ I ot i
@
e .
£ 300 /
&
200 //

0 1200 2400 3600 4800 6000 7200
Time (sec)
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Thermal analysis: Heat conduction in the material

3D analysis (longitudinal axis of the beam)

Diamond 2009.a.5 for SAFIR

S
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Thermal analysis: Linking thermal to mechanical

For beam finite elements in the mechanical model the thermal analysis

IS made with 2D finite elements

iamond 2011.a.2 for SAFIR

Diamond 2012.a.0 for SAFIR

FILE: A
NODES: 6468
BEAMS: 3004
TRUSSES: 0
SHELLS: 0
S0ILS: 0
SOLIDS: 0

BEAMS PLOT
Structure Not Displaced selected

I 300 .tem
I hez40atem
I 1= 40a.tem
I vc450.tem
he280a.tem
ipe330.tem
ipe220.tem
I G0 tem
[ he180atem
I 270 .tem
_ ipe360.tem
I o:c40.tem
_ he26la.tem

cael00x10.tem
c580x240x8x25 tem
v30.tem

The beam element is constituted by fibres that correspond to the prolongation of
the elements throughout the longitudinal axis. In any longitudinal integration point,
all the variables (temperature, stresses and strains) are constant in each fibre.
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Thermal analysis: Linking thermal to mechanical

For shell finite elements in the mechanical model the thermal analysis
IS made with 1D finite elements

Diamond 2011.a.2 for SAFIR

FILE: PAD
MODES: B30
BEAMS: 142
TRUSZES: 0
SHELLS: 420
SOILS: 0

Diamond 2011.a.2 for SAFIR

FILE siab
NODES: 22
ELEMENTS: 10

SOLIDS PLOT

TEMPERATURE PLOT
TIME: 7200 sec
LIt

810,03

707.74
i 605.45

503,16
400,88

| Poope

186,30

BEAMS PLOT
SHELLS PLOT
IMPOSED DOF PLOT

I +=250a tem
P ipe240 tem
N ipez2n tem
I +=250aCold tem
[ slhish

{

Concrete

In shell elements, the temperature distribution can be non-uniform across the
thickness of the shell having no heat transfer in the plane of the shell.
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Thermal analysis: Linking thermal to mechanical

For shell finite elements in the mechanical model the thermal analysis
IS made with 1D finite elements

—

Diamond 2009.a.5 for SAFIR

FILE: t10
NODES: 18
ELEMENTS: 8

SOLIDS PLOT
TEMPERATURE PLOT

TIME: 4380 sec
676.00

600.00
517.14
434.29
351.43
268.57
185.71
102.86
20.00

<Tmin

Steel

In shell elements, the temperature distribution can be non-uniform across the
thickness of the shell having no heat transfer in the plane of the shell.
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Structural behaviour

v" Mechanical actions

v' Materials properties at high temperatures
v Constitutive laws
v' Thermal elongation
v' Specific considerations

v Application of the finite element method
v' Results discussion

v' Displacements and internal efforts
v Fireresistance time

Software chosen for this lecture - SAFIR
Other softwares: Abaqus, Ansys, Vulcan, Diana, etc
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structural behaviour: M@Chanical actions

Actions: dead load, imposed load, snow, wind

Combination: accidental situation

GCH+waory1 Q+2v2i-Q;

1>1

l/jl,l or WZ,l acording to national annexes
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structural behaviour: M@Chanical actions

Action Y| %
Imposed loads in buildings, category (see EN 1991-1-1)

Category A : domestic, residential areas 05| 0.3
Category B : office areas 05| 0.3
Category C : congregation areas 0.7 | 0.6 EN1990
Category D : shopping areas 0.7 | 0.6
Category E : storage areas 09| 0.8
Category F : traffic area, vehicle weight < 30kN 0.7 | 0.6
Category G : traffic area, 30kN < vehicle weight < 160kN 0.5 1] 0.3
Category H : roofs 0 0
Snow loads on buildings (see EN 1991-1-3)*

Finland, Iceland, Norway, Sweden 05| 0.2
Remainder of CEN Member States, for sites 05| 0.2
located at altitude H > 1000 m a.s.l.

Remainder of CEN Member States, for sites 0.2 0
located at altitude H < 1000 m a.s.l.

Wind loads on buildings (see EN 1991-1-4) 0.2 0
Temperature (non-fire) in buildings (see EN 1991-1-5) 0.5 0
NOTE: The values may be set by the National annex.

