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1 Introduction

This document is the final report for the proje@pen Steel Car Park Design for Polish Market”. It
contains detailed description of all the invesiigag and analysis performed in the scope of the
project.

The main aim of the projects is to propose fireieeering approach to the open steel car park
design. Based on the experimental test and resdadppropriate fire scenarios are proposed and
applied to selected structures. The geometry ofsthecture is based on the common practice as
well as the requirements coming from the Polisnddng Regulations in respect to the definition of
the open car park, minimum dimensions and safefyla¢ions.

All the proposed structures are designed in coltlitmns and then verified in the fire scenarios.
The fire analyses are performed using Finite Eldn@aiculation Code SAFIR, developed by the
University of Liege and consist of heat transfealgsis and stress/displacement analysis. The
modelling assumptions and results obtained areaexgd in terms of structural behaviour and
elements interaction.

It is important to notify that the fire engineeripgoposed in this document refers to design of
composite slab and beams. The columns are nobptre investigation and therefore they have to
be designed in compliance with the building and fegulations.

Furthermore, for the performed simulations the iBtatof the models is assumed — guaranteed by
the boundary conditions. This means that the stalof the structure needs to be additionally
considered for each and every design as it depamdsrious conditions not taken into account in
this study.

The final delivery from the project is a methodaldg design slab and beams of an open steel car
park without fire protection by applying fire enggring.

2 Application And Regulations

21 Open Car Park

Design method presented in this document applesndicated from the very beginning, to the
open steel car parks. According to the Building iRatipns the car park is considered open if it
satisfies the following conditions:

- Total area of openings (at each level) > 35% ofotverall wall area
- Distance between walls with openings <100 m

These two conditions ensure the natural ventilaéient is shown in Figure 2-1, which helps to
avoid accumulation of smoke and additional incredgemperature.

Open Steel Car Parks Design in Poland 1
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Figure 2-1 Natural ventilation in open car parks

2.2 Structure

All the research and analysis leading to theseltseesuere performed for structures with composite
slab system and hot rolled steel beams.

In the predesign presented only one slab systenbéeaw used — Cofraplus 60. Specification of this
slab is presented in Annex 5.
2.3 Geometry

Considering Polish Regulations and Recommendatim#llowing minimum dimensions have to
be ensured for open car parks:

- Single parking space : 2.3m x 5m minimum (widtlerxgth)
- Height (between floor and ceiling): 2.2m minimum
- Height (between floor and installations under ogili 2m minimum

- Width of access road: 5.7m minimum (when cars parpendicularly to the road)

Considering common practice and tendency observednous countries it is suggested to use for
a single parking space dimension 2.5m X 5m |and @mntHe width of access rdad. It is worth
mentioning that all the tests, to which referenaes made, were performed for 2.5m width of the
parking space.

2.4 Upper Surface Of The Slab

Concrete slab in the car park floor plays importah as a structural element in composite steel
deck or composite steel beam, and also as a suda@ar traffic. Due to this it must be enough
strong and hard on its upper part. The floor caecneust be also resistant against corrosion from
moisture and in case of unroofed top floor aredrbst and defrost of water and salt used in winter
time for de-icing.

Considering risk of corrosion of intermediate flabe environmental condition of concrete can be
classified as XC1 according to tabl.4.1 [PN-EN-1492]. For this exposure class the indicative
strength class of concrete from table E.1N [PN-EX92L1-1] is C20/25. However, estimating

minimum value of cover of reinforcement from tall8N it is recommended for the same class of

Open Steel Car Parks Design in Poland 2
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exposure XC1 the strength class of concrete nettlean C30/37 (service life of 100 years). So in

case of floor exposed on climatic influence theimimm class of concrete can be precisely selected,
depends on corrosion protection of reinforcementdrycrete cover that can be improved by upper
surface floor finishing.

There are two main method of finishing of uppeface of car park floor.

DST - dry shake topping. This method of finishirgsists in spreading on a top of poured concrete
some hardening surface material that is mechaypicaiooth over the surface. After this it is
necessary to spry over the surface some of imptegnagent.

Epoxy finishing. This protection layer of thicknes$o 5mm is created by painting or spraying on a
dry top surface of concrete some polymer materidlse painting beside water protection
characterise high strength and abrasion resistéincan be also coloured by adding some pigments
to the painting materials.

2.5 Open Steel Car Parks in Other European Countries

25.1 France

The requirements regarding fire resistance of theeture imposed by the regulations from January
31st, 1986 and by the law on the classified strmestuvhich basically says:

- single storey open car park: R 30;

- open car parks with at the most two levels: R 60;

- open car parks of more than two levels but not edicey 28 m: R 90;

- open car parks of more than 28 m: R 120.

New approach

The current evolution of the French statutory rajahs concerning the opened car parks drives to
a new approach. The research works and the redé $ests of led to a development of a

methodology of calculation to verify the fire parftance of open car parks under real fire

scenarios. A building to be classified as an opgnpark and benefit from the research and new
calculation method has some limitation related t@ceation requirements, ventilations via

minimum openings in the facade, maximum distant¢edsen walls, floor area etc.

Finally, there are approved fire scenarios for opan parks in France and the stability of the
structure in fire conditions is justified by therfsgmance based approach calculation with natural
fire concept.

All the fire calculations have to be approved byldied check office.

25.2 Germany

There is no fire resistance requirement for operpagks up to 20m of height.

The natural fire concept is in general acceptedl,asiall the fire designs it has to be verifiedaby
competent body and approved.

2.5.3 United Kingdom

Building regulations in the United Kingdom are vesigar regarding requirements and allowed
approach to fire safety, fire resistance and stiratfire engineering.

There are small difference regarding building ragjahs between England & Wales, Scotland and
Northern Ireland. However, the design based orpthscriptive methods has to satisfy 15min fire
resistance for open car parks up to 30m of heiffie. majority of universal steel sections have 15

Open Steel Car Parks Design in Poland 3
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minutes inherent fire resistance and thus most-Beaed open deck car parks do not now require
structural fire protection.

Steel in open deck car parks is now predominantlynprotected.

In respect to fire engineering, the regulationsséea lot of flexibility considering a method of
design as long as the building maintains its gtgbddr reasonable time in fire condition.

3 Fre Scenario

In the fire engineering approach with applicatidntlee natural fire concept it is important to
establish location of the fire and its power repréed by rate of heat release (RHR). Both, the
location and the fire load compose so called fensrio.

It is essential that fire scenario, which is thestraritical for the structure is selected for thesidn.
However, it doesn’t mean the most severe, but tbstmealistic, based on the tests, research and
experience. As this is a crucial decision to be enabme background information is presented
before defining the fire scenario for the desigPaland.

3.1 Classification Of Cars

It has been already mentioned that to specify $oenario it is necessary to know rate of heat
release (RHR) of the cars. RHR is a measure of Matja produced by a burning item in time

[MW]. This value is determined experimentally bytse a car on fire under calorimetric hood as
shown in Figure 3-1.

incasiaemnenl of concentrminn
Aowmee and temperaisre

smoke extraction bosd

1
ceilimy al 2.60in

meexiunenients of nmbiem remperniure by theonoeouples

waighing pintfonn

Figure 3-1 Calorimetric hood

Vehicles tested under calorimetric hood are equpgeif they were in operating state. They have
four tires and one spare wheel, a tank filled io tivrds of its capacity with petrol. Additionalilye
cars have airbags and air conditioning. All therdaand windows are closed when the car is set on
fire with 1.5 litters of petrol. The car was equeppwith thermocouples as shown in Figure 3-2.

Open Steel Car Parks Design in Poland 4
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Figure 3-2 Position of thermocouples

These tests allowed classifying cars in five classording to their rate of heat release. The RHR
depend on the car characteristic such as sizeeof/¢hicle, its load, its age, etc. An example of
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classification of types of specific make fallingarspecific class is illustrated in Figure 3-3.

Make Class 1 Class 2 Classe 3 Classe 4 Classe 5
Peugeot 106 306 406 605 806
Renault Twingo/Clio Megane Laguna Safrane Espace
Citroen Saxo ZX Xantia XM Evasion
Ford Fiesta Escort Mondeo Scorpio Galaxy
Opel Corsa Astra Vectra Omega Frontera
Fiat Punto Bravo Tempra Croma Ulysse
Volkswagen Polo Golf Passat Il Sharan

Figure 3-3 Classification of cars

RHR curves of cars in fire were obtained by thdsted the CTICM (1995-1996) [Schl, 99].

