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Abstract

The increase of the market shares for steel angbasite car parks in Europe is somewhat limited by
the lack of information on how these structuresawehunder exceptional localised fire resulting from
the burning of cars. In the present project, a genghilosophy for the design of robust structures
against exceptional events is developed and pehaesign guidelines for its application to carksar
under localised fire are derived.

To achieve it, the following project objectives wdrad been identified:

Review current practice and state of the art inddgign and assessment of car parks subject
to localised fire, and propose potentially robustucural schemes for subsequent
investigation.

Develop and validate detailed numerical models el ag simplified analytical models of the
fire response of critical structural componentsjuding columns, connections and beams.

Propose a system level approach for simplified yaital modelling of steel composite car
parks under localised fire, and verify againstdetied numerical modelling.

Develop a robustness assessment approach focetapbsite car parks under fire, to be event
independent as far as possible, and propose relandmractical design guidance.

Demonstrate using a real case study the accuratpraaticality of the developed analytical
models, robustness assessment approach and cowespdesign guidance.

In the present report, it is demonstrated how tlidgectives have been achieved, using experiences
gained from previous or ongoing RFCS projects eelab various individual aspects (temperature
distribution, joint behaviour ...) and performing nemad innovative experimental, numerical and
analytical developments.



IV. Project overview

CATEGORY OF RESEARCH:

STEEL

TECHNICAL GROUP:

TGS 8

REFERENCE PERIOD:

01/07/2008 — 30/06/2011

GRANT AGREEMENT N°:

Contract N° RFSR-CT-2008-00036

PROJECT N°:

TITLE:

ROBUSTFIRE — Robustness of car parks
against localised fire

BENEFICIARIES:

University of Liége (Belgium)

Imperial College of science, technology and
medicine (United Kingdom)

Faculdade de Ciencias e Tecnologia da
Universidade de Coimbra (Portugal)
Arcelormittal Balval & Differdange
(Luxembourg)

Centre Scientifique et Techinique du Batiment

(France)
Greisch Ingenierie (Belgium)

Centre Technique Industriel de la Constructid

Métallique (France)

n

COMMENCEMENT DATE: 01/07/2008
COMPLETION DATE: 30/06/2011
NEW COMPLETION DATE: NO

WORK UNDERTAKEN:

- Realisation of benchmark studies for the
validation of numerical tools

- Experimental, numerical and analytical
investigations on structural elements

- Numerical investigations on structures of
substructures

- Development of sophisticated and
simplified numerical and analytical mode

- Design of a study case and investigation

S
of

its behaviour under the considered scenario




MAIN RESULTS:

All the deliverables are available
Experimental test results on joints at
elevated temperature available
Proposal of a multi-level approach for
numerical analyses of car park structureg
under the considered scenario
Proposal of a simplified analytical modelto
predict the response of car park structurgs
under the considered scenario

FUTURE WORK TO BE UNDERTAKEN:

The importance of the plastic elongation |of
the connections and members at the begm
extremities for the derivation of the

membrane effects in the floors has been
pointed out. In the project, realistic values
have been taken from literature; but extra
research investigations aiming at
developing an analytical prediction would
be required.

ON SCHEDULE YES /NO)

YES

PROBLEMS ENCOUNTERED:

finalisation of WP2 and WP3 due to a delay |n

Delays have been encountered for the

the realisation of the experimental tests

CORRECTION — ACTIONS
(USE OF A TABLE IS RECOMMENDED)

BUDGET INFORMATION PER PARTNER:

See the table here below

TOTAL BUDGET (EURO) :

1266395.05 euro




PUBLICATIONS — PATENTS :

Published:

Fang, C., Izzuddin, B.A., Elghazouli, A.Y., NethetcD.A. (2011)
Robustness of Steel-composite Building Structurdsegt to
Localised Fire. Fire Safety Journal, 46(6), pp.-368.

Cécile Haremza, Aldina Santiago and Luis SimdeSiba.
Experimental behaviour of heated composite jointgect to
variable bending moments. Eurosteel, 6th EuropemfeZence on
Steel and Composite Structures, Proceedings afdhference
edited by Laszl6 Dunai et al., Budapest, Hungangust 2011.

C. Haremza, A. Santiago and L. Simdes da SilvaaBelr of
heated composite joints - Preliminary numericaligs. University
of Coimbra. ASFE, Application of Structural Fire $dgn, COST
Action TU0904, Prague, April 2011.

J.F. Demonceau, C. Comeliau and J.P. Jaspart. usRmss of
building structures — Recent developments and adogitategy »,
Eurosteel 2011 “6th International conference orelStad
Composite Structures”, Budapest, Hungary, pp. 24380.

J.F. Demonceau, L. Comeliau and J.P. Jaspart. udtuss of
building structures — recent developments and adiogtrategy »,
Steel Construction journal, Vol. 3, September 2@jl,166-170
(paper selected amongst the Eurosteel 2011 paper)

Accepted:

Fang, C., Izzuddin, B.A., Obiala, R., ElghazouliYA Nethercot,
D.A. (2012) Robustness of Multi-Storey Car ParkdemVehicle
Fire. Journal of Constructional Steel Research.

Under preparation:

Haremza, C., Santiago, A. and Simdes da SilvdNumerical
simulation of a composite steel-concrete joint sabjo bending
moments", YIC2012, First ECCOMAS Young Investigator
Conference, A. Andrade-Campos, N. Lopes, R.A.Feia, H.
Varum (editors), 24-27 April 2012, Aveiro, Portuga

Haremza, C., Santiago, A. and Simdes da SilvdHxperimental
behaviour of heated composite steel-concrete jsinitgect to
variable bending moments and axial forces", ECCSEAI
International Workshop on Connections VII, May 30d 02,
2012, Timisoara, Romania.

Haremza, C., Santiago, A. and Simdes da SilvdRabustness of]
composite steel-concrete open car park buildinggestto
localised fire", 15th International Conference otpé&rimental
Mechanics, 22-27 July 2012, Porto, Portugal.

Haremza, C., Santiago, A. and Simdes da SilvdBehaviour of
heated composite steel-concrete joints subjecatialvie bending
moments and axial forces", Nordic Steel ConstracGonference
2012, 5-7 September 2012, Hotel Bristol, Oslo, Noyw

Demonceau J.-F., Comeliau L., Huvelle C. and Jadpd..
Robustness of steel buildings structures further ¢column loss.
The Eleventh International Conference on Computatio
Structures Technology. CST2012, Dubrovnik, Croatia.

Fang, C., Izzuddin, B.A., Elghazouli, A.Y., NethetcD.A.
Simplified Energy-Based Robustness Assessment fdti{8torey
Car Parks under Vehicle Fire.

Fang, C., Izzuddin, B.A., Elghazouli, A.Y., NethetcD.A.
Parametric Studies on Robustness of Multi-StorayRaaks under
Vehicle Fire — Towards Practical Design Recommeodat

Possible:

Comeliau L., Demonceau J.-F. and Jaspart J.-Psfaase of
beam-to-column joints at elevated temperature uodetbined
bending moment and axial load. Fire Safety Journal.

Joint paper(s) with partners including our comparsagainst
experiments and application of proposed simplifipdroaches.

Haremza, C., Santiago, A. and Simdes da Silvahiversity of
Coimbra "Experimental behaviour of heated compasitel-
concrete joints subject to variable bending momantsaxial
forces" (Journal to be defined)

Haremza, C., Santiago, A. and Simdes da SilvdPesign of
steel and composite open car parks under fireridduo be
defined)




BUDGET INFORMATION PER BENEFICIARY

BENEFICIARY TOTAL AMOUNT SPENT TO| TOTAL ALLOWABLE COST
DATE (£) AS FORESEEN IN GRANT
AGREEMENT (€)
University of Liége (Belgium) 277.369,15 289.766
Imperial College of science,
technology and medicine 202.157,28 249.902
(United Kingdom)
Faculdade de Ciencias e
Tecnologia da Universidade de 250.884,13 247.517
Coimbra (Portugal)
A_rcelormittal Balval & 225.919,82 199.395
Differdange (Luxembourg)
Centre Scientifique et
Techinique du Batiment 119.360,79 116.695
(France)
Greisch Ingenierie (Belgium) 33.234,36 90.232
Centre Technique Industriel de
65.444,64 60.388

la Construction Métallique
(France)

10



V. Final summary

V.1. Objectives of the project

This project aimed at developing an assessmenbagpprand design guidelines for the robustness of
steel-concrete composite car parks under a lochlise resulting from the burning of one or few
cars.The following objectives had been identifietha beginning of the project:

- Review current practice and state of the art indiagign and assessment of car parks subject to
localised fire, and propose potentially robustatital schemes for subsequent investigation.

- Develop and validate detailed numerical models el as simplified analytical models of the
fire response of critical structural components|uding columns, connections and beams.

- Propose a system level approach for simplified yaital modelling of steel composite car
parks under localised fire, and verify againstdetiéd numerical modelling.

- Develop a robustness assessment approach forcetepbsite car parks under fire, to be event
independent as far as possible, and propose re¢lamdrpractical design guidance.

- Demonstrate using a real case study the accuratyacticality of the developed analytical
models, robustness assessment approach and coméespdesign guidance.

In the next sections, it will be demonstrated hbase objectives have been achieved. Obviously,anly
summary of the achieved works is reported hereioreMnfo is available in 8 VII and all details miag
found in the six deliverables of the project (sed)§

V.2. WP1 — Definition of the problem and selection of @ppriate investigation
ways

WP1 objectives were identified in the project dggmn as follows:

- Definition of the car park structures (constitutelements, connection types, loading, bracing
systems ...), of the specific design requirementsdrttie risks to be possibly encountered in
terms of localised fire (destruction of one coluommore than one column according to the
position of the column in the structure, intensityd duration of the fire ...).

- Identification of the distribution of temperaturedthin the affected part of the structure all
along the event on the basis of previous reseamtksaperformed, in particular within past
RFCS projects.

- Selection of the philosophy to be followed so asl¢dve robustness requirements and related
design recommendations (indirect methods, diredhaus — alternate load path method or
specific load resistance methods — ...).

- ldentification of the appropriate scenario(s) todoasidered later on in the studies and of the
related situations.

To achieve these goals, a full literature revievs fest made (Deliverable [), reflecting the statéhe
art on different topics:

- Fire aspects: investigations about open car pawkgested to a local fire (fire scenarios,
structural behaviour) as well as experimental, micak and analytical research works on
beam-to-column joints and steel columns in fire;

- Robustness aspects: mechanism of progressive sellajmplified models, design standards;

- Design aspects, fabrication and erection aspecsiasign requirements: current practices for
car parks in different European countries.

Based on all the collected information, a strudttyology for the reference car park to be invgested

in the project was identified, as detailed in Detable I. The exceptional event to be consideresl wa
defined as a localised fire leading to the progveskss of column resistance, though no particular
scenario on how the fire develops in the struciuaie defined.

According to these main decisions, the global @afhy to be followed in the project was defined as
summarised below:
- Design of a reference building based on currentkedge (contribution to WP5);
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- Investigations on the response of individual stritadtelements (contribution to WP2);

- Investigations on the global structural responsatfibution to WP3);

- Derivation of design recommendations and simplifieacedures (contribution to WP4);

- Application of the previously defined rules to adt case, i.e. the reference building designed
at the first step (contribution to WP5).

V.3. WP2 — Structural individual response of the affedtstructural elements
The WP aimed at acquiring the required knowledge on

» the behavioural response of individual frame stmadt elements directly affected by the
localised fire;

« the resultant reduction of carrying capacity of:the heated column in compression and
bending; ii) the heated beam subject to bendingaaial force (membrane effects); and iii) the
heated beam-to-column joints subject to bendingeexnal force (membrane effects).

To reach this goal, experimental, numerical andyéinal developments were carried out, with the aim
at the end, to derive two types of behavioural nwdésophisticated” ones (FEM models) and
“simplified” ones (models for designers).

Seven experimental tests, most of them at high ¢eatpre, have been performed at the University of
Coimbra on a substructure including composite stertrete beam-to-column joints. This 2D has been
selected so as to reflect as closely as possibladtual response (in terms of loading, load semgjen
variation of temperature ...) of the beam-to-coluramts in the reference structure defined in WP1.
More particularly, the tests were aimed at obserwime response of joints subjected to combined
bending moment and axial load, at elevated tempexraivhen the column loses its resistance further t
a localised fire. Different temperature conditioasd axial restraints at beam extremities were
considered:

- Test 1: ambient conditions and realistic axialreest (reference test)

- Test 2: 500°C, no axial restraint

- Test 3: 700°C, no axial restraint

- Test 4: 500°C, full axial restraint

- Test 5: 700°C, full axial restraint

- Test 6: 700°C, realistic axial restraint

- Test 7: temperature increasing up to failure, séalaxial restraint (demonstration test)

The six first tests represent rather “theoreticgituations while the seventh one is reflecting “the
reality”. The six first tests are anyway quite im@amt to perform, as they constitute extreme sibnat

or reference situations to which the reality habeccompared so as to understand the influendeeof t
various factors affecting the actual frame response

The above-reported temperatures are those reaclted bottom flange of the beams, 20cm away from
the column face. They were kept constant duringdbe of the column loss, for the six first tedtke
temperature distribution is obviously not uniformthe joint area; local temperatures have therefore
been measured in the joints, during the tests. iBesdout the experimental tests can be found in
Deliverable I, section Il.

In order to validate the utilisation of the fingéement programs used by each partner for the atiool

of steel and composite steel-concrete structurbgeatuto fire, three benchmark studies have been
performed on three main structural elements: colwwomposite beam and beam-to-column joint. The
influence of various parameters on the respons¢hese elements (acting forces, distribution of
temperatures and level of temperatures) has be@stigated through the use of rather sophisticated
numerical models.

The column benchmark was based on the simulatiom ablumn extracted from the so-called

“Cardington building” and for which test results neeavailable (Franssen et al., 1995). Three FE
programs were used: the Liege homemade progranthéomnalyses of structures subjected to fire
SAFIR, the commercially available program Abaqud tre Imperial College homemade finite element
program ADAPTIC.
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First, a thermal analysis was performed with Safid Abaqus (Adaptic does not allow ) so as to abtai
the temperature distributions in the beam and tienan. The results obtained by Safir and Abaqus
showed very good correlation as well as good ageeémith the experimental results. Then, structural
analyses were performed with the three programst fior the benchmark itself and then for some
variations, so to evaluate the influence of the ehatfinition, the axial restraint to beam, thenie,
continuity, the thermal expansion and non-unifoemperature. The comparison of the three programs
results showed good correlation and quite reasenapgteement with the test results. Through this
work, FE models with beam elements were so valilafbe detailed results of the study are available
in Deliverable I, section 111.1.

The behaviour of other steel columns subject tcalised fire was also numerically studied, asitketa

in Deliverable II, section 11.2. These investigats showed that the column totally loses its ranist
once the localised fire has developed around itrésidual bearing capacity is to be contemplated).
This observation justifies the assumption of conglumn removal made in the robustness studies,
in the present project.

The benchmark for composite beams refer to testsimply-supported composite beams found in
(Huang et al., 1999 where the experiments are compared to resultainddl by means of the
VULCAN software. Both ambient and fire conditionavie been considered in the structural analyses
made by using Abaqus and Adaptic. Good correlatian observed between these two programs and
Vulcan. Moreover, three other situations were al@mpared, according to the selected level of steel-
concrete interaction: no, partial and full interacs. Finally, composite beams with additional &xia
restraints were studied and good comparisons wegain aachieved between Abaqus and Adaptic
results. All details are provided in Deliverablgdéction V.

For the benchmark on joints, three representagists tundertaken in this project (tests 2, 3, andetg
selected for a comparison with the component-bageohg joint models implemented in Adaptic.
Various temperatures were applied to the diffefeimt components in the model as the temperature
was not uniform in the whole joint zone during ttests. The bending moment versus rotation
relationships predicted from the component-basemhgpnodels were compared to the experimental
results. Good correlations were observed for tebtifthe initial stiffness was overestimated fsts 3
and 6. The bending capacities are well predictedafiothe three tests. As far as ductility supplies
maximum rotations of the joints in the three testsconcerned, an underestimation, by the compeonent
based model, is observed. More details of the jmodelling technique, including joint failure crite

and joint response under fire, are given in Delibde I, section V.1.

Finally, the thermal and mechanical behaviours cbrmposite beam-to-column joint were investigated.
First, a thermal finite element model of a compo&ieam-to-column joint submitted to the standard
temperature-time curve (ISO 834) was developedguSilFIR. Thanks to this model, the evolution of

the temperature distribution was observed and digal The detailed description of the model as well
as the results of the numerical thermal analysisbeafound in Deliverable Il, section V.2.

As far as the mechanical response of a joint atagtel temperature is concerned, an analytical model
predicting the resistance of steel or compositetgosubmitted to both an axial force and a bending
moment was developed based on the component methamodel was validated by comparison to
the ROBUSTFIRE experimental results (using the enajure distributions measured during the tests).
It was also applied to another example, on theshzEfsiemperature distributions determined throumgh t
previously mentioned thermal finite element simiokat to illustrate its application in a practicasign
situation. Details about the analytical procedit® validation against the experimental tests dad i
application to a practical example are given iniN@zhble Ill, section II.

V.4. WP3 — Study of the structural response under sedelcscenario(s)

The main task within WP3 is to integrate the knalgke acquired on elements in WP2 into a structural
model enabling the prediction of the integratedicttiral response under localised fire. Two main
objectives of WP3 were so defined:

- FEM simulations of the whole structure subjectetbtalised fire;

- Design practice--oriented behavioural models fentimole structure.
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A comprehensive study on 3D slab behaviour ha$ Geen undertaken, including numerical and
analytical approaches. Regarding the numerical cambr, a benchmark study was conducted to
investigate the composite slab response predigtadi finite element software packages, ADAPTIC
and SAFIR. Both ambient and elevated temperatuneitons were studied. The slab profile, material
nonlinearity, boundary conditions and the contiifutfrom secondary beams were considered. The
studied structures are 16mx10m isolated compolsibs gboth uniform slab and ribbed slab). The slab
is simply supported, though the planar displacemettthe supports may either be restrained or
unrestrained. For the study of the ambient casesjfarmly increasing distributed load is appliedl o
the slab until very large deformations appear. Webard to the fire situation, a constant uniform
distributed load of 5kN/fis applied on the slab, and a linear temperatradignt is assumed over the
depth. The temperature of the bottom face of thb Bhearly increases from the ambient temperature
(0°C) to 900°C, while the temperature of the tagefaf the slab remains under the ambient condition.
The following conclusions could be drawn from tliféetlent studied cases:

- In some cases, employing uniform slabs with appatg@rdepths can predict the response of
ribbed slabs with sufficient accuracy.