* For countries not mentioned below, see relevant local conditions.
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Structural behaviour: Properties

The constitutive laws are affected by the elevated

temperatures
v’ Strength and stifness reduction of steel in function of EN1993-1-2
the temperature: |, * | |
Kyo = fye/fy; '
Koo =1oolf,: \ R E
kE’e = Ea,e/Ea. 08 h“" \\ —

0.6 \
0.4 \x \

0.0 e —

0 200 400 600 800 1000 1200
8(°C)

Finite element modelling of steel structures in case of fire



).
=
o
<b)
Q
o
S
o
5
£
>
®
<
@
¥
-
-]
8
-
7

EN1993-1-2

Carbon steel

0000 0025

0200

0150 0175

0100 0125

0050 0075

Finite element modelling of steel structures in case of fire



Structural behaviour: Properties

Thermal elongation (influence the efforts values)

Relative Elongation Al/l [x1 0'3]
20

18 S |
16 /
14 /
12 /

10 g

—
@
®©

L~ EN1993-1-2

o N BB O

0 200 400 600 800 1000 1200

Temperature [°C]
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Structural behaviour: Application of the FEM

A Z <" Gauss point

Possible finite elements types x % Diglacamen
/‘% Rotation

Gauss point
___> Displacement

_( 4 Rotation

7z Gauss point B
Ay = Displacement
. __ =% Rotation
Y021L =% Warping amplitude

. shell FE
Plane stress state
Gy
\
3D beam FE | > o1
steel

Finite element modelling of steel structures in case of fire



structural behaviour: Application of the FEM

For the structural analysis (normally geometrically and materially non-linear),
the temperature’s time history and the section geometry (created during the
previous thermal analysis) are needed.

In adition: =R
v Mesh e EROERSEEE =
v Restraints ?
v' Loads

v' Geometric Imperfections |
v' Residual stresses - . -
v eftc... L

Calculation procedure must take account of temperature dependance of
both stiffness and strength of the structure.

The calculation strategy is based on an incremental procedure (step by
step) until failure of the structure, defined commonly as the instant when the
stiffness matrix becomes not positive definite, thus becoming impossible to
establish the equilibrium of the structure.
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I structural behaviour: Application of the FEM

thermal elongation stress residual stress

Total strain l / /
T Et =& T (‘90 + gc)+ Eres

!

creep effect at elevated temperatures

*>Q

o€ | 6l

kinematical material model

Steel kinematical material model to
account the temperature evolution
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Structural behaviour: Application of the FEM

Structures with beam finite elements

2D beam FE

3D beam FE
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Structural behaviour: Application of the FEM

S
R

W
R
R
TR
A
B

&
S
ks

iy
W
3

o
b
k

Class 4 steel sections (local buckling)
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Structural behaviour: Application of the FEM

Structures with both beam and shell finite elements

Composite beam with cellular steel profile

Diamond 2011.a.2 for SAFIR

FLE 2m2
NODES S€9
EEANS 100
TRUSSES 0
SHFELSFM
S0LS 0

Concrete
slab in
beam FE

BEAM § PLOT

SHELLSPLOT

IMPOED DOF PLOT
DISPLACEMENTPLOT (x 10y

TME 78525 sec

L e
/]

fthsh

wish

fsish

Steel
profile in
shell FE
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Structures with both beam and shell finite elements

Membrane effect

Concrete slab suported by steel beams and collumns

Diamond 2011.a.2 for SAFIR

FILE: PO

MODES: 630

BEAMS: 142
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structural behaviour: R@SUlts discussion

Outcome of a structural analysis for fire resistance

Example: office building portal frame

® ®
@ C5 @ Co @
® ®
oo P e |
Cross-sections %do © ©
1) 1 .
Beams - IPE 450 Q}DD) > o © - W
Columns - HEA 300 % 7

Required fire resistance - R30
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structural behaviour: R@SUlts discussion

'I Elem. 76 Elem. 81

Displacements S R |

Time (min
0.0 (min)
1 ﬁk\ 2 25 3

-0.1

Diamond 2012.a.0 for SAFIR \

FILE: FRAME -0.2

NODES, 216 \ N ode 165

BEAMS: 105

TRUSSES: 0 \

SHELLS: 0 0.3

SOILS: 0 ’