Specific time dependent RHR corresponds to eathesk 5 classes of cars. Graph in Figure 3-4 on
the left represents RHR for car class 3. This ésdlass of car that is most commonly used in the
fire scenarios. The pick RHR for this class is ot#d after 25min of fire and reaches value of 8.3

MW.
g . :
8 - 1 4
27 g 3 N
26l 2 il
g g 6 3% ——Carl
T 5 % 5 }
24 /N £ A o
93 / T 31 : /
“5 2 “6 2 14 / y
e Y/ awa
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time [min] time [min]
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Figure 3-4 RHR for car class 3 (top left), RHR éach of the three cars with propagated fire (taght)
and cumulated RHT from the three burning cars ¢ojt

The same experimental test was used to analyzegatipn of fire from one car to another. It had
been determined that second car is ignited 12 ménatter the first car went on fire. Also the RHR
was measured for the second car in fire. Despiteefact the both cars were from the same class
the second curve is slightly different as showfigure 3-4 (top right). The RHR for the second car
starts 12 minutes later. Based on the RHR for €achinvolved in the fire the thermal action on
structural elements of the car park can be deteuhin

3.2 Statistics

Statistics, if available, is one of the instrumetitat help to define critical scenario. Statistical
analysis related to fire involving cars is presdriielow.

Number of cars involved in a fire
3 cars: 10% of the car fires;
2 cars: 10% of the car fires
1 car: 80% of the car fires
Classification of burning cars
\Class 1: 45%(Renault Twingo, ..L)
Class 2: 25% (Renault Megane, ...)
Class 3: 20% (Renault Laguna, ...)

\Classes 4 and 5: 10%Renault Espace, ...)

Time to extinction
5.5% of car fires: extinguished before the arrivialiremen
30 and 60 minfor the extinction of fires involvingeveral cars(50 % of cases)

\70 % of fires involvingl car. stoppedefore 15 mirﬁ

80 % of fires involving2 cars stoppedetween6 and 30 min
84 % of fires involving3 cars extinguished by the firemdyetween 16 and 6@nin

Open Steel Car Parks Design in Poland 6
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Considering results of the fire tests presentedhin previous sections as well as forthcoming
simulations and statistics s 3, which ars comparable to Renault Laguna, Oper Vectra,
Ford Mondeo or Volkswagen Passat, had been selextee used in the fire scenarios. This is the
most frequently used class for fire analysis of parks since it is higher class than the most
common on the roads, therefore guarantee statigtezte approach to the design.

3.3 Identified Fire Scenarios

Various configurations and numbers of cars had hested and simulated. The results show that
large number of cars used in the fire scenario mbésad to continues increase of temperature in
the structure, as the fire starts moving rathen tbamulate. Additionally, more than three cars
simultaneously in fire is so rear case that ittisepresented by a significant number in the gtesis
Therefore, two scenarios have been chosen:

- [four cars around a central column (Figure 3-5)

- three cars in line at the corner of the car |pdFigure 3-9

N
a1

N
o
I

=
)]

}

=
o

a1
I

Rate of Heat Release [MW]

Hj&

o
&

12 24 36 48 60 72 84 96

time [min]

o

o

Figure 3-5 Four cars class 3 placed around a colsrand cumulated RHR from all the four cars

The aim of the first scenario is to calculate te@dviour of the structure exposed to 4 burning cars
around one of the columns in the middle of thepaak.

The fire starts at time t = Os with car n°1. In fivet step the fire spreads out to car n°2 and n°3
after the timeAt = 12min, and in the next step to the car n°4rafte= 24min from the beginning of
the fire. The rate of heat release for a car cdaissgiven in Figure 3-5, where the maximum rate of
the heat release is equal to 23 MW and it is obthafter 29min.
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Figure 3-6 Three cars class 3 aligned and cumd#&eiR from all the three cars
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In the second scenario, 3 cars are positioned toegaich other in the corner on the car park. The
edge of the car park is the most vulnerable patti@ftructure.

The fire starts at time t = 0 with the car n°1, apdeads out to the two other cars (n°2 and n18y af
the timeAt = 12min. As before the simulations are perfornfi@dcars class 3. The rate of heat
release is given iRigure 3-6 where the maximum RHR equals 20.5 MW.

4 Actions On The Structure

Structures of car parks are submitted on varioal égad live loads in the normal and incidental
situations. These loads are different in a stagmps$truction and service of construction.

For the construction stage the most important loads self weight of steel construction, own
weight of wet concrete of floor slab and some umifly distributed technological live load (pouring
of concrete). For service stage the most imporsrawn weight of steel, weight of composite
elements of construction and usable load of floor.

Climatic loads as snow load, wind load and tempeeeaload should also be taken into calculation
of car park construction. Due to a specific coredtam of open car parks with vertical bracings or
rigid concrete cores, climatic loads has a secgnisidluence on floor and column design and they
are not taken into consideration in this manualvkler, if the last floor doesn’'t have a roof it has
to be additionally checked for the snow load.

The separate problem is a fire protection and hiehawf the construction during fire when the
temperature is high. This is an incidental situatimd must be taken into account in design with an
adequate load combination.

4.1 Localised Fire

The heat flux received by the elements of strustusecalculated bases on the principle of the
localized fires. According to the adopted scendréat fluxes received by elements will be a
function of their positioning with regards to veleg in fire and time. The impact of flames on the
structure is calculated as a function of followpayameters indicated in Figure 4-1:

To

Figure 4-1 Parameters of the localised fire
Q (W) — RHR of cars
Ha (m) — vertical distance from the beam lowerdkato the floor (if beam concerned)

Hs (m) — Vertical distance from the fire sourcehe floor. For the fire coming from a car
the distance is taken &s = 0.3m [Schl, 99]

Open Steel Car Parks Design in Poland 8
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D (m) — Fire diameter. For the car park calculaibr= 3.9m [Schl, 99]
r (m) — Distance between the fire axis to the pwihére the net heat flux is computed

In the analysis of the car park it is accedted biypsis that the fire is impacting the cei‘ing and
therefore Hasemi method of calculation is appli®dhR, 99]. The method is described in Annex C
of EN 1991-1-2.

When the flame is impacting the ceiling the heaxfi [kW/m2] received by the fire exposed unit
surface area at the level of the ceiling is givgn b

For y<03 h=100
For 03<y<1 h=1363 to 121y
For y>1 h=15y™%
where
_rrH+z ; it's a non-dimensional parameter [-]
L,+tH+2Zz
L, = (29H (Q;)**®)-H . it's the horizontal flame length [m]
Q, =Q/(11100° H*) ; it's a non-dimensional rate of heat release [-]

z = 24D (Q?"° -Q?"®) whenQ <1

v ; it's the vertical position of the virtual heatusoe [m]
z=24D(@1-Q7®)  whenQ=1

Q, =Q/(11110° D) . it's a non-dimensional rate of heat release [-]

In case of a several localized fires the heat feoeived by an element of structure corresponds to
the sum of heat flux obtained each of the localises. However, the total heat flux is limited to
max of 100 kw/mz following Annex C of EN 1991-1-2.

4.2 Heat Transfer

From the thermal actions determined to the previtage towards the elements of structure, the
temperatures reached by the elements of structaréedermined according to time.

When the field of temperature in the elements nfcstire is not homogeneous, the calculation of
the heat transfer must be performed by means oiad considering the heat transfer in “at least”
2 dimensions. Should the opposite occur, with &l fid homogeneous temperature, the simplified
model of calculation according to the Eurocode 8 P& can be used.

From the total heat flux received by the structtine|net heat fluh  received by the fire exposed

unit surface area on the level of the ceiling nedbe deducted. The net heat flux calculation
considers ventilation effect coming from the fdwittthe car park is open.

h.=h-a (©, -20-®¢_ & o[(©,+273" - (20+273%]

where

a, - the coefficient of heat transfer by convectiorthed material of the element

Open Steel Car Parks Design in Poland 9
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0,,- the surface temperature of the element [C ]

® - the shape factor

£,,- the emissivity of the surface of the element
&, - the emissivity of the fire

o - Stephen Boltzmann’s constant (= 5.67° 10/m2 K*)

For an

equivalent uniform temperature distributiothe cross-sectid)n, the increase of temperature

Ag,in

where:

4.3

an unprotected steel member during a time ialefv should be determined from:

AHa,t = ksh Ac?n/V |;]netAt

al~a

K., is correction factor for the shadow effect;
A, /V is the section factor for unprotected steel mesbbem];
A, is the surface area of the member per unit lefrgthm];

V is the volume of the member per unit length [m3/m];

c, is the specific heat of steel [J/kgK];

h _.is the design value of the net heat flux per uréagw/nf];

net

At is the time interval [sec];

0, is the unit mass of steel [kg/

Mechanical Action

The beams and slabs of floor have to be first desidpy a cold calculation with ULS and SLS load
combinations.