- Employing a linear concrete model that ignorescthapressive softening, cracking, and tensile
softening leads to inaccurate predictions; hena suodels should be avoided (nonlinear
concrete material properties should be considered).

- The influences of the continuity of composite slalpsl the stiffness of the supporting beams
along the edges are significant.

- The benefit from the secondary beams is maintaimgitithe temperature exceeds 200°C. After
this temperature, the deflection of the slab with secondary beams starts to converge to that
without the secondary beams.

Besides, the slab benchmark showed good correlagtmeen the results from the two numerical tools
Adaptic and Safir.

Following the FEM simulations, an analytical modelsed on the work of Omet al, 2010 was
employed to predict the slab behaviour. This maisiders a rectangular uniform slab at ambient
temperature, simply supported along its four edgeshorizontal nor rotational restraint) and sutgdc

to a uniformly distributed load. It is a kinematiwodel based on the formation of a yield line
mechanism followed by the development of membraneet and the occurrence of full-depth cracks in
the slab. Once the plastic mechanism has formedpdhts of the slab delimited by the yield lines ar
assumed to rigidly rotate around their support dnedyield lines. These rigid parts are linked tohea
other by the reinforcement that stretches out aiegrto a rigid-strain hardening material law. The
failure occurs when the stress in the reinforcemeathes the ultimate strength of steel.

Subsequently, a detailed finite element model waglbped to study the behaviour of a composite
steel-concrete sub-frame under localised fire, ehlbe commercial finite element package ABAQUS
was used. The considered beam-to-column 2D subefi@as extracted from the designed reference car
park building; it is the one which was experimegtaésted in Coimbra as part of WP2. The main
objective of this numerical investigation was tadst the detailed behaviour of the composite suiméra
suffering the loss of the column at ambient temijpeea The numerical results were also compared to
the experimental test (reference test 1) basedhennmtoment-rotation curve: good agreement was
observed.

A global FEM model for the reference car park wéso astablished, where the robustness of the
structure was comprehensively assessed. Firserenéth analysis was conducted with the FE program
Safir, for the selected fire scenario assuming fg@rcars parked around an internal column. The
temperature distributions along the primary andsdary beams as well as in the composite slab were
observed and discussed. The thermal output da& exdracted and input into the finite element model
established in Adaptic for structural analysis.éehstructural modelling levels were proposed. Atdle

A, consideration is given to a whole system of @ffuenced sub-structure with appropriate boundary
conditions to represent the surrounding cool stinest The interactions among the heated column, the
fire affected floor and the upper ambient floore &illy considered. Provided that the upper ambient
floor systems have identical structural type angliad loading, the assessment model can be simgblifi

to Level B, where a reduced model consisting ofr@ &ffected floor-column system and a spring
representing the upper ambient floor systems amsidered. At this level, the two systems (i.e. &ral
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ambient) are investigated separately. The derivedacteristics of the ambient floors can be applied
into the nonlinear spring. At Level C, planar effegvithin the floor slab are ignored, and grillage
models with composite beams are considered instéamodelling Levels B and C were employed in
this project to simulate the reference car parle @bnsidered system model was thus comprised of the
fire affected column, the fire affected floor, ati@ non-linear spring that represents the perfooesn

of the upper ambient floors. Analysis was undentaie the fire affected system model with the gsavit
load and the subsequent thermal load. Three fatlypes were generally observed for the reference
building subject to the selected fire scenariospely, ‘single-span failure’ type, ‘double-span fad’

type and ‘shear failure’ type. The comparison oé ttwo slab modelling approaches (grillage
approximation and shell element model) showed thatfull slab models predict better structural
robustness than the grillage models. This indictitas although grillage approximations are usually
sufficient for conventional structural designs whare based on ultimate/service limit state assassm

of structures under normal loadings, they may loectanservative for structural robustness assessment
that is associated with extreme loading. It wae algserved that dynamic effects arise for the floor
system following column buckling due to fire. Thigggests that in order to predict a reliable ditictil
demand of a car park subsequent to column losgaluehicle fire, dynamic analysis that accurately
models the column buckling process may be necessary

Finally, a practical analytical model aimed at pcddg the response of a structure further to aurwi
loss, and so at checking the robustness of thepagk, has been proposed. This model initially
developed in the RFCS Robustness project for 2ds has been refined and extended to 3D frames.
For sake of simplicity, the floors are modelledaagrillage of composite beams (the beneficial plana
effect of the slabs is neglected). The model isethasn a static approach (dynamic effects, which
anyway remain limited, are neglected) and doeserplicitly (but for sure implicitly) include eleved
temperature conditions. The aim of the model idd@termine the displacements and internal forces in
the structure when an internal column is complelety. Knowing these forces and displacements, it i
possible to verify whether the structure is robarshot by checking ductility conditions (joint rditan
capacity vs. demand,...) and resistance condition&dg-elements (stability of the adjacent columns
under additional compression and bending,...). Algiouhe developed model is an ambient-
temperature one, it could be adapted in order vercthe case of the scenario considered in thiggt,o

I.e. the loss of a column in a car park structure tb a localised fire. Basically, the fire-affettéoor

was neglected since its contribution is much smafian the one of the upper cool floors. Obviously,
this is only possible if the lost column is nottpafrthe building highest storey. When it is thése, the
response of the slab has to be accounted for. @8wmptions were also discussed, what lead to the
simplification of the global model for the partiaulcase of the structure investigated within thhgjezt.

Two Deliverables (DIV and DV) are provided where tlieader will find all detailed information about
the various developed models.

V.5. WP4 — Derivation of design recommendations adaptedhe industrial request
for design efficiency as well as for easy fabriaati erection and control

The objective of WP4 was the derivation of pradtamsign recommendations useful for practitioners.
The activities of this WP were divided in two tasks

« derivation of practical recommendations and;
« critical appraisal of the practical recommendations

For such a complex problem than the one considartéte present project, different design approaches
may be contemplated, ranging from the very sopaittd thermal and mechanical simulations through
FEM techniques to basic hand design proceduressé&hse to give to “practical recommendations” is
strongly dependent on the selected level of desmphistication. This being, and recognising the
difficulty to approach the problem whatever is thesel, it has been decided, in WP4, to gather all
recommendations which seemed to be of practicatest for the designer.

In Deliverable DVI, different questions, correspogdto different sophistication levels, are therefo
addressed:

15



« How to perform experimental tests on substructe@esas to simulate the actual response of
joints subjected to fire action, (and in which canaol bending moment and axial loads are in
constant evolution during the column heating).

* How to simulate numerically, through FEM techniqués behaviour of such joints.

* How to predict analytically the M-N resistance natetion curves of such joints.

* How to predict in a simplified way the actual distition of temperatures along the beam axis.

* How to predict analytically the response of a $tadated just above the lost column.

* How to numerically simulate the global frame resgwaccording to one of the three following
potential approaches: temperature-Dependent Approsionplified Temperature-Dependent
Approach and Temperature-Independent Approach.

« How to analytically check the robustness of the pak through simplified “hand” analytical
procedures.

The higher is the level of sophistication, the ¢ge# the accuracy of the design. But also thatgre
are the design efforts and the complexity of thereach for the designer. The powerful or more basic
character of the calculation tools to be usedds alfactor to be accounted for in design offices.

The most practical one is for sure the simplifiedlgtical approach as the latter may be appliedgusi
tools available in any design office. It is thegaa why the “practice-oriented” partners have nyainl
focused their work on the applicability of this apach.

The critical appraisal of this event-independenpliait approach may be summarised as follows. The
assumptions on which the simplified analytical mofibe robustness check is based lead to a safe
prediction of the structural response for the adergd scenario, i.e. the loss of a column furtbea t
localised fire. The conservative character of thecedure can obviously be seen as a source of
inefficiency, as soon as the economy of the pragcbncerned. In reality, it is presently “thegerito
pay” to keep “easy-to-apply” analytical procedur&ie designer who would like to predict more
“accurately” the response of the structures wowdehthen to use the more “sophisticated” numerical
approaches.

V.6. WP5 — Case study
The objectives in WP5 were, for the “practice-orgeli partners”:

e To design an “actual” reference building and tosider it further as a case study. This has
been done under “normal” loading conditions, incrdance with the Eurocodes.

e Then to apply the different design recommendatjmaposed within WP4 to this building, in
close collaborations with the “scientific” partners

The “actual” reference building has been designeddrefully respecting the structural requirements
identified in WP1. Except for the columns, all thteuctural elements are composite ones: the slab is
made of a steel sheet filled with concrete andstieel beam profiles are connected to the slab. The
whole structure is supposed to be braced thanksrorete ramps. Internal columns are located every
10 m, the beams have a span of 16 m and are spa&e833 m, which corresponds to the span of the
composite slab. The height of the 8 stories isdfige 3 m, which makes a total height of the buddin
equal to 24 m. Moreover, no roof is consideredhanlast storey, this one also being used as amgarki
level; the selected beam and column steel secamthe same in the whole structure.

The proposed design procedures have been therapplihe “actual” reference building.

It has been demonstrated that the proposed apm®ardn be applied to the reference building.
Through the application of the simplified analytiepproach, it is demonstrated that the robustoéss
the reference building is not sufficient for thensmlered scenarios. Accordingly, the designer would
have to select one of the following possibiliti€s: improvement of the resistance of the joints (in
bending and/or under axial loads) and of the stathea top level or (ii) to use a more sophisticated
approach using FEM, to take into account, for ms¢éa the membrane effects developing in the slabs
(effects neglected within the analytical approach).
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V.7. Conclusions

The possible progressive collapse of steel-conaateposite car parks under a localised fire rasmilti
from the burning of cars is one of the key aspextdeal with nowadays. The absence of appropriate
reply to this request is likely to limit the market such very well appreciated structural solusion

The project so aimed to investigate these aspectdarive design procedures and recommendations
for the mitigation of the risk of progressive cpi.

The problem is rather complex as it implies to addrthe numerous following aspects:

e The scenarios to be considered (one car, moreloaated where, ...)

* The distribution of temperatures in the air andetaluation of the temperatures in the affected
columns and the surrounding beams, slab and caansct

* The reduction of bearing resistance of the column.

» The local response of the beams, slab and joinenvthe bearing resistance of the column
decreases and the progressive development of meenfoeces in the floors.

« The global stability of the whole frame furtheratdocal destruction of a part of the structure.

In order to achieve the goals of the project andttacture the work amongst the partnership, the
following strategy has been set up further to @mirstate-of-the art of the available knowledge:

» Derivation of all structural requirements for caarlp structures (dimensions, layout, loads,
fabrication/construction/ erection constraints|istia fire scenarios, ...)

« Design of a reference structure under normal lgpdimd in accordance with Eurocodes.

< Evaluation of the distribution of temperatureshie structure and in the constitutive structural
elements during the exceptional event.

e Individual study of the main structural elementsa@im and elevated temperatures (columns,
beams, connections, floor) through experimentalantumerical investigations.

» Derivation of analytical approaches for the pradiciof the individual response of the above-
mentioned structural elements.

e Development of various numerical procedures for ¢valuation of the stability and the
resistance of the structure further to the eveoplisticated models with different levels of
sophistication).

« Derivation of a simplified event-independent andrdeode compatible approach for the
evaluation of the robustness of the structure (iireg model).

* Application of the simplified model to the referenstructure by the “practice-oriented”
partners and feed back to the “scientific partners”

« Drafting of design guidelines.

All these steps have been successively crossed) dlan three years of the project and practical
recommendations are now made available.

The main conclusion of the project is certainly taet that the simplified model is based on seokes
assumptions which allows, at the end, and at itiegsested by the contract, to check the robustfess
the car park through a “scenario-independent” aggitpbut with a non-excessive but actual level of
conservatism that could be criticised. In facts tbbnservatism has to be seen as the “price-to4may”
limit the investment of a design office in termscafculation costs.

Should the conservative character of the simplifirddel be considered as excessive, then more
sophisticated models should be preferred. In thgept, much information is made available to
practitioners who would prefer to follow a numetiegproach: choice of the model, distribution of
temperatures, substructure to be studied, loadbamadary conditions to apply ...

As a conclusion, to ensure that all questions Haaen answered and that all necessary tools and
guidelines for practitioners have been made availalould, as it is often the case in such research
projects, overcome the reality. But for sure, tigtodhe present project, significant progress hasn be
made, the initial objectives have been reachedthadractitioners have nowadays at their disposal
design approaches, at different levels of soplagtn, allowing checking the robustness of compgosit
car parks under localised fire.
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VI.  List of deliverables
Deliverables Planned delivery | Actual delivery Location of the Name of the file
date date report
WP1: DI December 2008 March 2009 On CIRCA seryver liveeable |
WP2: DIl & DIl 30/03/2012 Deliverable Il &
June 2010 (delivered with the | On CIRCA server )
. Deliverable IlI
final report)
WP3: DIV & DV 30/03/2012

December 2010

(delivered with the
final report)

On CIRCA server

Deliverable IV &
Deliverable V

WP4 & WP5: DVI

June 2011

30/03/2012

On CIRCA server

Deliverable VI

(delivered with the
final report)

VII.
VII.1. Objectives of the project

Scientific description of the results

This project aimed at developing an assessmenbapiprand design guidelines for the robustness of
steel-concrete composite car parks under a locafise resulting from the burning of one or few gar
The following objectives had been identified at bieginning of the project:

- Review current practice and state of the art indagign and assessment of car parks subject to
localised fire, and propose potentially robustatinital schemes for subsequent investigation.

- Develop and validate detailed numerical models el as simplified analytical models of the
fire response of critical structural components|uding columns, connections and beams.

- Propose a system level approach for simplified yaizal modelling of steel composite car
parks under localised fire, and verify againstdetied numerical modelling.

- Develop a robustness assessment approach forcetapbsite car parks under fire, to be event
independent as far as possible, and propose reélemdrpractical design guidance.

- Demonstrate using a real case study the accuratymcticality of the developed analytical
models, robustness assessment approach and cowdespdesign guidance.

In the next sections, it will be demonstrated hbese objectives have been achieved. Obviously,anly
summary of the achieved works is reported hereihdétails may be found in the six deliverables of
the project (see § VI).

VII.2. Comparison of initially planned activities and workccomplished

Globally, and despite some delay in the realisatibthe “more than expected” complex character of
the experimental campaign, the activities develdpextcordance with the initially planned schedule.

In fact, the delay in testing has finally resuliedthe postponement to the end of the project ef th
delivery of Deliverables Il to V. By way of consaqce, this postponement affected some of the other
activities in which the experimental results hadbéoexploited, but without affecting the publicatiof

the corresponding Deliverables.

In the end, thanks to the flexibility of the pantstgp, the whole work has been completed and all th
project objectives have been achieved.
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VII.3. WP1 — Definition of the problem and selection of @ppriate investigation
ways

The work package 1 objectives were fully contengalatvithin the project; these objectives were
identified within the project description as follsw

- Definition of the car park structures (constitutelements, connection types, loading, bracing
systems ...), of the specific design requirementsdrttie risks to be possibly encountered in
terms of localised fire (destruction of one coluommore than one column according to the
position of the column in the structure, intensityd duration of the fire ...).

- Identification of the distribution of temperaturedthin the affected part of the structure all
along the event on the basis of previous reseamtksaperformed, in particular within past
RFCS projects.

- Selection of the philosophy to be followed so aslédve robustness requirements and related
design recommendations (indirect methods, diredhaus — alternate load path method or
specific load resistance methods - ...).

- Identification of the appropriate scenario(s) todo@sidered later on in the studies and of the
related situations.

Each contractor contributed more to some itemsrdaug to their expertise:
- Fire aspects: FCTUCOIMBRA, ULGG, ARCELORPROFIL, CM
- Robustness aspects: ICSTST, ULGG
- Design aspects: GREISCH
- Fabrication and erection aspects: ARCELORPROFIL
- Design requirements: CSTB, CTICM

State-of-the-arts were prepared for the differepics; all the details are reported in Deliverablin
particular, information was collected on currenagtices for car parks in Europe. Founded on the
collected information, a typology of structure te mvestigated within the project was identified;
accordingly:

- Only open car park have been considered withimptbgect;

- Two types of slabs have been contemplated: congpatitbs (steel sheet + concrete) and
concrete slabs;

- Simple steel connections have been consideredhéobéam-to-column joints although a semi-
rigid behaviour of the latter should be observed assult of the composite action;

- | profiles have been considered for the beamsqgtialar beams will not be considered as their
behaviour when subjected to fire still be undeestigation in other research projects);

- Steel H profiles for the columns have been consiigcomposite columns have not been
investigated as this configuration of columns gsleensitive to a localised fire);

- Only braced buildings have been studied, whatcetflthe most usual configuration.

Concerning the scenario associated to the excgptewent to be considered, it was decided to study
localised fires leading to the progressive lossaéimn resistance; however, no particular scenamio
how fire develops within the structure has beenamoplated. It has also been assumed that the beam-
to-column joints at the top of the loss column subjected to fire action too, what will affect thei
mechanical properties.

According to these main decisions, the followinglggophy to be followed within the project was
adopted:

- First, a reference building have been designede(besn the actual knowledge);
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- Then, from this reference building, structural edems have been extracted in order to
investigate the response of these individual elésnenumerically, analytically and
experimentally (main objective of WP2);

- Founded on the knowledge gained from WP2, inveistiga on the global structural response
have been conducted numerically and analyticallgifrobjective of WP3);

- From the investigations made within WP2 and WPBak been then possible to derive design
recommendations and simplified analytical procesiundat is the objective of WP4;

- Finally, the so-obtained design recommendationg lmeen applied to an “actual” study case in
WPS5. For the latter, the reference building degiga¢ the beginning of the project was
considered as the study case to be investigated.

For the design of the reference building, the feitey decisions were taken (founded on the knowledge
gained from the present work package):

- General layout and arrangement of beams and columns

0 It has been decided to investigate structures intdrnal columns and what has been
investigated is the loss of an internal column.

0 It has been proposed to place steel columns each TBe proposed layout for the
reference frame is given here below. The primampmasite beams are represented in
green. The secondary composite beams are reprdsaride. The steel columns are
represented in red. The slab can be composite de mhprefabricated elements. For
the first slab solution, more secondary beamsegeasted because the maximum span
for a composite slab is 3,33m. However, it is passio go up to 5m span with special
deck systems (with a thicker slab); this solutias hot been considered herein. Within
the project, for the definition of the tested spemmns, the composite solution has been

chosen.
1000
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Figure 6. Chosen layout (dimensions in cm)

0 The height of a storey is taken as equal to 3,@ hras been assumed that the building
has 8 floors.

o It has been assumed that all the columns are the s& a same level of the building
(i.e. one profile for the columns). Also, one pi®ffor the secondary beams and one
profile for the primary beams has been designed.

o For the bracing system, it is assumed that concasbps are each side of the building
and are connected to the small facades. Accordirigéy horizontal displacements of
the columns in the small facades can be assumigldcsed.