SOLDS: 0

DISPLACEMENT PLOT (% 1) -0.4

TIME: 1 sec \

-0.6
-0.7 \
H -0.8

OE+00m '0. 9
Displacement

(m)
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Axial efforts

N E+D6 M

structural behaviour: R@SUlts discussion

Diamond 2012.a.0 for SAFIR

FILE: FRAME
MNODES: 216
BEAMS: 105
TRUSSES:. 0
SHELLS: 0
SOILS: 0
SOLDS: 0

AXIAL FORCE PLOT

TIME: 1 sec

[ m—
[m—

'I Elem. 76 Elem. 81

Diam ond 2007 for SAFR

-100

-200

-300

-400

-600

N (kN)

Time (min)

200

100

-500 1

@mmClem. 23 esssmclem. 81
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structural behaviour: R@SUlts discussion

'I Elem. 76 Elem. 81

Bending moments

M (KNm)
200

Diamond 2012.a.0 for SAFIR

150
FILE: FRAME p
HODES: 218 \
e 100 / N
N\ /
SOLDS: 0 5 0 )
BEHDING MOMENT PLOT \ /
0 — . .

o3 Time (min

e \Mo 15 20 25 3p (min)

=50

=100

-150 \ /

-200 1

. \ / —lem, 76 ==—clem. 81
-250

DE+05 Nm =300

-350
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structural behaviour: R@SUlts discussion

Fire resistance time

The fire resistance will be given by the instant of collapse of the structure
and is compared to the fire resistance requirement.

If lower, passive or active fire protection measures should be introduced.

The fire resistance of the example is below the standard fire resistance

defined as R30, being necessary to use fire protection to fulfil these required
fire resistance.

Collapse time
Portal frame 28.4 min
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Application examples of fire safety
engineering
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Application example

Fire resistance of the Shopping Centre
Dolce Vita steel roof in Braga, Portugal

v" Main data
v" Fire scenarios
v' Firein the compartments
v' Localized fires
v' Thermal analysis
v" Commercial sections
v" Built-up sections

v Structural analysis

v Final results

Finite element modelling of steel structures in case of fire



Werked example: Main data

>»O0Owner: Chamartin Imobiliaria

»Location: Braga, Portugal

»Erection: May, 2010

»Architect: SUA KAY

»Designer: GAPRES — Gabinete de Projectos, Engenharia e Servigos, SA
»Contractor for the steel structure: MARTIFER SA

»Building: 3 storey shopping centre

»Dimensions: 75000 m?

»Structure: mainly reinforced concrete portal frame, and a part with a
steel roof

Finite element modelling of steel structures in case of fire



Worked example: Main data

Steel roof structure;:
»>\Very irregular

»Several cross-sections from SHS, HE, IPE, UB and box welded
sections

»Steel grade S275
»Mainly concrete columns
»Client: MARTIFER SA

»Steel consumption: 600 Ton

Finite element modelling of steel structures in case of fire



worked example: Main data

SUA KAY

FUTOS AEREAS
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worked example: Main data

- w;m,p.&"i.wﬁ.q} :Rr’]og:‘esetlructure

Study based on a Fire Resistance of 60
minutes (R60 SUA KAY
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Structure

inside the
building

worked example: Main data

%\
—

e

8
MERTIEGER

outside the
building
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Scenario 1

Fire in the
compartment

In 3 cinemas
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Scenario 1

Fire in the
compartment
In 3 cinemas

Worked example: Fire scenarios

| was assumed that a maximum of 3 cinemas would be
simultaneous subjected to fire.

Maximum area: A . = 3960 m?

Fire area: A; = 960 m? (3 cinemas area)

Openings: the openings area was 237.6 m?, located at 10.50
m above the floor level, plus an area of 203.2 m?in the
separation between the part D1 and parts C1, C2 and D2.

It was assumed that 10% of the openings would be opened,
most severe case.

Compartment height: 12.67 m

Walls: concrete blocks

Ceiling: Sandwich panels with 0.75 mm thickness steel plate
and rock wool of 40 mm thickness and 125 kg/m? density.
Rate of Heat Release: RHR; = 250 kW/m?

Fire growth rate: high, t, =150 s

Fire load density: q;, = 730 MJ/m?

