WORKED EXAMPLES
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Ambient temperature design

» EN 1990

Basis of structural design

» EN 1993-1-1
» EN 1994-1-1

Fire design
» EN 1990
» EN 1991-1-2
» EN 1993-1-2
" » EN 1994-1-2

ARASY .
DIFFSEK

Design of steel structures
Design of composite structures

Basis of structural design
Thermal actions
Fire design of steel structures

Fire design of composite
structures
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VV/OTKEN FEXAITPIESI=OVETVIEW;

Number of
examples

> EN 1991: Actions on structures 2
Part 1-2: General actions — Actions on
structures exposed to fire

» EN 1993:  Design of steel structures 3
Part 1-2: General rules — Structural fire design
» EN 1994:  Design of composite steel and 4
concrete structures
Part 1-2: General rules — Structural fire design
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VVOTKEN FEXAITIPESTENOVETVIEW

> Actions
X Compartment fire
X Localised fire

» Steel
X Steel column
X Steel beam (N + M)
X Steel beam (hollow section)

» Composite
X Composite slab
X Composite beam (steel beam)
X Composite beam (partially encased beam)
X Composite column
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COMPanneENLIETE

| LS K¢

Determination of the gas temperature
of a fully engulfed fire

= Natural fire model for compartment fires

— Parametric temperature — time curve

standard temperature-time curve
o
3 P——
o
0,=f(dq, O, b) @ -
= \ parametric
2 v temperature-time curve
time
EN 1991-1-2: Annex A &
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Cornoziripsnt Firs

PArdlle1er s

Building: Cardington test facility
Type: Office

Fire load: q;y4 =483 MJ/m?

Floor area:
Height:

Average window height:
Area of vertical openings:
Vertical opening factor:

Material of boundaries: Lightweight concrete
b = 1263.3 J/(m?2s'2K)

7 P
ﬁ?ﬁEK Part 5a: Worked examples 6/62
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Cornozirisne Firs
ruUsl arv2ntikition cotrallsel?

0.2-10°.q,,/0=0.363 h

0.363 h<t
0.363 h >t

=0.333 h fuel controlled
=0.333 h ventilation controlled

lim

lim

where

Qig = Yt g 'Af/ At
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Cornozirimsnt Firs

HEalilg JCUTVE!

Calculation of the heating curve:

6, =20+1325-(1-0.324.€°%"~0.204 . e "~ 0.472. ")

3 1600 heating curve
where: e
© 1200 \ ......
t=t.r 2 800
2 L 400
I'= (O/b) g- 0
(0.04/1160)° &
0 30 60 90
time t (min)
»
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SOMPANUTENINETE

Vudmum Syt

Equal to the calculation of the heating curve, except:

0.2-107.q,, /O

t=t_ . =max
t

lim .
maximum temperature

/ heating curve

O 1600 / N
The maximum temperature £ 1200 I A
Is needed to determine © 800 -~
the cooling curve. S 400 +
s 0
0 30 60 90
time t (min)

Part 5a: Worked examples 9/62




Cornozirimsnt firs

Caalineg curya

Calculation of the cooling curve:
cooling curve

0 =0 —625-(t*—t* X maximum temperature
g e ( es ) ~ / heating curve
9 1600 f \
n © 1200 ‘\\@{ I :
w el"e ..é 800 ",- \\‘
D 400 ==
* 1 g o
t* e =(0.2:10°.q,,/O). T £
0 30 60 90
t*=t.-T time t (min)

If fire is ventilation controlled: | x=1.0

If fire is fuel controlled: X=t;, T/t

max

LY
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SOMPAlUTENNEE

HMECUTVETEN U \COITTP AN SOTT

— parametric temperature-

— 1400 +——= time curve :
O 1200 —- Heating phase < Parametric
g 1000 | =] Cooling phase temperature-time
§ o0 ~ curve
g [ N
£ 400 \\\\
2 200 ~