- Configuration of the joints

o0 For the beam-to-beam joints (between the primadysetondary beams) and the minor
axis beam-to-column joints, double web cleats H@een chosen.

o For the major axis beam-to-column joints, flush etate solutions have been chosen.

o For the column bases, hinges have been assumed.
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0 A composite solution with a span of 3,33m has hessd.
0 The beam-to-slab connection has been designefLuistength one.

- Materials

0 S355 steel grade for beams

0 S355 and S460 steel grades for columns have beganplated. Two solutions have
been proposed and the solution for the tested mees has been chosen according to
the availability of the proposed profiles (see WP 2

- Load cases and combinations (SLS and ULS)

0 The distributed load to be considered for the Mekiweight is 2,5 kN/m?2.

0 An estimated weight of safety barrier has also lméraround the building.

o For the combination of loads, the recommendationmfthe Eurocodes have been
followed.

As mentioned previously, the WP1 objectives welly fikached at the end of the first six months, wha
was in line with the original planning of the proije

According to this philosophy, it was decided toieipate the launching of WP5 compared to the ihitia
planning and, in particular, the launching of T&sk. Indeed, according to the initial planning, WP5
should have only started at the beginning of tlirel tyear while we decided to start this work paekag
at the beginning of the second period (i.e. in 4an2009) with the design of the reference strctur
(which has been later on used as case study).

All the details about the reference structure awglable in Deliverable VI, Section Il. The condedt
investigations on the latter are reported in Sedio

VIl.4. WP2 — Structural individual response of the affedtstructural elements
Vil.4.1. Introduction

The objectives of WP2 were to acquire the requkedwledge on the behavioural response of the
individual frame structural elements directly aféat by the localised fire, and on the resultant
reduction of carrying capacity of: i) the heatetliomn in compression and bending; ii) the heatedrbea
subject to bending and axial force (membrane effeand iii) the heated beam-to-column joints scibje
to bending and axial force (membrane effects). &ach this goal, experimental, numerical and
analytical developments were carried out, with dlme, at the end, to derive behavioural models for
elements at two different levels: a “sophisticdmel” (FEM models) and a “simplified” level (model
for designers).

Seven experimental tests were performed at theddsity of Coimbra on a composite steel-concrete
beam-to-column frame at elevated temperatures. fWosdimension frame was extracted from a real
composite open car park building specially designetiis project (see WP5 in 8§ VII.7.2), keeping th
real cross-section dimensions of the beams (IPE &&@ the columns (HEB 300), and using bolts M30,
cl 10.9 in the composite connection. The testedpomite frame was subjected to mechanical (bending
and axial forces) and thermal loadings (constamptrature equal to 20°C, 500°C or 700°C; or linear
increase up to 800°C). The objective of these t@atsto observe the combined bending moment and
axial loads in the heated joint after the losshef ¢olumn due to a localised fire. In order to hetis
goal, the effect of the axial restraint to beam wiasulated. The tests specimens were fabricatéiokein
shop of APLR in Luxembourg, and additionally, témsioupon tests were performed at ambient and
elevated temperatures to define the real steekptiep.

Three benchmark examples were defined in orderalaate the utilisation of the finite element
programs used by each partner for steel and cotepsigiel-concrete structures subject to fire: @ th
column benchmark: a steel sub-frame subject tawaldire (Franssen et al., 1995i) the composite
beam benchmark: composite beams loaded at ambimpetature and under fi(eluang et al., 1999
and iii) the joint benchmark, validated by the expental tests performed within this project. The
influence of various parameters on the responsdhef elements (acting forces, distribution of
temperatures and level of temperatures) was imagdstil in these numerical sophisticated models. In
addition, the behavioural response of the columas also studied under localised fire in order tash
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that the column completely loses any resistance d¢ime localised fire develops around it, so that fo
the ROBUSTFIRE project studies, the column lossldcdae assumed by the total removal of the
column.

The behavioural response of a composite beam-toveojoint under standard temperature-time curve
(ISO 834) was also studied: a thermal finite elemeodel was defined, and the evolution of the
temperature distribution was obtained. Finallyaaalytical method predicting the resistance oflsiee
composite joints submitted to both an axial foroe a bending moment at elevated temperature was
developed. This model was validated by comparisibim thhe experimental tests at elevated temperature
(using the temperature distributions measured duttie tests); after, it was applied to an example,
based on temperature distributions determined gir@uthermal finite element simulation, to illuséra

its application in a design situation.

VII.4.2. Experimental tests results
VIl.4.2.1. Introduction

The main objective of the experimental tests washgerve the combined bending moment and axial
loads in the heated joint when catenary action ldpgein the frame after the loss of the column. The
composite joint zone was subjected to elevated ¢eatpres in order to simulate the effect of the
localised fire that leads to the column loss. Feglipresents the seven beam-to-column frames tiested
Coimbra. According to previous experimental worksfprmed in real composite steel-concrete open
car park structures subjected to fire, a majorityth® temperatures measured in the beam bottom
flanges were lower than 500°C; however temperatir@®0°C were observed in recent tests performed
in France (Deliverable I). Based on these prevaservations, five tests were heated up to 500°C or
700°C; one reference test (test 1) was carriechbatnbient temperature, and finally a demonstration
test (test 7) was performed, for which the frame wabjected to an increase of the temperature up to
the failure of the column, see Figure 1. The effgicthe axial restraint to beam coming from the
unaffected part of the building was also studiedtd 2 and 3 - no axial restraint to the beams tesind

5 - total axial restraint to the beam; and tes& dnd 7 - realistic axial restraint to the beam.

R R N

BT, AT, e
Test 2 (500°C) Test 4 (500°C) Test 1 (20°C - Reference test)
Test 3 (700°C) Test 5 (700°C) Test 6 (700°C)

est 7 (Fire - Demonstration test)

Figure 1. Seven experimental tests
VIl.4.2.2. Main results

Table 1 summarizes the main results of each thst:failure modes, the local deformations, the
connection rotation at the end of the test andsyfmemetrical or unsymmetrical behaviour of the joint
defined by the column rotation; in tests 3 anché, ¢dolumn rotated a lot and the joint deformatiasw

not symmetrical. The final deformation of the sudfie of test 6 is showed in Figure 2. The appendix
XIll.1 is dedicated to the experimental tests: tsting arrangement and the thermal and mechanical
loadings are described, the tensile coupon testdtseare presented, and the seven sub-frame tests
results are discussed in detail. Moreover, mucherdetails of each test are described in Deliverdble
section II.
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Figure 2. Final deformation of the tested struc{test 6)
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Table 1. Failure modes and local deformation ohaast

Temp| Restraint Connection Col.

Test| rotation* | rotation* Failure modes Local deformations
(°C) | (kN/mm) (mrad) (mrad)
) Concrete crushing in
0 in comp. compression; failure gf End-olate bottom and
T1 | 20 50 in 74.9 -6 2 bolts in tension (left P centre
tension side); crack at the end-
plate bottom (left)
Concrete crushing in
2 | 500 0 848 Not compression; fallure gf End-plate bottom and
measured 3 bolts in tension (left centre
side)

Concrete crushing in
compression; failure gf
T3 | 700 0 132.4 -33 | 2 bolts in tension (left
side) during the

cooling phase

End-plate bottom and

centre; Column web

(bottom part); Beam
left bottom flange

Concrete crushing in| End-plate bottom and
compression; failure gf centre; Column web

T4 | 500 Total 89.4 2 2 bolts in tension (right (top part); Beams
side) during the webs; Column left
cooling phase flange deformed

End-plate bottom and
centre; Column web
Concrete crushing in|  (bottom part); Top
compression flange of the right
beam; Plastic hinge g
the right beam

TS5 | 700 Total 122.3 6

—

Concrete crushing in
compression; failure g
3 bolts in tension (2 on
the right - 1 on the left

End-plate bottom and
centre; Beams bottom
flanges

=

T6 | 700 50 183.5 10

Column failure;
Concrete crushing in
400; ) compression; failure gf End-plate bottom and
800 50 149.8 63 3 bolts in tension (left centre
side); crack at the end

plate bottom (left)

T7

* Rotations measured at the end of each test.
VIl.4.2.3. Final comments

In tests 1 to 6, a hogging bending moment wasaihjtreached in the joint during the first loadisigp,
followed by a variation of this moment during tineriease of temperatures (step 2). In the thirdihgad
step, the column loss was simulated (very progreysand the sagging bending moment increased
under constant temperatures. The first failure nlesein all the tests was the concrete crushing in
compression; some bolts from the bottom bolt roaiked later in tension in tests 1, 2 and 6, under
higher joint rotations. Finally, similar localise@formations at the centre and bottom parts oktite
plate were observed in all the tests (see appextixl). In the demonstration test 7, the bottom
column (HEB 140, S355) failed under 578°C and 349k axial load; then steel temperatures in the
joint increased to very high values (770°C in tlearb bottom flange) and the sub-frame resistance
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depended of the unheated composite slab resistamaer sagging bending moment, which reached
maximum of 200°C. Finally, the concrete crushedampression (under 180 kN of axial load), and the
entire sub-frame failed a very few time later, hesenof the failure of three bolts in the bottom tefv
(around 600°C in the bolts).

From tests performed without axial beam restrdah®, joint rotation capacity, as well as the dustili
increased with the temperature, whereas the maxingaction load, and the corresponding maximum
sagging bending moment, decreased (by 20% at 5293®y 50% at 700°C).

During the beam axial restraint tests, only congiogsloads were developed; the main reason for that
was the position of the restraint: not at the dyagentre of the composite steel-concrete beamabut
the gravity centre of the steel beam. However, unoi&l axial restraint to the beam, test 5 reached
higher bending moment/axial restraint loads thah 4eat 500°C, certainly because of the non-uniform
and locally much higher concrete slab thicknessma side (due to a problem during the concreting of
the sub-frames); it was observed that the conaraiehed against the column flanges for similar
rotations, but under more 50% of axial compres$omus. The advantage of the compression axial
loads was the capacity of the joint to sustaingidi sagging bending moment without any problem of
bolt failure: the compression load from the axie$traint combined with sagging bending moment,
moved the neutral axis of the connection downwalipwing the development of additional
compression loads in the concrete slab, and reguignsile loads in the bottom bolt rows. The
compression axial loads also increased the jotatiom capacity and the ductility of the joint.

Additionally, it was observed that the initial stiéss of the load/displacement curves (Figure 77 in
appendix Xll1.1) decreased with the joint temperatand increased with the axial beam restraints.

VIL.4.3.

This benchmark example was about a natural fireaiesa fully loaded, two dimensional, unprotected
steel framework carried out in a purpose-built cartipent in Cardington (Franssen et al., 1995). &hre
FE programs were used: the specialised homemadgapnodedicated to the analyses of structures
subjected to fire, SAFIR (Franssen, 2005), the cemsially available program Abaqus (2007), and the
homemade finite element program ADAPTIC (2009). Thiguence of the model definition, axial
restraint to beam, frame continuity, thermal expam&nd non-uniform temperature were analysed by
the three programs, and were discussed; the dktaieilts are available in Deliverable I, sectibA.

The reference frame was modelled using the symnwinglitions, as shown in Figure 3a. First, a
thermal analysis was performed with SAFIR and AlsagdDAPTIC only deals with structural
analysis) to obtain temperature distributions ie tteam and the column. The results obtained by
SAFIR and Abaqus showed a very good correlatiorenTtor the structural analysis, results of the
three programs for the reference frame and for saaty case were compared. The results obtained for
the reference frame are showed in Figure 3 andr&iguFigure 3b shows the lateral displacement at
column mid-height, and Figure 4 shows a) the beartical displacement and b) the axial force in the
beam. Good correlations between the three FE prgisbaqus, SAFIR and ADAPTIC are showed,
and FE models with beam elements were validatedrfalysis of steel structures subjected to fire.

Column benchmark

o
A =

P1=552kN P

P2

P2=39.6 kN

2.4 kN/m

lwii
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378
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Llly g
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Lateral displacement - mid height (mm)

-10 4

-20 7
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Figure 3. a) Reference frame; b) Lateral displacgraecolumn mid-height
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VII.4.4. Behaviour study of a steel column subject to a localised fire

The purpose of this study was to show that the naplicompletely loses any resistance once the
localised fire develops around it, so that for R@BUSTFIRE project studies, the column loss codd b

assumed by the total removal of the column. Thdistusteel column is 3 m height, HEB 300 steel
cross-section, class S460. Two alternative studiese developed: i) the column behaviour was
analysed under constant temperatures, using thec&ade 3 parts 1.1 and 1.2, and a numerical model
(Figure 5a, b); and ii) the column behaviour waalgsed under localised fire (Figure 5c), using the
method described in Franssen (2000).

| Du—] | —— D:{Q

a) |/ b) C)

Figure 5. Numerical models of the column

According to Eurocode 3, the buckling of the coluinfiuences the maximum load capacity of the
studied column. However, the numerical model shothed at ambient and elevated temperatures, the
column fails by yielding of the cross-section ahrke plastic hinges are formed at the top, bottoch a
centre of the column. A mechanism is developed,thaccolumn sustains the loads until the complete
failure of the hinges. It was also showed that iteximum load capacity of the column at ambient
temperature (6193 kN) was reduced up to 80% at Q00245 kN). Moreover, under constant
temperature equal to 600°C, the column load capaeis reduced by 59% according to the FE model
(2541 kN), and 60% according to Eurocode 3 (2594, ledd the column was not able anymore to
support the column axial force design value forfiteesituationNgq s 20oc (2713 kN).

The column was also analyzed under varying tempesst defined by a fire scenario including 4
class3-cars. Steel temperatures were estimated tignHasemi method, and the average temperature
was applied to the finite element model of the oolult was observed, as in Franssen (2000), tkat th
restraint from the unaffected part of the buildhras no effect on the column critical temperatutee T
column was not able anymore to sustaiNggs »0oc (2713 kN) from 578°C (after 26.9 min. of fire).&h
detailed results of this numerical study can benébun Deliverable 11, section 111.2.
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VII.4.5. Composite beam benchmark

The considered composite beams were based on tier pablished by Huangt al, 1999, who
selected two test programmes (one for ambient tondand one for fire condition) and compared
these test results with the simulation resultsiobthfrom their in-house software VULCAN (Bailey,
1995). At ambient temperature, two simply-supportemnposite beam tests (Tests A3 and A5)
conducted by Chapman and Balakrishnan (1964) wersidered. For the elevated temperature
conditions, two fire tests (Tests 15 and 16) onpymsupported composite beams conducted by
Wainman and Kirby (1988) were referred to. Withifstproject, the structural behaviour of the tests
was simulated using the commercially available pog Abaqus (2007) and the homemade FE
program ADAPTIC (2009). The corresponding respaoreslicted by ADAPTIC, Abaqus, VULCAN
and the test results are given in Figure 6 andrBigl Good correlation is observed, but small
discrepancies exist between the numerical resnttgtee test results, particularly for Test 16 avated
temperature. These differences were due to theculifes in building a perfect simple support
condition in the furnace at elevated temperaturkgmfget al, 1999). Moreover,hree concrete-steel
interactions were considered, namely, zero intemactpartial interaction and full interaction,
respectivelyThe additional results are presented in Deliveribkection 1V.
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Figure 7. a) Comparison of temperature-deflectesponse for Test 15; b) Comparison of deflectiongerature
response for Test 16

Further to the benchmark study, composite beants adtlitional axial restraints were considered. For
A3 and A5 (ambient cases), five levels of axialfrstiss were assumed, namely, axially rigid, EA/L,
0.5EA/L, 0.2EA/L, and simply-supported, respectyyekhere EA/L is the axial stiffness of the bare
steel beam (221.8kN/mm). With respect to Test 18 @ast 16 (elevated temperature cases), the
restraining conditions of axially rigid, 0.2EA/L dsimply-supported were assumed, where in these two
tests EA/L was 254kN/mm. Good comparisons were eaeli between the results obtained from
ADPATIC and Abaqus. The results are detailed in\@ehble 11, section IV.
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VI.4.6. Joint benchmark

Three representative tests undertaken in this gréfests 2, 3, and 6) were selected to compaie thvit
component-based joint models established in ADAPTIG joint was first heated to a stabilised peak
temperature, then the column base was graduakixed| and subsequently an increasing downward
vertical point load was applied at the top of tHeBH300 column. No axial restraint was applied at th
beam ends throughout the entire test for testsdZaand axial restraints with a constant axidretss

of 50kN/mm were applied at the two ends of the béamntest 6. The maximum temperatures in the
bottom flange of the steel beam were 500°C and GOt tests 2 and 3/6, respectively, and the
temperature was kept almost unchanged during #dirig procedure. The temperature distribution was
not uniform in the entire joint area, and differéemperatures were found in the other parts of the
joints, as given in Table 2. Therefore, for the poment-based joint model, various temperatures were
applied to different joint components. It is worthting that in test 6, the joint temperature dutting
loading procedure was not stable (see Deliverdpgettion V.1), so the temperature distributiomhat
time of 8 hours (where the temperature is closthéomean value) was employed for the component
model.

Table 2. Temperature distribution of tested joints

Positions Test 2 Test 3 Test 6

Column flange 400°C 483°C 570°C
Column web 470°C 565°C 710°C
End-plate 430°C 529°C 575°C
Beam web 470°C 620°C 600°C
Beam flange 500°C 700°C 700°C
Bolt 390°C 505°C 550°C

Concrete 180°C 216°C 260°C

The component-based model developed in ADAPTI@ustrated in Figure 8a. For the four inner bolt-
row spring series, the axial property in tensiorastributed from four components, namely, column
web in tension (cwt), column flange in bending Jcfbolt in tension (bt), and end-plate in bending
(epb). The compressive characteristic for all tive spring series were based on the resistance of
column web in compression (cwc). For the top anttobo outer spring series representing the
contacting positions between the beam flanges #&ed column flange, the resistance of beam
flange/web in compression (bfwc) was considerede €ffect of column web in shear (cws) was
ignored due to the symmetry of the tested frame 3jring assembly for half of the joint model is
illustrated in Figure 8b. Three types of post-limésponses for each ductile component were
considered, namely, no strain hardenipgQ), bi-linear responseu€3%), and bi-linear response
(1=5%). The concrete slab was simulated via beamroolalements neglecting the ribs and the steel
deck. Rigid links were employed to connect the Isbsam and the concrete to consider full shear
interaction. More details of the joint modellingchaique, including joint failure criteria and joint
response under fire, are given in Deliverabledtton V. 1.
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Figure 8. a) lllustration of ADAPTIC joint compontemodel; b) Frame model with joint components

The bending moment vs. rotation relationships mtedi from the component-based spring models are
illustrated in Figure 9, Figure 10 and Figure 1dtists 2, 3 and 6, respectively. Failure of thetjm

the component-based model is associated with eerailure of the lowest bolt-row, where the
elongation exceeds the allowed value of 25mm widatletermined as one of the joint failure criteria
for this study (Deliverable II, section V.1). Goodrrelations are observed for test 2, but for t8sasd

6 the initial stiffness is overestimated. The bagdiapacities are well predicted for all the thiess.