In ULS at strength design (STR — PN-EN-1993-1-1)darnnormal situation most severe
combination of actions can be obtained accordirfgltowing formula:

D VoiGii tVoiQut D, Vo,

i=1 j=1

Where:

Open

G, is a characteristic values of permanent actions
Q.. is a characteristic leading variable action
Q. is a characteristic values of accompanying vagialstions

Vs is a partial load factor for permanent actions

Steel Car Parks Design in Poland 10
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Yo.1Vi; a@re partial load factors for variable actions

¢,,; combination factors

Therefore in case of car park structural elemdrgscombination of loads at strength design (STR)
is as follow:

1,35 G, + LR,

i1
Where according to PN-1991-1-1 (and PN 80/B- 020Q001, 02002):
- at service stage

G,; =weight of dry concrete+ weight of steel deck(+ virtigf steel beams)
Q., =2,5 kN/nf
- at construction stage

G, =weight of wet concrete+ weight of steel deck(+ tiof steel beams)

Q.. =0,6 kN/nf

In ULS deflection of steel elements calculatedffequent, reversible load combinations:

ZGk,i + Qs

izl
should not exceed values presented in PN-EN1998aat1is;
- for secondary beams L/250
- for primary beams L/350

Under fire situation, the applied loads to struetucan be obtained according to following formula
from EN1990:

sz,i + (LIJl,l or LIJLZ) Qs zwz,i Qi

i1 i1
where:

G, is a characteristic values of permanent actions

Q.. is a characteristic leading variable action

Q,; Is a characteristic values of accompanying vaeiaictions
W, , is a factor for frequent value of a variable attio

W, is a factor for quasi-permanent values of variaigigons

The recommended values ¥f andW¥, are given in table A1.1 of EN1990 but could be rmed
in National Annex. In the Polish National Annexsirecommended to use frequent vatdg Q| as

Open Steel Car Parks Design in Poland 11
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a representative value of the variable |&ad Therefore the combination for fire situation e tcar

park is as follow:
1G+0.7Q

5 Requirements And Recommendations

5.1 Material — Properties

5.1.1  Steel Beams
Thermal properties:
- Convection coefficient hot = 35
- Convection coefficient cold = 4
- Relative Emission = 0.7
Mechanical properties:
- Young Modulus = 2.1xT0 N/m?
- Poison ratio = 0.3
- Yield strength = 2.35xf0N/m? or 355x16 N/m?

5.1.2 Normal Concrete

It is recommended to use normal concrete grade 3Z3@& in some cases this is the lowest
sufficient grade for fire design. Additionally, dmation of this grade requires less extra finighin
on the floor surface, which comes from the envirental conditions and requirements for open car
parks. However, application of the grade C20/2%liswed with extra verification. In the study

presented in this document the grade C30/37 wagedpp
Thermal properties:
- Convection coefficient hot = 35
- Convection coefficient cold = 4
- Relative Emission = 0.7
- Moisture constant = 2%
Mechanical properties:
- Poisson ratio = 0.3
2

- Compressive strength = 0.3%1/m
- Tensile strength = 0.3x18/m?

5.1.3  Steel For Rebars

Mechanical properties:
- Young Modulus = 2.1xT6 N/m?
- Poison ratio = 0.3
- Yield strength = 5x1TN/m?

Open Steel Car Parks Design in Poland
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(1) A connection between the edge column and #ie @& concrete is required and must be secured
by reinforcements minimum diameter of 12 mm mourmtedteel column (see Figure 5-1).

= —==m \
%§ Joists or beams @

. Bean
/|l Vi ~
/7\ Joist

Beams of girders $12 en S500 $12 en S500

52 Additional reinforcement

i

77
/a
7

Figure 5-1 Connecting additional reinforcement wéiiige column

(2) For the central columns, continuity of reinfemzent in the concrete slab must be ensured by
additional bars (Figure 5-2)

$12 en S500
Figure 5-2 Details of additional reinforcement ar@licentral column

(3) The sheet of welded mesh must have a suffitdent, using the head of the stud connectors,
with all the edge beams (joists and main beams)s ttan be achieved with additional
reinforcements. All the additional reinforcementsnbave additional anchorage length sufficient to
obtain a firm anchoring of them in the slab.

53 Connections

Steel structural elements of main car park strectare designed from | hot rolled profiles.
Secondary beams are IPE or HEA cross sections apyitmeams (girders) are mostly HEA or in
some cases IPE profiles. It is recommended thatribes section of connected together beams are
selected in such way that in all cases depth obrsdary beam is not greater then primary beam
connected to it. Due to this construction of therextion is simple and easy to make.

In case of braced frames system it is recommenagedé pinned joints constructed by simple bolt
connections.

It is possible to use two types of bolted connexgim considered situation:

- Angle cleat connection (Figure 5-3)
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Selection of the type of connection depends onl st@estruction fabricator and they have to be
checked according to PN-EN-1993-1-2:2005.

- End plate connection (Figure 5-4)
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Figure 5-4 End plate connections

When the beam-column and beam-beam connection ade mf hinged connection the bottom
flange of the beams must comply with a maximum releee of 15 mm to ensure a negative
moment resistance in case of fire (see Figure PBY. different connection assuring at least an
identical resistance in negative moment can be (esgdend-plate).

Additional "\C
reinforcement ) Welded mesh
N\ — F

Studs L. T Z:Z:Z:Z:Z:E:E:E:

~Gap<15mm

o
72
~
0

Figure 5-5 Beam-column and beam-beam connection
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54 Composite Construction

5.4.1  Composite slab

Composite slabs comprise profiled steel deckinthagpermanent formwork to the underside of “in
situ” concrete slabs (construction stage). The ieclcts compositely with the concrete under
imposed loads (service stage). It supports thesl@ddch are present before the concrete has gained
adequate strength and is usually designed to beopped during construction. Light mesh
reinforcement is placed in the concrete mainly ¢b @ “fire reinforcement” but also to reduce
cracking from shrinkage and reverse moment onupearts (Figure 5-6).

Figure 5-6 Composite slab

As a profiled decking for the car park were selédeme specially profiled sheets Cofraplus. They
achieve a suitable degree of shear connection twéhconcrete by embossment and indentations
(open ribs) around the profile.

The design of steel decking (construction stagepigered by Eurocode 3(PN-EN-1993-1-1) Part
1.3 which relates to the design of steel sectidesking and roof sheeting. The elastic moment of
the section is established taking account of tHece¥e width of the thin steel elements in
compression

Composite slab design (service stage) is genebabed on information provided by the decking
manufacturer in the form of allowable load tablEsese values are determined from test results and
their interpretation as required in Eurocode 4 @&NK1993-1-4).

5.4.2  Composite beams

The composite | beam is essentially T profile witide flange. The concrete flange is in
compression and the steel section is mainly inieensThe forces between the two materials are
transferred by shear connectors. The benefits ofiposite action are increased strength and
stiffness that effects on economy of structure.

Welded sthed

Figure 5-7Composite beam
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The steel beam in construction stage is designeddardance with Eurocode 3 (PN-EN-1993-1-1).
Beams are assumed to be laterally restrained bgtéet decking in cases where the decking spans
perpendicular to the beam (secondary beam) andastlg attached to them by welded through
deck studs. In cases when where the decking spanadlgh to the beam (primary beams) lateral
restraint is provided only by the secondary beantsthe buckling resistance of the beam is based
on the effective length of the beam between seagriukzams.

According to Eurocode 4 (PN-EN-1993-1-4) calculatiof the composite beam bases on
conception of effective breadth of the concrete p@ssed flange. The effective breath is limited
by the influence of “shear lag” associated witlplane strains across the concrete.

Resistant bending moment of the composite crossosedepends on class of steel profile and
degree of shear connection between steel beamaauadete slab.

Resistant shear force of the composite beam islledéxl from shear resistance of a steel profile.

Deflection of the composite beam under sagging nmbme calculated taking into account
equivalent steel cross section obtained by dividheg contribution of the concrete component by
modular ratio n=gE.

6 Case Study

The method of design presented in this documerttitithudes fire engineering, localised fire,
membrane effect and performance-based design leaddmplied to 5 different geometries of open
car parks as illustrated in Figure 6-1. Additiogaliwo grades of steel had been applied (S235,
S355), which makes 10 pre-designed structures.