R 0 ~

' 0 20 40 60 80

time t [min] 1.400 ' Measured maximum

1,200 | Calculatio

n )
Comparison — M| ] :z

calculation — measurement

easured average|

IJ

‘ Temperature (°C)

(Factors of gy 4: 841 =1.0,

AN

30 40 50 60 70 80 '
Time (mins) 1 .
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VVOTKEN FEXAITIPESTENOVETVIEW

> Actions

X Compartment fire
X Localised fire

» Steel
X Steel column
X Steel beam (N + M)
X Steel beam (hollow section)

» Composite
X Composite slab
X Composite beam (steel beam)
X Composite beam (partially encased beam)
X Composite column
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Determination of the steel temperatures of a steel beam
exposed to fire by a burning car.

— Natural fire model for localised fires

Not impacting the ceiling Impacting the ceiling
- B Lh
Flame axis: me ax
PR, A L L L Ll VAV AV AV A AAve

' \f
L NJ z
/ﬁm /./////////////////

+—+D +—+D

EN 1991-1-2: Annex C

I:
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SOCAIISEUNITNE!
Az atars

L]

< Most severe
| fire scenario Building: Car park Auchan,
Luxembourg

Type: Underground
car park

Height: H=2.7 m
Horizontal distance
from flame axis to beam: r=0.0 m
Diameter of flame: D=2.0m

Steel Beam: IPE 550
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Curve of the rate of heat release of one car

9
8
7
6
S 5
~ 4
o, /N
: [\
(1) f -ﬁ--..____________!-
0 30 60 90
time t (min)

From ECSC project:Development of design rules for steel structures
subjected to natural fires in closed car parks. 1:
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ifL.>H = Model A has to be used @ Flame axis

ifL.<H = Model B has to be used |

LT %n a

H

8 Ve SV av s " av ey v v oy o Sy oy 4
6 kD
£ 4 / ot
= ceiling (H) Flame axis___ {
.g) 2 — DD N
5 0 / \ Jflame length (L) ,__.,—..\ L —~——
| \ T i
P 30 60 90 H ; /
{
4 (
SV 7777777777777 7777

time t (min) 4'_4; :
D »
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Temperature-time curve for the unprotected steel beam:

A /V .
ear=em+ksh' : 'hnet°At
: C, Py
1000
O
°_ 800
£ 600 /N
o, —VGomRC = / \
’ _ S 400
att,  =31.07 mn & /
: £ 200 ~
g =7/
0
0 30 60 90
time t (min) _
»
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VVOTKEN FEXAITIPESTENOVETVIEW

> Actions
X Compartment fire
X Localised fire

» Steel
X Steel column
X Steel beam (N + M)
X Steel beam (hollow section)

» Composite
X Composite slab
X Composite beam (steel beam)
X Composite beam (partially encased beam)
X Composite column
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Determination of the design
axial resistance for a steel
column.

= Simple calculation model

for compression members

Bracing system

Column
exposed to fire

N

EN 1993-1-2: Section 4.2.3.2
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SLES] ICOIUTTN
PAraimeiers:

Building: Department store
Fire resistance class: R 90

Loads: G, = 1200 kN .~ Encasement
Py =600 kN —HE 300 B

Profile: Rolled section
HE 300 B
Fire protection: Hollow encasement
of gypsum board (d, = 3 cm)
Steel grade: S 235
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SLEE!CGOTUTIIT

VIECH a1 Gal[aGLOTISIa UTing HirelexXposur €

Accidental situation:

Ein = E'(ZGk + Ay + 2y, 'Qk,i)

]
B

Combination factor for shopping areas: =y, 1=0.6

= N, =1560 kN

LY
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SIEE! ICOIUTTN

VIaX{MUIIS1ECI e PEratur e

bare steel 10
100 40 25 —
200/ 60 30/ 20 15 2040 v d

-
>

Euro-Nomogram:

insulated steel

temperature (°C)

Reduction factors:

— kye = 0.901 S !
e e 30 60 90 120
E.0 - fire resistance time (minutes)