In addition, the ductility supplies / maximum rateis of the joints in the three tests are underegtd

by the component-based model. This is due to thdgfined limitation of the 25mm maximum bolt-
row elongation, which is shown to be conservativelevated temperature.
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VIL.4.7. Joint thermal finite element model

VII.4.7.1. Introduction

This section presents a thermal finite element hofla composite beam-to-column joint submitted to
the standard temperature-time curve (ISO 834), Idped using the specialised homemade program
SAFIR (Franssen, 2005). The studied joint links tRB550 beams to a HEB300 column. It is the same
as the one designed for the connections of thegpyirneams to the columns in the reference car park
structure designed and investigated in the prepmsject (the resistance of this joint is studied in
VI1.4.8.3), except that a 12cm thick solid concrsk&b is considered here instead of a composite sla
In the following, the model is first briefly deslbed before the evolution of the temperature digtion

is presented. More details about this model caiotned in Deliverable 1l, section V.2.

VII.4.7.2. Description of the numerical model

The developed model uses 3D elements with 8 ndagseasons of symmetry, only 1/4 of the column
was modelled, with the associated parts of beamj@ntl The bolts and slab reinforcement have not
been represented in the model (Figure 12). The bamditions are defined as follows: nominal ISO
834 fire curve on the frontiers below the slab anmient conditions above the floor.

Figure 12. Joint model

Steel and concrete properties are in accordande Evitocode 3 and 2 (EN 1993-1-2:2005 and EN
1992-1-2:2004yespectively. The convection coefficient on hotfaces is taken equal to 25 W/m2K
and the convection coefficient on cold surfacesmken equal to 4 W/m2K. The relative emissivity of
concrete surfaces is taken equal to 0.7. This patearshould also be taken equal to 0.7 for carbesl s
according to Eurocode 3. However, in order to tageount of the position and shadow effects in the
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numerical simulation, the relative emissivity ofdit surfaces is multiplied by a reduction factpf<k

1) based on the configuration factors related to fferdnt zones as explained in detail in Deliveeabl
I, section V.2 (the different volumes defined wjitoper k values are represented in different colours
in Figure 12).

VI.4.7.3. Temperature distribution

Figure 13 shows the temperature distribution in jtiet after 10, 20, 30, 40, 50, 60, 90 and 120
minutes.

T

10 minutes 20 minutes 30 minutes

40 minutes 50 minutes 60 minutes

=Tmax

| s

90 minutes 120 minutes Key (temperature in °C)

Figure 13. Temperature distribution after 10,32m,40, 50, 60, 90 and 120 minutes

Figure 14 gives the temperature of the beam botinthtop flanges in the connection section versus
time and compares this evolution with the tempeeatf the gases corresponding to the standard iso
ISO 834 fire curve.

31



1200

T(C) 1000

N ﬁ
/// = gases (iso fire curve)
600 / /

e heam bottom flange

400 //
200 / e heam top flange

0 20 40 60 80 100 120 time (min)

Figure 14. Temperature in the beam flanges vemnes t

Figure 15a shows the temperature profiles alongetiteplate (vertical line at the location of thdtgpo
and beam web after 10, 20, 30, 60 and 120 miniites.vertical coordinatg is equal to Omm at the
level of the beam bottom flange lower face and 36rbm at the level of the beam top flange upper
face. Figure 15b shows the temperature profilehan ¢oncrete slab at a distance of 10cm from the
column flange after 10, 20, 30, 60 and 120 minutés. vertical coordinatg is equal to 550mm at the
level of the beam top flange upper face (slab |loi@ee) and to 670mm at the level of the concretb sl
top face.
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Figure 15. Temperature profiles a) in end-plate lae@im web; b) in concrete slab
VI1.4.7.4. Conclusion

In this section, the evolution of the temperatuigtrithution within a composite beam-to-column joint

subjected to the standard fire curve has been tige¢sd through a thermal finite element analysis.
Such simulations could be carried out for otheritlisonditions corresponding to particular fire

scenarios or for other joint configurations.

Based on the described thermal finite element sitimr, the procedure for the prediction of joint
resistance at elevated temperature, introducedlid.8, could be applied to the joint considered.

VII.4.8. M-N resistance of the joint at elevated temperature
VI1.4.8.1. Introduction

This section presents an analytical method predjcthe resistance of steel or composite joints
submitted to both an axial force and a bending nmiraé elevated temperature. First, the method is
explained based on the particular case of the dgti@t linking the primary beams to the columns in
the reference car park structure designed and tige¢sd in the present project. Then, the model is
validated by comparison to experimental tests peréal on this joint at elevated temperature (udneg t
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temperature distributions measured during the )teBiesally, the analytical method is applied to an
example based on temperature distributions detexdrtinrough a thermal finite element simulation (see
VII.4.7) to illustrate how the developed model das applied in a situation of design. More details
about all this are given in Deliverable 11I, sedatik.

VIl.4.8.2. Description of the considered joint

The studied joint links two IPE550 primary beams&tdEB300 column, as represented in Figure 16; it
is the joint configuration tested in Coimbra asoatabution to the present project. It is a dousilded
composite beam-to-column joint subjected to symicattoading. Only the solid part of the composite
slab is taken into account for the joint computafisteel sheet and concrete in the ribs are neglect
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Figure 16. Considered joint
VII.4.8.3. M-N interaction curve for joint resistance

When a joint is subjected to both bending momert @xial load, its resistance is represented by an
interaction curve that can be evaluated following procedure presented in Deliverable Ill, section
The proposed analytical model is based on the copmomethod and on the assumption that all
components activated at failure are fully ductibeeaning a plastic redistribution of the forces is
considered within the joint without any displacemi@nitations.

Figure 17 shows the nominal M-N resistance curvthefconsidered joint at ambient temperature (the
reference axis is taken at mid-height of the spzefile). The procedure can be applied at elevated
temperature as well, provided the temperatureibigton in the joint is known. Each component
resistance is then simply evaluated based on therimaresistance at its given temperature.
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Figure 17. Nominal resistance curve at ambient tgatpre
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VIl.4.8.4. Validation of the analytical model against expenitad tests
a. Assumptions for the analytical predictions

The aim of these analytical predictions is to bmpgared to the loading of the tested joints at failu
Consequently, the ultimate joint resistance shoelgredicted instead of the nominal resistancet iSha
why all safety factorgy were taken equal to 1.0 and the material ultimeséstances were considered
instead of the vyield resistances. The componentpeeatures were estimated based on the
measurements made during the tests. The matesiatarces at elevated temperatures were evaluated
based on the Eurocode rules and material tests adaglable. The detail of the considered ruledffier
decrease in resistance as a function of temperetgigen in Deliverable 111, section Il for all&hents
(concrete, slab reinforcement, bolts, steel prefidad end-plate).

b. Comparison of the analytical predictions to thé tesults

For each test, the loading M+N of the joint atuegl could be identified. This loading corresporals t
one patrticular point on a (M,N) diagram and cancbenpared to the analytically predicted M-N
interaction resistance (based on the temperatstahdition recorded at the moment the joint faifs.
the temperature distribution during the tests watsemactly the same in the right and left connexstjo
one analytical resistance curve was computed fcr sile.

Figure 18 compares the experimental resistanceet@malytical prediction for test 4. For this teke
temperature distribution within the joint is suppdgo remain constant during the loading simulating
the column loss. The reference temperature is medsat the beam bottom flange, 20cm away from
the column face, and is kept at 700°C.
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et TEST 4 right -
analytical
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! ! ! ! = ! ' analytical
-5000 -4000 ~3000 -2000 -1000 .., O 000 2000 3000
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) |
TEST 4 left -
v 800 experimental
i 1000 SAGGING

Figure 18. Comparison of the experimental resigano the analytical curve for TEST 4

Similar results for all tests are provided in Deliable ll, section Il. These comparisons proveddjo
agreement between experimental and analyticaltegsuhich validates the model predicting the M-N
resistance curve for joints at elevated temperature

VII.4.8.5. Application of the model to a practical example

In the previous section, the analytical model hasnbvalidated by comparison to experimental tests.
For this validation, the method was applied usihg temperatures measured during the tests. In
practical design situations, the temperature thstion has to be determined. It can be estimatedjus
simplified models or computed with more sophistcatmethods such as thermal finite element
simulations. An example of such a thermal numenmcadiel for a composite joint subjected to an ISO
834 fire curve has been presented in VII.4.7. Basethe temperature distributions determined from
this analysis, the reduction of the nominal M-Nis&sice curve in time has been computed; it is
presented in Figure 19 (more details are givendlivBrable lll, section II).
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Figure 19. Shrinkage of the M-N resistance curvé Wie increase in temperature

VI1.4.8.6. Conclusion

In this section, an analytical procedure for thediction of the M-N interaction resistance of staed
composite joints, already developed for ambientd@mns, has been extended to elevated temperature
and validated against experimental results. Thisleha@an be applied provided the temperature
distribution within the joint is known, which care bdetermined using simplified or sophisticated
models.

VIL.4.9. Concluding remarks

Within this work package 2, behavioural models lfieams, columns and joints were derived at two
different levels: the FEM models (sophisticateceland the designer’'s models (simplified level).

Seven experimental tests were performed on a cdtmapsteel-concrete beam-to-column frame under
mechanical (bending and axial forces) and theromdihgs (constant temperature equal to 20°C, 500°C
or 700°C). The tests results were analysed in Idetail even though compression axial loads were
developed at the beams restraints during the {esttead of membrane effects), they permitted the
calibration of the sophisticated and simplifiechjomodels (joint benchmark and M-N resistance ef th
joint at elevated temperature). Additionally to tjent benchmark, a sophisticated thermal model
studied the evolution of the temperature distribmutivithin a composite beam-to-column joint subjdcte
to the standard fire curve.

The behavioural response of the heated beams dmtire® was studied: i) the column benchmark was
performed by three FE programs SAFIR, ADAPTIC andadus and results were compared to
experimental results described in Franssen etl@PY); ii) a simple study of the columns subject to
localised fire was detailed, and it was shown thatcolumn loss can be assumed by the total removal
of the column; and finally, iii) the composite bedranchmark was developed by ADAPTIC and
Abaqus, and models were calibrated against expetaheesults from Huang et al. (1999). Good
consistency of the results obtained from the tlseftware’s SAFIR, ADAPTIC and Abaqus was
showed. Moreover, the influence of various paramrsete the response of the elements (acting forces,
axial restraint to beam, distribution of temperasijevel of temperatures, ...) was investigatethése
models, and the so-validated tools for the invesiog of the structural components were used in WP3
when investigation the sub-structures and the &ires at the simplified and sophisticated levels.

As an outcome of WP2, two main deliverables aratifled: i) experimental tests and development of
sophisticated behavioural models (DII), and ii) elepment of simplified behavioural models (DIII).
The first ones are of particular importance as @u&ythe only ones able to follow as closer asipless
the reality. This allows considering them as refees in research, to use them with full confideioce
parametrical studies and finally to use them asextddesign tool for complex structures for whtble
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use by the designer of simplified behavioural medebuld be questionable. The simplified models are
models which can be more easily used in practidewarich could possibly be later on implemented in
design guides, software or codes and which allevdibsigner to assess the behaviour of the structure
in a rather easy and direct way, i.e. in agreemetit his requirements in terms of efficiency and
competitiveness.

VII.5. WP3 — Study of the structural response under sedelcscenario(s)
VIL.5.1. General

The main task of WP3 is to integrate the knowledgguired on elements in WP2 into a structural
model enabling prediction of the integrated strradturesponse under localised fire. Two main
objectives of WP3 are identified:

e the development of FEM simulations of the wholectire subjected to localised fire;
e practical behavioural models for the whole struetiar design practice.

Under the framework of WP3, a comprehensive study3D slab behaviour was undertaken first,
including numerical and analytical approaches. R#gg the numerical approach, a benchmark study
was conducted to investigate the slab responsacpeddby two finite element software packages,
ADAPTIC (lzzuddin, 1991) and SAFIR (Franssen, 200Bpllowing the FEM simulations, an
analytical model based on the work of Oreemal, 2010 was employed to predict the slab behaviour.
Subsequently, a detailed finite element model wagelbped to study the behaviour of a composite
steel-concrete sub-frame under localised fire, wilee commercial finite element package ABAQUS,
2011 was used. The overall FEM model for the refegecar park was established using ADAPTIC,
where the robustness of the structure was compseledy assessed. Finally, a practical analytical
model which is able to predict the response ofractire following column loss was proposed. This
model was then adapted to the scenario investigaitad this project, i.e. the loss of a columnaircar
park structure subject to a localised fire. In jgattr, the main assumptions leading to simplifimatof

the global model were discussed.

VIL.5.2. Slab benchmark

In order to study both the ambient and elevatedo&ature properties of composite slabs, and to
validate the numerical tools, a benchmark study wesposed, where the slab profile, material
nonlinearity, boundary conditions and the contitrutfrom secondary beams were considered. Two
finite element software packages, ADAPTIC and SARMRre employed in this study. In ADAPTIC,
the new shell element for realistic modelling ofmumsite and reinforced concrete floor slabs
(considering the geometric orthotropy of ribbed}lsubject to extreme loading conditions developed
by Izzuddinet al, 2004 was employed. Extensive validation of th&b snodel against experimental
results on flat or ribbed reinforced concrete/cosifgo floor slabs had already been undertaken
(Elghazouli and Izzuddin, 2004). Further verificatiof this model was conducted in this benchmark
study by comparing the ADAPTIC results with SAFIRegictions.

The studied structures are 16mx10m isolated congskibs. The basic outlines of the slab models
(both uniform slab and ribbed slab) are illustratedrigure 20, and the corresponding dimensions are
listed in Table 3, where a is the slab length, thésslab width, t is the thickness of steel dektls the
depth for uniform slab, s is the distance from tibgg of the slab to the location of reinforcement. |
addition, for the slab with ribbed profile; t the thickness of the cover, id the thickness of the rib,
w; is the width of the rib bottom, and,us the width of the rib top. For both of the umifothickness
slab (reference case) and the ribbed slab, theidocaf reinforcement mesh is 50mm below the top
face of the slab. It is assumed that the slabriplg supported, though the planar displacementkeat
supports may either be restrained or unrestraifileel.steel deck is assumed to be unidirectionahact
only along the rib direction while no action is satered along the transverse direction. Theretoee,
equivalent area for steel deck can be modelledo@m@f/m and 982mdim for uniform and ribbed
slabs respectively, and Orftnm along the transverse direction for both cases.
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Table 3. Values of slab dimensions

Dimensions(mm) a b d (o} d, Wi W, W3 t S
Value 16000| 1000d 100 70 60 212 376 224 0.9 50
) a a
P
y S ~
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Figure 20. Geometric properties of slab

For the study of the ambient cases, an increasiifgrimly distributed load is applied on the slakiun
very large deformation. With regard to the firaiation, a constant uniform distributed load of 5K/

is applied on the slab, and a linear temperatuadignt is assumed over the depth. The temperature o
the bottom face of the slab linearly increases ftbemambient temperature (0°C) to 900°C, while the
temperature of the top face of the slab remainseuriie ambient condition. The temperature
distribution along the length/width of the slalaissumed to be uniform. The thermal characteriftics
steel and concrete are based on EN1993-1-2, 2Q@0&IdHh994-1-2, 2005, respectively.

Five cases/models were considered in this studyeha the reference model, the ribbed slab model,
the linear concrete model, the laterally unresedimodel, and the model with secondary beams. The
ambient and fire analysis were applied on all tleelets. The reference case (case 1) was considered a
the slab with the following parameters:

 The slab is modelled as a uniform slab withoutrthe, and the value of d=td,/2=100mm is
assumed for the thickness of the reference slab.

» The slab is laterally restrained and verticallymuped along the four edges, while it is free to
rotate at its boundaries.

e A full non-linear behaviour law for concrete is asgd.

* The secondary beams are not included.

Figure 21 and Figure 22 provide respectively thadideflection and the deflection-temperature
response for the uniform thickness slab (referaase) from ADAPTIC and SAFIR. Good correlation

is found between the ADAPTIC and SAFIR resultss Mvorth noting that both of the ambient response
curves show a sudden increase in deflection attalfifdlmm, which is due to concrete cracking.
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Figure 21. Ambient response of reference (unifosialp
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For the ribbed case (case 2), Figure 23 andFigdrpr@vide respectively the load-deflection and the
deflection-temperature response for the uniforrokifiess slab (reference case) and the ribbed dlab fr
ADAPTIC and SAFIR. Good comparisons are found betwihe ADAPTIC and SAFIR predictions. A
small discrepancy is observed in the elevated tesmtye response, which is attributed to the difiere
modelling approaches employed in the two programnssimulating the ribbed slab profile. It is also
found that the ribbed slab has a similar responghe uniform thickness slab with a depth ofdj/2,
which indicates that in some cases, employing umifelabs with appropriate depths can predict the
response of ribbed slabs with sufficient accuracy.
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Figure 23. Ambient response of uniform and ribblets
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Figure 24. Elevated temperature response of unitorchribbed slabs

In the linear concrete case (case 3), the slab aviihear law of concrete was employed to compare
with the reference slab. The model was the santheaseference case except that the full nonlinear
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concrete material properties are replaced by allilav. The goal of adopting the linear materiatelo
was to highlight the importance of concrete nordiitg on predicting the response of
concrete/composite slabs. The variation of matgniaperties (e.g. young's modulus, Poisson’s ratio
and the thermal expansion coefficient) with thengiag of temperature was the same as those
considered in the reference model. Through theoougcof this study, it was concluded that employing
a linear concrete model that ignores the compressiftening, cracking, and tensile softening ldads
inaccurate predictions; hence such models shoul/bieled.