Combustion factor: m =1.0

Finite element modelling of steel structures in case of fire



worked example: FIF@ Scenarios

Gas Temperature Peak: 628 °C
OZONE 700 af65nﬂn
Scenario 1 600 TN
. . 500 /\/ AN
Fire in the g / \
Compartment %400 / — Hot Zone
in 3 cinemas %1300 — Cold Zone
F 200
B 100 /
0o 20 40 60 80 100 120
Time [min]
7_:3 Zones Interface Elevation
10.1 \\
~
© 51 \\\ — Elevation
2.5 \
5 h=2.82m
o mmewmngt: 13.00 min
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Worked example: Fire scenarios

Scenario 2 SRR
/ 3 U

A 1’»1-4!""\\\
5 ) Q/q \ M 5 >

Fire in the
compartment
D2, C1 and C2

.»‘\\\‘\ SO i

A

N

Y
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Scenario 2

Fire in the
compartment
D2, Cl1l and C2

Worked example: Fire scenarios

It was assumed that the fire would developed in all the 3
parts D2, C1 and C2.

Maximum area: A . = 7560 m?
Fire area: A;; = 7560 m?

Openings: the openings area was 554.4 m?, at 10.50 m above
the floor level, plus an area of 762 m? in a glass facade.

It was assumed that 10% of the openings would be opened
until 400°C, 50% between 400°C and 500°C and 100% for
temperatures higher 500°C (stepwise variation).

Compartment height: 12.67 m

Walls: concrete blocks

Ceiling: Sandwich panels with 0.75 mm thickness steel plate
and rock wool of 40 mm thickness and 125 kg/m? density.
Rate of Heat Release: RHR; = 250 kW/m?

Fire growth rate: high, t, =150 s

Fire load density: q;, = 730 MJ/m?

Combustion factor: m =1.0

Finite element modelling of steel structures in case of fire



worked example: FIF@ Scenarios

Gas Temperature

Peak: 558 °
OZONE w00 ezt, o0 miﬁ
Scenario 2 500 /f \\
Fire in the 400 / /
compartment / / \

D2, Cl1l and C2

Temperature [°C]
3
o

N
o
o

L_/ \ == Hot Zone
- Cold Zone

100 //
N
0 20 40 60 80 100 120
Time [min]
7_7 Zones Interface Elevation
12.7
\
\
10.1
7.6 \\\
£ \
5.1 NG = Elevation
. <
25
h=255m
0.0 2.0 4.0 6.0 8.0 10.0 12.0 140 16.0 18.0 20.0 .
Time fmin at: 20.00 min
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Scenario 3

Localised fire
In the roof
structure
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Weorked example: Fire scenarios

| was considered a localise fire in the beams of the steel roof
structure.

Scenario 3

Fire area: A;; = 36 m? (corresponded to 6.8 m of diameter)
Temperature calculated at 12.67 m above the floor level

Localised fire
In the roof
structure

Compartment height: 12.67 m

Rate of Heat Release: RHR; = 250 kW/m?
Fire growth rate: high, t, =150 s

Fire load density: g;, = 730 MJ/m?
Combustion factor: m =1.0

Finite element modelling of steel structures in case of fire



worked example: FIF@ Scenarios

FIRE TEMPERATURE
200 Peak: 108 °C

at: 7.5 min

ELEFIR-EN
Scenario 3

Localised fire oo |
\ == Compartment

In the roof
structure \

Temperature [°C]

0
0 10 20 30 40 50 60
Time [min]
« Flame doesn’t impact ceiling !.u
HESKESTAD METHOD
Flame length
: Flame axis
= 14
13
12
1"
10 H <'
9
E 38 Ly
57 . 5
s 6 == Flame Length (Lf)
5 == Ceiling (H)
4
3 Height to calculate temperature: z = m
2
NV - T
nN
0

0 10 20 30 40 50 60 70

Nmax = 2.05 M

max
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Scenario 4

Localised fire
at floor level 1

of part C2
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worked example: FIF@ Scenarios

| was considered a localise fire at the floor level 1 of part C2.

Scenario 4 Fire diameter: d; =10 m
Temperature calculated at different heights

Localised fire

at floor level 1 Compartment height: 36 m

of part C2 Rate of Heat Release: RHR; = 250 kW/m?
— Fire growth rate: high, t,=150s

Fire load density: qg;, = 730 MJ/m?