Y
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SIEE! GOTUTITT

REO UCTICNTHAGIOTAAand WETITICation

» Reduction factor y: % E 0; for: 0, = 445 °C
g2 98 TN S 235
T, =T |0 _p25 5306 |
fig — V" k__ ' %‘5’ 0.4 \
E,O0 S 9 02
© = )
e E 0 | | |
= %q =0.86 00 05 1.0 15 20 2.5 3.0 35
non dimensional slenderness
> Flexural buckling: in fire situation (-)
fy
Nb,fi,t,Rd =% A ky,e,max S
M, fi

Nig/Npjsira =0.58 <1 |
-
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VVOTKEN FEXAITIPESTENOVETVIEW

> Actions
X Compartment fire
X Localised fire

> Steel

X Steel column
X Steel beam (N + M)
X Steel beam (hollow section)

» Composite
X Composite slab
X Composite beam (steel beam)
X Composite beam (partially encased beam)
X Composite column
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Verification of a steel beam subjected to bending
and compression loads.

G, WY 9« P

| 10.0 m L

“] 4

= Simple calculation model for members

subjected to bending and compression loads

EN 1993-1-2: Section 4.2.3.5
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2NV

Building:
Fire resistance
class:

Office building

R 90

—

Loads: G, = 96.3 kN —Slab
Tl |- NIy | HE 200 B
Py = 1.5 kN/m : Gypsum
board

Profile: Rolled section
HE 200 B
Fire protection: Hollow encasement
of gypsum board (d, = 2 cm)
Steel grade: S 235
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STEE! FOEAM (INFEAV])!

VIECH AN Gal [aGLOTISIOUTINg HifEXEXPOSUT €

Accidental situation:

Ein = E'(ZGk + Ay + 2y, 'Qk,i)

Combination factor for office areas: =y, =0.3

= N;,=96.3kN
M, , = 24.38 KNm
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St gz (N

= \Y))

VIaX{MTUTISTEEIN e PET ALUTE!

ey,
-

— ea,max,90 ~ 940
°C

= ko= 0.656
keo = 0.484

Euro-Nomogram:

Reduction factors:

bare steel

100 40 25
200/ 60| 30/ 20 152000 vV od

600 -

500
400

300

temperature (°C)

100 {l

insulated steel

60
fire resistance time (minutes)

30 90 120
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STEE! FO EAM NINFEHV])!

REOUCTIONNACIOTSandVETITICation

> Reduction factors y; g;:

Similar to example ,Steel column®

R » Flexural buckling:
Nfi,d ky 'My,fi,d

+ =0.98 <1
Lminfi A ky,e 'fy / Tm Wpl,y 'ky,e 'fy / Tm

» Lateral torsional buckling:

Xz A ky,e 'fy / Tmei  XLTf 'Wpl,y ‘ky,e ‘fy / M fi
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VVOTKEN FEXAITIPESTENOVETVIEW

> Actions
X Compartment fire
X Localised fire

» Steel
X Steel column
X Steel beam (N + M)
X Steel beam (hollow section)

» Composite
X Composite slab
X Composite beam (steel beam)
X Composite beam (partially encased beam)
X Composite column
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zin (nollowz ssetjor)

Determination of the design bending resistance for
the steel beam.

A Y 9 P
JAY 7\

L 35.0m L

/] /]

— Simple calculation model:
 for members subjected with bending loads

 without stability problems

EN 1993-1-2: Section 4.2.3.3
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gl g:un (nallows sactjor)

1212fS

Building: Hall roof structure
Fire resistance class: R 30

Loads: g, =9.32kN/m DN
P, = 11.25 KN/m

Profile: Welded section
h/b=70cm/45cm
t, = t=25 mm
Fire protection: none
Steel grade: S 355
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SIEE IO EAM NN 1 GWISEGLIOTT)!

VIECH AN Gal [aGLOTISIOUTINg HifEXEXPOSUT €

Accidental situation:

Ein = E'(ZGk + Ay + 2y, 'Qk,i)

Combination factor for snow loads: =y, 1 =0.0

= M, =1427.1kNm
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SIEEI IO EAM NN GWISEGLIOTT)!