The main geometrical module of the structure isite®@ by columns located in] a grid 16m x iLOm
(or 5m). This grid enables to locate parking spfacehe car of the size 5m x 2.5m leaving 6m for
the road between the parking spaces. The colummas2.@m high from the floor level to the next
floor level. This satisfies the minimum requireméanit the high between the floor and the lower
flange of the beam and between floor and the cgil&ithough the columns are not part of the
design, the high is important to establish sizthefflame for the localised fire.

20.0 20.0 ‘ + * 200
15.0
10.0 1000 @ ® 10.0
5.0
0.0 0.0® @ ® 0.0
0.0 16.0 32.0 0.0 16.0 32,0 0.0 16.0 32.0
20.0 zu.o‘
15.0
10.0 1008 ? @
5.0
0.0 0. 0@ L] @

0.0 16.0 32.0 0.0 16.0 32.0

Figure 6-1 Proposed layout of the open car parkicture

The slab is a steel decking floor system Cofraiishad been proposed for the structures. The
depth of the slab is d=120mm for most of the pressbrgeometry, however in a few cases with
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larger span a depth of d=150 is needed. The slathasvn in Figure 6-2. The steel deck has a
thickness of 0.75mm and normal strength concre®373was used.

The mesh 150x150mm of diameter from 6mm to 8mm widipg on the span is located 3cm from
the top of the slab. THe 3cm cdver is required algdhe environmental regulations. Steel grade
S500 is always used for the reinforcements.

WedzE

1035

N NS WS e
. L 101, B2

Figure 6-2 Cofraplus 60
7 Finite Element Modelling

The approach demonstrated in this document appliesnatural fire concept and localised fire
approach. Therefore, it is not possible to useltdbd data for the analysis and advance calculation
methods need to be utilised. The “hot design” hasdteps.

A special purpose computer program for the analg$istructures under ambient and elevated
temperature conditions, SAFIR, was used in thiskw®he program, which is based on the Finite
Element Method (FEM), can be used to study the \deba of one, two and three-dimensional

structures. The program (SAFIR) was developedathhiversity of Liege, Belgium.

As a finite element program, SAFIR accommodatesouarelements for different idealization,

calculation procedures and various material mottglsncorporating stress-strain behaviour. The
elements include the 2-D SOLID elements, 3-D SOldlements, BEAM elements, SHELL

elements and TRUSS elements. The stress-strairriatdésvs are generally linear-elliptic for steel

and non-linear for concrete.

Using the program, the analysis of a structure sggdo fire may consist of several steps. The first
step involves predicting the temperature distrimutinside the structural members, referred to as
‘thermal analysis’ The torsional analysis may be necessary for 3HAM elements, a section
subject to warping and where the warping functedslé and torsional stiffness of the cross section
are not available. The last part of the analysisned théstructural analysis, is carried out for the
main purpose of determining the response of theetstre due to static and thermal loading.

Simulations performed inhere were made as follow.

The thermal analysis is performed on the 2D crestian of the structural member. The structural
model is built from beam elements representingdiieel beams and columns and shell element
representing the slab.

The structural model has to be prepared in advanoeder to specify exactly where the source of
fire is located within the structure. Since thealised fire is applied, each of the mesh elemehts o
the structural model will have individually calcted time dependent distribution of temperature.
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The thermal analysis is performed for each mesimet¢ of the structural model due to localised
fire approach. Each of the elements is represelnyedD model of its cross section to simulate
detailed temperature distribution.

7.1 Thermal Analysis

7.1.1 Beams

Although the beam and slab are modeled independtamtthe thermal analysis, in order to obtain
real temperature distribution in the beams a layeoncrete slab is added. The concrete slab has a
significant influence on the temperature especiadlfthe upper flange of the steel section. It is
important that only the temperature of the steelnbeobtained in this analysis are transmitted
further for the structural analysis.

In Figure 7-1 boundary conditions are indicatede Blteel section and bottom part of the slab is
exposed to the heat flux obtained from the Hasepdeh The values depend on the location of the
element in respect to the fire source. The uppet pathe concrete is exposed to ambient

temperature at the beginning of the simulationdahanged reflecting the heat transfer through the
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- . . E | | | | | = | | | | |
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2|2 0 TIME: 1860 sec
s T, 00
El2 —
555555
444444
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222222
—
—
130
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Figure 7-1 Temperature distribution through stesttion

7.1.2 Slab

The cross section geometry of the slab system egpjphi the structure is presented in Figure 7-2.
For such a slab EN 1994-1-2:2005 Annex D gives @tion to calculate effective thickness of a
composite slaland use simplified geometry instead. The effediimekness of a composite slabd
been calculated using the following equations:

hord| 77 277, 7777 ) h

=)~
Mz

| |

: |
£y

{3

Figure 7-2 Geometry of the Cofraplus 60 slab

heffzhl"’o-5hzm for&<1.5 and h >40mm
[, +1, h,
hy =h L+ 075(%}) for % >15 and h <40mm
1 3
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The finally analyzed slab model is presented irufég7-3 where heat flux is applied to the bottom
edge based on the Hasemi model and location oklgment in respect to the source of fire.
Similarly to the beam model the upper edge isaltjtin ambient temperature, which changes with
the heat transfer progressing.

B HAsIMI
[ rF20

—
(== pey
 E—
| E—
[
B
—

L

Figure 7-3Temperature distribution through the slab

I
L.

The effective thickness of a composite slab catedlas used only for the thermal analysis. In the
structural analysis the depth of the slab is furtieeluced to the continuous part only as illusttate
in Figure 7-4.

Cofraplus 60 Thermal effective thickness Structural effective thickness

Figure 7-4 Positioning of the equivalent thermatlanechanical heights of the slab

7.2 Structural Analysis

Structural model is composed from “beam elemerggtasenting beams and columns and “shell
elements” representing the slab.

A,

Figure 7-5 Structural model of the car park
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7.2.1 Boundary Conditions
Boundary conditions at the supports

In order to reflect reality and be on the save sitine design, the columns are considered pinhed a
the bottom. For the FE model it means that alléhranslational degrees of freedom are blocked
while the rotations are free.

At the top of columns the horizontal translatiodagirees of freedom are blocked, while the vertical
movement and the rotations are allowed. This is diteation when another floor system is
connected to the top of the columns.

Additionally these boundary conditions guarantes gtability of the structure, which is otherwise
performed by bracing.

Figure 7-6 Boundary conditions at the supports
Conditions of continuity of the slab

The model represents part of the larger structarerder to enable the extension of the structare i
both horizontal directions additional boundary atinds on the slab level have to be applied. The
horizontal movement of the slab is blocked in ortesimulate continuity of the slab as shown in
Figure 7-7.

Figure 7-7 Continuity conditions on the level of #iab
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The final result obtained for the presented stmastuvhile applying the above described method
and fire scenarios are summarised in the tablewbelmportant values in respect to the max

8 Predesigned Structures
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deflections and temperature calculated for eachvishaal scenario are presented further in this
section and the very detailed results can be foutide Annex 6.

Characteristics Structural response
Frame [m] ?lzt; Steel [Secondary|Primary [Composite slab wi{Steel deck with me
Col 2.9m [rﬁ] grade |beam beam concrete C30/37 |S500
S235 [IPE 450 | HEA 65( @ 8 150x150
2.5m Cofraplus60 120mrm
S355 |IPE 400 | HEA 55( @ 6 150x150
16x10 S235 [IPE 550 | HEA 70( @ 7 150x150
3.3m Cofraplus60 120m
S355 |IPE 500 | HEA 60( @ 7 150x150
5m S355 | IPE600 | HEA 600 Cofraplus60 150n@h8 100x100
S235 |IPE 450 | HEA 45( @ 6 150x150
2.5m Cofraplus60 120m
16x5 S355 [IPE 400 | IPE 400 @ 7 150x150
5m S355 [ IPE600 | IPE 160[ Cofraplus60 150188 100x100
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Geometry:
Grid 16m x 10m
Slab span 2.5m

Steel grade:
S235

Fire scenario:
3 cars aligned in the corner

Action:

Permanent: 1 kN/fm
Variable:2.5 kN/m
Combination: 1G + 0.7 Q

Secondary beams

Choice of sections:

Secondary beam: IPE 450

Primary beam: HEA 650

Choice of floor system:

Slab: Cofraplus 60 with steel decking 0.75mm
Thickness: 120 mm

Reinforcement: 150mm x150mm &6

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 775°C

Max temperature in the reinforcement: 198 °C

Location: in front of the car n °1
Max temperature in the beam: 876 °C

Location: on both sides of the car °1

Mechanical response:

Max deflection in the slab: 28.07cm
Location: above the car n °1

Max deflection in the secondary beam: 23.46¢cm
Location: between cars n °1 and °2

Composite connections:
1 row of Nelson steel stubs of @19mm, placed e28rycm on the secondary beam
1 row of Nelson steel stubs of @19mm, placed e28rycm on the primary beam
Without propping in the construction stage
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Geometry:
Grid 16m x 10m
Slab span 2.5m

Steel grade:
S235

Fire scenario:
4 cars around a column

Action:

Permanent: 1 kN/fm
Variable:2.5 kN/m
Combination: 1G +0.7 Q

Secondary beams

Choice of sections:
Secondary beam:
Primary beam:

IPE 450
HEAG50

Choice of floor system:
Slab:

Thickness:
Reinforcement:

Cofraplus 60 with steel decking 0.75mm
120mm
150mm x 150mm @8mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 763°C

Max temperature in the reinforcement: 183°C

Location: above the car n°1

Max temperature in the beam: 875°C

Location : between car n°1 and n°2

Mechanical response:
Max deflection in the slab:

32.81cm

Location: above the car n°4
Max deflection in the secondary beam: 31.91cm
Location: between cars n°3 and n°4

Composite connections:

1 row of Nelson steel stubs of @19mm, placed e28rycm on the secondary beam

1 row of Nelson steel stubs of @19mm, placed e28rycm on the primary beam

Without propping in the construction stage
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Geometry:
Grid 16m x 10m
Slab span 2.5m

Steel grade:
S355

Fire scenario:
3 cars aligned in the corner

Action:

Permanent: 1 kN/Mm
Variable: 2.5 kN/m
Combination: 1G +0.7 Q

Secondary bear

Choice of sections:

Secondary beam: IPE 400

Primary beam: HEA 550

Choice of floor system:

Slab: Cofraplus 60 with steel decking 0.75mm
Thickness: 120mm

Reinforcement: 150mm x 150mm @g6mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 775°C

Max temperature in the reinforcement: 198 °C

Location: in from of the car n°1

Max temperature in the beam: 877 °C

Location: on both sides oft the car n°1

Mechanical response:

Max deflection in the slab: 30.06cm

Location: zone above the car n°1
Max deflection in the secondary beam: 27.94cm

Location: between cars n°1 and n°2

Composite connections:

1 row of Nelson steel stubs of @19mm, placed e28rycm on the secondary beam
1 row of Nelson steel stubs of @19mm, placed e28rycm on the primary beam
Without propping in the construction stage
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Geometry:
Grid 16m x 10m
Slab span 2.5m

Steel grade:
S355

Fire scenario:
4 cars around a column

Action:

Permanent: 1 kN/Mm
Variable: 2.5 kN/m
Combination: 1G +0.7 Q

Secondary beams

Choice of sections:
Secondary beam:
Primary beam :

IPE400
HEA 550

Choice of floor system:
Slab:

Thickness:
Reinforcement:

Cofraplus 60 with steel decking 0.75mm
120mm
150mm x 150mm @g6mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 763 °C

Max temperature in the reinforcement: 183 °C

Location: in from of the car n °1

Max temperature in the beam: 876 °C

Location: between cars n °3 and n°4

Mechanical response:
Max deflection in the slab:

37.82cm

Location: zone above the car n °4
Max deflection in the secondary beam: 34.88cm
Location: between car n °3 and n °4

Composite connections:

1 row of Nelson steel stubs of @19mm, placed e28rycm on the secondary beam

1 row of Nelson steel stubs of @19mm, placed e28rycm on the primary beam

Without propping in the construction stage
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Geometry:
Grid 16m x 10m
Slab span 3.3m

Primary bearr

Steel grade:
S235

Fire scenario:
3 cars aligned in the corner

Action:

Permanent: 1 kN/Mm
Variable: 2.5 kN/m
Combination: 1G +0.7 Q

Secondary beams

Choice of sections:

Secondary beam: IPE 550

Primary beam: HEA 700

Choice of floor system:

Slab: Cofraplus 60 with steel decking 0.75mm
Thickness: 120mm

Reinforcement: 150mm x 150mm @7mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 776°

Max temperature in the reinforcement: 198°

Location: in front of the car n°1
Max temperature in the beam: 876°

Location: between car n°1 and n°3

Mechanical response:

Max deflection in the slab: 20.97cm

Location: zone above the car n°1
Max deflection in the secondary beam: 17.89cm

Location: between car n°1 and n°3

Composite connections:
1 row of Nelson steel stubs of @19mm, placed e28rycm on the secondary beam
1 row of Nelson steel stubs of @19mm, placed e28rycm on the primary beam
Without propping in the construction stage
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Geometry:
Grid 16m x 10m
Slab span 3.3m

Steel grade:
S235

Fire scenario:
4 cars around column

Action:

Permanent: 1 kN/Mm
Variable: 2.5 kN/m
Combination: 1G +0.7 Q

Secondary beams

Choice of sections:
Secondary beam:
Primary beam:

IPES50
HEA 700

Choice of floor system:
Slab:

Thickness:
Reinforcement:

Cofraplus 60 with steel decking 0.75mm
120mm
150mm x 150mm @7mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 758°C

Max temperature in the reinforcement: 183°C

Location: in front of the car n°1
Max temperature in the beam: 866°C

Location: between car n°1 and n°2

Mechanical response:
Max deflection in the slab:

30.51cm

Location: zone above the car n°4
Max deflection in the secondary beam: 25.02cm
Location: between car n°3 and n°4

Composite connections:

1 row of Nelson steel stubs of @19mm, placed e28rycm on the secondary beam

1 row of Nelson steel stubs of @19mm, placed e28rycm on the primary beam

Without propping in the construction stage
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Geometry:
Grid 16m x 10m
Slab span 3.3m

Primary bearr

Steel grade:
S255

Fire scenario:
3 cars aligned in the corner

Action:

Permanent: 1 kN/Mm
Variable: 2.5 kN/m
Combination: 1G +0.7 Q

Secondary beams

Choice of sections:

Secondary beam: IPE 500

Primary beam: HEA 600

Choice of floor system:

Slab: Cofraplus 60 with steel decking 0.75mm
Thickness: 120mm

Reinforcement: 150mm x 150mm @7mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 776°

Max temperature in the reinforcement: 198°

Location: in front of the car n°1
Max temperature in the beam: 876°

Location: between car n°1 and n°3

Mechanical response:

Max deflection in the slab: 25.85cm

Location: zone above the car n°1
Max deflection in the secondary beam: 22.67cm

Location: between car n°1 and n°3

Composite connections:
1 row of Nelson steel stubs of @19mm, placed e28rycm on the secondary beam
1 row of Nelson steel stubs of @19mm, placed e28rycm on the primary beam
Without propping in the construction stage
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Geometry:
Grid 16m x 10m
Slab span 3.3m

Steel grade:
S355

Fire scenario:
4 cars around column

Action:

Permanent: 1 kN/Mm
Variable: 2.5 kN/m
Combination: 1G +0.7 Q

Secondary beams

Choice of sections:
Secondary beam:
Primary beam:

IPES00
HEA 600

Choice of floor system:
Slab:

Thickness:
Reinforcement:

Cofraplus 60 with steel decking 0.75mm
120mm
150mm x 150mm @7mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 758°C

Max temperature in the reinforcement: 183°C

Location: in front of the car n°1
Max temperature in the beam: 866°C

Location: between car n°1 and n°2

Mechanical response:
Max deflection in the slab:

31.8cm

Location: zone above the car n°4
Max deflection in the secondary beam: 26.58cm
Location: between car n°3 and n°4

Composite connections:

1 row of Nelson steel stubs of @19mm, placed e28rycm on the secondary beam

1 row of Nelson steel stubs of @19mm, placed e28rycm on the primary beam

Without propping in the construction stage
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Geometry:
Grid 16m x 10m
Slab span 5m

Steel grade:
S355

Fire scenario:
3 cars aligned in the corner

Action:

Secondary beams
Permanent: 1 kN/Mm
Variable: 2.5 kN/m

Combination: 1G+0.7Q

Choice of sections:

Secondary beam: IPE60O

Primary beam: HEA600

Choice of floor system:

Slab: Cofraplus 60 with steel decking 0.75mm
Thickness: 150mm

Reinforcement: 100mm x 100mm @8mm

Position of the reinforcement from the top of thabs 46mm

Thermal response:

Max temperature in the slab: 775°C

Max temperature in the reinforcement : 140°C

Location: in front of the car n°1
Max temperature in the beam: 867°C

Location: between car n°1 and n°2

Mechanical response:

Max deflection in the slab: 23.23cm

Location: zones above cars n°1 and n°3
Max deflection in the secondary beam: 19.79cm

Location: between car n°1 and n°2

Composite connections:
1 row of Nelson steel stubs of @22mm, placed e28rycm on the secondary beam
1 row of Nelson steel stubs of @22mm, placed e28rycm on the primary beam

The secondary beams have to be propped in atdegalstces and the slab needs to be also propped
in the construction stage.
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Geometry:
Grid 16m x 10m
Slab span 5m

Primary beam

Steel grade:
S355

Fire scenario:
4 cars around a column

Action:
Permanent: 1 kN/Mm
Variable: 2.5 kN/m

Combination: 1G+0.7Q

Secondary bear

Choice of sections:
Secondary beam:
Primary beam :

IPE600O
HEAG600

Choice of floor system:
Slab:

Thickness:
Reinforcement:

Cofraplus 60 with steel decking 0.75mm
150mm
100mm x 100mm @8mm

Position of the reinforcement from the top of thabs 46mm

Thermal response:

Max temperature in the slab: 766°C

Max temperature in the reinforcement: 137°C

Location: in from of the car n°1
Max temperature in the beam: 863°C

Location: between cars n°1 and n°2

Mechanical response:
Max deflection in the slab:

26.42cm

Location: zone above car n°4
Max deflection in the secondary beam: 21.73cm
Location: between car n°3 and n°4

Composite connections:

1 row of Nelson steel stubs of @22mm, placed e26rycm on the secondary beam

1 row of Nelson steel stubs of @22mm, placed e28rycm on the primary beam

The secondary beams have to be propped in atdgalsces and the slab needs to be also pro

in the construction stage.

pped
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Geometry:
Grid 16m x 5m
Slab span 2.5m

Primary beanr

Steel grade:
S235

Fire scenario:
3 cars aligned in the corner

Action:

Secondary bear
Permanent: 1 kN/Mm
Variable: 2.5 kN/m

Combination: 1G+0.7Q

Choice of sections:

Secondary beam: IPE 450

Primary beam : HEA 450

Choice of floor system:

Slab: Cofraplus 60 with steel decking 0.75mm
Thickness: 120mm

Reinforcement: 150mm x 150mm g6mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 775°C

Max temperature in the reinforcement: 198°C

Location: in front car n°1

Max temperature in the beam: 876°C

Location : in both sides of the car n°1

Mechanical response:

Max deflection in the slab: 24.85cm

Location: zone above car n°1

Max deflection in the secondary beam: 23.26cm

Location : between car n°1 and n°2

Composite connections:

1 row of Nelson steel stubs of @ 19mm, placed e26rycm on the secondary beam
1 row of Nelson steel stubs of @ 19mm, placed e28rycm on the primary beam
Without propping in the construction stage
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Geometry:
Grid 16m x 5m
Slab span 2.5m

Primary beanr

Steel grade:
S235

Fire scenario:
4 cars around a column

Action:
Permanent: 1 kN/Mm
Variable: 2.5 kN/m

Combination: 1G+0.7Q

Secondary bear

Choice of sections:
Secondary beam:
Primary beam :

IPE450
HEA 450

Choice of floor system:
Slab:

Thickness:
Reinforcement:

Cofraplus 60 with steel decking 0.75mm
120mm
150mm x 150mm @6mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 757°C

Max temperature in the reinforcement: 182°C

Location: in front of car n°1

Max temperature in the beam: 875°C

Location: between cars n°1 and n°2

Mechanical response:
Max deflection in the slab:

31.65mm

Location: zone above car n°4
Max deflection in the secondary beam: 31.26cm
Location: between car n°3 and n°4

Composite connections:

1 row of Nelson steel stubs of @ 19mm, placed e26rycm on the secondary beam

1 row of Nelson steel stubs of @ 19mm, placed e28rycm on the primary beam

Without propping in the construction stage
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Geometry:
Grid 16m x 5m
Slab span 2.5m

Primary bea

Steel grade:
S355

Fire scenario:
3 cars aligned in the corner

Action:

Secondary beams
Permanent: 1 kN/Mm
Variable: 2.5 kN/rh

Combination: 1G+0.7Q

Choice of sections:

Secondary beam: IPE400

Primary beam : IPE 400

Choice of floor system:

Slab: Cofraplus 60 with steel decking 0.75mm
Thickness: 120mm

Reinforcement: 150mm x150mm @7mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 775°C

Max temperature in the reinforcement: 198°c

Location: in front of car n°1

Max temperature in the beam: 876°c

Location : on both sides of car n°1

Mechanical response:

Max deflection in the slab: 26.81cm

Location: zone above the car n°1
Max deflection in the secondary beam: 25.23cm

Location : between car n°1 and n°2

Composite connections:

1 row of Nelson steel stubs of @ 19mm, placed e26rycm on the secondary beam

1 row of Nelson steel stubs of @ 19mm, placed e28rycm on the primary beam
Without propping in the construction stage

Open Steel Car Parks Design in Poland




He
Bl ArcelorMittal

Geometry:
Grid 16m x 5m
Slab span 2.5m

Primary beam

Steel grade:
S355

Fire scenario:
4 cars around a column

Action:
Permanent: 1 kN/Mm
Variable: 2.5 kN/m

Combination: 1G+0.7Q

Secondary bear

Choice of sections:
Secondary beam:
Primary beam :

IPE400
IPE400

Choice of floor system:
Slab:

Thickness:
Reinforcement:

Cofraplus 60 with steel decking 0.75mm
120mm
150mm x150mm @8mm

Position of the reinforcement from the top of thabs 31mm

Thermal response:

Max temperature in the slab: 757°C

Max temperature in the reinforcement: 182°C

Location: in front of car n°1

Max temperature in the beam: 875°C

Location: between cars n°1 and n°2

Mechanical response:
Max deflection in the slab:

33.86cm

Location: zone above car n°4
Max deflection in the secondary beam: 33.51cm
Location : between car n°3 and n°4

Composite connections:

1 row of Nelson steel stubs of @ 19mm, placed e26rycm on the secondary beam

1 row of Nelson steel stubs of @ 19mm, placed e28rycm on the primary beam

Without propping in the construction stage
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Geometry:
Grid 16m x 5m
Slab span 5m

Primarybeam

Steel grade:
S355

Fire scenario:
3 cars aligned in the corner

Action:

Secondary beams
Permanent: 1 kN/Mm
Variable: 2.5 kN/rh

Combination: 1G+0.7Q

Choice of sections:

Secondary beam: IPE600

Primary beam : IPE 160

Choice of floor system:

Slab: Cofraplus 60 with steel decking 0.75mm
Thickness: 150mm

Reinforcement: 100mm x100mm @8mm

Position of the reinforcement from the top of thabs 46mm

Thermal response:

Max temperature in the slab: 766°C

Max temperature in the reinforcement: 137°C

Location: in front of the car n°1
Max temperature in the beam: 863°C

Location: between car n°1 and n°2

Mechanical response:

Max deflection in the slab: 23.57cm

Location: zone above cars n°1 and n°3
Max deflection in the secondary beam: 16.63cm

Location: between cars n°1 and n°2

Composite connections:
1 row of Nelson steel stubs of @ 22mm, placed e26rycm on the secondary beam
The primary beams don’t act as composite with thle s

The secondary beams need to be propped in twokaue the slab needs to be propped in| the
middle
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Geometry:
Grid 16m x 5m
Slab span 5m

Primary beam

Steel grade:
S355

Fire scenario:
4 cars around a column

Action:
Permanent: 1 kN/Mm
Variable: 2.5 kN/m

Combination: 1G+0.7Q

Secondary beams

Choice of sections:
Secondary beam:
Primary beam :

IPE600O
IPE160

Choice of floor system:
Slab:

Thickness:
Reinforcement:

Cofraplus 60 with steel decking 0.75mm
150mm
100mm x100mm @8mm

Position of the reinforcement from the top of thabs 46mm

Thermal response:

Max temperature in the slab: 766°C

Max temperature in the reinforcement: 137°C

Location: in front of the car n°1
Max temperature in the beam: 863°C

Location: between car n°1 and n°2

Mechanical response:
Max deflection in the slab:

24.8cm

Location: above the car n°3
Max deflection in the secondary beam: 22.22cm
Location: between cars n°3 and n°4

Composite connections:

1 row of Nelson steel stubs of @ 22mm, placed e26rycm on the secondary beam

The primary beams don’t act as composite with thle s

The secondary beams need to be propped in twopkwe the slab needs to be propped in

middle

Open Steel Car Parks Design in Poland

the



He
Bl ArcelorMittal

In the elevated temperature strength and stiffoésise steel elements is reduced. This has a direct
consequence towards the behaviour steel frametsteusubjected to fire. In structure such as the
presented in this documents car parks, which ai foom the steel frame and composite slab
system, development of the tensile membrane adiabserved when the structure is exposed to
fire.