In case 4, two slabs with two different planar nast conditions — restrained and unrestrained ewer
compared. For the restrained slab (reference mofidi)planar restraints and vertical restraintsreve
applied, hence no planar displacement is permftiethe edge nodes. With regard to the unrestrained
slab, the four edges of slab are free to move idsvhut are restrained vertically. The edges aretire
rotate for both conditions. The aim of considerdifferent boundary conditions was to check if the
planar restraint has a significant effect on tteellcesistance of concrete slabs. Through the o@aim
this study, the influences of the continuity of gosite slabs and the stiffness of the supportiregrise
along the edges were shown to be significant.

In case 5, the effect of secondary beams was aenesid The locations of secondary beams (IPE500)
are consistent with the reference building. Vetasad horizontal restraints are applied along fdges

of slab as well as the ends of the secondary bdgd#msbeams at the edges of the slab are not
considered). Under the elevated-temperature conglii uniform temperature was assumed over the
depth of secondary beams that have the same nhgmeerties of the steel deck, and the temperature
was assumed to increase linearly from 0°C to 900V€r the depth of the slab. Full shear interaction
was assumed between the slab and the secondarg.déam the results, it was found that the benefit
from the secondary beams is maintained until thegperature exceeds 200°C. After this temperature,
the deflection of the slab with the secondary beatads to converge to that without the secondary
beams. This phenomenon implies that at certainestatyring a fire, the contribution from the
secondary beams may be ignored.

As a general remark of the slab benchmark, theltsestom the two numerical tools compared
generally well, but slight discrepancies were obsérat larger deflections, which is likely due to
differences in the modelling technique adopted@ettvo models.

VIL.5.3. 3D slab behaviour - analytical approach
VII.5.3.1. Introduction

In this part, it will be assumed that a localis@e fccurring near a supporting column just above a
composite slab will lead to the total loss of tkigpporting column as well as a reduction in the
resistance of of the beams (primary and secondany)the steel profile of the composite slab. Aiso,

is assumed that the unidirectional concrete ribthefcomposite slabs are not significantly infliagc
the behaviour of the slab when significant membreififects are developing i.e. it is assumed thay onl
the upper part of the slab is contributing to tla sesistance.

Accordingly, the behaviour of the composite slab ba investigated through the study of a 3D uniform
slab, subjected to the loss of one of its suppgrtimlumns, assuming that this slab remains at arhbie
temperature. The objective here was to investigatee response of the slab following the loss of a
column support can be predicted through analytiegthods, taking into account the membrane effects.

In the first step, a parametric numerical study hesn conducted to investigate the influence of the
boundary conditions on the slab behaviour. Thenthim second step, the applicability of existing
analytical methods to predict the behaviour of #i@b under the considered scenario has been
investigated.

VII.5.3.2. Influence of boundary conditions

In Lemaire, 2010, a preliminary study has been ootetl to investigate the effect of the boundary
conditions of a slab on the development of membfarees in case of a column loss (see Figure 85). |
total, four slab configurations have been investigan Table 4:
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Table 4. Slab information

Horizontally unrestrained edges| Horizontally restiained edges
No rotational restraints CASE 1 CASE 2
Rotational restraints CASE 3 CASE 4

v

Figure 25. Investigated slab further to a colunsslo
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-6E-16 -0.1 -0.2 -0.3 -0.4 -0.5 -0.6 -0.7
Figure 26. Results for different boundary condition

For the 4 cases, it has been observed that signiftension forces developed in the center of e s
while a compression ring forms on the slab bordergquilibrate the central membrane forces (more
details on each case can be found in DeliverableA¥)can be seen in Figure 26, the most criticaéca
is case 1, which is the case for which the sldbss restrained.

So, the case that has been studied analyticatiggs 1. The analytical models which will be useti€o
from the article “Failure of unrestrained lightlgimforced concrete slabs under fire, Part 1: Anzdyt
Models”, by Ometet al., 2010.

VI1.5.3.3. Presentation of existing models for totally unrested slabs

The simplified ambient temperature models develdpe®meret al, 2010 are presented within the
present section.

The studied slab is assumed to be loaded by aroifadistributed load. The models are kinematic
models. They are based on the assumption of thelaj@went of a yield line mechanism, followed by
the development of membrane forces and the ocaweren full depth cracks in the slab. It is also
assumed that the yield line mechanism occurringlabs submitted to uniformly distributed load is as
shown in Figure 27 being a function of the slab dimensioasandb.
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Figure 27. Yield line plastic mechanism in unifoyridaded slabs
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When the plastic mechanism is formed, the stressaneinforcement crossing the yield lines is équa
tof,. It is assumed that the elastic deformation ofsfad can be neglected towards the deformation
occurring after the development of this plastic haagsm.

Once the plastic mechanism is formed, the partkeoglab, delimited by the yield lines, are assutned
rotate rigidly around their support and the yiefee$. These rigid parts are linked to each othethby
reinforcement that stretches out, according tagi@lstrain hardening law material. The failure ascu
when the stress in the reinforcement reaches timeaté strength of the steel.

The kinematic models take into account the straimcentration in the reinforcement that links thggdri
parts of the slab. This strain concentration isugriced by the bond-slip strengt: if the latter is
large, then the bond length will be short and the strain concentration willibgortant.

As the models are kinematics models, crack patttege to be defined. It is assumed that two
configurations are possible for the position of fthik depth cracks for the case of unrestrainettsla
parallel to the shorter span of the slab (Figune 28

CM model- IM model-

Figure 28. Crack mechanisms for horizontally umegsed slabs (Omer et al., 2010)

Summary of the assumptions and of the solving phoee

* Main assumptions:

- No horizontal and rotational restraints at the gdfes (= simply supported edges)
— Slab subjected to uniformly distributed loag (

— Uniform slab (constant thickness, no ribs)

— Single layer of reinforcement

— Orthotropic reinforcement (layers in the two difents assumed at the same level)
- Rigid-strain hardening material model for steel

- Negligible concrete tensile strength

— Concrete fully rigid in compression

— Bond-slip response described by a rigid-plastic law

* Solving procedure to obtain tlge— U,:

— choose a value df., the central deflection of the slab

— by compatibility of displacements (assuming onéhaf two crack patterns in Figure 28), find
the elongationd; of reinforcement in the different cracks

- knowing these elongations, determine the rebarefofi;, according to the rigid-strain
hardening law material

- knowing the elongations and the rebar forces, caoenthe internal dissipated enerBywhich
is a function ofU.(throughA, andT;) (all the energy is dissipated in the steel raitément
and through bond-slip because concrete is assumissl fully rigid)

- compute the external dissipated enekgywhich is a function of;, the uniformly distributed
load acting on the slab

- find theq corresponding to the chos8p by writingD = E (D = f(U,) andE = f(q))
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Rupture occurs when the reinforcement across thddpth crack (in the centre or at the intersectb
the yield lines) reaches the ultimate strengthteéld,,. Writing that the rebar force in the full depth
crack reaches,, the corresponding elongation can be found, avallyi, theU, ;i ic.

Accordingly, with this procedure, it is possiblepieedict the maximum deformation capacity of thabsl
(Ucimir) and its associated load,£,;;). Knowing that, it is finally possible to checktifie slab is
sufficiently resistant by checking if the uniforndyplied loady is smaller thang;;,;¢-

VII.5.4. Sub-frame FEM model
VII.5.4.1. Introduction

A finite element model was developed to study thkdviour of a composite steel-concrete sub-frame.
The commercial general finite element package Abd@011) is used to model the composite steel-
concrete beam-to-column frame extracted from tla¢ open car park building. The symmetry of the
joint is taken into account, and the structuratredats are modelled combining C3D8R solid elements
and contact pairs. The main objective is to study detailed behaviour of the composite sub-frame
when it is subjected to the loss of a column indhe park building. Materials for steel members and
connection components are established by thetstesile coupon tests, whereas the concrete behraviou
is defined according to Eurocode 2 part 1.1 (EN2199:2004). The behaviour of the joint under
bending moments is discussed: first, numericalltedar the steel frame under hogging and sagging
bending moments are shown (the “steel model”); theeliminary results for the composite steel-
concrete frame under sagging bending moment (tbeposite model”) are presented and compared
with the results of the experimental test that wagformed at the University of Coimbra at ambient
temperature (reference test 1); good agreemetuisisreed.

VII.5.4.2. Numerical model

In order to save computational time, the symmetrthe joint is taken into account in the model;yonl
one fourth of the column, half of the end-plateyrfdolts and one fourth of the concrete slab are
modelled (Figure 29). The main joint members arelelled with C3D8R solid elements, and the upper
part of the steel column away from the joint zosmemiodelled using general B31 beam elements (the
Abaqus “Coupling” function joins these two finitéements). The initial deformation of the end-plate
measured in the laboratory (space of 0.6 mm betweerend-plate centre and the column flange) is
reproduced in Abaqus using a sinusoidal shape leetwelt rows 2 and 3. Bolts M30 are modelled
with a reduced diameter size equal to 26.73 mm, equivalent to the resistantiged (561 mnj),

and the hole around the bolt shank (diameter 0826im) is only slightly higher than the bolt
diameter. For the composite model, the composi & simplified by a concrete slab, with an
equivalent rectangular section of thickness 94 mih width 450 mm (it is assumed that the concrete
from the ribs is uniformly allocated to the entilab). The five steel rebars of 12 mm diametekyels

as the constructional longitudinal (8 mm diametand transversal rebars (6 mm diameter), are
modelled with solid elements and are embeddeddrcéimcrete slab. In order to prevent sliding, the f
connection between the concrete slab and thelseaeh is modelled using the TIE option.

The general static analysis is used. Several stepslefined: step 1 - pre-loading of bolts; step 2
application of the self-weight; step 3 - hogginghéieg moment; steps 4 and 5 - sagging bending
moment. Mechanical properties of the steel fromliam, the column, the end-plate and the bolts are
defined by the tensile coupon tests (see WP2). ffine stress-strain values are used in Abaqus.
Concrete properties are defined according to Eut@c part 1.1 (EN 1992-1-1:2004) for the stress-
strain behaviour of the concrete C25/30 in compoessThe behaviour of the reinforced concrete in
tension is defined by the maximum tensile stres® KBPa), and by its fracture energy (83.4 N/m),
defined in CEB, 1990. Contact interactions (suriceurface contact) are defined between the end-
plate and the column flange, and between eachanaltthe column flange and the end-plate. The y-
direction at the beam extremity is restrained dysteps 1 to 3; during the application of the saggi
bending moment (steps 4 and 5), the support is headby a rigid cylinder in contact with the beam,
no friction is applied (Figure 29). The x-directibeam extremity is free; the top of the columnresef

in the y-direction, the x and z directions arenased all along the column and the concrete slal,

the column and beam webs are restrained in theegtitin. The application of the hogging and sagging
bending moments in the joint are simulated by dispient control at the top of the column.
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Figure 29. 3D FE model of the steel (a) and conmpageel-concrete (b) sub-frame in Abaqus
VII.5.4.3. Numerical results

The comparison between the results from the exgatah test and FE models is made based on the
Moment-Rotation curves (Figure 30a), calculatedoashe experimental test (see WP2). The FE steel
model reached a hogging bending moment equal td kR4n and a maximum sagging bending
moment equal to 507 kNm, which corresponds to aimmamx rotation of 33 mrad. Plastic deformations
of the end-plate are evidenced in the compressoe,zand the ultimate stress-strain is reachetddn t
bottom bolt (row 4). Once this bolt failed, the deng moment begin to decrease and the FE model
ended because of hon-convergence. The comparisardie the experimental test and the steel model
shows that the main advantages of the concreteastathe increase of: i) the initial stiffness, |@0%

and 95% under sagging and hogging bending momestsectively; and ii) the resistance, the first
failure of the bolt happens latter, and the maxinsagging bending moment is increased of 40%.

The initial stiffness of the FE composite model2&% higher than the stiffness obtained from the
experimental test. The behaviour of both under isagbending moment (experimental test and FE
model) is very similar and close. Under the lastement (bending moment equal to 584 kNm, and
rotation equal to 13.3 mrad), the bolt has notrgeched the ultimate stress-strain; Figure 30b show
that the equivalent plastic strains in the bottait frow 4) are localised near the bolt head, fikstthe

bolt failure during the experimental test. At tlsint (13.3 mrad), the concrete is not yet crushed
against the column flange. However, in the expenmialetest, the concrete was crushed against the
column flanges for 13/14 mrad of rotation.
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Figure 30. a) Bending moment vs rotation at thetjtaft side — Comparisons between experimentalRind
results; b) Location of the bolt failure and equéve plastic strains
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The deformation mode under sagging bending momemthie FE steel and composite models are
compared in Figure 31 to the experimental deforonatiobtained at the end of the test, which do not
correspond to the same level of loading; defornmatimdes are similar. The deformation at the end-
plate centre do not appear as high as the expeiirtest, but it is not quantitative comparableriow
because: i) the maximum deformation of the framéha experimental test is higher than for the FE
models, and ii) the hole in the end-plate and caoldlisnge for the shank of the bolt is not modeked

in reality, with more 3 mm for the diameter defiriedEN 1990-2:2008 for bolts M30. The convergence
of the composite model could be improved, notalpiyab appropriate definition of the damping energy,
but also by modelling: i) the shear connectors betwthe concrete slab and the steel beam; ii)leehig
bolt hole in the end-plate and in the column flaffige order to observe if the 3 mm space would
influence the centre deformation of the end-platgean sagging bending moment).

a) b) <)

Figure 31. End-plate deformation at: a) the enthefexperimental test (vertical displacement of 220); b) the
steel model (vertical displacement of 104 mm)he) composite model (vertical displacement of 39 mm)

VIL.5.5. Global FEM model
VIL.5.5.1. Multi-level structural modelling approach

Three modelling levels were proposed, as showngar€ 32. At Level A, consideration is given to a
whole system of an influenced sub-structure witprapriate boundary conditions to represent the
surrounding cool structures. The interactions antbegheated column, the fire affected floor and the
upper ambient floors are fully considered. Provitteat the upper ambient floor systems have identica
structural type and applied loading, the assessmedtl can be simplified to Level B, where a reduce
model consisting of a fire affected floor-columrs®m and a spring representing the upper ambient
floor systems are considered. At this level, the systems (i.e. fire and ambient) are investigated
separately. The derived characteristics of the amlfloors can be applied into the nonlinear sprikig
Level C, planar effects within the floor slab agadred, and grillage models with composite bearas ar
considered instead.

The modelling Levels B and C were employed in thisject to simulate the reference car park
designed in accordance with WP5. Cubic elasto-plastam-column elements were employed to model
the steel beams and columns (lzzuddin and EIna&B8B). Full shear connection between the steel
beams and concrete slab was assumed and wasddaliggterconnecting the steel beams and the slab
with rigid links. Linear elastic boundary springene applied at the ends of the beams to repreisent t
restraints from adjacent members. The shell elenieatiddin et al, 2004), which considers the
geometric orthotropy, compressive nonlinearity,ckr@pening and closure as well as temperature
effects, were employed for the Level B model. Wiispect to the level C model where a composite
grillage is established, the slab was represengegldsto-plastic beam-column elements (Izzuddin and
Elnashai, 1993). The effective width for the coterslab was obtained from EN1994-1-1, 2004 to
consider the shear lag effects.
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LEVEL A LEVEL B LEVELC

Spring

Figure 32. lllustrative descriptions of the threepgpsed modelling levels
VII.5.5.2. Thermal analysis

The selected fire scenario assumed that four V&satars are parked around an internal column, and
the fires are triggered in the sequence as showigure 33. The maximum heat release rate of each
car is 8.3MW. The interval of the fire spreadingrfr one car to another/other car/s is 12 minutes, an
the history of temperature distribution within stirural members (e.g. steel beams and compositg slab
were captured at 3 minute intervals. The verticalathce between the fire origins and the ceiling is
2.4m. The finite element programme SAFIR was emgdolp conduct the thermal analysis for the car
park under the selected fire scenario. The theougdut data were extracted and input into thedinit
element model established in ADAPTIC for structaadlysis.
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Figure 33. Selected fire scenario

Figure 34 shows the obtained temperature distohatalong the primary beam, secondary beam, and
the concrete flange of the primary beam (beam ipositare identified in Figure 33) at a time of 30
minutes obtained by SAFIR. It is observed that bwth primary and secondary beams, high
temperatures are only observed within parts oftham length in the vicinity of the fire origins,
whereas for adjacent beam parts which are not iratedd above the fire origins, the temperature
decreases rapidly to room temperature. This inelgctttat the fire affected area is rather localised,

the surrounding structural members may be seemlaieat temperature. For the slab, it is observad th
at a time of 30 minutes, the temperature in thel steck is much higher than that in the concretene
for the concrete immediately above the steel d€hk.temperature decreases further towards theftop o
the slab which is almost under room temperaturso Ahigh temperatures are only observed within the
slab near the fire origins, while the surroundingrtpof the slab remains under a much lower
temperature.
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Figure 34. Temperature distribution within steehims and slab
VI1.5.5.3. Failure assessment procedure

Based on the defined joint failure criteria (Fagigal, 2010), a structural robustness assessment
procedure was proposed. Recent research (Izzeddily 2008) indicated that even the collapse of one
floor can cause severe damage in the floor belowyfocal steel-framed composite constructionssthu
triggering progressive collapse. Therefore, thenttedn of safe structure in this study is basedtios
avoidance of collapse in any of the affected flpdrs other words, structural failure/progressive
collapse occurs when the deformation of either fitee affected floor or the upper ambient floors
exceeds their respective ductility capacity. Irs ti@spect, the failure of any floor system is lattied to
the ductility failure of any surrounding ambientnjpon that floor, thus failure criteria are defihin
terms of whether the ductility limits of the joiate exceeded. If the surrounding ambient jointehav
sufficient resistance, but the joints directly es@o to fire fails first, the structure is still deed safe.
The proposed failure assessment procedure is givEigure 35. It should be noted that it is possibl
for a structure to survive after failure of the reunding ambient joints, provided that sufficient
resisting mechanism (e.g. membrane action) is miaet by the slab. However, residual load

resistance beyond failure of surrounding ambieintgchas not been fully studied and thus needbéurt
investigation.

Perform thermal
analvsis andapply
fireloading

Run structual analvsisi—

No joint failure
observed at the
end of the fire

First joint failure
occurs

First failure occurs at ) )
Shessituie vake surrounding ambient First failure occurs at
joints (either fire or fire affected joints
ambient floor) [

Lead to successive
failure of srrounding
Progressive collapse ambient joint?

triggered

If yes, progressive
collapse triggerd

If no, structure safe

Figure 35. Robustness assessment procedure ofdar gubject to vehicle fire
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VII.5.5.4. Structural analysis

The considered system model was comprised of teaffected column, the fire affected floor, and th
non-linear spring that represents the performantése upper ambient floors. Each individual ambien
floor has to be investigated first to assess itess and resistance. Accordingly, the charasties of

the spring can be obtained from the superpositfahe responses of all the above floors. Afterwards
analysis was undertaken on the fire affected systerdel with the gravity load and the subsequent
thermal load. The selected fire scenarios at thedected floors levels were considered in thisqmipj
which are floor level 1, level 5, and level 8. Twiab modelling approaches (grillage approximation
and shell element model) were used and comparesl amhlysis was performed over a time domain,
where the temperature-time response of the entgeim model is extracted from the thermal analysis
conducted in SAFIR. Employing the structural modsnamic analysis was performed to capture
potential dynamic effects, where equivalent lumpedsses are applied at each node of the slab.

