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Introduction
Question

O Prescriptive rules or performance-based approach?

Some background before to try to answer to this question.
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Introduction
Two type of regulations or standards

O Each country has its own regulations for fire safety of buildings
where the requirements for fire resistance are given

O Standards for checking the structural fire resistance of the
buildings - in Europe the structural EUROCODES
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Introduction
Fire Resistance

Q Classification criteria

R — Load bearing criterion; E — Integrity criterion; | — Insulation criterion

Load bearing only: mechanical resistance (criterion R)
Load bearing and separating: criteria R, E and when requested, |

o coskE

Introduction -Fire Resistance
Criteria R, E and | - UK Approved document B

Fire resistance *

B3.ii The fire resistance of an element of
construction is a measure of its ability to
withstand the effects of fire in one or more ways,
as follows:

a. resistance to collapse, i.e. the ability to
maintain loadbearing capacity (which applies R
to loadbearing elements only);

b. resistance to fire penetration, i.e. an ability to
maintain the integrity of the element; E

c. resistance to the transfer of excessive heat,
i.e. an ability to provide insulation from high |
temperatures.

* In terms of time
Examples: R90; REI120
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Introduction
Fire Resistance — Criteria R, E and |

Q4 Standard fire curve

Fire resistance is the time since the begining of the standard fire curve 1SO 834
until the moment that the element doesn’t fulfill the functions for that it has been
designed (Load bearing and/or separating functions)

T =345log,,(8t +1)+ 20

ISO 834 curve
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Introduction
Regulations for fire safety of buildings

O Normally the risk factors are:

m Height of the last occupied storey in the building (h) over the reference
plane

m Number of storeys below the reference plane (n)
m Total gross floor area

m Number of occupants (effective)

R30, R60, R90, ...

m etc.
: E> or
REI30, REI60. REIQO, ...

Reference plane

i, EEE
V////////I, TI77207 777007770777 07 /7777

n
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Introduction. Example
Regulations for fire safety — UK Approved document B
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PERFORMANCE OF MATERIALS AND STRUCTURES

Oifice of the
Dupuiny Primne Minicnsr

™ g r———

Table A2 Minimum periods of fire resistance

Purpose group of building Minimum periods [minutes) for el ts of structure in a:
The Building Reguiations 2000 Basement storey ($) ...ay e «« | Ground or upper storey
Fire safety Depth (m) Height (m) of top floor above ground, in a
of a lowest basement building or separated part of a building
More Not more Not more MNot more Not more
* than 10 than 10 than 5 than 18 than 30
1. Residential (domestic):
APPROVED DOCLUMENT 4. Flats and maisonettes a0 60 300 60T 90
[T E——————— b. and c. Dwellinghouses Mot relevant | 30° 30" GO Mot relevant
Internal fire spread (linings) 2. Residential:
ﬂ'ﬂﬁ"mm a. Institutional e 90 80 30 60 90
T e b. Other residential 90 80 30" 60 90
3. Office:
- Not sprinklered a0 &0 a0 &0 a0
- Sprinklared (2) 60 &0 30 30* 50
4. Shop and commercial:
- Mot sprinklered ao 80 60 &0 90
- Sprinklered (2) 60 &0 30" &0 60
5. Assembly and recreation;
- Not sprinklened a0 60 60 60 90

Ccoske

Introduction. Example
Regulations for fire safety — UK Approved document B
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INTERNAL FIRE SPREAD (STRUCTURE) B3
The Requirement

This Approved Document deals with the following
Requirement from Part B of Schedule 1 to the
Building Regulations 2000.

Requiremeni Limits on application

Internal fire spread (structure)

B3.(1) The building shall be designed and constructed so that, in the
event of fire, its stability will be maintained for a reasonable period.

(2} A wall common to two or more buildings shall be designed
and constructed so that it adequately resists the spread of fire between
those buildings. For the purposes of this sub-paragraph a house in a terrace
and a semi-detached house are each to be treated as a separate building.

(3) To inhibit the spread of fire within the building, it shall be Requirement B3(3) does notapply to material alterations
sub-divided with fire-resisting construction to an extent appropriate to any prison provided under Section 33 of the Prisons
to the size and intended use of the building. Act 1952,

(4) The building shall be designed and constructed so that the
unseen spread of fire and smoke within concealed spaces in its

structure and fabrie is inhibited. 10
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Introduction. Example
Portuguese regulation for fire safety of buildings

U Required fire resistance

- The load-bearing or/and separating function should be maintained
during the complete duration of the fire including the decay, or
alternatively during the required time of standard fire exposure given in
the table below:

Standard fire resistanceMal members in buildings

. . ( Risk categorie%
Classification according to the occupancy Function of the structural member
10 P — _A( 40

1L IV, V, VL VIV IX X R30 R60 R90 R120 Only load bearing
L REI30 REI60 REI90 REI120 Load bearing and separating
I X1 and XII R60 R90 R120 R180 Only load bearing
' REI60 REI90 REI120 REI180 Load bearing and separating

Type | «Dwelling»: Type Il «Car parks»; Type Ill «<Administrative»; Type IV «Schools»; Type V «Hospitals»;
Type VI «Theatres/cinemas and public meetings»; Type VII «Hotels and restaurants»;

Type VIII «Shopping and transport centres»; Type IX «Sports and leisure»;

Type X «Museums and art galleries»; Type Xl «Libraries and archives»;

Type Xl «Industrial, workshops and storage»

o coskE

Introduction
Prescriptive or performance-based

- The load-bearing function is ensured when collapse is prevented during
— the complete duration of the fire including the decay phase or

alternatively during the required period of time under standard fire
exposure.
Natural fire Sandard fire ISO 834
0 0
or
# h

t ..t
Performance-based approach Prescriptive approach
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Introduction
Codes for fire design in Europe: Structural Eurocodes

Eurocodes

EN 1990 Eurocode: Basis of Structural Design

EN 1991 Eurocode 1: Actions on structures

EN 1992 Eurocode 2: Design of concrete structures

EN 1993 Eurocode 3: Design of steel structures

EN 1994 Eurocode 4: Design of composite steel and concrete structures
EN 1995 Eurocode 5: Design of timber structures

EN 1996 Eurocode 6: Design of masonry structures

EN 1997 Eurocode 7: Geotechnical design

EN 1998 Eurocode 8: Design of structures for earthquake resistance
EN 1999 Eurocode 9: Design of aluminium structures

Fire design

Parts 1-2 Except EN 1990, EN 1997 and EN 1998, all the Eurocodes have

Part 1-2 for fire design

o coskE

Introduction
Prescriptive or performance-based according the Eurocodes -1

Design Procedures

Prescriptive Rules
Performance-Based Code

Thermal Actions given . .
( ! g (Physically based Thermal Actions)

by Nominal Fire)
I 1
I 1

9 ! 1 e

t t
Nominal fire. Ex: Natural fire

Standard fire ISO 834
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Introduction
Prescriptive or performance-based according the Eurocodes - 2

Design Procedures

Prescriptive Rules
Performance-Based Code

Thermal Actions given .
( I g (Physically based Thermal Actions)

by Nominal Fire)
T 1
I 1

Tabulated data

_ _ Simple calculation models or
Simple calculation models or

_ advanced calculation models
advanced calculation models

o coskE

Introduction
Question

O Prescriptive rules or performance-based approach?

Depends on the type of structure, its importance for the society, its
dimensions, etc.

Next it will be shown some examples where Prescriptive approach
and performance-based approached has been used.




'\-f' E D 5 t ] I universidade de aveiro

Introduction
Presciptive approach was used

b

Steel Structure

0 Standard fire ISO 834
has been used

t
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Introduction
Performance-based approach was used
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Fire Design of Structures
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Four steps

1. Definition of the thermal loading - EC1

2. Definition of the mechanical loading - ECO +EC1

3. Calculation of temperature evolution within the structural
members — All the Eurocodes

4. Calculation of the mechanical behaviour of the structure

exposed to fire — All the Eurocodes

Ccoske

Eurocode 1:

Actions on Structures

ﬁ universidade de aveiro

Y

4

y Y Y Y Y VY VY Vv Y

S,G,Q

Yy v v v Yy Y v v v v
G Q

Yy v v v Yy Y v v v v
G Q

Yy v v v Yy Y v v v v

Yy v v v Y Y v v v v
Fire /77 VA

\

Actions for temperature analysis
Thermal Action

FIRE

Actions for structural analysis
Mechanical Action

Dead Load G
Imposed Load Q
Show S
Wind W

20




-~
Ccoske

Eurocode 1:
Actions on Structures

universidade de aveiro

S,G,Q

y Yy vy vy vy v y v vy

777 Fire /)

SR
e

21

Ccoske

Thermal actions

Heat transfer at surface of building elements

universidade de aveiro

h

net,d

Total net heat flux

22
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Thermal actions
Heat transfer at surface of building elements

—h_ +h

h

Total net heat flux

net,d net,c net,r

hnet,C = occ 0, )| Convective heat flux
|

=0.g,-¢,-0" [@ 273)* — (0, +273)*]| Radiative heat flux

net,r

Prescriptive  Performance-based

-0, ~6, 0 0

Temperature of the fire or

compartment

Nominal Natural
fire fire

23
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Actions on Structures Exposed to Fire
EN 1991-1-2 - Actions on structures exposed to fire