Combustion factor: m =1.0

Finite element modelling of steel structures in case of fire



worked example: FIF@ Scenarios

ELEFIR-EN
Scenario 4 FIRE TEMPERATURE AT DIFFERENT HEIGHTS
Localised fire 900
at floor level 1 -
of part C2 o0 e am
2m
3m
——4m
8 —e—5m
S ——6m
e 7m
§ ——8m
8_ 9m
e
13
29 AN N—
’ 0 20 40 60 80 100 120
Height ta caloulate tempersture: 2= | m . .
S Time ' (min)
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Worked example: 1 NErMal analysis

DIAMOND 2007 for SAFIR

FILE: IPE120
NODES: 84

SAFIR

SOLIDS PLOT

' IPE120 e
Commercial s

60 min
310.00
- 09.60
09.20
Protviies
308.40
[ P
|
307.60
DIAMOND 2007 for SAFIR Y
FILE: SHS150x5 L’Z
NODES: 124
ELEMENTS: 124
DIAMOND 2007 for SAFIR
SOLIDS PLOT
TEMPERATURE PLOT Y FILE: HEA160
NODES: 74
S H S 1 50X 5 TIME: 390 sec ELEMENTS: 74
| ooy
[ poepes SOLIDS PLOT
L 5788 TEMPERATURE PLOT
L ere0
[P TIME: 3600 sec
L ores 304.20
[ posioey . 303.53
|| £ 50285
297.50 oose
L 30150
00.83
e 300.15
[ ooy i
PP Temperature evolution
600
17

DIAMOND 2007 for SAFIR 500

FILE: CHS183.7x5

NODES: 214

ELEMENTS: 214 l / \\

ey
o
o

SOLIDS PLOT
TEMPERATURE PLOT

TIME:3gggg(€)¢ n O d e 15

27254

Temperature (°C)
w
o
s}

[ 200
-
| o y — Compartment Scenario 2
;uz:zs 100 / [
-0 / — Steel temperature (node 15)
0 t |
0 1200 2400 3600 4800 6000 7200
Time (sec)
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Worked example: 1 NErMal analysis

SAFIR UB356x171x51

DIAMOND 2007 for SAFIR (60m | n)

i — wooes %o
Commercial node 13 :

SOLIDS PLOT

TEMPERATURE PLOT

profiles i

648.90
646.40

43.90
41.40
%

36.40
633.90

-631.40
-62890
N
. — Compartment Scenario 1 L'
Temperature evolution
Steel temperature without
700 i
protection (node 13)
/" — Steel temperature with UB356x171x51
600 AN~ protection (node 13) p rotected for R30

DIAMOND 2007 for SAFIR (60m | n)

FILE: UB356x171x51prot
NODES: 252
ELEMENTS: 378

[/ T NN

N

SOLIDS PLOT
TEMPERATURE PLOT

TIME: 3600 sec
610.30

585.28
560.25
535.23
.20
485.18
460.15

;0
-

Temperature (°C)
w N
o o
o o

200 /
100

0 1200 2400 3600 4800 6000 7200
Time (sec)
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ked example: 1 NErMal analysis

S Q F I R DIAMOND 2007 for SAAR

FILE: pilarClassed-2010
Temperature evolution NODES: 4502

BEAMS: 0

900 T T TRUSSES: 0
——— i i SHELLS: 4496
800 I \ — Localized fire in the first| | sois:o
\ m heigth SHELLS PLOT
1 700 Steel temperature
Built-up \ rose 16 —
600 — Steel temperature with || [ piso-1m.tsh
- i 2-9m.tsh
\ protection (node 16) E:ZM: -
section — o
—————————

[ Ipisol4m.tsh
I piso1-5m.tsh
I piso1-6m.tsh
[ pisol-7m.tsh
I piso2-8m.tsh

T~
R

profiles

Temperature (°C)
B (5]
o o
o o
\\\
—

300 I s ish
\ I 12 sh
[ piso2mM9-8mm.tsh
200 / / \ [ piso2M9-12mm.t
100 /_/ \ ~—
0
0 1200 2400 3600 4800 6000 7200
Time (sec)
Steel plate section
z
node 16 A
DIAMOND 2007 for SAFIR ‘
FILE: nisatetrry
NODES: 42
ELEMENTS: 20 DIAMOND 2007 for SAFIR
SOLIDS PLOT FILE: pisol-1m | 272 | 14
TEMPERATURE PLOT NODES: 22 [ [T
ELEMENTS: 10 c——— " —
TIME: 3600 sec
:ii :g SOLIDS PLOT
424.08 TEMPERATURE PLOT
41016
TIME: 3600 sec
= -
[ | 515.08
_—07 Fiyped
1441
514.23
L - h
Steel shell element with ‘
rotection for R60 g 8
P Steel shell element
d L

(60mln) (60m|n) f [mm]
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Worked example: Structural analysis

Mechanical actions

1.0G, +v,,Q,, =1.0G, +0.7Q,,

Permanent loads:

»>77 KN/m3 - dead weight of the steel profiles;
»0.5 kN/m? - dead weight of the roof;

»0.3 KN/m? - others permanent loads.