VIaX{UTTUTTISIEEINEMPETdtur e’

» Standard temperature — time curve:

6, =20+345-log,, (8 -t+1)

O 1000
o 7
"- 2 522 o/ =
~ » Steel temperature — time o e
o 250 /
curve: E 4

. 0 15 30 45 60
AO, . =Kk, - 4 -h ., - At time (min)
, Ca i a
Section factor with equal thickness  _, A, - i 40 1
of flanges and web. V ot m
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SIEEI IO EAM NN D1 GWISEGLIOT])!

VETITICation

» Verification in the temperature domain:

Mo = Egg / Ry40 = 0.31

Yamaxso _ ) 98 < 1

=0, =659 °C 0,

» Verification in the strength domain:

M S R e i K, o - o 1 1645.4 KNm

Tma K Ko
where
k,, =0.360
A M..
o = 110 id -0.87 <1
Kk, =1.0 fit,Rd
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VVOTKEN FEXAITIPESTENOVETVIEW

> Actions
X Compartment fire
X Localised fire

» Steel
X Steel column
X Steel beam (N + M)
X Steel beam (hollow section)

» Composite
X Composite slab
X Composite beam (steel beam)
X Composite beam (partially encased beam)
X Composite column
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SOMTTPUSILENS]

| LS K¢

Determination of the design sagging moment resistance
for the composite slab.

WAy 9« P

A D

| 4.8 m |

/] /]

= Simple calculation model for composite slabs

exposed to fire

EN 1994-1-2: Annex D
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Cornvasits sleie)
Al AITTELETS

Building: Shopping centre
Fire resistance
class: R 90

Loads: g, =4.62 kN/m?
P = 5.0 kN/m?

Heigth of slab: h =14.0 cm

n,
Strength class: C 25/30 %%H;
k |3 L |1 L 1 |2 L

Steel sheet: Re-entrant
h,=5.1cm
Yield stress: fy = 350 N/mm?

1 1 | 1
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SOTTPOSILENS] a0

VIECHTANCal [aCHONSIaAUTing ireexXposure

Accidental situation:

0.8

Ein = E'(ZGk + A+ 2Z Wy, 'Qk,i)

Qi _ G _ u§§:‘:“ v, =0.9
= =1.1 0.6 TR
G, g N \\;\ 4 ;“ —y,, =07
04 S =y, = 0.5
| 0.2 S var =02
Bending moment 00 10 20 3.0
in fire situation: Q,./G,
M =g Mgy =21.76 KNm/m _
l
Part 5a: Worked examples 39/62




SOMPOSILENS] Al
pUY ¢jSannsiry Eetyr

_ _ Area: A
Rib geometry factor considers /

positive effects of mass and /
height of the rib. prosed surface: L,

n,
2=27mm /{//{//%ilﬂg
N

1 1
7 7t

|, + |
hz'(122j
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SOTTPOSILENS] a9
nermalfnsulatiorn

The temperature on top of the slab should not exceed
140 °C in average and 180 °C at its maximum.

t. =131.48 min > 90 min

B
L4

temperature

standard temperature - time curve

upper concrete temperature

140 °C

v

LY
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CONMPUSILESSIE

VIaxX{TTumiSiee! LEMT]

» Calculation of the steel temperatures:

Steel sheet
em:bm+my%+bm”_

3 r
Reinforcement bars

U, A
h, ™ ,

> Verification:

f,, I,
Mmﬂf:zAfszmJ[ )*Twm 2A -z Ko [ J)
nyl

YMiic

=25.00 kKNm/m > 21.76 kNm/m
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VVOTKEN FEXAITIPESTENOVETVIEW

> Actions
X Compartment fire
X Localised fire

» Steel
X Steel column
X Steel beam (N + M)
X Steel beam (hollow section)

» Composite
X Composite slab
X Composite beam (steel beam)
X Composite beam (partially encased beam)
X Composite column
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SOMPOSIT
| 25K

Determination of the design sagging moment resistance for
the composite beam.