Nominal temperature-time curves
Standard temperature-time curve

External fire curve
Hydrocarbon curve

Natural fire models
Simplified fire models

Compartment fires - Parametric fire

Localised fires — Heskestad or Hasemi
Advanced fire models

Two-Zones or One-Zone fire or a combination

CFD — Computational Fluid Dynamics

24
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Actions on Structures Exposed to Fire
EN 1991-1-2 - Prescriptive rules or performance-based approach

*) Nominal temperature-time curve

Standard temperature-, External fire - &
Hydrocarbon fire curve

*) Simplified Fire Models
Localised Fire Fully Engulfed Compartment

No data needed

- HESKESTADT - Parametric Fire Rate of heat release
- HASEMI 8 (t) uniform Fire surface
6(x,y,z1t) in the compartment

Boundary properties
Opening area
Ceiling height

% K

n *)Advanced Fire Models +

LL

o -Two-Zone Model | - one-zone Model Exact geometry
g - Combined Two-Zones and One-Zone fire

L

- CFD | =

Ccoske fudadd

=st==r
1’_:: e ,L‘ universidade de aveiro

Simplified fire models
Nominal Temperature-Time Curve

Gas temperature (°C)
1200 | Hydrocarbon Fire |

1000

800 [ : T EC3 and EC9 do not use

Yo — I:> this external fire curve.
oy / T Papmahe— A special Annex B on

AR both Eurocodes gives
400 T | T
IR a method for

P e e —— AN SR OO S OO S . evaluating the heat

L P IR transfer to external

‘ — steelwork
0 1200 2400 3600
Time (s)

26
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List of Physical Parameters needed for

Natural Fire Models

Boundary properties
Ceiling height
Opening Area

Fire area

Rate of heat release

Fire load density

. Geometry
-
-

> Fire

27
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Characteristics of the Fire Compartment

Natural Fire Model

B . u |
g N

o |
31
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From DIFISEK+

Definition of openings * e

| 7 i -
¥ : 28
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Characteristics of the Fire Load from EN 1991-1-2
Natural Fire Model

Fire Growth| RHR Fire Load q
Occupancy Rate f 80% fractilfr—}k

[KW/m2] [MJ/m2]
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 (movie/cinema) Fast 500 365
Transport (public space) Slow 250 122

29
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Design value of the fire load density
Natural Fire Model

CIf,d - qf,k -m- 6ql ’ 8q2 '6n [MJ/m?]

m — Combustion factor. Its value is between 0 and 1. For mainly cellulosic
materials a value of 0.8 may be taken. Conservatively a value of 1 can be
used

8,4, — factor taking into account the fire activation risk due to the size of the
compartment

d,, — factor taking into account the fire activation risk due to the type of
occupancy

d,, — factor taking into account the different fire fighting measures

10
8n = Hgni = 8nl '8n2 "'8n9 '8n10
i=1

30
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Characteristics of the Fire Load from EN 1991-1-2
Natural Fire Model

From DIFISEK+

universidade de aveiro

Danger of Danger of Examples
Compartment . e . e

fl P A B Fire Activation Fire Activation of
oorareaA; [m’] 81 2 Occupancies

Art gallery, museum,

Automatic Fire Suppression Automatic Fire Detection Manual Fire Suppression

Automatic ndependent Automatz;fire Au:l)mat;c Work Off Site | Fire Smoke
Water Water Detection . =ajm} Fire Fire | Access | Fighting | Exhaust
Extinguishing | Supplies & Alarm FARSMISSION | prgade | Brigade Devices | System

, 0

System by by ) .

Oi 1 ‘ 2 |l Heat | Smoke | Fire Brigade

®n1 2 8n3 84 | 85 %6 87 89 nio

31
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Qumax

=A; X RHR,_|_

Rate of Heat Release Curve from EN 1991-1-2

Natural Fire Model

iversidade de aveiro

From DIFISEK+

4 RHR [MW]

Decay phase

tdecay

>
Time [min]

32
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S T

Rate of Heat Release of a class 3 car. Experimental evaluation
Natural Fire Model

—Ralzo‘nf:lm!ME(Sﬂhff' Car Of CIaSS 3

—— Rate of neat reiease Laguna

rate of heat release (M)
- - s
e
=N
L
rate of heat release (M)
ook oy @ oo

|IIII
4 N ! I".
I |Pl'|| W‘.
W G
| \,/
L h,
T |%&2ﬂwm I \k N
ﬂ TR | ] - : + ; ; : ; !
. === S 0 W » W 4 N € 0 80
a w0 o @ a0 ) @ o ) Y e (i)
time (min)

Demonstration of real fire tests in car parks and high buildings — Contract no. 7215 PP 025, Projecto Europeu

~y il
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An idealized Rate of Heat Release Curve for a car burning
Natural Fire Model

g { - Class 3
7 | 1%| |:‘ Time (min) |Rate of heat
6 release (MW)
§ 5 } 0 0
S 4 . 4 1.4
S _.______/ ________ L 16 1.4
2 24 5.5
; /—l _ \\ 25 8.3
0 — 27 4.5
0 30 60 9 |8 L
70 0
time t (min)

From ECSC Project: Demonstration of real fire tests in car parks and
high buildings.

34
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Localised Fire: HESKESTAD Method
Natural Fire Model

Annex C of EN 1991-1-2:
* Flame is not impacting the ceiling of a compartment (L; < H)
* Fires in open air

O, =20 + 0,25 (0,8 Q)% (z-2,)5"% < 900°C

|
Flame axis
/{//////////////////?////////////////////

The flame length L; of a
localised fire is given by :

A L,=-1,02 D + 0,0148 Q25

V{772

35
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Localised Fire:HASEMI Method
Natural Fire Model

Annex C of EN 1991-1-2:
* Flame is impacting the ceiling (L; > H)

Flame axis
- lf-h |

- . |
LA LS L Ll

'
/-—a__\_ —

-2 \ /

Errrrrr s vy S
i

36
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Localised fires in a car park
Some fire scenarios

b 1Te I -
| = -
TN =/ = =
Fire Scenario 2 D ,ﬁj‘sﬁ
Z @ - > Fire Scenario 3 Fire Scenario 5 2 te00m
‘_\'/_\ 77 ﬁ‘:,, ~
[Fire Scenario 1] @'@> < l’ll!in.:l g @>
START 7 - -
o T == =} T
K '20x2.'40m ' ’
Height: H=2.7m
Diameter of flame: D=3.9m
Steel Beams: IPE 500 .

o coskE

Localised fire
Rate of heat release of four burning cars

Curve of the rate of heat release of each car. A delay of 12 minutes
between each burning car.
1st 2nd 3rd 4th

—— 1st car
— — 2nd car
----3rd car
— - - 4th car

Qvw)

O 10 20 30 40 50 60 70 80 90 100

Time (min)

From ECSC Project: Demonstration of real fire tests in car parks and
high buildings.

38
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Two Localised fire models
Flame length

% universidade de aveiro

Heskestad Method

ifL,>H = Hasemi method has to be used

‘Flame axis

ifL,<H = Heskestad method has to be used

[cemeb
e Ves b
5
454 A
J 1
J:- IJX))IIL
5 M / |
Y i |
15 \‘-,
ue.: \'. |
0 \
] ] ] 1] & 50 EQ 0
P

AL L LIS LS
)

LT )?53 al
D

iz H

' Ve e A

Ll

Hasemi Method
L
Flame axis__; T :

VAV ALV A A A VAV AV AV,

NG
i

A s I I

{

Program Elefir-EN

++D

Ccoske

Hasemi method
Horizontal distances

% universidade de aveiro

1 T I

Pt ot g o g alziE]

' i

Program Elefir-EN

= \Idlz_"dz2

40
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Temperature development
Gas and steel temperture
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Scenario 1: unprotected steel Scenario 1: protected steel Scenario 2
(02max = 710.9 °C) (02,max = 527 °C) (0, max = 466.7 °C)
= — ] —— e sictad
{ ¢ o '..' ' )
E/=/AN o at =T
i/ O\ = ||}/ \‘\ = || I !\ S
- I-"'."':'] - v | [T |-u---_1 | o - |
Scenario 3 (0, . =466.7°C) Scenario 4 (0, =510.9°C) Scenario 3 (0, . = 528.5 °C)
L= ';"ﬂ«;;-_= wlind = e
I ; i / 4 = I =1 = - | SR .."I\ ] NS
e e T B e
e - e —1 - Eee— )

Ccoske

Parametric fire. Needed parameters
Natural Fire Model

& universidade de aveiro

Fire load density -

Opening factor -

Wall factor -

Qs g
O=AhlA

b=, pcA

Temperature 6 = 0(t)

A, - area of vertical openings; A, - total area of enclosure

Limitations :

e Aqoo, < 500 M2

* No horizontal openings

*H<4m

» Wall factor from 1000to 2200

« Fire load density, g, ; from 50 to 1000 MJ/m?