Based on the results of structural analysis, tfaiere types were generally observed for the exfee
building subject to the selected fire scenariospeiy, ‘single-span failure’ type, ‘double-span fmé’
type and ‘shear failure’ type, as illustrated igu¥ie 36.

'Single-span failure' type 'Double-span failure' type 'Shear failure' type

Be iE B P, P fs £y
“E3 gk & B, P £
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Figure 36. Typical fire-induced failure types
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The single-span failure type usually occurs in ¢hses when the fire affected column maintains its
strength during a fire, or the upper ambient flooas offer sufficient resistance for the fire aféat
floor system with an acceptably small deflectioteathe buckling of the column, while the singlexsp
beams are unable to survive due to the failur@@supporting joints. This failure type is only fwolin

the grillage model established in this study.

The ‘double-span failure’ type is associated with tase where the fire affected floor and the upper
ambient floors do not have sufficient ductility redistribute gravity load after the fire affectemluomn

is buckled. This failure type is typical for ‘columoss’ scenarios, and is found in both full sladd a
grillage models considered in this study.

The ‘shear failure’ type is associated with theashiailure of steel connections, and it is normally
triggered by the shear failure of the fire affeg@dt. This failure type can either happen beforafter

the buckling of the fire affected column, as lorggsignificant shear force is transferred between th
column and the connected steel beams. When shiarefaccurs, the fire affected floor can be
completely detached from the middle supporting sugsequently deflects in a double-span cantilever
manner. This failure type may be avoided througpleying appropriate design strategies, e.g. making
the rebars go through the column web/flange opening

Table 5 provides key results of the reference eak pubject to the considered fire scenarios. it lwa
concluded that the full slab models predict bestenctural robustness than the grillage modelss Thi
indicates that although grillage approximationswseally sufficient for conventional structural g
which are based on ultimate/service limit stateess®ient of structures under normal loadings, they
may be too conservative for structural robustnesessment that is associated with extreme loading.
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Table 5. Structural responses under fire

Structural response | Fire floor levels Full slab modl Grillage model
1 24m56s 25m27s
Column buckling time| 5 25m25s 26m00s
8 27m10s No buckling
1 30m00s 25m27s
First joint failure time 5 No first joint failure 25m20s
8 27m10s 25m20s
Fire affected beam-to- Fire affected major axis
1 column steel connections |n  beam-to-column joint
shear under sagging moment
First ioint failure Fire affected minor axis
jomnt 5 No first joint failure beam-to-column joint
position :
under hogging moment
Fire affected major axis | Fire affected minor axis
8 beam-to-column joints beam-to-column joint
under sagging moment | under hogging moment
1 Shear failure Double-span
First joint failure type 5 No first joint failure Single-span
8 Double-span Single-span
. 1 No Yes
Progressive collaps
triggered after first 5 - Yes
joint failure?
8 No Yes
Ambient major axis
1 Structure safe beam-to-column joint
Successive joint under _hogglng mome”t
. " Ambient major axis
failure position .
. : , 5 Structure safe beam-to-column joint
triggering progressive :
under hogging moment
collapse . . .
Ambient minor axis
8 Structure safe beam-to-column joint
under hogging moment

Finally, dynamic effects arise for the floor systdollowing column buckling due to fire. The
corresponding final floor deflection was found &8l between two idealised extreme cases, which are
‘static column loss’ and ‘dynamic sudden columnslogt was also observed that more significant
dynamic effects arise when the vehicle fire ocairthe top floor. This suggests that in order &dpt

a reliable ductility demand of a car park subsegtenolumn loss due to vehicle fire, dynamic asey
that accurately models the column buckling proceag be necessary.

Based on the detailed numerical analysis, a mofihistication robustness assessment framework was
proposed for WP4, attempting to bridge the gap eetwthe current codified treatments of fire hazards
and progressive collapse. The robustness assessirmanéwork is comprised of three basic
components, namely, detailed Temperature-Dependgproach (TDA), simplified Temperature-
Dependent Approach (TDA), and Temperature-Indepeindépproach (TIA). Details of the
applications of these approaches can be founceidéhiverables for WP4.
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VIL.5.6. Global analytical model
VII.5.6.1. Introduction

Within the present section, a global analytical slodble to predict the response of a structure
following column loss will be first introduced. Timethis model will be adapted to the scenario
investigated within this project, i.e. the lossacfolumn in a parking structure further to a lcsxdi fire.

In particular, the main assumptions leading tonapsfication of the global model will be considered
The global concept will be first introduced on a 2&8me, and then generalised to a 3D frame.

The aim of the global model is to determine th@ldisements and internal forces in the whole strectu
when the column is completely lost. Knowing thesecés and displacements in the structure, it is
possible to verify if the structure is robust ot,rwy checking, on one hand, ductility conditionar{ the
joints sustain such rotations?,...) and on therdthed, resistance conditions for key-elements {han
columns next to the lost one sustain the additioaaipression?,...).

To achieve this goal, a substructure is extraateah the entire structure; the influence of the céghe
structure is considered by inserting horizontairngs in the simplified substructure.

VII.5.6.2. 2D-frame

In this part, the beneficial effects of the slab abt considered. The study is focusing on franmdg o
composed of columns and beams. No dynamics efégeteonsidered and the method is for ambient
temperature.

When a 2D frame still has its column, the framaasmally loaded (phase n°1); the column which will

| be lost is supporting a compression ldgd Then, to simulate the loss of the column, a cotraésl
load @, going downwards, (Figure 37) is introduced. Tioixe Q increases as the column disappears,
and the column is totally removed wh@nr= N,.

Vertical
displacement
» atthe top of
thelost
column

Phase 1 (@ =0)

Figure 38Q — A4 curve

When the column is progressively removed (Qeincreases), the directly affected part begins to
deform. During the column removal, two phases @eetified:
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- Phase 2, which is developing fragpn= 0 to Q@ = Q,,;, which corresponds to the formation of a
plastic mechanism in the directly affected part
— Phase 3, which starts @t= Q,,; and ends a@ = N, i.e. when the column is fully removed

During Phase 3, as a plastic mechanism has form#teidirectly affected part, the first order stifs
of the structure is equal to zero and so, largplatements occur. Due to these large displacements,
significant membrane forces develop in the beanmbetlirectly affected part.

To predict the behaviour of the structure duringgehl and 2 is easy as usual methods of analysis ca
be used. However, during phase 3, the analysiseoframe and the prediction of its response become
difficult as significant second order effects aexeloping.

The objective with the developed analytical proceds to be able to predict the response of thmadra
during phase 3. In particular, the object is tced®ine the displacemeny (the vertical displacement
at the top of the lost column) wheh reaches the value d¥,, i.e. when the column has totally
disappeared (Figure 38). Knowing this valuégfit is possible to determine:

- the requests in terms of deformation capacityHerdtructural elements

— the load distribution within the structure and t®ocheck the structural member resistance

a. Development of a frame behavioural model

« Extraction of the substructure

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

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

Figure 39. Extraction of the substructure

As can be seen in Figure 39, the studied substeicsucomposed with all the stories of the directly
affected part. The indirectly affected part is emgld by horizontal springs, representing the latera
anchorage provided by the rest of the structuegitey to the development of membrane forces. As the
developed method is used to predict the structeegponse during phase 3, i.e. when a plastic
mechanism is formed in the directly affected pthis substructure is studied through a rigid-ptasti
analysis.

» Equations of the analytical model

The equations used in the analytical model comm ftwo distinct parts of the frame: the directly
affected part (above the lost column) and the éutlly affected part (beside the directly affectedt)p
(Figure 40).

50



Z

A — Directly affected part (=substructure}

Figure 40. Directly and indirectly affected parts

For these two parts of the structures, equations lma written (compatibility of displacement,
elongations, forces equilibrium...). These equatiare coupled, representing the coupling between th
directly and indirectly affected parts.

b.  Derivation of robustness requirements

The system of equations allows finding the forced displacements in the entire structure when the
column has completely disappeared (i.e. wipen N;). Knowing these forces and displacements,
ductility and resistance conditions have to be kbd¢o ensure the frame’s robustness.

VII.5.6.3. 3D-frame

For the analytical study of a 3D-frame (still catesied with no slab), the idea is the same as @R+
case: write equations for a substructure contaialhthe directly affected part, in which the irettly
affected one is replaced by horizontal springs. 3iestructure is now a>22D-substructure (Figure
41). Indeed, it is assumed here that the two menmpendicular plans are not coupled to each other.
Moreover, the frames are assumed to be uncouplédetother frames parallel to them (Figure 41).
Accordingly, it is possible to study a 3D-frameahgh the study of two 2D-substructures.

Real 3D Approximation 2*2D

Plan view /' Lost column

N ozt Y +

— 1\ | \

Figure 41. 22D approximation for 3D frames
VII.5.6.4. Application of the global model to the investigated park

Now that the general method has been presented2@orand 3D case, the study case of the
ROBUSTFIRE project (designed within WP5) is exardings specificities are as follows:
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The beams are composite beams

There is a reinforced concrete slab “linking” thesenposite beams
The exceptional event is a fire occurring next supporting column
There is a bracing system in the two main direstion

To apply the global model, the following assumpsiane made:

The first assumption is to consider that, due &fite, the column is completely lost and there
is no remaining strength in the column.

The second assumption is to neglect the beneétfiett of the slab. Only a mesh of composite
beams will be considered.

The third assumption consists in considering thatextremities of the substructure are totally
fixed. Indeed, we can assume that, thanks to therg systems in both directions and the slabs
acting as diaphragms and ensuring the formatioa ebmpression ring, the rigidity of the
indirectly affected part is very high against meam# forces.

The fourth assumption is to neglect the heated beamt above the lost column. Indeed, its
rigidity will be very small compared to the othéorses, so the contribution of the first storey to
the structural resistance is considered as netgigib

Neotd =

79%;\/;;;7 #ofcold
t staries

Meolg = —————-
#ofcold

stories

Figure 42. Simplifications for the case study

All these assumptions are summarized in FigureT#42. substructure to be studied at the end is only
composed with a single double-beam, at ambient eemtpre, submitted to a for@eequal to the total
load Q acting on the structure, divided by the numbezaddl storiesn,,;4. In Figure 42, a 2D-frame is
represented. In the case study, it is a 3D-framéhe substructure to study will be composed with t
double-beams, one in each plan.

Remark: if the lost column is at the last storey,;; = 0. In this case, only the slab will be considered,
and the heated beams will be neglected. Accordintig analytical model presented for slabs (as
discussed previously) will have to be used.

The complete equations and solving procedure cdaurel in Deliverable V.
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VII.6. WP4 — Derivation of design recommendations adaptedhe industrial request
for design efficiency as well as for easy fabriaat, erection and control

VII.6.1. Introduction

The objective of WP4 was the derivation of pradtadmsign recommendations useful for practitioners.
The activities of this WP were divided in two tasks

e derivation of practical recommendations and;
« critical appraisal of the practical recommendations

For such a complex problem than the one considartdte present project, different design approaches
may be contemplated, ranging from the very sopaittd thermal and mechanical simulations through
FEM techniques to basic hand design proceduressé&hsge to give to “practical recommendations” is
strongly dependent on the selected level of desigwhistication. This being, and recognising the
difficulty to approach the problem whatever is thdgel, it has been decided, in WP4, to gather all
recommendations which seemed to be of practicatest for the designer.

All the details of the recommendations are givealiverable VI, representing the outcome of WP4
and WP5. A summary of the latter is reported héer.a

In Deliverable DVI, different questions, correspomgdto different sophistication levels, are therefo
addressed:

« How to perform experimental tests on substructe@sas to simulate the actual response of
joints subjected to fire action, (and in which canaol bending moment and axial loads are in
constant evolution during the column heating) -I1§6/3.

* How to simulate numerically, through FEM techniquése behaviour of such joints - 8
VIL.6.2.2.

« How to predict analytically the M-N resistance atetion curves of such joints - § VI1.6.4.1.

« How to predict in a simplified way the actual distition of temperatures along the beam axis -
8§ VI.6.2.1.

« How to predict analytically the response of a dlatated just above the lost column - §
VII.6.4.2.b.

* How to numerically simulate the global frame resgwaccording to one of the three following
potential approaches: temperature-Dependent Approsionplified Temperature-Dependent
Approach and Temperature-Independent Approach1.6.%.1.

« How to analytically check the robustness of the pak through simplified “hand” analytical
procedures - § VII.6.4.2.

The higher is the level of sophistication, the ¢ge# the accuracy of the design. But also thatgre
are the design efforts and the complexity of there@ach for the designer. The powerful or more basic
character of the calculation tools to be usedds alfactor to be accounted for in design offices.

The most practical one is for sure the simplifie@dlgtical approach as the latter may be appliedgusi
tools available in any design office. It is thegaa why the “practice-oriented” partners have nyainl
focused their work on the applicability of this apach.

VIL.6.2. Practical design recommendations - Numerical approaches
VIIL6.2.1. Robustness assessment framework

A robustness assessment framework of differentldewé sophistication was proposed for WP4,
attempting to bridge the gap between the curredified treatments of fire hazards and progressive
collapse assessment. The robustness assessmeawfdais comprised of three basic components,
namely, detailed Temperature-Dependent Approach AjTDsimplified Temperature-Dependent

Approach (TDA), and Temperature-Independent Appnod€lA). These approaches have been
developed and verified extensively using sophigtitanumerical simulations of the car park structure
under localised fire, making use of high perfornr&oomputing equipment purchased for this purpose.
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The detailed TDA should be the most sophisticattdcpmputationally expensive approach under the
current robustness assessment framework, so ibtie guitable for research purposes and assessient o
safety-critical structures. In this approach, dstaf the fire scenario, e.g. the position and hieat
release rate of the fire origins, need to be camsml Thermal analysis is required in order to iokttze
actual temperature distribution within the struatumodel, which is then used for the structuralysis
model. In this approach, structural analysis isallguperformed over the time domain, so the fire
resistance time (evacuation time) can be estimatedrdingly. The application of the detailed TDA
was illustrated in an internal report (Faegal, 2010) by considering the reference car park model
where the floor slab was modelled using either 2llselements or beam-column elements in a
grillage approximation.

Considering the fact that some thermal charactesisturing a localised fire can have insignificant
influence on overall structural robustness, theaitk®t TDA can be simplified. The simplified TDA
only considers the position, the range, and theirmax temperature of the localised fire; therefdtre,
should be more close to typical robustness prawssiavhich are intended to limit the progression of
local damage under unforeseen events. The mainoohatigy of the simplified TDA is to propose a
monotonic ‘block’ temperature model that can besdiy applied into the structural model so as to
avoid complex heat transfer analysis, thus thecsiral analysis can be performed over a more event-
insensitive temperature domain (instead of the tilmmain). In this project, a simplified temperature
distribution (i.e. uniform temperature along thennber length, and linear temperature distributioarov
the cross-section) was proposed within a rectandirxaffected zone, as elaborated in an internal
report (Fanget al, 2011). Through comparisons with the predictioranf the detailed TDA, the
simplified TDA was found to provide reliable pretiftms. The discrepancies in the key predictiorg, e.
column buckling temperature, first joint failuremtperature, first failure mode and deflection, were
typically within 5%.

As a further simplification, a TIA has been deva&dpgowards a fully event-independent strategy for
design-oriented robustness assessment, in the Haatsthe maximum temperature is assumed to be
unknown. Based on the fact that certain parts roicgiral members under high temperatures can lose
their strength considerably, thus offering negligilcontribution to progressive collapse resistance,
these structural members are considered as cofypleteoved within the TIA framework. Therefore,
the TIA model does not require thermal analysisl ean provide a simplified robustness assessment
procedure regardless of temperature. This straeggspired by the idea of the event-independent
‘sudden column loss’ scenarios currently adoptedsame of the commonly used guidelines for
progressive collapse assessment (GSA, 2003; DoDO)2@or this project, the fire affected joint,
column and parts of the beams were considered@svesl, although it was found that the length of the
beam removed has a relatively small influence erotrerall structural robustness.

VII.6.2.2. 3D sophisticated model of a composite joint

In this section, advices are given to perform thiimeensional sophisticated models of heated
composite beam-to-column bolted joints subject aoiable bending moments and axial forces. The
studied joint corresponds to the main beam-to-calyaint, internal column, which is lost due to a
localised fire. It is assumed that the loss ofacblimn can be modelled by statically removing g a
that the column stays perfectly straight at thatjaione (no column rotation). The composite steel-
concrete joint should be modelled combining 3D d@ind contact elements, thereby taking into
account the effect of the local failure modes. Mateproperties, thermal and mechanical loadings,
boundary conditions, failure criteria ... to be caesed in a finite element model are explained in
details in Deliverables VI, section IV.

VIL.6.3. Practical design recommendations - Experimental approaches

In this section, practical recommendations to perf@xperimental studies of composite beam-to-
column joints subject to axial and bending loadingsler elevated temperatures are provided to the
researchers, based on the feedback from the seymmmireental tests performed within the present
project. Sub-frames with the real cross-sectioredisions (beams IPE 550, column HEB 300 and bolts
M30) were tested in the laboratory for the firshdi under complex loadings (elevated temperature,
variable bending moments and axial forces). Thé taat dimensions cross-sections were not scaled
permitted to observe the behaviour of the jointnameality, with bolts M30 cl. 10.9 failures, andwa
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deformations of the steel end-plate between this bobdt usually seen in smaller tested joints §iwce
between the two bolt rows 2 and 3 was 260 mm). Hewedhe loads and displacements reached very
high values and the equipment from the laborat@gded to be adapted to be able to measure them,
and to apply the thermal and mechanical loadingsenOfire testing facilities (electrical Flexible
Ceramic Pad heating elements) were chosen to hegint because of their capacities of adaptation
the heated zone dimension (in this case: an ift&esm-to-column joint of large dimensions) and to
maintain constant temperatures during many timeve¥er, at the heated zone of the sub-frame, loads,
displacements and strains cannot be directly medglwads cells, displacement transducers andstrai
gauges are limited to 60°C/80°C); the instrumemtatand therefore the results, are limited to the
temperatures. More details about the fire testagjifies, mechanical loadings, realistic axialtraists

to the beams, sub-frame restraints, instrumentatiomtrol tests (to define the real material prapsy,

are given in Deliverables VI, section V.