W Iy 9 * Pe

A D

L 5.6 m |

‘] “1

= Simple calculation model for composite beams

exposed to fire

EN 1994-1-2: Annex E
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SOMPUSIL
Al dMEIETSS

Building:
Fire resistance class:

Loads:
Heigth of slab:
Strength class:

Profile:

Fire protection:

Steel grade:

Office building
R 60

gk = 28.0 KN/m
P, = 15.0 KN/m

h,=16.0 cm h D ]
C 25/30 f ,,,,,,,,,,,,,, ]

Rolled section

HE 160 B Contour ii iHE 160 B
encasment==t==

Contour

encasement

of plaster (d, = 1.5 cm)
S 235

Part 5a: Worked examples
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COMTPOSILENEAMNSIEE! EAM)

VIECHTANGal aCLHONSIaurning ireexposure

Accidental situation:

Ein = E'(ZGk + Ay + 2y, 'Qk,i)

Combination factor for office areas: =y, =0.3

= M, =127.4kNm
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COTMPOSILENEAT NSIE!

ViaX{MUMSTIEEINEPETailr e

Upper flange:

ea,max,u ~ 390 °C
= ky’e =1.0
—~ 600 -
. ®) —
X Web: 9'5; 500 500 @
ea,max,w ~ 650 °C % 400 upper flange ggg :8.
Hp ey @®
= k., =0.350 ® 250 3
.6 2 300 200 £
Q 200 i E 150
100
| Lower flange: I
ea,max,l ~ 550 °C =
= ko = 0.625 60 90 120

fire resistance time (minutes)

§jEK Part 5a: Worked examples 47 [ 62




COTPOS]! te I)e:un gl gzin)
I EMPETatuUresIoT CICOITIPIESSIOIIZONE!

Check, if the temperatures in the compression zone are
lower than 250 °C.:

(h,—h,)=12.2cm>x=5cm

= Concrete compression
strength is not reduced.

where

x: Concrete zone with temperatures 6, > 250 °C
h,: Height of the compression zone
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COMPOSILENEAMNSIEE] e

DESIONISAagdINng e eniaesisianct

beff

1ef fa

b
> Verification:

4 -0.46 <1

fi,Rd

» Design sagging moment resistance:

Mirg = T+ (Ve — Y1) = 274.2 kNm

yq2/YM fi,a

h;'P hw‘ _.ie aquIYMf|a5_
L . fyq1/YMf|a

)

T fC,20°CIYM,fi,C

]

Part 5a: Worked examples

aldWVerincatorn

Yr
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VVOTKEN FEXAITIPESTENOVETVIEW

> Actions
X Compartment fire
X Localised fire

» Steel
X Steel column
X Steel beam (N + M)
X Steel beam (hollow section)

» Composite
X Composite slab
X Composite beam (steel beam)
X Composite beam (partially encased beam)
X Composite column
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COTMPOSIEEAMNPArtiall Vel

| LS K¢

Determination of the design sagging moment resistance for
the composite beam

A 96 T Py

A D

L 12.0 m L

/] /]

— Simple calculation model for composite beams
comprising steel beam with partial concrete encasement

exposed to fire.

EN 1994-1-2: Annex F
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COMPOSILEEAMNP AR VAETICASEUIERTT)
Al all1eIeT S

Building: Storehouse
Fire resistance class: R 90

Loads: g, =21.0 kN/m

P =300kN/m T g
h
Height of slab: h,=16 cm haIA -F
Strength category: C 25/30 c &Q\E
AR h
: b =N NN
Width of encasement: b, =b =20 cm N ;ru1
Strength class: C 25/30 fo & o
- p

Profile: Rolled section
IPE 500
Steel grade: S 355

AEE g
ﬁé{EK Part 5a: Worked examples 52/62
PAY




COMPOSILEEAMNP ARl VAETICASEUIERTT)
VIECI AN CAl CUHOTTSIOUTINTG NI EXEXPOSUTE

Accidental situation:

Ein = E'(ZGk + Ay + 2y, 'Qk,i)

Combination factor for storage areas: = y,,=0.8

—~ M, =810.0 kNm
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COIMPOSILENEDT] (,).Artullj ENGASEU I EA)

REQUCLIONIOT ANEICIOSSTSECLI O MTAEN I IESILUAt 011

> Concrete slab
X Height reduction f = th,

> Uppellfﬂange | _ ///////// /////{////// 1o

X Width reduction

ey,
- » Web 1, o \E
X Determination of " Ugtf
height without hlu o2
strength reduction | 2 uj"r o1e3] | o&oa
» Lower flange (B) (A) " i iy
| X Strength reduction : n

> Reinforcements
X Strength reduction
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COMPOSILEEAMNPAnLal VAETICAaSEUIERNTT)
DESIHNISagdIngunOIIENa £51S1aicesat VET il Cation

» Design sagging moment resistance:

Mg = =T, -2, = 942.7 kNm

. where
~ T;:  tension force of part of the cross-section
z:  distance from compression force to the tension force

> Verification:

M.
id —0.86 <1

fi,Rd
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VVOTKEN FEXAITIPESTENOVETVIEW

> Actions
X Compartment fire
X Localised fire

» Steel
X Steel column
X Steel beam (N + M)
X Steel beam (hollow section)

» Composite
X Composite slab
X Composite beam (steel beam)
X Composite beam (partially encased beam)
X Composite column
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Cornvasits colurrir)
| AS K¢

Determination of the design axial compression

resistance for the composite column. Bracing system

L
] : Column

— Simple calculation model exposed to fire L

for composite columns exposed . L

to fire and tabulated data method ]

- B

L=4.0m

EN 1994-1-2: Annex G

EN 1994-1-2: Section 4.2.3.3 of
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Cornvasits colurrir)
Al AITTELETS

Building:
Fire resistance class:

Office building
R 60

Loads: G, =960.0 kN €
P, =612.5 kN
Concrete u I
strength class: C 25/30 ol

Profile: Rolled section
' HE 300 B
Steel grade: S 235
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SOMTPOSILENCOIUTTI

VIECHTANCal [aCHONSIaAUTing ireexXposure

Accidental situation:

Ein = E'(ZGk + Ay + 2y, 'Qk,i)

Combination factor for office areas: =y, =0.3

= N, =1143.8kN

LY
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SOMPOSILETCOIUTTIT

REOQUGLIOTIIOTATEICTOSSTSECLIOTITN NN ITESILUAti O]

» Flanges
X Strength reduction

X Stiffness reduction o) ¥

> Web fay,f,e &
X Heigth reduction f \hw,fil % N
X Strength reduction .0 TSN S \\\\\\\\\\\\ﬁkef

X Stiffness reduction

» Reinforcements
X Strength reduction
X Stiffness reduction
» Concrete Foyio i b
X Thickness reduction U, i 7 of
X Strength reduction
X Stiffness reduction

AEE g
ﬁé{EK Part 5a: Worked examples 60/62
PAY
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SOMPOSIIETCOIUTTITT
DESIJNIaxidlf €5151aiCeant VETiliCation

» Calculation of the axial design resistance:

Niipira = ZNspires = 2699.8 kN

where
N ra; Plastic design resistances of the several parts

» Flexural buckling:

Npg _0.50<1 %z 1S determined similar to
N, example ,Steel column®
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Cornvasits colurrir)

120Ul ated lo datdieinoa

Existing parameters:

h b=h=300 mm
e,/e =0.58
u, =50 mm

<
b A
Ny = 0.28 —— s -39 /
A, +A,
R30 | R60 |
Minmmum ratio of web to flange thickness e, /e; 0,5 0,5
1 Minimum cross-sectional dimensions for load level Mg ¢ < 0,28

1.1 minimum dimensions h and b [mm] 160 200
1.2 minimum axis distance of reinforcing bars ug [mm|] - 50
1 minimum ratio of reinforcement AJ/(A+As) 1n % - 4
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