42
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Parametric Fire
Natural Fire Model

Annex A of EN 1991-1-2

1000
0=0.06m"2 ;
800 -
600
[l
400
200
0 - T i i T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110
[min]
—— Ventilation controlled fires —— Fuel controlled fires
Parametric fire curves function of - O
. 43
For a given g4, b, A;and A,
v E D 5 ' J§ universidade de aveiro

Parametric Fire - Influence of the Actives Fire Safety Measures
Natural Fire Model

1567 = 511x0,8x1,14x1x
Ix1Ix1Ix1x1x1x1x1,5x1,5x1,5

No Fire Active Measures
Off Site Fire Brigade

Safe access routes 511

Automatic Fire Detection & Alarm by Smoke

397 =511x0,8x1,14x1x

Fire fighting devices 1x1x1x0,73x1x1x0,78x1x1x1,5

Automatic water extinguishing system - Sprinklers

210 = 511x0,8x1,14x1x
0,61x1x1x0,73x0,87x1x0,78x1x1,5x1,5

Automatic akarm transmission to fire brigade

Office
A; = 45,0 m? N i N N
O = 0,08 m?2 9 o= VRS . VOO VRS S
Os, = 511 MJ/m2 i PG
m =0,8 | A j N

0o 10 20 30 40 50 60 70 80
Tempo (min)
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Fire Design of Steel Structures

Four steps

& universidade de aveiro

Definition of the thermal loading - EC1

Definition of the mechan

cal loading - ECO +EC1

Calculation of temperature evolution within the structural
members - EC3

Calculation of the mechanical behaviour of the structure
exposed to fire - EC3

Ccoske

Actions on Structures
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Y

4

y Y Y Y Y VY VY Vv Y

S,G,Q

Yy v v v Yy Y v v v v
G Q

Yy v v v Yy Y v v v v
G Q

Yy v v v Yy Y v v v v

Yy v v v Y Y v v v v
Fire /77 VA

\

Actions for temperature analysis
Thermal Action

FIRE

Actions for structural analysis
Mechanical Action

Dead Load G
Imposed Load Q
Show S
Wind W

46
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Actions on Structures
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S,G,Q
Y Y VY VY YV vV Y Y VY V VvV V¥
»)
»)
w
»)
G Q
"y vV v v v YV VY v vV v
>
>
>
G Q
»)
Y VYV YV VvV v Y VYV VvV Vv v v
>
>
»
»
Y VYV YV Vv v Y VvV VvV v v v
»]
>
»]
>
7747} Fire vz 7775

47
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Combination Rules for Mechanical Actions
EN 1990: Basis of Structural Design
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» At room temperature (20 °C)

276,00 70 Qut 27 ¥4, Q,

* In fire situation
1. Fireis an accidental action.
2. The simultaneous occurrence of other independent

accidental actions need not be considered

26 Al puy, ) Q. +2y, -Q +A

g

v, 1 Q1 — Frequent value of the representative value of the variable action Q,
v, 1 Q1 — Quasi-permanent value of the representative value of the variable action Q,

A, — Indirect thermal action due to fire induced by the restrained thermal expansion

may be neglected for member analysis
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Combination Rules for Mechanical Actions
EN 1990: Basis of Structural Design

ZGk,l + (Wl,l Ou WZ,l) ) Qk,1 + ;WZJ ) Qk,i + Ad

j>1

Action L 41 v,
Imposed loads in buildings, category | 0.5 0.3
(see EN 1991-1-1)
Imposed loads in congregation | 0.7 0.6

areas and shopping areas

Imposed loads in storage areas 0.9 0.8 v
vehicle weight <30 kN 0.7 0.6 In some countries the
National Annex
< i i < 0.5 0.3
30 kN < vehicle weight < 160 kN recommends "P1’Q1, so
Imposed loads in roofs 0.0 0.0 that wind is a|WayS
Snow (Norway, Sweden ...) 0.2 0.0 considered and so
Wind londs om bt horizontal actions are
e joads on buidings 0.2 ) 0.0 always taken into
T account -I 49

N -
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Fire Design of Steel Structures
Four steps

1. Definition of the thermal loading - EC1

2. Definition of the mechanical loading - ECO +EC1

4. Calculation of the mechanical behaviour of the structure
exposed to fire - EC3
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Thermal response

Heat conduction equation

0(,00) 0(,00) ~ 0O
e s

Boundary conditions
0. =h.(0—06,) convection

dr =Be(6* —03) = Pe(6° +63)(0+6,)(0—6,) =h (6—6,) radiation
h,

r

51
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Thermal response
Temperature field by Finite Element Method — After 30 min. ISO

0 kae 0 kae - 00| Note: this equation can be simplified for the
oxox) oy ey +Q=pCy at case of current steel profiles
Concrete (30x30 cm2) Steel (IPE300)

£19.8500 829 . 4000

763.1225 827.8236

7086.3950 826 .2471

649.6675 824.6787

592.9490 823.0943

536.2125 B21.5179

479.4850 819.9414

422.7575 B18.3658

366.0300 816 .7886

3089.3825 B15.2121

252.5758 813.6357

195.8475 B12.0593

139.12090 810.4829

82.39250 898 .90864

25.66500 887 .3308

AT =794 °C AT =22°C
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Temperature increase of unprotected steel
Simplified equation of EC3

universicdade ae aveiro

Temperature increase in time step At:

Fire
A /V . temperature
ABy =Ksp m_hnet,dAt
Capa
Heat flux hnet’d has 2 parts: B

Radiation:

Steel
temperature

_— Steel

Nnetr = 5,.67x10 8 dgse ((er +273) - (8,, + 273)4)

Convection:

I:]net,c = O¢ (eg - em)

53
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Section factor A,/V
Unprotected steel members

Tt
-
vil v
perimeter exposed perimeter 2(b+h)

c/s area c/s area c/s area

54
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Correction factor for the
Shadow effect k,

For I-sections under nominal fire: kg, = 0.9 [A/V]/[A./V]
In all other cases: k;, = [A/V]/[A/V]

For cross-sections convex shape: kg, =1 O

[Am/V]b - Section factor as the profile has a hollow encasement fire protection
-y - —

h

7
2(b+h) 2h+b 55
c/s area c/s area

o coskE

Nomogram for temperature
Unprotected steel profiles

Nomogram for unprotected steel members subjected to the ISO 834 fire
curve, for different values of kg, - Am/V [m-1]

800

o oA T T P < o~
e B i) e .
700 o P " P
1IT Vel
o ) -
Wl o8
» )j/ Ve o
600 A o 7
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Structural fire protection

Passive Protection

Insulating Board
Gypsum, Mineral fibre, Vermiculite.
Easy to apply, aesthetically acceptable.
Difficulties with complex details.

Cementitious Sprays
Mineral fibre or vermiculite in cement binder.
Cheap to apply, but messy; clean-up may be expensive.
Poor aesthetics; normally used behind suspended ceilings.

Intumescent Paints
Decorative finish under normal conditions.
Expands on heating to produce insulating layer.
Can be done off-site.

57

CccoskE bl

Structural fire protection

Columns:

Air gap

T T [T

Prafile Helloww Haollanes
Beams:

Air gap
mnm
flangs

[a} ik} il

&) - Speay or miumesoent
b - Board
[a} - Board
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Structural fire protection
Intumescent paint

- - e
V E D 5 : universidade de aveiro

Structural fire protection
Cementitious Sprays
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Structural fire protection
Insulating Board

61
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Temperature increase of protected steel
Simplified equation of EC3

ﬁ universidade de aveiro
Fire

temperature

 Some heat stored in
protection layer.

* Heat stored in protection layer
relative to heat stored in steel
C,p A
o= PP 4 p ﬁ

CaPa © V

Protection
o Temperature rise of steel in time d

increment At P

Ao ldo A 1
AQ, , =—P PP 0..-0.. )Jat—(e?° —1)0
e breve] JTRIN S XN

Steel
temperature

Steel

62




N
o coskeE

Section factor Ap/V
Protected steel members

a,ldgA

p
CaPa\ Vv

a.t

inner perimeter

Steel perimeter of board 2(b+h)
steel c/s area steel c/s area c/s area *

o coskE

Nomogram for temperature
Protected steel profiles

Nomogram for unprotected steel members subjected to the ISO 834 fire
curve, for different values of [A/V][A/d,] [W/Km3]
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Fire Design of Steel Structures
Four Steps

1. Definition of the thermal loading - EC1

2. Definition of the mechanical loading - ECO +EC1

3. Calculation of temperature evolution within the structural
members - EC3

N -
V E D 5 t ﬁ universidade de aveiro

Degree of simplification of the structure

PRl
] g-> <—§
T 1 G 5
~_ 1 N »
AN BN N\ A\ h @A @A

Analysis of: a) Global structure; b) Parts of the structure; c) Members
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Mechanical properties of carbon steel
Stress-strain relationship at elevated temperatures

Stress o A

!
€yo €0 €u6 Strain g

=2% =15% =20% 67
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Mechanical properties of carbon steel
Stress-strain relationship at elevated temperatures

Stress (N/mm?)

& Strength/stiffness reduction 300
factors for elastic modulus 250 |
and yield strength (2% total
strain). 200 |

¢ Elastic modulus at 600°C 150 }

reduced by about 70%.