Imposed load:
»0.5 kKN/m? - publicity panels and other supended objects from the
ceiling.
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worked example: Structural analysis

|
|

<>
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Worked example: Structural analysis

CHS 244 5x6
HEA 100

HEA 120

HEA 140

HEA 160 !
HEA 180

HEA 200

HEA 220

IPE 100

IPE 120

IPE 140

IPE 160

IPE 180

IPE 200

IPE 220

IPE 240

IPE 270

IPE 300

IPE 330

IPE 360

IPE 400

IPE 450

IPE 500

IPE 500 - S275

IPE 500 - 5355

IPE 500 Ref0 - S275
IPE 500 Refl - 5275
IPE 500 Refl - S355
IPE 500 Ref2 - S355
IPE 550
PCS750*300+15%10
RHSC 80x50x4
RHSC 80x60x4
SHSC 100x100x5
SHSC 100x100x6
SHSC 120x120x4
SHSC 150x150%5
SHSC 60x60x5

UB 305x165x40

UB 356x171x51

UB 356x171x57

< >
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worked example: Structural analysis

Part D1 with the Fire scenario 1

DIAMOND 2007 for SAFIR
?)FSAIDTi(;:’éSENT PLOT (x1)
_ SBZ(;m Element
Without protection - collapse at 53 min
With protection of the purlins of R30 — no collapse |4 >
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Worked example: Structural analysis

Frame of part D2 with the Fire scenario 2

DIAMOND 2007 for SAAR

FILE: BlocoD2SAME

SSSSSSSS
SSSSSSS
SOILS: 0

TIME: 4692.057 sec

Collapse at 78 min

< >
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Worked example: Structural analysis

Part D2 with the Fire scenario 2

lllllllllllllll
NODES: 519

sssssssss

ssssss

AN

DIAMOND 2007 for SAAR

FILE: BlocoD2 trell

TRUSSES: 0
SHELLS: 0
SOILS: 0

Truss structure 2

Collapse at 77 min

Truss structure 1

Collapse at 70 min

< >
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Simplified method
(on the safe side)

Fire scenario 2

Worked example: Structural analysis

Built-up I-steel beam section
of class 3 of Part D2

ELEFIR-EN

. N
/SR

300 /

== Compartment

/

Temperature [*C]

\ = Sieel
f == Critical temperature
200 ‘//
.
i
0
{0 20 40 &0 B0 100 120
Time [min|
No collapse

[Maximum temperature]
Compartment: 558.0 °C at 98.00 min
Steel: 551.9 °C at 98.92 min

ELEFIR-EN REPORT

Project name:
Date: 15-04-2009

Temperature evaluated using interpolation on the table 3.1 from EN 1393-1-2.
PROFILE
Other (Class 3)

h =750 mm

by = 300 mm
tw=10mm
tr=15 mm
r=3mm

A= 16208 mm*
P =2675 mim

W, = 4073900 mm?
Woly = 4606276 mm®

I, = 67560251 mm*

g = 917078 mm¢

ly = 9116296875000 mm®

ELEMENT SUBMITTED TO BENDING ABOUT THE MAJOR AXIS

Crtical temperature function of design moment: Mg gq = 446 kNm
Is lateral torsional buckling allowed? No

Adaptation factors:
MNon-uniform temperature across the cross-section: ky = 1.0

MNon-uniform temperature along the beam: kz=1.0
EXPOSURE

Fire exposure: Fire on all sides
Fira protaction: No protection

RESULTS

Section factor: [AM] = 165.0 m~
Modified section factor: Kap [An™] = 128.6 m+

Fire compartment
Maximum temperature: 553.0 °C
Time to reach maximum temperature: 98.00 min

Steel

Maximum temperature: 551.9 °C

Time to reach maximum temperature: 98.92 min

The critical temperature is not reachad during the fire.