VII.6.4. Practical design recommendations - Analytical approaches
VIl.6.4.1. Prediction of the M-N joint resistance at elevateghperatures

Within WP 2, an analytical procedure aiming at jprtidg the resistance M-N interaction curves of
joints was developed and validated through compasisto the experimental results obtained in
Coimbra. The analytical procedure is presented MII&.8 (with an example of application) and
detailed in Deliverable 11, Section .

VI1.6.4.2. Global frame behaviour

In this section, simplified analytical models an@yded to predict the response of the frame when
submitted to the loss of one of its supporting noiufurther to a localised fire. In these simplified
analytical approaches, the affected column is ssgghdo be an internal one (the loss of a perimeter
column is not studied herein). Moreover, the coluimnadmitted to be completely and statically
removed (no residual bearing capacity — no dynafiects).

If the lost column is part of the structure upperey, section b of this document should be retetoe
In the opposite case, the method suggested irosexhould be followed.

a. Internal column — upper storey excepted

In order to study the structural response of then& when submitted to a column loss, an elementary
substructure is isolated for sake of simplicitysEithe part made up of the 3D vertical slice a&bthe

lost column, called “directly affected part” is eatted. The rest of the structure is called “inctise
affected part”.

When the column is removed, a beam plastic mecimaftiems in the directly affected part (Figure 40)
and, due to the large displacements induced, tets#ms develop in the beams of the directly afféct
part (Figure 40). These loads are applied to tHeently affected part which provides a sort otfal
“support” to these tension forces. The stiffnesthefindirectly affected part against these foisagry

high thanks to the bracing systems in both plamesthe slabs acting as diaphragms and ensuring the
formation of a compression ring. The indirectlyeatied part can thus reasonably be assumed as fully
restrained at its extremities when isolated (asafathe horizontal displacement is concerned) (Eigu
43). In this approach, the directly affected parstudied as a mesh of composite beams: only a give
effective width of slab is considered in both direas (collaborating with the steel profile) ane tlest

of the slab is neglected. For sake of simplicityg tlevelopment of membrane forces in the slabsdurt

to the column loss is thus not taken into accouthis part.

The beams of the directly affected part lower leasd at elevated temperature because they are
subjected to fire. Their stiffness is much decrdaged thus much lower than the stiffness of the
ambient temperature upper beams. Consequentlygothteibution of the lower “hot” beams to sustain
the column removal will be much smaller than thatdbution of the other storeys. That is why the
fire-affected level is neglected in the simplifigdproach: only the “cold” floors of the directlifected

part are taken into account (Figure 43). As alséh#oors are the same and have the same infinite
restraint at their extremities (fixed supportskyttwill all contribute identically to sustain thelemn

loss.
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Finally, an elementary substructure such as reptedeén 2D in Figure 43 is studied: it is made dip o
the beams of only one floor with the joints at thextremities — two double-beams perpendicular to
each other define the 3D substructure. If theah@ompression load in the column (before it fagd),

the structure will be considered as robust if theva-defined 3D substructure is able to sustaioreef
P= No/ncoisy Wherengoq is the number of cold floors in the directly affedtpart (i.e. the number of
floors in the directly affected part minus one).

Besides, in the considered case, the partial-dinejoints at the beam ends are such that thieM
resistance curve is entirely included within theréM-N plastic resistance curve. So no yielding will
appear in the beams; the joint resistance and rdefality will be crucial and will determine the
development of a plastic mechanism in the so-ddfsubstructure.
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Figure 43. Simplifications for the case study

For the considered 3D-substructure, a system adteqs can be written. These equations can be found
in Deliverable V, section IV. Solving this systerh efjuations, it is possible to find the efforts and
displacements in the structure when the columnomptetely removed. Once these efforts and
displacements are known, ductility and resistanoaditions must be checked. All the solving
procedure is described in details in Deliverable&ttion V.

If the resistance and/or ductility would not befiignt, two solutions can be contemplated:

* to upgrade the structure to satisfy the ductilitg/ar resistance criteria or;

* to use a more sophisticated procedure (i.e. nualaaproaches) allowing taking into account
positive effects (such as the development of mengifarces in the slab) which have been
neglected in the proposed simplified procedure.

b. Internal column — upper storey

In this part, it will be assumed that a localis@e fccurring near a supporting column just above a
composite slab will lead to the inefficiency of theated beams (primary and secondary) supporteng th
slab and to the inefficiency of the heated steelilerof the composite slab.
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Also, it is assumed that the unidirectional corengbs of the composite slabs are not significantly
influencing the behaviour of the slab when sigaific membrane effects are developing i.e. it is
assumed that only the upper part of the slab idriboing to the slab resistance (as demonstrated
through the performed Benchmark study on floorslalsee Deliverable V).

Accordingly, the behaviour of the composite slab ba investigated through the study of a 3D uniform
slab, uniformly loaded and submitted to the loserd of its supporting column, assuming that ttab s
remains at ambient temperature.

To study the behaviour of a 3D uniform slab subsrditto membrane forces, analytical models are
available (Izzudin B.A., 2010) and the applicapildf the latter were investigated within WP3. The
equations related to this model can be found invBedble V, section IV.

VIL.6.5. Critical appraisal from the “practice-oriented” partners

Most of the presented design recommendations rigstlie proposal of design procedures of different
natures (numerical, experimental or analytical), ddferent part of the structure (structural menshe
joints or the structure as a all) and with diffdrkvel of sophistications.

The most practical ones are for sure the simplifiadlytical approaches as the latter may be applied
using tools available in any design offices. Ithie reason why the “practice-oriented” partnersehav
mainly focused their work on the applicability ¢fetapproach allowing predicting the global frame
response, in particular by applying the lattethi® teference building as presented in WP5 (8§ 0).

This approach is funded on two main assumptions:

* the development of membrane forces in the slalegested for a column loss which does not
occur at the top level;

» the fire effects are not explicitly taken into agob (indeed, the elements directly affected by
the fire are neglected).

The assumptions on which the simplified analytiwaldel for robustness check is based lead to a safe
prediction of the structural response for the adergd scenario, i.e. the loss of a column furtbea t
localised fire. The conservative character of tmecedure can obviously be seen as a source of
inefficiency, as soon as the economy of the pragcbncerned. In reality, it is presently “thegerito

pay” to keep “easy-to-apply” analytical proceduré&fie designer who would like to predict more
“accurately” the response of the structures wowdehthen to use the more “sophisticated” numerical
approaches.

VII.6.6. Conclusions

Within the present WP, practical design recommeadatderived within the ROBUSTFIRE project
were presented, reflecting three types of appraa@hmemerical approach, experimental approach and
analytical approach) and different levels of sotésion.

A critical appraisal of the latter from the “pramioriented” partners was made, highlighting the
advantages/disadvantages of the proposed desigmmeendations, in particular for the simplified

analytical approach allowing predicting the glodeame response, which constitutes the more
“practice-oriented” approach.

VIL.7. WP5 — Case study
VII.7.1. Introduction

The objective of WP5 was, first, to design an “attueference building as case study and then, to
apply, the different design recommendations progposeghin WP4 to this building and that, with
interactions between the “scientific” and the “fiiae-oriented” partners.

The designed reference building is first preseime8l VII.7.2; the latter has been designed respgcti
the structural configuration described in WP1 (8&41.3).

Then, the application of the design procedureslisessed in § VII.7.3.
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VIL.7.2. Case study description
VIILL7.2.1. Design of a reference structure
a. Introduction

In order to realise tests and studies of this mrebean the basis of a common structure used in our
countries, a standard structure of an open caripaskbeen designed. This structure will be cahealli
documents “the reference structure”.

The geometry of the designed car-park must be & general possible in order to cover the greatest
number of existing structures. After discussionsveen the partners of the research (as a resWRdf

— see 8 VII.3), the structure selected is descrdrefligure 44. Except for the columns, all thectial
elements have a composite resistance. Thus, theislaomposite and the steel beam profiles are
connected to this one, but are not coated with red@cThe whole structure is supposed to be braced
and this is made with the help of the concrete sawipich are not drawn in the field of this project.

It is thus about a car-park having internal colunaid out every 10 m, the beams have a span of 16 m
and are spaced of 3,333 m, which is the span dSl¢ie

10 m
. b \r bt e b b
=
4 =]
o
n ay e Het 4 ) "
e -+ -+ - - -+ .

Main beams
Secondary Columns

beams

Figure 44. Structure description (plan view)

The height of the 8 stories is fixed at 3 m, whiohkes a total height of the building equal to 24 m.
Moreover, no roof is considered on the last stége,one also being used as level of parking amed th
selected steel sections will be the same oneseowltiole structure.

All plans of this reference structure and the deti the design can be found in the Deliverable VI
b. Properties of the designed cross-sections

1. Composite slab

The composite slab is of type COFRAPLUS 60, madefupribbed metal sheet of 1 mm of thickness
which represents the lower reinforcement in thegitainal direction of the slab, but also the
formwork of this one during the casting of the aae; this sheet thus has a double function. The
thickness of this slab is of 120 mm which is refelly weak.

A basic mesh o®8 mm spaced by 200 mm is placed all over in thie alad some reinforcement have
to be placed in the joint zone of the main beams.

2. Main beams
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The static schemes for those beams consider arggchjeint for the connection with the column. The

rigidity is different for the self-weight loads ardr the variable loads because of the behaviour of
concrete

Finally, the dimensioning lead to consider for thasain beams an IPE 550 profile (S355). The jaint i
described on Figure 45.

3. Secondary beams

The static schemes for those beams consider aciconection with the column and with the main
beam. This is valid for the self-weight when theesistructure acts alone and also for the varikble
because the composite sections are not able tploads in case of dissymmetrical loading.

Finally, the dimensioning lead to consider for thagcondary beams an IPE 450 profile (S355). The
joint is described on Figure 45

DETAIL CH51-1  (sc.: 15
{

v IPESS0 (S355)
i BT (129)
il h
—a— 1
he [ D 1 L ‘
i
T YiTg f i
T i
i |

a2

IPE450 (3355)

Cross section 1 (Sc.: 1/5) Cross section2  (Sc.: 1/5) Cross section 3  (Sc.: 1/5)
210
105
1PEAS0 (5355) 1PEAS0 (5355) N By
| T Wil o /| & \-&
© {ir @ | & i @ s
H &
- — ! : &\ o
e | @ @ | e & it & |3 - o o
<
@ e : o it @ . g
2
© T @ © T @ 8
84 | 66 | .@.
8

Figure 45. Main beam and secondary beam to colomn j
4. Columns

The columns have a buckling length of 3 metersamdconsidered in S460 grade in order to minimise
their width. It is possible to change the sectiohthe column on the height of the structure frolBBEH
550 to HEB 220. The calculation of the rigiditytbE joints between column and main beams are made

with a HEB 300 column which is the section usedtl@r test and for floors 4 and 5 from the reference
car-park.
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Figure 46. Column description
VIL.7.3. Fire scenarios for robustness

Basic idea consists in defining a fire potentiathpacting a column in the car park structure. Urfder
conditions, this column is deeply affected, andd@&yven fail. According to car park regulation dind
safety engineering practices, worst scenario féwron is as follows: four cars are burning aroune th
column and the fire spreading from one car to thers after a short time (12 minutes). An altexmeati
scenario for edge column could include only twoscdn this report, only internal columns of the
structures are considered for robustness scenaroation of the fire could potentially be anywheaite
any floor, provided that there are 4 car placesrma column (see Figure 47).
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Figure 47. Initial position of fire cars.
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VIILL7.3.1. Application of the Robustfire methodology - “Sopb&ted” FEM approaches

The applicability of the “sophisticated” FEM appcbas (developed within WP3) to the reference
building have been investigated but these investiga have already been reported in WP 3 (see 8§
VII.5.5.4), as demonstrative example for the presg:developments, and are detailed in Deliverable V
Section lll. Accordingly, this contribution will ndoe repeated herein and in Deliverable 6.

VIIL7.3.2. Application of the Robustfire methodology - Sifiedli analytical approach

Here, for demonstration purpose, only two columratmns are studied, one at ground floor and the
other under roof floor. First location corresportis the most loaded column. The second one
corresponds to the minimized alternative loadinpgérom the upper structure, limiting the pos#ipil

of structural adaptation to a local failure.

Under each of above fire scenarios, the fire agigéctolumn is considered to fail fully and in
conseqguence their resistance disappears totally.

The fire stability of slab and beams is supposebetwverified with FSE method. This part focuses on
robustness issues related to the stability of &iras.

VIIL7.3.3. Methodology aspects

Basically, two levels of analysis can be appliede@s called “sophisticated model”, based on FEM
analysis, with several levels of refinement. Thheotis called “simplified method” and relies on
analytical analysis. The details for this model gieen in Deliverable VI. Following paragraphs
illustrate an application on the basis of simplerapch which is considered to be more practical for
ordinary design engineers.

Directly impacted zone and indirectly impacted zmaee analysed separately. This approach uses a
simple grillage model for the directly impacted epthe surrounding elements at ambient temperature
are considered as boundary condition (supportshhefgrillage. Like in the complex model, it is
necessary to calculate properties of the springisrépresent the indirectly impacted zone.

In theory, the impacted zone can be studied withlyéisal formulas. Two levels of refinement are
proposed:

1. To consider the remaining load bearing capacitglements exposed to fire, by reducing their
capacity according to their level of heating. Iquges assessing properly the behaviour of
joints in high temperatures conditions.

2. To simply ignore the elements exposed to fire, merig that they failed. This leads to
temperature independent analyses.

The following illustrates the application of sinfigd method for the case study. This method coeld b
applied without difficulties by common design offi&:

VII.7.3.4. Substructure

As analytical models to predict the temperaturéritigtions in joints are not yet available, a 3Ddab
where a column and the heated beams and flooreaneved is studied, according to Deliverable V,
section IV. This temperature independent analgsssipposed to be solved mainly analytically, whin t
help of simple simulations to determine rigidity.

Main steps are:

1. extract sub structure (beams) and calculate terisrer due to the loss of the down column,

2. indirectly affected zone supposed infinitely stitfe to the ring of compression,

3. define the join MN curves,

4. calculate the structural response of the affectad, pnodeled with beams and springs and
verify the joint capacity.

Due to the fact that, in the transverse directibie, structures have only two bays, it seems that th
anchorage of the sub structure in the indirectliecéd part is only efficient in the longitudinal

direction. In the transverse direction, anchorageeglected. It comes that 2D model could be a
satisfactory modelling (see Figure 48). More pre@pproach requires more insight in the membrane
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effect of the slab, which probably contributes tdfreess of supports of the substructure in the
transverse direction.

fosc--—— - —— — —— —— —g

Figure 48. Elementary substructure — 2D view
VIL.7.3.5. Subsystem global behaviour
a. Description of simplified method — Loss of a colunther than a column at the top floor

In this section, it has been considered that tteetéikes place in ground floor and for this reasus
floor is not taken into account. We have verifibd tobustness of the non-affected structure byirtde

For a vertical displacement (see Figure 49) at the head of a column, at thmection level, the
rotation could be expressed in function of thigpliisement as follow:

2 )
Y7
A

Figure 49. Deformed structure.

g =arcta u (2.3.1) and 6, =arcta u (2.3.2)
I0,>< IO,y
|, [¢osE, =1, , (2.3.3) and |, [¢osd, =1, , (2.3.4)
L=l +0ua(N)+0uo(N) (235  and 1, =l,,+5,,(N,)+5,,.(N) (236

The equilibrium equation in head connection pam3D) leads to the following relation:

: M,.—M,, : MyZ_Myl
P=2[N, ($ing, + ZEI%EBO§X+ ZN, Usid + @%D cad, (23.7)

X y
In this last relation the indicesandy refer to the two main vertical planes of the dtice.
b. Data for case study
For our case study the following parameters aravkno
> o=l =lox=10mand,; =l,,,=loy =16 m,

» Principal beam is IPE 550 with a steel grade of5535
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» Secondary beam is IPE 450 with a steel grade 05,S35
» Column HEB 550, HEB 400, HEB 300 and HEB 220 witkteel grade of S460 (see Figure
46).

The sizes and the properties of bolts and end glate designed by GREISCH and ULg in pre-
dimensioning of the reference's car park repore €htire design of the reference’s car park can be
found in Deliverable VI, section .

Furthermore it is necessary to know the followiggmeters:

> N,, N, M, andM, are defined by MN rsistant diagrams for the joints,
> For primary beams jointX,, = K, = 20000 kKN/m,
> For secondary beams joints;, , =K, , = 15000 kN/m,

The N-9, laws cannot be, at this stage of the developmetetermined analytically. They are

assumed to be linear (as highlighted through nuwakesimulations), so thakK,*Jd, =N. The
development of an analytical procedure for the iotexh of this law are still under progress, what
constitutes a perspective to the present projéw.velues ofK,, given here above are realistic values
of the parameters, inspired from (Demonceau, 2008).

As stated above, it is considered that the firesgidace in ground floor and for this reason thisrf

directly affected by fire (first level) is not takdnto account. The check of the robustness corside
only the non-affected structure by the fire théftasn second floor to eighth floor.

c. MN diagrams for studied car park

The MN diagrams of main beam joints are definededing to the method explained in in Deliverable
I, section Il. Figure 50 to Figure 53 give thesudtant MN diagram of 4 main beam-to-column joints
of studied structure.

M (kN.m) o M (kN.m)
HOGGING 0 \
——uppper rows n tension
—8lower rows intension
COMPRESSIO/
( TENSIO! 7 N (kN) J 00 TENSION
4000 3900 2000 1000 1000 2000 4000 3000 -2q00 100 1000,/ N (k) 2000
100 / -100 /
SAGGING SAGGING
500 / .
700 700

Figure 50. MN diagram for HEB500 column. Figure 51. MN diagram for HEB400 column.
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Figure 52. MN diagram for HEB300 column Figure 53. MN diagram for HEB220 column.

These diagrams allows to know that the maximumileemesistance of all main beam joints for the
studied case i8l =1577 kN.