100 [¢
< Yield strength at 600°C :

reduced by over 50%. 50

0 0.5 1.0 1.5 2.0
Strain (%) 68
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Reduction factors for stress-strain relationship of carbon steel
at elevated temperatures

inivarsicdacde ge avairg

Reduction factors at temperature 6, relative to the value of f, or E,
at 20°C [0) 0
Steel Reduction factor Reduction factor Reduction factor A) Of th e Va-l u e at 20 C
Temperature (relative to f,) (relative to f,) (relative to Ej)
for effective yield | for proportional limit | for the slope of the
6, strength linear elastic range 1
kyo = fuolfy koo = foolfy Kep = Eao/Eq Y YI el d
20°C 1,000 1,000 1,000 St r en Gt ,]
100°C 1,000 1,000 1,000 . 8 d
200°C 1,000 0,807 0,900 k = f / f
y.0 ¥.0 y

300°C 1,000 0,613 0,800
400°C 1,000 0,420 0,700 . 6 \
500°C 0,780 0,360 0,600
600°C 0,470 0,180 0,310 4 / \
700°C 0,230 0,075 0,130 / \
800°C 0,110 0,050 0,090 \
900°C 0,060 0,0375 0,0675 2 ""YO un g N\
1000°C 0,040 0,0250 0,0450 Modu I US k E / E
1100°C 0,020 00125 0,0225 . E.0 a0 a

i

1 ' '
1200°C 0,000 0,0000 0,0000 .

0 300 600 900 1200
Temperature (°C) 69
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Checking Fire Resistance:
Strategies with nominal fires

RE 4
Reid
2 ’ = )
; fid 1. Time:
Lia > tirequ
\ tfi requ \ tf|d t .
2. Load resistance:
9 A
04 Riiat > Erig
/ 3. Temperature:
3 ecr,d
3 / ed < ecr’d

> 70
t
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Checking Fire Resistance:
Strategies with natural fires

S universidade de aveiro

RE

Note: Wit

1. Load resistance:

Riiat > Efig
collapse is prevented during the
complete duration of the fire
including the decay phase or
during arequired period of time.

2. Temperature:

ed<9cr,d
collapse is prevented during the
complete duration of the fire
including the decay phase or
during arequired period of time.

h the agreement of authorities,

verification in the time domain can be also
performed. The required periodo of time

defini

ng the fire resistance must be accepted

by the authorities.

Ccoske

Checking Fire Resistance:
Strategies with natural fires

S universidade de aveiro

The Load-bearing function is ensured if collapse is prevented during the
complete duration of the fire including the decay phase, or during a required

period of time.

RE

Collapse is prevented during the
complete duration of the fire
including the decay phase.

RE

— >
t]fi,requ tfi,d tfi,requ

Collapse is prevented during a
required period of time, tl; .
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Design methods

U Tabulated data (EC2, EC4, EC6)

O Simple calculation models (All the Eurocodes)

O Advanced calculation models (All the Eurocodes)

o coskE

Eurocode 2: Tabulated data
Fire resistance of a RC beam

Table §.5: Minimum dimensions and axis distances for simply supporind beams
made with reinforced and prestressed concrete

Seandard fre

ressiance

Mirirmurm dmen=ons {mm)

Pos=ibla combimaions of a and by,

Wb Suckness b,

wiane ais e average aos - - -
distance a1 by is e width af Clhaz= WA Chz=WE | Chss WC
Ben
1 2 3 4 5 [] 7 ]
R 30 b= 8O 120 160 | 200 &0 a0 a0
a a= 25 20 15 15
i bop=120 | 160 A0 300 104a i} L]
a= 4l 1 25
v
Roal bo= 150 | 200 300 | 400 110 100 100
a= &5 45 4 35
t') R120 b= 200 | 240 300 | 500 130 120 120
a= @5 1] 55 50
A
= 300 >4-IZIIZI G00 150 150 140
m = Al T &5 &0
v
R 240 bo= 280 | 350 510 | 700 170 170 160
a= 40 &0 75 T
Ay = a+ 10mm [E=g

Eredcy

* Mormally $he cover requined by EN 1992-1-1 will confral.

For prestressed beams e inoeass of ads dstance according fa 52(5) shauld be noted .

By 1% e A dstance o the side of beam for e comerbars (o fend on or wine ) of
beams with anly one byer of rerforcesment. For values of b, greater than that
given in Caurmn 4 no inorease af 8,4 is required.
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Eurocode 4: Tabulated data
Fire resistance of a RC column

Table 4.4: Minimum cross-sectional dimensions, minimum concrete cover of the steel section and

minimum axis distance of the reinforcing bars, of composite columns made of totally
encased steel sections.

= i

Us . .
Wj ng Standard Fire Resistance

;gﬂﬂ.&w;ﬂzﬂ.&w ™

;/m

=
s

e

A

T

=

H
H
:
&
&

e

b, U7

R30 | R60 | ROD |R120 | R180 | R240

1.1 Minimum dimansians h{‘: and by, [mm] 150 180 220 300 350 400 R 120
12| minimum concrele cover of stesl section ¢ [mm] | 40 | 50 50 3 73 75

1.3 minimum axis distanca of reinforcing bars ug [mm] | 20 30 30 40 50 50

ar

2.1 Minimum dimansions he and b [mm] - 200 250 350 400

2.2 minimum concrele cover of stesl section ¢ [mm] - 4a “a 50 60

2.3 minimum axis distance of reinfarcing bars ug [mm] | - 20 20 30 40

NOTE: "] Thasea values have lo be checked according 1o 4.4.1.2 ol EN 1832-1-1
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Design procedures

U Tabulated data (EC2, EC4, EC6)

O Simple calculation models (All the Eurocodes)

O Advanced calculation models (All the Eurocodes)
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Eurocode 4: Simple calculation model
Sagging moment resistance of a composite beam

Compression

b +
| o | f e ! Tan F
[ oL 0c(X) c20°c ! Vwmfic L
he | DL |7r fayﬂZ/?’M.ﬁ,a " <_+
T * e 0 S T
h »l<€ | hy Ow fayﬂw ! Pnsia -1 =
— x & 0: |-| yT
| b * fayq ! P fia
1 )
Tension
M R T (y -y )
fi, Rd F-JT

Ye

7

o coskE

Eurocode 2: Simplified calculation model
500°C isotherm method

Damaged concrete, i.e. concrete with temperatures in excess of
500°C, is assumed not to contribute to the load bearing capacity of
the member, whilst the residual concrete cross-section retains its

initial values of strength and modulus of elasticity.

Bl |§| =1 _
-1 :"" :ru tc |
500°C_—= | - =l m =
Sy T |l S0C = -
—-I | -— Bl | | —-—
—-: | —-— | | - d
| I -
—_ T | - i .
— | !...- i - |§| |+
e _|__'_ -"':"& _____ ) -
X -~ =t
‘ wt I ZIRRED
. b

-Tension

a) fire exposure on three sides
with the tension zone exposed

@ - Compression

b) fire exposure on three sides with
the compression zone exposed
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Eurocode 2: Simplified calculation model
500°C isotherm method — RC beam

500°C .

240

220 19
200

160

T=300°C

120

100N

7

20 80Q —
i
goo\\

0 20 40 60 80 100 120 140

Temperature profiles
from Annex A

Effective section

T=100°C

T=200°C

R60

79
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Eurocode 2: Simplified calculation model
Sagging moment resistance of a RC beam

__@ niverspazddz (e svearo

77fcd,ﬁ(20)
Axbif: (20) Fs= As'fscd.fi(a'n)
XDiilcd fi -
J ® Z; g /{ —
Z (jfi 7 Mul + V4 Muz
As Y Asifsasi(Gn) Fs = Asofsa(Gn)
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Eurocode 3
Classification of the cross-sections -1

Steel profiles can be considered as na assembly of individual plates

nternal O%t:md /nte rnal

Internal
We eb nternal
Web a

Flange Flange Flange

a) b) C)

utstand

Internal and outstand elements
a) Rolled section; b) Hollow section; ¢) Welded section

~ (.
'\-#' E D 5 t ad | universidade de aveiro

" Professor Paulo Vila Real

Eurocode 3
Classification of the cross-sections -2

The slenderness of the compression plates is a key parameter when
studying the local buckling of plates

_ f f,
O¢r k T Et \/— E
7 12(L-v2)b? 12(1 )
bt bt 1_

284k, 23 / T84k, ¢
210000

- 235\/ E__ with f, and E in MPa
f, 1210000

This parameter is widly used in EC3
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Classification of the cross-sections - 3

Cross-sections are classified based on the parameter

€= 235\/ E with fy and E in MPa
f, V210000

For the case of carbon steel at normal temperature the, Young modulus
takes the value 210 GPa:

- At normal temperature I:>g:\/235 210900 _\/235

f, V220000 | f,

- At elevated temperature I:> See next slide I:>

83
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Classification of the cross-sections -4

. 235\/ E, 235\/ keoE (ke 235\/ E
"\ f,, V210000 k,,f, V210000 k| f, V210000

y,0 y
K
_ Koo 235 085 1220 _o.g5s
kyxe fy fy
tﬂl,z ;
08 T — —~ -
06 ? ?
al o _—— o @; %> _0.85¢
| | ¢ 1y
02 | | |
) -
0 200 400 600 800 1000 1200
[°C] 84
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Classification of the cross-sections - 5

For carbon steel: 2

€=0.85 % and tables from EN 1993-1-1

-
[ c t
t ——

Element Class 1 Class 2 Class 3
Flange c/t=9¢ c/t=10¢ c/t=14¢
Web subjected
to c/t=33¢ c/t=38¢ cl/lt=42¢
compression
Web subected | oy 75 | c/t=83¢ | c/t=124¢
tobending