< >
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Worked example: Structural analysis

Part C1 with the Fire scenario 2

DIAMOND 2007 for SAHR

FILE: blocoC1ltrel2
NODES: 1176
BEAMS: 515
TRUSSES: 0
SHELLS: 0
SOILS: 0

BEAMS PLOT
DISPLACEMENTPLOT (x 1)

TIME: 5243.58 sec

I Beam Element

Truss structure 4

Collapseat 71 min

5.0 E+00 m

Truss structure 2

Collapse at 87 min

Truss structure 3

Collapse at 65 min

< >
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Worked example: Structural analysis

SAFIR

Truss structure 1

No collapse

1.0 E+01m

DIAMOND 2007 for SAHAR

FILE: blococltrel1l
NODES: 1461
BEAMS: 638
TRUSSES: 0
SHELLS: 0
SOILS: 0

BEAMS PLOT
DISPLACEMENTPLOT (x 1)

TIME: 7196.441 sc

I Bcam Element

Part C1 with the Fire
scenario 2

Truss structure 5

DIAMOND 2007 for SAHR

FILE: blocoC1trel5
NODES: 1278
BEAMS: 549
TRUSSES: 0
SHELLS: 0
SOILS: 0

BEAMS PLOT
DISPLACEMENTPLOT (x 1)

TIME: 4905.083 sec

I Beam Element

Collapse at 82 min

5.0 E+00 m

< >
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Worked example: Structural analysis

Frame of Part C2 with the Fire scenario 2

SAFIR

P
_ A -/ Z _—
7 =7
y, >
~ y
/// 7
P
_ 7
—
s ~ Z
P
P
P

DIAMOND 2007 for SAHR

FILE: blocoC2
NODES: 9506
BEAMS: 4244
TRUSSES: 0
SHELLS: 0
SOILS: 0

BEAMS PLOT
DISPLACEMENT PLOT (x 1)

TIME: 7177.809 sec

I zeam Element

No collapse

< >
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Worked example: Structural analysis

SAFIR Class 4 collumn with non-uniform cross-section

" Fire scenario 2

50E01lm

DIAMOND 2007 for SAHR

FILE: pilarClasse4-2010
NODES: 4502

BEAMS: 0

TRUSSES: 0

SHELLS: 4496

SOILS: 0

SHELLS PLOT
DISPLACEMENTPLOT (x 10)

TIME: 3863.182 sec

[ ]shellElement

Collapse at 64 min

z

A

DIAMOND 2007 for SAAR

FILE: pilarClasse4-2010
NODES: 4502

BEAMS: 0

TRUSSES: 0

SHELLS: 4496

SOILS: 0

SHELLS PLOT
DISPLACEMENTPLOT (x 10)

TIME: 7106.25 sec

[ ImEtsn
[ piso1-1mp60.tsh
[ ]piso2-9mp60.tsh
I Hisol-2mp60.tsh
I piso1-3mp60.tsh
[ | pisol-4mp60.tsh
I piso1-5mp60.tsh
I piso1-6mp60.tsh
[ piso1-7mp60.tsh
I piso2-8mp60.tsh
I s tsh
I 12mm tsh
[ piso2M9-8mm.tsh
[ piso2M9-12mm.te

5.0 E-01m

Fire scenario 4

Without protection - collapse at 14 min
With protection of R60 in the first 9 m height - no

C

ollapse
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Weorked example: Final results

Parts of the structure / fire scenarios Result
Part D1 without protection under fire scenario 1 Lotlapse = 93 MIN
Part D1 with protection in the purlins of R30 under fire scenario 1 No collapse
Frame of part D2 under fire scenario 2 Lollapse = 78 MIN
Truss structure 1 of part D2 under fire scenario 2 Looliapse = 70 MIN
Truss structure 2 of part D2 under fire scenario 2 Leollapse = 77 MIN
Beam of part D2 under fire scenario 2 No collapse
Truss structure 1 of part C1 under fire scenario 2 No collapse
Truss structure 2 of part C1 under fire scenario 2 Lolapse = 87 MIN
Truss structure 3 of part C1 under fire scenario 2 Lolapse = 69 MIN
Truss structure 4 of part C1 under fire scenario 2 toollapse = 71 MiN
Truss structure 5 of part C1 under fire scenario 2 tollapse = 82 MIN
Frame of part C2 under fire scenario 2 No collapse
Collumn with non-uniform cross-section without protection under fire scenario 2 Loollapse = 64 MiN
Collumn with non-uniform cross-section without protection under fire scenario 4 Lollapse = 14 MiN
Collumn with non-uniform cross-section with protection of R60 in the first 9 m height