The membrane action is developing in the slab wherbeams loosing their strength and stiffness,
which is accompanied by increasing deflectionse d&flection can reach the level of 30 - 40 cm.

9 Annex 1: Membrane action

Membrane action of concrete floor slabs is dueht development of in-plane forces within the
depth of the slab. The membrane effect is charaettby the balance between the compression in
the concrete and the tension in rebars placedarwdithe slab.

“For concrete slabs, which are horizontally resiedi around their perimeter and subjected to large
vertical displacements, membrane action will depelith the reinforcement utilizing its full
tensile capacity and supporting the load by actisga kind of net. This type of behaviour is
commonly referred to as tensile membrane actionskds that have no horizontal restraint around
their perimeter, membrane action can still devgdopvided the slab is two-way spanning. The slab
supports the load by tensile membrane action ocguin the centre of the slab and compressive
membrane action forming a supporting ‘ring’ arotind perimeter of the slab” [BAI, 02].

This phenomenon is illustrated using a simple exampor this purpose a single frame with
diameter 16x10m is used, where distance betweebfimelong secondary beams is 2.5m. Only one
car class3 is submitted to fire, in order to chearbserve the development of the membrane. As
shown in Figure 9-1, the car is positioned in thddie-span of the central secondary beam.

10m

16m J\

Figure 9-1Scheme of the structure and localisatbfire

The evolution of the deformation in time was meaduin the mid-span of the central secondary
beam, in order to observe behaviour of the strecatrdifferent stage of the fire development. The
results are presented in the Figure 9-2.
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Figure 9-2 Time-displacement chart for the middi¢he central secondary beam

The structure and fire scenario had been modeleddinite element software SAFIR.

In order to avoid dynamic effect coming from thmsitaneous load of the structure, the static load
had been applied successively during the first&fbids, while the structure remained in ambient
temperature. The effect of the static load on fis&itdution of forces is presented in Figure 918.
can be observed that the slab works mainly in cesgwon, while the secondary beams are
subjected to tension and bending.
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Figure 9-3 Distribution of forces coming from stalibad in ambient temperature
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In 500 seconds the fire is developed. Above thecsoaf fire it can be notice the slab starts tugnin

into tension. It corresponds to the appearanceheffirst plastic hinge in the secondary beam

directly above the burning car.

Appearance

plastic hinge

+ Membrane Force

TIME: 502 sec
I - !cimiorane Force
* J

Figure 9-4 Development of the first plastic hingeghe beam and tension in the slab

After 1000 seconds the tension in the slab begifissd, and additional two secondary beams form
41

plastic hinges in the mid-span.
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Figure 9-5 Further development of tension in tlabg[L000sec in fire)

Compression

ring

After 1500 seconds the maximum deflections andntlagimum temperature are obtained in the

structure. The large deflection appears togeth#r significant membrane forces in the slab.
compression ring is created in the concrete slab. Secondary beam directly above the car works

The tension extends in the slab utilising tensdpacity of the rebars until around the tensile zone
in compression whereas both secondary beams orsiagth of the car remain in tension.

+ Membrane Force

TIME: 1504 sec
_ - Membrane Force
X u’

42
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Figure 9-6 Maximum forces developed (1500sec &) fir

The beams do not restrain any relevant strengghiffmess due to very high temperature transferred
to the steel. Therefore, the entire load is cargethe membrane.

Figure 9-6 shows the maximum deflections of thé slad the beams in scale.

=)

7 Secondary beams i
elevatec

&\\\

10EDT m

Figure 9-7 Maximum deflections. Front view of theicture

After the peak of temperature all the elements emeling down as the fire is stopped.

Consequently, the beams are regaining their mecalapioperties; strength and stiffness. In 2000
seconds, disappearance of the compression ringeirslab can be observed. Fractions of the ring
can be still noticeable at extremities of the skahjle in the centre the tension is being slowly

replaced by compression. The secondary beam iredhevcar is also moving from compression to
tension.
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TIME: 2045 sec

I - cmrane Force
® uf _ + Membrane Force

Figure 9-8 Membrane forces in the slab in the coplbhase

The recovery of the mechanical properties of tlewsdary beams is observed in faster than in the
slab reduction of the deflection of these beamadithe cooling phase.

Secondary beamp
after cooling down

with regained
mechaniral nronerti

10E01m

Figure 9-9 Reduction of the deflection in the bedonéng cooling

The structure is back in ambient temperature 2200 seconds. The entire slab is back in

compression. This compression is more importaet dlfte fire than before, especially in the central

part of the slab. This is due to the differentiap@nsion that the slab was subjected to during the
fire. All the beams are back in tension as it waffe the fire. However, the stresses are higher in
all the elements due to remaining plastic deforomati
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Figure 9-10 Membrane forces in the slab and stregs¢he beams in ambient temperature after tlee fir
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10 Annex 2: Cofraplus60

10.1 Technical description of the product

The profiled steel sheeting COFRAPLUS 60 producgdizelorMittal Construction are designed
for composite floor slabs. After hardening of tlencrete the sheets cooperate with the concrete as

reinforcement in tension of the floor slab.

The profiled steel sheeting is made of S350GD ggeatle galvanized on both sides. The sheet
thicknesses and the profile heightg given in the figure below.

Composite floors on profiled steel sheeting by Asddittal Construction are made of at least B25
concrete class. Composite action of the sheetidgcancrete is provided by adheremdesteel and

concrete without studs.

Figure 10-1Profiled steel sheeting COFRAPLUS 60

Bl ArcelorMittal

Name

Thickness (mm)

Profile height (mm

COFRAPLUS 60

0,75

0,88

1,00

1,25

58

Table 10.1 Geometrical characteristics of steeksing

Open Steel Car Parks Design in Poland
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Maximum span length: 150m
Width of the sheeting: 1,5m

10.2 Analysis of the available documentation concerningetermination of floor fire
resistance

The European code PN-EN 1994-1-2 is the basic dentynwhich is used in determining fire
resistance of the floors made of ArcelorMittal Cionstion sheeting. Using resolutions of the code,
as well as floor technical data of ArcelorMittal i&bruction, the principles of determining fire
resistance were established.

10.3 Principles of determining fire resistance for the oors on profiled steel sheeting
COFRAPLUS 60

Fire resistance of steel-concrete composite flosasle with profiled steel sheeting COFRAPLUS
60 with at least B25 concrete class, should berahted in accordance with PN-EN 1994-1-2:
2005. The evaluation of fire resistance concermglitions of standard fire only.

Principles for the evaluation of fire resistance@OFRAPLUS 60

A/ Fire integrity for the floors (criterion E) is méained up to the moment the floors lose their
fire load capacity.

B/  Fire insulation for the floors (criterion I) isgserved throughout the fite provided that the
minimum total floor thickneshk is maintained. It is given in Table 10.2.

t h [mm]
[min] COFRAPLUS 60
30 110
60 120
90 140
120 160
180 190

Table 10.2 Minimum total floor thickness h* essarftir meeting the fire insulation criteria

*floor total thicknessh = height of sheeting rib + thickness of concréd s

C/ Fire resistance for the floors (criterion R) wignofiled steel sheeting, with or without
reinforcement bars amounts to at least 30 minutes.

Determining fire resistance requirements for thmoii$ in classes R60, R90 and R120 requires
carrying out calculation analysis according to phi@ciples presented in point D/. These principles
are valid only under the conditions of standard finpact under the floor. Fire resistance within

fire conditions is determined for reinforced cornereross-sections without taking into account

profiled steel sheeting which is in accordance whénresolutions of PN-EN 1994-1-2.

Open Steel Car Parks Design in Poland a7
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D/Principles of floor fire resistance calculationit@non R)

The calculations should demonstrate that afted#iermined time of standard fire under the floor
(t =60, 90, 120 min) the condition of ultimate limtate for bending is fulfilled:

Mfisdt < M iRt
where:

Msisqt IS @ calculating value of the effect of fire adiyvi{bending moment) after the defined
timet,

Msi ratiS @ calculating value of floor load capacity imdang under fire conditions.