For stainless steel: 235 E
€ =0.85 [— and tables from EN 1993-1-4

f, 210000
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Eurocode 3: Fire Resistance:
Tension members -1

% of the value at 20 °C
1 Factor de
\/reducéo
« The design resistance of a tension 8 \ Kyo=T,0/ T,
member with uniform temperature Qa .6 \
is: —l 4 \\
2 A
Nforg = Ky oAfy /Y =
fio,Rd = Ky oly IV mfi 0 300 600 900 1200
Temperature (°C)

or

Nfi,e,Rd = ky,eNRd [Ymo / YM,ﬁ]

Nrq = design resistance of the cross-section N g4

for normal temperature design
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Eurocode 3: Fire Resistance:
Compression members with Class 1, 2 or 3 cross-sections - 1
» Design buckling resistance of a

compression member with uniform 1
Ny fiord = XfiAky,efy -

temperature @, is - VM
With
o= 1
fi f = Bracing system
bp + ¢92_7‘~92 ’ gsy
1 ~ — 2- )
¢e=2[1+0t7»e+7»e_ Dilf, =0,7L
> \
o =0.65,/235/ f, (CUM)
« Non.dimensional slenderness: ' [y 15=0,5L
}\46 - 7\4 ky,e /kE’e 87
774) ¥Z72 V72
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Eurocode 3: Fire Resistance: Laterally restrained beams with
Class 1, 2 or3 cross-sections with uniform temperature - 1

universiclacle de aveiro

* The design moment

resistance of a Class 1, 2 or y

Class 3 cross-section with a _ MO
_ _ > |Msi o rd = Mdey,e

uniform temperature @, is: M fi

Mgy = My rg — Class 1 or 2 cross-sections

Mgy = Mg rq — Class 3 cross-sections
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Eurocode 3: Fire Resistance: Laterally restrained beams with
Class 1, 2 or 3 cross-sections with non-uniform temperature - 2

Adaptation factors to take into account
the non-uniform temperature distribution

inivarsicdacde ge avairg

Moment Resistance:

Y 1
Mfi,e,Rd = Mdey,e MO
Tmfi ) K1K2

K is an adaptation factor for non-uniform
temperature across the cross-section

Temp

K;=1,0 for a beam exposed on all four sides
K;=0,7 for an unprotected beam exposed on three sides

K;=0,85 for a protected beam exposed on three sides *

o coskE

Eurocode 3: Fire Resistance: Laterally restrained beams with
Class 1, 2 or 3 cross-sections with non-uniform temperature - 3

Adaptation factores to take into account
the non-uniform temperature distribution

iniversidade de aveiro

<\ T T _Teme > __Teme ,,/"> Moment Resistance:

FEREARRTEEREN Miord = Mdeyﬁ[MJ Ki
Tmfi ) KiKo

K, is an adaptation factor for non-uniform temperature along
the beam.

K,=0,85 at the supports of a statically indeterminate beam

K,=1.0 in all other cases
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Eurocode 3: Fire Resistance: Laterally unrestrained beams -1

Fixed

v
\s
\
A
),
Y
3N
Y
RN
RN
RS
e W
el oy
e Ny

Unloaded position
Buckled position

Applied load

Lateral-torsional buckling

91
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Eurocode 3: Fire Resistance: Laterally unrestrained beams - 2

» Design lateral torsional buckling
resistance moment of a laterally

unrestrained beam at the max. Y Wk f 1
' : b.fi.0.Rd = ALT.fi 0. —
temp. in the comp. flange Qa'com iS = ! i yRy.0.com 'y g
* A the reduction factor for lateral- B 1
tqtrsic:_nal buckling in the fire design Kir.g ¢LT,e,com+\/[¢LT,e,com]2 s ool
situation.
A A, ¢ =1[1+ al, T+ (Fr o))
X’LT H.com — 2’ k y.6.com / kE.H.com LT.6.com 2 LT.6,com LT.0.com/

o =0.65,[235/ 1,
V@ (CM
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Eurocode 3: Fire Resistance
Shear Resistance

Design shear resistance

Ym0
Vfi,t,Rd = ky,e,webVRd [—j

VM fi
Ve is the shear resistance of the gross cross-section
for normal temperature design, according to EN 1993-1-1.
0,0 is the average temperature in the web of the
section.

ky9 web 1S the reduction factor for the yield strength of steel

at the steel temperature 0.

93
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Eurocode 3: Members with Class 1, 2 or 3 cross-sections,
subject to combined bending and axial compression - 1

Without lateral-torsional buckling

Class 1 and 2
Nrigq f N ky My,fi,Ed k, Mz,ﬁ,Edf <1
Xmin,fi A ky,e e VVpl,y ky,e — Wpl,z ky,e —r
T M fi T M T M
Class 3
Nrigq N Ky My fied . K, My figd <1

fy fy fy
Lmin,fi Aky,e — Wel,y ky,e — VVel,z ky,e -

¥ M T M fi Y M fi
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Eurocode 3: Members with Class 1, 2 or 3 cross-sections,
subject to combined bending and axial compression - 2

With lateral-torsional buckling

Class 1 and 2
Nfigq f N Kt My,fi,Ed N K, M, fiEq <1
Xz fi A ky,e — ALT fi VVpl,y ky,e - Wpl,z ky,e -
¥ M ¥ Mmfi YM i
Class 3
Nfigg N kit My,fi,Ed N K, My igq <1

fy fy y
Yz A ky,e — ALTi Wel,y ky,e —— Wy, ky,e —
Y Mmfi ¥ Mmfi Y M fi
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Fire Resistance: verifications of the fire resistance not covered
by EN 1993-1-2

Clause 1.1.2 (Scope of Part 1.2 of Eurocode 3) of EN 1993-1-2 states “This
Part 1-2 of EN 1993 deals with the design of steel structures for the
accidental situation of fire exposure and is intended to be used in conjunction
with EN 1993-1-1 and EN 1991-1-2. This part 1.2 only identifies differences
from or supplements to normal temperature design”

This means that for the cases not covered by EN 1993-1-2, the formulae
from the part 1.1 of EC3 should be used but modified for use at elevated

temperature.
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Fire Resistance: Cross-sectional verification of a member
subjected to bending and axial force (compression or tension) -1

For class 1 and class 2

M “I'm P
y,fi,Ed n z,fiEd <1.0

M,y fiRd M,z fiRd

where My s ra @Nd My, i g @re the the design plastic moment resistance
reduced due to the axial force.

For class 3

Nrigq N M, fiEd . M, fiEd <10

I\|fi,Rd IVly,fi,Rd Ivlz,fi,Rd

97
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Fire Resistance:; Cross-sectional verification of a member
subjected to bi-axial bending - 1

For class 1 and class 2

M a M s
y.fiRd zfiRd Example: a purlin
|\/Iz,fi,Ed
For class 3
M . M..
y,fi,Ed + z,fi,Ed < 10

My,fi,Rd Mz,fi,Rd

98
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Professor Paulo Vila Real

Eurocode 3: Fire Resistance

Cross-sectional Class 1,2 and 3

‘ Tensao cA
f

y.0
fo.2p, 0

Annex E of
EN 1993-1-2

| Eap = tana

=

>
Eto €uo Extensio ¢

0,2% &4 ey

1
N

%

- =
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Eurocode 3: Fire Resistance
Members with Class 4 crass-sections

Two procedures:

1. In the absence of calculation, a critical temperature of 350 °C
should be considered (conservative results).

2. Alternatively use Annex E, considering the effective area
and the effective section modulus determined in
accordance with EN 1993-1-3 and EN 1993-1-5, i.e. based on
the material properties at 20°C.

ﬂ,p o ~ ﬂ‘ZOOC (Slenderness of the plates)

(See next slide) I:>
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Eurocode 3: Fire Resistance
Non-dimensional slenderness of plates

B universidade de aveiro
" Professor Paulo Vila Real

_ f f
- At normal temperature |:> Ap = \/O-y = n;EtZ
cr
k

7 12(1-v?)b?

P fyle fyﬂ
- At elevated temperature |:> Apo = = T
Ocr,0 K 7 Ept

7 12(1-v?)b?

kyﬂ fy 7 kyﬁ
2 2 ﬂ'p k
k T kE,QEt E,9

712(1-v?)b?

o coskE

Eurocode 3: Fire Resistance

— f _ 1k
Class 1,2,3 =) 7y, = / o7 / .0
O-cr,¢9 kE,g
, ) : -
1 e Class 4 I:> oo = | Lo2p.0 -7, Ko2p.0
\ Ocr.0 kE,9
l—y—}

1.2 4
1.0

A ~1.0
0.8
- i
0.2p,0 — —
] — " ~1.0 _
04 1{ e, Ap.o = Ap.200C

0.2 A

B universidade de aveiro
= Professor Paulo Vila Real

0 200 400 600 800 1000 1200
°C
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Eurocode3: Fire Resistance
Concept of critical temperature - 1

The designer should
: < :
6Crlt,2 eC“t,l provide the owner with
value of the critical
temperature, so that the

thickness of the fire
protection material can be
defined in a more

0... economical way.
crit, 1 ecrit,z
—— Note: the concept of critical
ﬂ temperature should only be
used if uniform temperature
in the cross-section is
adopted. 103

- - e
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Eurocode3: Fire Resistance
Concept of critical temperature - 2

EN 1993-1-2:

4.2.4 Critical temperature
(1) Asan alternative to 4.2.3, verification may be camed out in the temperature domain.
{2y  Except when considermg deformation criteria or when stabality phenomena have to be taken mto

account, the critical temperature & of carbon steel according ro 1.1.2 (6) at nme ¢ for a uniform

temperamre distriburion in a member mav be determined for any degree of wilization 44 ar time r=0
using:

1 Z
b = 39,1910 e | + 482 .22
| 0.9674 41,"

where s must not be taken less than 0.013,

What is the meaning of this equation?