under fire scenario 4 No collapse

Finite element modelling of steel structures in case of fire



Worked example: Final results

»>It can be concluded that, the purlins in part D1 of the structure
should be protected, with fire passive protection for 30 min
(calculated with a critical temperature of 500°C), in order to achieve a
fire resistance of 60 min.

» In parts D2 and C1 it is not necessary any protection material to
assure a fire resistance of 60 min.

»In part C2 it is necessary, only in first the 9 m of the collumns with
non-uniform built-in cross-section (floor 1 of the building), passive
fire protection that guarantees a fire resistance 60 minutes for a
critical temperature of 500 °C (considered in the calculation).

»>It can also be concluded, that in accordance with the deformed
shape of all the analyzed structural systems, the collapse, when it
occurs, is for inside of the building, thus not resulting in danger for
the intervention of fire brigades.

Finite element modelling of steel structures in case of fire



Application example of fire

engineering

Pés---Compostq&n‘ﬂ
Waste treatment

plant, Gaia, Portugal

Implantation ‘_, H J PP
[ s C S ELRAL
0 - 8

- - - ——————— <
i “
L v " B A, oA\ Armazenamento
8 l= “"3'1“' "./ -
= \"7 >
l' B o |
I = : K
z =/l
5 = 77 ). <
, "‘;_,_.A
Recepcios
(MNave-central)
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Application example of fire

Fire scenarios

safety engineering

1200
. 1000

c

800
600

I
o
o

Temperatura [°

/I' ¢ e p—

el 1SO 834
// ! Cenario 1
o I D Cenario 2
s 7 — ——— Cenério 3

7 7
s
/’¢ ’,/
O 10 20 30 40 50 60 70 8 90 100 110 120

Tempo [min.]
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Application example of fire

safety engineering

Structural analysis

Reception hall (central) subjected to scenario 1

Principal structural truss

Diamond 2009.a.5 for SAFIR

FILE: VT3
NODES: 1444
BEAMS: 701

SHELLS: 0
SOILS: 0

SAFIR

BEAMS PLOT
IMPOSED DOF PLOT
DISPLACEMENT PLOT ( x 5)

TIME: 4224.063 sec
I Beam Element
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Application example of fire

safety engineering

Structural analysis

Reception hall (central) subjected to scenario 1

Cold formed strutural profiled sheets BNTA 700
with 1.12 mm thickness plus tensioned rod

Diamond 2009.a.5 for SAFIR

FILE: bta700-2
NODES: 3442
BEAMS: 5
TRUSSES: 0
SHELLS: 3300
SOILS: 0

180mm

SAFIR

660mm - arco / 700mm - plano

BEAMS PLOT

SHELLS PLOT

IMPOSED DOF PLOT
DISPLACEMENT PLOT ( x 5)

TIME: 7049.375 sec

I Beam Element
|:| Shell Element

>

50E-01m
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I Fire safety engineering at Aveiro

v Networks:

v Paulo Vila Real is member of the Steering committee of the

SiF movement (http://structuresinfire.com/)

v' Paulo Vila Real is project team leader for the development

of the new generation of EC3 part 1-2

v" Paulo Vila Real is the Chairman of the TC3 (fire) of ECCS

(European Convention for constructional Steelwork)
v' Transfer of knowledge:
v Fire resistance laboratory
v Fire design engineering projects

v' Development of the Software Elefir-EN

v' European research projects:

v' Locafi+; FIDESC4; Difisek+; Macs+; COST TU0904
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v" CEN, Eurocodes:
EN1991-1-2, EN1992-1-2, EN1993-1-2, EN1994-1-2, EN1995-1-2, EN1996-1-
2, EN1999-1-2.

v European project DIFISEK+ “Dissemination of Structural Fire Safety
Engineering Knowledge throughout Europe”, European Commission through

the Research Fund for Coal and Steel, 2008.

v' J.-M. Franssen, P. Vila Real, Fire Design of steel Structures, ECCS, Ernst &
Sohn, 2" edition, 2015.
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