This condition should be tested in cross-sectionsvhich maximum span moments (positive) and
support moments (negative) occur.

The effect of M sq:should be determined for load values and load coatioins established in
accordance with the principles given in PN-EN 1992-and PN-EN 1994-1-2.

The principles of determining floor ultimate loadbending under fire conditionsqMq: are given
below.

10.3.1 Load capacity in positive bending moment kq*

For positive moment bearing reinforcement barsipiat rib cavities are taken into consideration,
whereas sheeting participation is neglected orighsion side. Reinforcement, whose cross-section
and distance from the bottom floor surface is daeteed individually, depending on the required
floor fire resistance, is located in the axis of (@ single bar in every rib or in some of them).

The temperature of reinforcement in the rib axisthe distancaes [mm] from the rib bottom is
defined by the following correlation:

|
!
i } I
: | '

where values Jand g are given in Table 10.3 for all 4 types of tedtedrs.

T=To(1-uly)

t COFRAPLUS 60
[min] To Uo
60 750 97
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1=
H
90 923 119

120 1014 138

Table 10.3 Parameters for determining the tempeeaitu reinforcement

Load capacity for positive bending momentd4° should be determined taking into account
temperature dependent resistance of reinforcentesit s

These characteristics are given in the code.

10.3.2 Load capacity for negative bending moment jvkg

When calculating load capacity in negative bendimgment, reduced calculating dimensions of
concrete effective ribs are taken into account. this takes place during fire activity as the
following diagram shows:

kil -
|
i
i

effective rib

COFRAPLUS 60
ki 101
2 62
h, 58

Table 10.4 Dimensions of real ribs [mm]

COFRAPLUS 60
Time | t=60| t=90 | 1=120
Dim.
11t 48 | 41 36
12,t 90 | 87 85
H2,t 56 | 55 53
Ahg t 8 11 14
Ahp t 10 | 14 18

Table 10.5 Dimensions of effective ribs [mm] infilnection of fire activity time t [mm].
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1=
H
COFRAPLUS 6(

u | t=60 | t=90| t=120

95 | 1000 | 1000 | 1000
85 | 1000 | 1000 | 1000
75 | 1000 | 1000 | 1000
65| 434 | 404 | 381
55 | 397 | 363 | 337
45 | 360 323 293
35| 323 | 282 | 249
25| 286 | 242 | 205
15| 249 201 0
5 0 0 0

Table 10.6 Width of effective ribs for the distandenm] at the bottom of ribs per 1 m of sheetindtiv
[mm/m]

In order to determine load capacity in negativedogg moment Mgrq the calculations for the
effective cross-section of the floor should be iedrrout taking into account concrete and steel
resistance conditions at room temperature.

10.4 Advantages of Cofraplus

The ribbed steel profile fixed onto the framewofklee building serves as horizontal wind brace, a
work platform, shuttering and flexural reinforcerh@f the bottom of the slab. It can, therefore,
immediately contribute to wind bracing and the 8iigiof the building due to a diaphragm effect.

The steel profiles are fixed onto the supports aedre as a work platform, thereby allowing
trafficking in good working and safety conditionsfbre the concrete is laid. Once the profiles have
been installed, the underside of the floor is waghkt, efficient and clean with finished appearance
Pre-painting is possible.

The shape of the ribs sets the steel profile sécunethe concrete. The reinforcement of the
Cofraplus60 section often makes it unnecessarawe Bpan reinforcements. All you need to do is
finish off the slab with a welded mesh and possibdp bars. Without adding any extra

reinforcement at the bottom, the composite flo@geha half an hour firewall.

The use of mixed slab systems enables you to savany ways:
- in the time spent on the worksite and on the ud#tioig appliances,
- in the weight of the concrete due to the shapeefibbed profile, about 100 daNm

Reduction of the weight of the slab affects the etisions of the rest of the structure, beams and
columns that are thereby lighter and lessen the trathe foundations. The steel profiles can be
manually carried and once they have been placettiefioor girders, they can be rapidly moved,
which is a great asset in renovating work. Theee aiher advantages in the use of a mixed slab
system compared to the prefabricated concrete sladl) as the possibility to achieve irregular
shapes, curves or special floor openings.

Technical properties and requirements as wellrasdiésign recommendations for the steel sheeting
COFRAPLUS 60 can be found imfB TECHNICAL APPROVAL AT-15-6138/2009
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11 Annex 3: Detalls of the predesigned structure — faalculations

A structure of open steel car park illustrated iguFe 11-1 is used to present detailed results
obtained from the FE software SAFIR while concephatural, localised fire was adapted. The
calculation was running to simulate the responsehef structure during 2.5 hours from the
beginning of the fire.

Primary beams HEA 550 S355

Secondary beams IPE 400 S355

Figure 11-1 Scheme of the analysed structure

At the beginning of the calculation when the stouetis still cold the maximum deflection in the
slab and the beams is smaller than 5mm. It hag t@emmembered however, that the load applied is
the load combination in fire conditions.

The initial situation in terms of stresses and afgfbns are presented in Figure 11-2. It can be
observed in the top right picture that the entied $s in compression, apart from areas around the
columns.

z z
A ] A ———— 1008

Figure 11-2 Behaviour of the structure in the cotahdition. The entire slab is in compression.

Open Steel Car Parks Design in Poland 51



me

Bl ArcelorMittal

The three burning cars used for the simulatiorcars class 3. For this class of cars, the rateaf h
release was established experimentally and cadithrdthe values are presented in Figure 3-4; for
individual car as well as for the group of threesanalysed inhere.
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Figure 11-3 RHR for car class 3 (top left), RHR éach of the three cars with propagated fire (top
right) and cumulated RHR from the three burningsogrottom)

The heat release generated by the burning cargasumed in the structure in form of temperature.
The maximum temperatures obtained in the beamewsuiting the cars and the slabs just above the
cars are presented in Figure 11-4 in a functiotineé. The maximum temperature measure at the
bottom of the bottom flange equals 865 The maximum temperature at the bottom of thb sla

equals 82&C.
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Figure 11-4 Evolution of max temperature in therhsaand slab surrounding the burning cars

Following, the time dependent deflection graphs@aesented in Figure 11-5. The deflections are
measured in the zone, where the burning cars eatdd. The maximum deflection in the secondary

Open Steel Car Parks Design in Poland

52



IThE
H EE ArcelorMittal

beams equals 0.304m, which is L/52. The same maxirdaflection is observed in the slab.
However, the plastic deformation in the slab is mlarger, as the steel beams are regaining their
strength in the cooling phase. The maximum plaformation in the beams after the fire is 8cm,
which is L/200. At the same time the maximum deftetin the slab remains at around 26cm.

Maximum deflections of beams Maximum deflections in the slab
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Figure 11-5 Evolution of max deflections in thetnsaand slab surrounding the burning cars

Figure 11-6 presents forces created in the beammgduhe fire and cooling phases. The
measurement is done in the same point where thectieh reaches its maximum.

It can be seen that the beams go from compresstonténsion during fire, to go back to much
stronger compression in the cooling phase.

Axial forces in teh beams Bending moment in the beams
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Figure 11-6 Evolution of axial forces and bendingments in the beams in the points of maximum
deflections and temperature

Similar behaviour to the secondary beams can berebd for the primary beam as presented in
Figure 11-7.

Response of the primary beam
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Figure 11-7Response of the primary beam in thereagitits length
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Global evolution of the forces in the secondarynheand in the slab are presented in Figure 11-8 -
Figure 11-11. The whole structure starts stabgjsafter about 45-50min from the beginning of the
fire and the forces and deflections do not evoluemfurther.
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Characteristics Structural response
Frame [m] ?lzt; Steel [Secondary|Primary [Composite slab wi{Steel deck with me
Col 2.9m [rﬁ] grade |beam beam concrete C30/37 |S500
S235 [IPE 450 | HEA 65( @ 8 150x150
2.5m Cofraplus60 120mrm
S355 |IPE 400 | HEA 55( @ 6 150x150
16x10 S235 |IPE 550 | HEA 70( @ 7 150x150
3.3m Cofraplus60 120m
S355 [IPE 500 | HEA 60( @ 7 150x150
5m S355 | IPE600 | HEA 600 Cofraplus60 150n@h8 100x100
S235 |IPE 450 | HEA 45( @ 6 150x150
2.5m Cofraplus60 120m
16x5 S355 [IPE 400 | IPE 400 @ 7 150x150
5m S355 [ IPE600 | IPE 160[ Cofraplus60 150188 100x100
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