104
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Eurocode 3: Fire Resistance
Concept of critical temperature - 3

—— The best fit curve to the points of this table can be obtained as: _l

Reduction factors at temperature 6, relative to the value of f, or E,
_ _ at 20°C i ga —482
Reduction | Reduction Reduction Reduct_lon factor 3919
Steel factor factor factor (relative to f,) k 0= 0.9674| e 3% +1 <1
Temperature | (relative to | (relative to - for the design Y,
f,) f,) (relative to ) strength of
Yo . for the slope of
77 for effective for : hot rolled and welded
yield proportional Ithelllnear thin walled sections
strength limit elastic range (Class 4)
ky o=, df, kp,U:fp,(/fy Ke,=Ea dEa kO.Zp‘{):fO.Zp‘{)/fy k
20°C 1.000 1,000 1.000 1,000 e 12
100 °C 1.000 1.000 1.000 1.000 |
m 200 °C 1.000 0.807 0.900 0.890 1
300°C 1.000 0.613 0.800 0.780
400 °C 1.000 0.420 0.700 0.650 0.8
500 °C 0.780 0.360 0.600 0.530
600 °C 0.470 0.180 0.310 0.300 06
700 °C 0.230 0.075 0.130 0.130
800 °C 0.110 0.050 0.090 0.070 04
900 °C 0.060 0.0375 0.0675 0.050 i
1000 °C 0.040 0.0250 0.0450 0.030 o
1100 °C 0.020 0.0125 0.0225 0.020 q |
1200 °C 0.000 0.0000 0.0000 0.000
NOTE: For intermediate values of the steel temperature, linear interpolation m a 200 400 600 800 1000 1200
be used.

Temperature [°C|

Ceost

Eurocode 3: Fire Resistance
Concept of critical temperature - 4

0,-482
kyp =40.9674| & 3919 +1 <1
-1
Ha,cr = (ky,e)
6,. =39.19In ! —-1]+482
a,cr ' 0’9674ky’93,833
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Fire Resistance:

Concept of critical temperature for a member in tension -1

R,E?

Nfi,Rd,t - Nfi,Ed

/ Nfi,Ed

Collapse

o coskE

Eurocode 3: Fire Resistance
Concept of critical temperature for a member in tension - 2

- Resistance at norm

al temperature:

Nrg = Afy/YMO

- Resistance in fire situation:

Nfi rg = ‘@ M i

<1

7

21
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Eurocode 3: Fire Resistance
Concept of critical temperature for a member in tension - 3

RuE A .
7

Collapse occurs when:

N ra.t = Nfi ed

I I Tt
tfi,d

Aky,é)fy/YM,fi = Ny g |:> Kyo = Nsiga / (Afyvms)

”

I\Ifi,Ed

o coskE

Eurocode 3: Fire Resistance
Concept of critical temperature for a member in tension - 4

Kyo = Nieq / (Af,/ Z
, _ y,0 fied ! ( y Ynjii)
By interpolation
Reduction factors at temperature 6, relative to the value of f, or E, ﬂ §> D
at 20°C
Reduction | Reduction " Reduction factor
Steel factor factor Ref(it;;:(t’lron (relative to fy) |j
Temperature | (relative to | (relative to : for the design
f,) f,) f(;fltar?evsht)o Ea) strength of [
. pe of
6, for effectlve for_ the linear hot_ rolled and We_lded
yield propprqonal elastic range thin walled sections
strength limit 9 (Class 4)
Ky =ty dfy | Kpo=fodfy ke, 7=Ea dEa Ko.2p,5T0.2p,0/ Ty
20°C 1.000 1.000 1.000 1.000
100°C 1.000 1.000 1.000 1.000 0 r
200 °C 1.000 0.807 0.900 0.890
"""" cot 0.613 0.800 0.780
12 = k 0.420 0.700 0.650
a,cr y.0 0.360 0.600 0.530
600 °C 0.470 0.180 0.310 0.300
700 °C 0.230 0.075 0.130 0.130
800 °C 0.110 0.050 0.090 0.070
900 °C 0.060 0.0375 0.0675 0.050
1000 °C 0.040 0.0250 0.0450 0.030 1 A
1100 °C 0.020 0.0125 0.0225 0.020 0, =39.19In —1|+482
1200 °C 0.000 0.0000 0.0000 0.000 ' 0,9674k ., , 33
NOTE: For intermediate values of the steel temperature, linear interpolation may y
be used.
N fi,Ed
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Eurocode 3: Fire Resistance
Concept of critical temperature for a member in tension - 5

1

O, o =39.19In[W1]+482 ky,e = Nfigq/ (Afy/yM,ﬁ)

Eurocode 3

0, =39.19 In{ +482

1
-1
09674 115) * }

Eiig k,, Forthe case of tension |:> Mo = Fio __Nues
= = 0_ -
Ho Rfid.o 00 Riao Afy/ 7w
- -
o Cos N

Checking Fire Resistance in the temperature domain:
Strategy for nominal fires

Tem perature ...................... :. ...................... g.......................§.......................g. ...................... § ...................... .. ................

F P PSPPSR YS

Protected
section

T LA LR T TR T

time
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Checking Fire Resistance in the temperature domain:
Strateqgy for natural fires

rnivaersiclacde de avairs
INTIVE] I 2 avel

Temperature ...................... §. .......... Néf..lj.r:.a..l................i......................\g, ...................... g.......................g ................
© fire | : : : §
' Unprotected §
) section :

(SJNEV N WY AN S, S S R T

ecrit_ __g__—é———'g'——' *

Protected

emax <& ' : ............ é .................. %..... .............z......................§ ................. .
: H : section

T Y £ L L T T P P P P PP P PP P PP PTE XTI TP PP PP PTITIIN ke LTI TI T TP O P oy, O PP P PP PRIy LITTT P

time
, < : * _ or usin ive fir
|1:> Hmax— Cm! or using active fire

fighting measures

o coskE

Checking Fire Resistance in the time domain:
Strategy for natural fires — if accepted by the authorities

Temperatu re ...................... :. .......... Né:t...lj.r:..a..l................g......................\{ ...................... 5.......................; ................

rnivaersiclacde de avairs
INTIVE] I 12 i

...................... _Unprotected
: : f séction :

—— — - = = = =Protected

9crit

[RTTTY IPTTINNES” JITITTTTTTr PYPPPPRPTRRRRRI I R LT PPy S P P P )

section

I
I
I
1
1 4 : H
............. Lflvniiiifossssdinnnnidii b Mg g oo
I
I
I
I

—
ts ts .
fi,d 1:requ fi,d time

114
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Design procedures

U Tabulated data (EC2, EC4, EC6)

O Simple calculation models (All the Eurocodes)

O Advanced calculation models (All the Eurocodes)

o coskE

Advanced calculation models

Truss without the possibility of expanding longitudinally
subjected (colapse time 66.1 min)

RO
o

Fi 1
Fi

S0E-01m

Temperature field in a profile

Diamond 2007 for SAFIR

FILE: ParvFCPwl
MODES: 621
BEAMS: 326
TRUSSES: 0
SHELLS: 0
SOLS: 0

IMPOSED DOF PLOT
POINT LOADS PLOT
DISPLACEMENT PLOT { x 10}

TIME: 20 sec
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Examples using different methodologies.
Fire resistance of steel structures

O Using tables from the suppliers of the fire protection material

Prescriptive approach

O Comparison between simplified calculation methods and advanced
calculation models — Prescriptive / Performance-based approach

0 Cases where it is not possible to use simplified calculation method
Performance-based approach

117
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Single storey hall — R60

V

l‘yl‘i'iill XX, llﬁ;zlr/rxréz,‘,.;
S~ LI,
i WIS IIIIIII /(

‘\4
L\\V

Steel grade S355

TV T
z ‘44;,//;;1,;;;;,1,”;5,',';4
L Illlllll;l';;l/
4% II/’;;III;;;IIIII/I

1.85m

IPES00

=7
/4\ 2.75x 24 =66 m R 6cr :
e Intumescent = ?

8.15m

20 T é; /
N
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Load combinations

G — Dead load
Q — Live load in the roof
W - Wind

Load combination 1: G +y,,Q +y,,,W =G +0.0Q +0.0W =G

Load combination 2: G + y;,, W +y,,Q =G +0.2W +0.0Q = G +0.2W

119
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Critical temperature for load combination 1

Section N M, M, q lsiy lsi,
- [KN] [KNm] [KNm] [KN/m] [m] [m]
-139.4 0 135.9 0 16.300 -
IPES00 1394 0 0 0 i 4.075 _
HEOEE——— al=twl Program EIefIr_EN
Fin ok veip {\ Bending and Compression _|E||5|
File Tools Help
[ | .
Profle: [IPE ] Cross-section] PE 500 ]| Steel: [s2z2 =
.r - (%Jd::in System length: Buckling coefficients:
" Fraerd gabtad s esmemnpaen _ Ly=[2150  mm abouty -yamis: lya/l=[2
T Enmant metemitad b shaa " aboutz -z as
T il tpbsiad by banding ¢ aboul y -y or z - z ais LZ=I4D?5 mm about z - z &ds: |z,ﬁfL=|1_
7 et vckrrimad 1 beming ared el Bies (St s stara e o) e
:H._m._.'._‘_ Design axial compression load: Nosea= [1358 | kN ‘
— . : - Bending diagrams
T — Sbout mejor g Do ]) ——
Sy Trismn
T SRS, T S Y0 T pe——) [ & Critial N

17 U o s (.27 b (£ 198337 " Fire resistance time function of the lbads

- = i Buckling resistance function of steel temperature
" Buckling resistance function of time

i g o fhe Falden ol Arweo C s UM 19131 7 il b s

Main Menu Next |
i |
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Critical temperature for load combination 1

_

View

=101]

Help

IPE 500 (Class 1)

=10 =]
Fle el
[~ Sstect loadl
(Mg maments: sboul e Mo axis
© My g =0
M1 —
1% Emd mommants B
imonon b o 1 |
© Moments due i in-plene latersl kads
-1=y<1
[ emtmemenes il
L
|5 e —
= | ‘-«q] M2
lll.ll;hu-l:ﬂ]-l 1355 khem
M [zorcfe [0 khim

Buckling resistance of the element
Critical temperature: 656.0 °C (Reduction factor, kye 0.336)

Resistance of the cross-section
Critical temperature: 746.3 °C (Reduction factor, kyg: 0.174)

Critical temperature used in the next calculations: 656.0 °C

Critical time |

121
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Critical temperature for load combination 2

Section N My M. q liiy iz
- [KN] [KkNm] [KkNm] [KN/m] [m] [m]
-135.9 0 170.9 0.69 16.300 -
IPE500 520 5 0 0 - 4.075
cix
Fle Tok el
Prckile: [P =] Croasssction|ie 00 =] Steed |525e =|
[~ Bukding | Syt bt | Hamhleg cosfeamits -
ey oy it =l
r m.t::n L1 e || soayyme iyaneR Fie hen
i abend y -y or ¢ - & axis Lzs 4075 me shotr-rmer  lasflal
e | Il — —_p
Design sdal compression baad: Hysges 18 WM e A :‘
[ Bering disgenms. Mo
Abost majoe s @ Aot e s Defing rm,“-mmnmm 1 :[
Litaral tormonal busciding werbeation = :f%r
I Iaberal forsiomal buckling slowed? [l ™ ¥ End momacks _LHQ
e e fR—" = £ Moments dus 1 in-plane lstersl loads \
Loading
- Colendapa Mements st to n-plane Iesersl lsads Mo |
T Critical lemperature hunction of the ads e -
A
™ Fire resstancs tme fenction of the Bess =
I Busking resstance fuscton of steestemperature E' I
1~ Bucking resistance fusction of ime
} Back Mt
| == s
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Critical temperature for load combination 2

7+ Moments due to in-plane lateral loads and end moments _|EI|1|
File  Help
s M |
Mzm Mzm Beerding and Coim pres sica =[]
- & Distributed loac  Fie  Toss  Hep
Ma Ma Al € Concentrated lc  Profle: [Pe =] Cross-section]re o0 =] el [ass =
L Iy  Buciding: 1 Sysem lengthc 1 1~ Buckding coeficients: 3
L .
1y, A M = x: - Ly me || sosyyme  Gatsf
5 .
My Ma -  lwnd y -y or & - ¢ s Law 4075 e albond £ - s |zn-“l.-||_
Mo M [~ o force = : :
Diesign amial compression boad: Hpgga= |1355 [1)]
L= |8150 mm AM = |1?D.5DD kNm VS —
95es= [069 kNjm Mg= [572894062 KkNm | Abuamsiorsis Do ] At minck wais._Dekne |
1~ Lsteral borsonal buckding werfication:
M, (or<0)= [1709 KkNm Bu= 1783 Ia ndared sarsiorial buckiie Mllcwad? S
M, (Ger<0)= ID kNm IMmay |l = I 70.900 kMNm Lisngth betwaen: knbaral restrants -m
LeaSing  Defire
Back | M [~ Cabeuiaen:

= Crithcal emperature funcilen of the lsads

" Fire resistance ime funciion of the iads
[ Uucklirg resatance funclon of steel lemperstung
© Buchlieg reamlance fufclion of tme

Ccoske
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Critical temperature for load combination 2

File — View

Help

=100 %]

IPE 500 (Class 1)

Buckling resistance of the element
Critical temperature: 637.6 °C (Reduction factor, ky g 0.380)

Resistance of the cross-section
Critical temperature: 708.8 °C (Reduction factor, kyg: 0.219)

Critical temperature used in the next calculations: 637.6 °C
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Critical temperature of the column IPE 500

04 = MiN(656 °C; 638 °C) = 638 °C

125
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Critical time with 1ISO 834
Using Elefir-EN

universidade de aveiro

Type of calculation x|
al0lx
Fie  Tods hel
Fire design : " Temperature of fire compartment
accerang lo 103 N
a2 e * Temperature of fire compartment and steel
_
" [Edarrant submitted to tension File Help OK | Cancel I
™ Eleman submitled b comprasaion E——

™ [Element submitbed to shear -
T Ebent subrmitied bo by |7

™ [Element submitted b bending and sheat

ofile:
™ [Element submitbed b bending and mxial force [tros-sectnns mPE - Cross-section: IﬁPE =00 -
Steel:

™ [Element submithed bo bending and compre son
ICarbun steel j

[w Temperature fanchion of tme
& Tume Tusiclion of lemped shat

Steel temperature: IBBB e

Main Menu | Mext |
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Critical time with 1ISO 834
Using Elefir-EN

127

Critical time with 1ISO 834
Using Elefir-EN

Standard fire curve, IS0 834

tiq < tiequ = 60 min ) Fire protection is needed for a
critical temperature of 6, =638 °C 128
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Critical time with ISO 834
Using Nomogram

universidade de aveiro

! - " - >
i e —
Y oA
700 e
d - s
P ¢
638°C : = 5
600 A
y A
. i
i o vl
500 o 3 5
T oil A
2 [ 2| F P A l —e—400m-1 [
g 40 ARy, - Y4 - 7 —o—300m1 []
=% -
] u] y e y.4 —m—200m-1 []
E e, 7 o 200m-1 1]
300 / 4 s —0—100m-1 []
JA% | e 3 ]
S AR 5 —+—60m-1
TR ' —&—d0m1 [
200 ol LA om1
4 Ve 7
¥ =, o —25m1
JAREIVAY. v
TRITE ——20m-1 [
100 bt A st ]
JEEZ —o—15m1 [
—10m1
o ey
0 10 ~18 20 30 40 50 60
Time [min.]

tia < trequ = 60 mMin ) Fire protection is needed for a
critical temperature of 6, =638 °C 129

Ccoske |

Tabde 3 condinued: Three Sided |-Secticn Baames

universidade de aveiro

B0 mifitics
Sectian Seatian
factor | THICRRES | Ty i | ThIkness | ooy
wis upss Saction | o mneas | 505800 [, Bl minutay. B0 minutos 120 pinules
A - m up mn up P m |"Sachnn Beotin ectan Srutan
5 1 173 LLEEE P L fazlor | Thicknees | Pactor | Thicknicss | Facior | Thickness | tactor | Thickness
£ Sl Are nEin o R o 5 up ta m=m U B am up bz mm [T mm
5 P B | ek = id 65 ! m m! m
:_; wﬂ_ :; :-.:: = T T - [ %zﬁg 15 Gl | A o0 | 3744
: ~ - I =] 0,743 L] T ] EETE)
k] :] ] n
= ez | wm | iam —= o e Bn | i JEm T T
55 1 pir] 118 s T T ) . Er-] G m 2401 "5
= a7 T EE — I I = F3] 250 % T | EE | | 3w
o [ .37 = Ei] He T he = FiF] F] EET] A 5 ek
] a1 ] LB — T ol T i EE e -
] [ r] =24 ] — e EES] . [ g 18 aTs LE ] 1A
[ I e - T zm n |0 AT 3| A | ia | @om
i85 EE] e Eix _EJ__M i aET = il an 235 AT 20| 2304
H asa 4 3 L.ed ] ATd T (] £ e EET 2 204 EEU
= | asm 745 = o ) o plfs [ nss | wam | 08 | E0 | warn
10 .Eg_:- 251 L1558 “itg I 3 ] WE 240 TES FiH (2]
e L1 Fo0) T3 e A3 i nE FZEN I 20| IV
112 0 Frl 200 T e T s 100 | asms | @n e | as [ oA |
115 e E 2 i —'1'—115 o o e s | e 1MEE | @ a0ah
18 LETH Fi __2BIT — T Fuii - 150 415 - 1244 | 75 R
125 =) ] T = - 4 B [ = n | 1 240 FIE]
F] 765 a1 By — Mz 2 I T 0 i T T
135 e | e [T e R - T — | 3% 0dE1 | @5 | Tas | wen | amid
—:ﬁ ?31; E :-;: — ] [Ex] 5T Fo] R A T
T3E LEAE
i) TiE a0 | amn | __‘lg _| 0548 % =8 EE E mﬁ:—
155 N EECI T iz = o = | a5 | oeed | mm | e
N my |9 [EH] = B o | wm B
e — e e 8
i T 350 i :ﬁ— _D.Eﬂm! 59 ar
o |—- - - -~ b1 (k]
Thichesicich b irtborrazacant oy fleoms with s concoele sk L] 2,777 i AT %20 FR I
Frae 1 00 R § bl Y TIOPPREREysp gy a— - S

Thickrsius by intumascent only. Baams with a aircmln sbs,

This Company has sheets for the temperatures: 350, 400, 450, 500, 550, 600, 620, 650 and 700°C
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Thickness of intumescent painting

Table 7 continued: Three Sided |-Section Be
N )

6000500C,
<

(6[} minutes 90 minutes 120 minutes
e —_ 6 3 8 oC Seetion ] ion Section Section Section
a,cr — factor | Thickness | factor | Thickness | factor | Thickness | factor | Thickness | factor | Thickness
up to mm up to mm up to mm up to mm up to mm
m-| m" m—1 m-1 m"
45 0.235 185 0.518 50 0.420 185 1.000 40 0.945
50 0.244 190 0.530 55 0.441 190 1.101 45 1,023
55 0.254 195 | 0.543 60 0.463 195 1.202 50 1.101
60 0.263 200 0.555 65 0.484 200 303 55 1.179
65 0.272 205 0.587 70 0,506 2058 1.403 B0 1,257
Am 1 ;95 g;g'l %10 0.619 75 0.527 210 1.604 Gg 1 3?2
_ ~ - 1 15 0.650 80 0.549 215 1.605 Fi 4
vV =133.1~135m 80 0.300 220 0.682 85 0.570 220 1.706 75 491
a5 0.309 225 0.714 90 0.592 225 1.807 80 569
a0 0.318 230 0.746 95 0.613 230 1.808 a5 547
85 0.328 235 0.778 100 0.635 235 2.008 a0 1,725
100 0.337 240 0.809 105 0.656 240 2.109 95 1.803
105 0.346 245 0.841 110 0.678 245 2.210 100 1.881
10 0.355 250 0.873 115 0.899 250 2.311 105 1.88
115 0.365 255 0.905 120 0.721 255 2.412 110 2.038
120 0.374 260 0.936 125 0.742 260 2.513 115 2.116
125 0.383 265 0.968 30 0.764 265 2.614 120 2.194
A0 0382, 270 1.000 35 0.785 270 2.714 125 2272
>| (135 )=>{0.402) 275 1.083 40 0.807 275 2.815 130 2.35
e | D’ 230 126 45 | 0.828 280 2.916 135 2.428
145 0.420 285 .180 150 0.850 285 3.017 140 2.506
150 0.432 280 1,253 55 0.871 290 3.118 145 2.584
o CcoskE
“~- L_ ¥ universida weirc

Thickness of intumescent painting

In some Countries default temperatures are suggested if no
calculation is made. Normally for columns or other members
susceptible of instability phenomena a critical temperature of
500°C is suggested.

If, instead of a critical temperature of 638°C, a critical temperature
of 500°C was used, a thickness of 0,605 mm would be obtained.

0, = 638°C => e = 0,402 mm

:> More than 50%

0, = 500°C => e = 0.605 mm
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Examples using different methodologies.
Fire resistance of steel structures

O Using tables from the suppliers of the fire protection material
Prescriptive approach

O Comparison between simplified calculation methods and advanced
calculation models — Prescriptive / Performance-based approach

Q0 Cases where it is not possible to use simplified calculation method
Performance-based approach

133
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BARREIRO RETAIL PARK

Required fire resistance 90 minutes (R90)

134




Different zones for fire scenarios
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135
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———— Decathlon
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Time [min]

Temperatures obtained using the program Ozone

V
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N
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Temperature development for different fire scenarios
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Unit B - Jumbo

Combination of actions:  1.0G, +y,,Q,, =1.0G, +0.0Q,, =G,

NEd Ml MZ L ecr tfi,d
(KN, I/l ] _
(kN) m) (kN.m) (m) [ (°C) (min) . . .
Without fire protection
HEA 260 80 0.00 23 10 | 7.3 | 6729 | 19.25
HEA 240 34 0.00 45 10 | 7.3 | 5935 | 15.23
IPE 360 0.00 76.0 0.0 - - 682.8 | 17.92

137
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Unit B - Jumbo

Prescriptive approach

f Performance-based approach

\
[ |

Natural Natural
Fire Fire
0 1ISO + +

cr

Simplified | - Advanced | \\/jth fire protection
Method Method .
for R60 and a critical

(°C) | (min) (min) (min) o
HEA260 | 6729 | 90 > 90 temperature of 500°C
HEA 240 5935 | 80.8 >90 >90

IPE 360 682.8 | >90 >90

138
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Deformed shape
Obtained with Advanced Calculation Methods

Deformed shape of Unit B (Jumbo supermarket) after 117 minutes of
exposure to a natural fire

DIAMOND 2007 for SAFIR

FILE: jc2
NODES: 17117
BEAMS: 8253
TRUSSES: 0
SHELLS: 0
SOILS: 0

DISPLACEMENT PLOT (x 1)

% TIME: 7036.35 sec

Software: GiD (for the numerical model mesh);
SAFIR (for the analysis)

139
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Examples using different methodologies.
Fire resistance of steel structures

O Using tables from the suppliers of the fire protection material
Prescriptive approach

0 Comparison between simplified calculation methods and advanced
calculation models — Prescriptive / Performance-based approach

O Cases where it is not possible to use simplified calculation method
Prescriptive / Performance-based approach
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EXHIBITION CENTRE

Required fire resistance 120 minutes (R120)

141
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Main Structure

56.0 m ~30.0m

Main Portal Frame

142
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Choice of the structural analysis

The main structure is made of non-uniform class 4 elements.
There are no simplified methods, for the time being, for such
type of elements. Two options were possible:

- Using a prescriptive approach, protect the structure for a
citical temperature of 350°C;

- Using performance-based approach with advanced
claculation methods.

i |I i I.I rll i |I| |I| |.| -'I A -I'I A III
T O : | T II | t : .
| | | | |‘ | | [ v4 | vﬁ‘ 4 I__ I = 1
| I I _ [ L A B M s
ol I.\Irzf-_ I‘.I — I.:-:..;."ﬁ_"I T II.II" i il IP3
i V= I V3 | | ' sz | i
I ¥ | | | | | | . ! _-_{‘
T B : | | " & | €
[ L I | y : i | I
I g 7 . | . | |
= [ = | i i 2 | = | = | = | l=t=] =_|
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Required fire resistance 120 minutes (R120)

Ccoske
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6 fire scenarios

Fire scenarios

Fire load density
reduced by 39% due
to the sprinklers

1 A
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Fire scenarios

Evolucéo datemperaturano ago

4

rloneB
e

——Auditério grande -

wol 4 7 NN\ —— Auditdrio pequeno | _

Temperatura (°C)
w
o
o

T T T T T

0 30 60 90 120 150 180 210 240
800 T T T Tempo (min)
I I I

Saldo grande

600 f-----~--——— ~ -\ ----| =——=Saldo pequeno
I

—— Saldes em simultaneo

C1-5 - Software OZone

Temperatura (°C)
B
o
o

ol /) CAL N ] C6 is alocalized fire in

ol N S~ Zone C - Elefir-EN

100 ‘ ‘ :

° 0 ?:O E;O 9‘0 1‘20 1;0 1;0 2;.0 240 145

Tempo (min)

Ccoske
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Structural Analysis

Main structure — portal frame with built-up
non-uniform class 4 steel elements

Transverse stiffner

Software: GiD (for the numerical model mesh);
SAFIR (for the analysis)
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Structural Analysis

Software: SAFIR

5.0E-01m|

Diamond 2009.a.5 for SAFIR

FILE:0
NODES: 6849
BEAMS: 0
TRUSSES: 0
SHELLS: 6663
SOILS: 0

SHELLS PLOT
DISPLACEMENT PLOT (% 20)

TIME: 722951 sec

[ ] shellElement

Deformed shape at Zone A, for the combination of actions 1, after 120 minutes (x20)
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Conclusions

»A performance-based analysis, demonstrated

in this study that,

protecting the structure for a standard fire resistance of 60 minutes (R60),
considering a critical temperature of 500°C, the load-bearing function is
ensured during the complete duration of the fire, including the cooling

phase.

»The steel structure of the Center for Exhibitions and Fairs in Oeiras
consists of class 4 cross section profiles. In a prescriptive approach and
without making any calculation, this structure should have been protected

for a critical temperature of 350°C and for R120.
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One example of a new finding that may be included in the next
generation of EN 1994-1-2 — So-called MEMBRANE ACTION
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40 to 55% of beams
can be left
unprotected by
placing protection
where it is needed.
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