X,max

With respect to secondary beam to column jointsheg are designed as pined ones, they will no¢ hav
any moment resistance. But the maximum tensilstaste of these joints is limited to 468 kN.

d. Determination of maximal vertical displacement ofigection point of each floor

In the case wherg, =I,,, = |, andl, =l , =1  the Equations 2.3.5 and 2.3.6 could be written as:
— —_ Nx d - — NY
L =1,+2 &,=I,+2 K an l,=1,+2 o,=I,+2 K

Nx Ny

Using these two last equations and the equatidhs # 2.3.4, the maximal vertical displacemerthef
connection point (column head) could be definetuirction of N, =468 kN, N_ _ =1577 kN,K, =

20000 kN/m and,, =15000 kN/m given previously.

y,max X,max

The maximum vertical displacement will be limitegthe tensile force developed in two perpendicular
beam to column joints (main and secondary beangecéisely), which cannot exceed the maximum
tensile resistance of these joints.

e. Determination of bearing capacity of the connectibrach level and robustness verification

The applied load taken into account for the desifjithe car park structure is defined by following
relation:A=G+0.7*0.8*Q.

G takes into account the dead load of concrete (@485 N/m) and steel structure (400 Njrand
Q=2500 N/ is the variable load.

The two coefficients affecting the teri®correspond to the coefficier’, (EN1990, Annex Al)

coming from the accidental combination load casel @ a coefficienta, (EN 1991-1-1, 86.3.1.2
(11)), which is a reduction factor for a column gogiing a large surface.

The bearing capacity of all steel beams connectelet lost column can be obtained using the formula
2.3.7. In this formula: if the vertical displacermet column point is definedy,, I, I,, 6,, 6, are
known and,M, equals to zero because the secondary beams gresggpto have hinged connection.
ConcerningM,, and M, , it is necessary to define them. In order to sifyghe calculation, it is

suggested to use linear relations derived fromrateWMN diagram (see Figure 52) in order to geirthe
values directly.

If one observes the four MN diagrams given in fegufrom Figure 50 to Figure 53, it can be easily
concluded that MN curves are nearly linear. Conertiy it is proposed to consider that from the poin
A to C or from the point J to M (see Figure 52) i curves are perfectly straight.
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In fact, for robustness calculations, only the mifocated at the tension side will be used. In
consequence, the second point over the MN curvesricase for the hogging moment could be B, C or
D. The result will be more precise if the accunzies based on all points between lines AB (Cd) an
JM are used. However, the advantage of actual appreesides on its efficiency.

With this assumption, it is possible to define g, (sagging moment) ani, , (hogging moment)
with the following relations:

M, -M, M,—M
—2 MY(N -N,)+M,and M _,=(+—-2—2L)(N,-N,)+M
NJ_NM)( X M) M X,2 (NA_ND)( X D) D

M X,1 = (
Finally, the bearing capacity is defined by theified relation:

M,,—M
P=2[N [3ing, + 2@% [co®, + ZN,Osid,

X

For all levels over the whole height of the struetwith four different column sections, the MN
diagrams are given respectively in figures fromurégg50 to Figure 53, the maximum load-bearing
capacities obtained from above calculation procedue:

» floor with column in HEB550: P = 469.8 kN,
» floor with column in HEB400: P = 469.7 kN,
» floor with column in HEB300: P = 462.9 kN,
» floor with column in HEB220: P = 456.0 kN,

The total applied load to the bottom of the coluvhithe structure is:
Pappiiedt0t)=619.2 x 8=4953.6 kN.

The total bearing capacity of the structure oneecttiumn fails at ground level is:
Pedtot)= 469.8+469.7x2+462.9x2+456x2=3247 kN
PredPappied=0.655

Consequently it is necessary to modify the conoactiarameters proposed by the pre-dimensioning
report of the car park structure in order to inseetne axial resistance of the connections.

f.  Verification of robustness — Fire in upper storeyoss of a column at the top floor

As explained in simplified approach report providsdthis project, in case of a fire in the upperey,
the column of this storey fails. The robustnestheftop floor has to be provided by the rectangsikp
given in Figure 54.

lost

Figure 54. Slab considered for robustness of tHltap.

The mechancial load taken into account is calcdlate shown in 8VII.7.3.5.e. The robustness of this
floor is ensured if following two criteria (defined Deliverable V, section 1V) are met:

> 1% or CM criterion: not full depth crack in the cemtf the slab,
> 2"or IM criterion: not full depth crack at the insections of diagonal yield-lines.
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For CM and IM criteria (see 8 VI1.5.3.3 for moretaits), the failure happens when the reinforcement
crossing the cracks reaches its ultimate strefygtht this moment the deflection at failurdJs .

In order to have a robust floor, its load beariagacity must be higher than applied load. This tsin
defined by the interaction point of the limit defiien line and the bearing capacity curve (seer€igb
and Figure 56).

For the car park structure dealt with in this stutig basic mesh of the top slab is:

» reinforcement spacing 200 mm,
» reinforcement diameter 8 mm

With these dimensions, none of the two criteriaegiabove is met. In order to satisfy these critehia
following mesh must be employed:

» reinforcement spacing 100 mm,

» reinforcement diameter 15 mm (this values is usstl §s an example for the optimization of
CM and IM criteria).

Figure 55 and Figure 56 represent the resulth®CM and IM criterion.
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Figure 55. Result of CM criterion for a reinforceme  Figyre 56. Result of IM criterion for a reinforcentie
mesh @15 by 100. mesh @15 by 100

VIL.7.4. Conclusions

The proposed design procedures have been applide tactual” reference building designed within
the present WP.

For the “sophisticated” numerical procedures, thyeliaation of the latter has been reported in WP3.

Concerning the application of the simplified anigigt approach, it has been demonstrated within the
present WP that this approach can be applied toefieeence building. Only one parameter, the axial
stiffness of a yielded joint, cannot yet be comguteough an analytical procedure, what constitates
perspective of development for the future (invedtans already in progress).

Through the application of the simplified analytiapproach, it is demonstrated that the robustnéss
the reference building is not sufficient for thensmlered scenarios. Accordingly, the designer would
have to select one of the following possibiliti€g: improvement of the resistance of the joints (in
bending and/or under axial loads) and of the statheatop level or (ii) to use a more sophisticated
approach using FEM, to take into account, for imsta the membrane effects developing in the slabs
(effects neglected within the analytical approach).

66



VII1.8. Conclusions

The possible progressive collapse of steel-cona@teposite car parks under a localised fire rasyilti
from the burning of cars is one of the key aspextdeal with nowadays. The absence of appropriate
reply to this request is likely to limit the market such very well appreciated structural solusion

The project so aimed to investigate these aspectdarive design procedures and recommendations
for the mitigation of the risk of progressive cpite.

The problem is rather complex as it implies to addrthe numerous following aspects:

e The scenarios to be considered (one car, moreloaated where, ...)

e The distribution of temperatures in the air anddhaluation of the temperatures in the affected
columns and the surrounding beams, slab and caansct

* The reduction of bearing resistance of the column.

» The local response of the beams, slab and joinenvthe bearing resistance of the column
decreases and the progressive development of meenfoeces in the floors.

« The global stability of the whole frame furtheratdocal destruction of a part of the structure.

In order to achieve the goals of the project andttacture the work amongst the partnership, the
following strategy has been set up further to @mairstate-of-the art of the available knowledge:

» Derivation of all structural requirements for caarlp structures (dimensions, layout, loads,
fabrication/construction/ erection constraints|istia fire scenarios, ...)

« Design of a reference structure under normal lgpdimd in accordance with Eurocodes.

< Evaluation of the distribution of temperatureshie structure and in the constitutive structural
elements during the exceptional event.

e Individual study of the main structural elementsa@im and elevated temperatures (columns,
beams, connections, floor) through experimental@antumerical investigations.

» Derivation of analytical approaches for the pradiciof the individual response of the above-
mentioned structural elements.

» Development of various numerical procedures for évaluation of the stability and the
resistance of the structure further to the eveoplisticated models with different levels of
sophistication).

« Derivation of a simplified event-independent andrdeode compatible approach for the
evaluation of the robustness of the structure (siireg model).

* Application of the simplified model to the referenstructure by the “practice-oriented”
partners and feed back to the “scientific partners”

« Drafting of design guidelines.

All these steps have been successively crossed) dlan three years of the project and practical
recommendations are now made available.

The main conclusion of the project is certainly taet that the simplified model is based on seokes
assumptions which allows, at the end, and at itiegsested by the contract, to check the robustfess
the car park through a “scenario-independent” aggtpbut with a non-excessive but actual level of
conservatism that could be criticised. In facts tbbnservatism has to be seen as the “price-to4may”
limit the investment of a design office in termscafculation costs.

Should the conservative character of the simplifirddel be considered as excessive, then more
sophisticated models should be preferred. In thgept, much information is made available to
practitioners who would prefer to follow a numetiegproach: choice of the model, distribution of
temperatures, substructure to be studied, loadbamadary conditions to apply ...

VII.9. Exploitation and impact of the research results

As mentioned in the previous section, practicabnemendations and guidelines for practitioners are
now made available for car park structures affebied localised fire, what perfectly fit with theain
objective of the project.
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To ensure that all questions have been answeredttatdall necessary tools and guidelines for
practitioners have been made available would, iasoften the case in such research projects, owsrc

the reality. But for sure, through the present gxbj significant progress has been made, the linitia
objectives have been reached and the practitidreers nowadays at their disposal design approaches,
at different levels of sophistication, allowing ckiang the robustness of composite car parks under
localised fire.

It has been demonstrated herein that the proceguessnted within the RFCS project ROBUSTNESS
can be adapted to the scenario considered herepmsidering new phenomena. Accordingly, the
present project confirms that these design proesdoould be generalised to different scenarios and
could be contemplated for implementation in theesodthen the procedures will be fully generalised,;
however, some developments are still needed (ddidiged within the present project) in order to
propose a full analytical approach.
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OBLIGATORY AT THE SUBMISSION STAGE

Project acronym: ROBUSTFIRE
Proposal No’: RFS-PR-07039
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TITLE: Robustness of car parks against localised fire

PROJECT OBJECTIVES

This project aims at developing an assessment approach and design guidance dealing with the
robustness of steel composite car parks under localised fire. Towards this goal, the following

project objectives have been identified:

1. Review current practice and state of the art in the design and assessment of car parks
subject to localised fire, and propose potentially robust structural schemes for subsequent

investigation.

2. Develop and validate detailed numerical models as well as simplified analytical models of
the fire response of critical structural components, including columns, connections and

Dbeams.

3. Propose a system level approach for simplified aﬁalytical modelling of steel composite car
parks under localised fire, and verify against validated numerical modelling.

4. Developa robustness assessment approach for steel composite car parks under fire, to be
event-independent as far as possible, and propose relevant and practical design guidance.

5. Demonstrate using a real case study the accuracy and practicality of the developed
analytical models, robustness assessment approach and corresponding design guidance.
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ANNEX I
Form 1-2
OBLIGATORY AT THE SUBMISSION STAGE
WORK PACKAGE DESCRIPTION WP No |1
Work package Title Deﬁni‘t_ion. of the problem and selection of the appropriate | Number of man
nvestigation ways hours®
WP Leader ULg (1) 600
(full name & acronym) -
Contractor (s) IC(2) 300
(full name & acronym)
FCTUC (3) ' 301
APLR (4) 500
CSTB (5) 450
GREISCH (6) 200
CTICM (7) ' 157
Total | 2510

i-

Objectives ’

Definition of the car park structures (constitutive elements, connection types, loading, bracing systems
...), of the specific design requirements and of the risks to be possibly encountered in terms of localised
fire (destruction of one column or more than one column according to the position of the column in the
structure, intensity and duration of the fire ...).

Identification of the distribution of temperatures within the affected part of the structure all along the

event on the basis of previous research works performed, in particular within past RFCS projects.
Selection of the philosophy to be followed so as to derive robustness requirements and related design
recommendations (indirect methods, direct methods — alternate load path method or specific load

‘resistance methods - ...).
TIdentification of the appropriate scenario(s) to be considered later on in the studies and of the related

situations

2 - Work programme and distribution of tasks with indication of participating contractors

Work programme

2.1 Review of available knowledge on:

e car park typologies in Europe; -

e design procédures fof car parks in “normal” conditions of use;’

e design requirements for car parks as far as fire and robustness are concerned;
e existing publications on robustness aspects (loss of a column); -

e existing publications on localised fire in car parks. A |
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2.2 Definition of the structures and the related safety requirements

e Selection of the studied typology (including fabrication and erection aspects).

e Selection of the scenario characteristics (intensity of the fire, various p0551ble locations of the
fire, number and nature of the affected elements ...).

e Definition of global design requirements to be fulfilled as far as fire and robustness are
concerned.

Distribution of tasks
- All the contractors have imperativély to be involved in this first work package.

- Each contractor will obviously contribute more o some items according to their expertise:

e Fire aspects: FCTUC (3), Ulg (1), APLR (4), CTICM (7)
¢ Robustness aspects: IC (2), ULg (1)

e Design aspects: APLR (6)

e Fabrication and erection aspects: APLR (4)

e Design requirements: CSTB (5), CTICM (7)

3 - Imterrelation with other work packages (please give WP No)

This first work package is aimed at clearly define, as expressed above, the type of structure to be considered,
the exceptional event to accommodate and the related loading situations. On this basis, the works to be
carried out in WP2 and WP3 and will be more precisely defined, as well the nature of the case study to be
work out in WP5.

4 - Deliverables and milestones

A report (DI) summarising the whole work will be produced in a rather short time (6 months) so not to delay
the progress of works in WP2 and WP3, and in particular the definition of the expenmental tests to be
carried out.
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OBLIGATORY AT THE SUBMISSION STAGE
WORK PACKAGE DESCRIPTION WP No |2
Work package Title | Structural individual response of the affected structural Nixmbef of man
elements hours®
WP Leader FCTUC (3) 2900
(full name & acronym)
Contractor (s) ULg (1) 1600
(full name & acronym)
1IC (2) 1400
APLR (4) o . 530
Total _ 6430

1 — Objectives
- The main objective is to acquire the required knowledge on the behavioural response of the individual
frame structural elements directly affected by the localised fire and the resultant reduction of carrying
capacity of the heated column:
e heated column in compression and bending;
e heated beam subjected to bending and axial force (membrane effects);
e heated beam-to-column joints subjected to bending and axial force (membrane effects).
The complexity of the studies results from the specific loading situation (non uniform field of
temperatures in the cross-sections and along the elements as well as development of membrane forces as
a consequence of the partial or total loss of the column).

- More precisely, three approaches will be combined according to the needs (experimental, numerical and
theoretical) with the aim, at the end, to derive behavioural models for elements at two different levels:

e “sophisticated level” (FEM models);
e “simplified” level (models for designers).

2 - Work programme and distribution of tasks with indication of pafticipating contractors

As said before, three research directions are intended to be followed:
2.1 Experimental tests
Tests on joints subjected to a thermal loading (fire) and to forces (bending and tension) are to be carried
out. Tests on columns and beams will not be carried out as FEM models look appropriate to predict their
behavioural response. All tests will be carried out by FCTUC (3) where specific experimental facilities
are available. The other partners [(1), (2) and (4)] will contribute to the design of the tested specimens
and to the detailed examination of the results. The tests specimens will be fabricated in the shop of
APLR in Luxembourg. Tensile tests will also be performed in order to assess the real mechanical
properties of the steel. '
About seven tests on joints are planned: f
e Level of temperature 1: three tests (for three different values of the M/N ratio) ,
e Level of temperature 2: two tests (for two different values of the M/N ratio) [ A
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e Level of temperature 3: one test where the joint is only subjected to axial tension force (present
complete lack of information for this specific situation)

e Level of temperature 4: one test where the sequence of loading will be as close as possible to
what the joint would experience in the actual frame — variable M/N ratio all along the loading)

Heated
ZOne .

T Mm?n |4 Applied load

2.2 Numerical simulations

Nurmerical simulations will be carried out by the three partners to predict the behavioural response of the
three individual affected members (colurmms, beams and joints — with beam, plate or shell elements). The
use of various software (FINELG, SAFIR, ADAPTIC, LUSAS) will first require a benchmark study to
be carried out so as to ensure the consistency of the results. The experimental tests will then be used to
validate the FEM simulations. Finally parametric studies will be performed so as to investigate the
influence of various parameters on the response of the elements (acting forces, distribution of
temperatures and level of temperatures). All WP3 partners (3) will be similarly involved in these works.

2.3 Theoretical investigations

From the results of the tests and from those of the parametrical studies, engineering models will be
developed. For joints, such models already exist at ULg for composite joints subjected to bending and
axial force. They will have to be extended to integrate the thermal loading. For beams and colummns, the
challenge will be to integrate in existing models the effect of the non uniform distribution of
temperatures along their length. The reduction of the floor to a grillage of composite beams is also a
challenge which will have to be faced. The distribution of the works is expected to be as follows:

e Joints: ULg (1)
e RBeams: IC (2)
e Columns: FCTUC (3)

3 - Interrelation with other work packages (please give WP No)

The geometry of the studied beam, column and joint elements, as well as the loading conditions all along the
event and (thermal and mechanical) result from WP1. Present WP aims at making available sophisticated
and simplified behavioural models, which will later be used in WP3 to investigate the response of the whole

structure (considered as an assembly of individual beam, column and joint components).

4 - Deliverables and milestones

-| As an outcome of WP2, two main deliverables are identified:
e Development of sophisticated behavioural models (DII)
e Development of simplified behavioural models (DIII)

reality. This allows considering them as references in research, to use them with full confidence for

The first ones are of particular importance as they are the only ones able to follow as closer as possible the
parametncal studles and ﬁnally to used them as a direct design tool for complex structures for which the us}\: /\
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by the designer of simplified behavioural models would be questionable.

The simplified models are models which can be more easily used in practice and which could possibly be
later on implemented in design guides or codes and which allow the designer to assess the behaviour of the
structure in a rather easy and direct way, i.e. in agreement with his requirements in terms of efficiency and
competitiveness.

For evident reasons of sequence, the development of sophisticated behavioural models will precede the
development of the simplified behavioural models.
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Form 1-2
OBLIGATORY AT THE SUBMISSION STAGE
WORK PACKAGE DESCRIPTION |WPNo |3
Work package Title Study of the structural response under selected scenario(s) Numbe;r of man
hours’
WP Leader IC (2) 1600
(full name & acronym) .
Contractor (s) ULg (1) 1600
(full name & acronym)
FCTUC (3) 1265
APLR (4) 600
Total ' 5065

1 — Objectives

- The main objective of WP3 is to integrate the knowledge acquired on elements in WP2 in a structural
model which would allow to predict the response of the whole frame subjected to the localised fire. This
test is of an extreme importance as the robustness aims at ensuring the global stability of the car park
even if a part of it is strongly damaged

- More precisely now:

' e the way to run FEM simulations of the whole frame subjected to the excep‘donal loading will

have first to be clearly defined;
e practical behavioural models for the whole frame will have to be developed for daily practice.

2 - Work programme and distribution of tasks with indication of participating contractors

Work programme

2.1 Restfaint and resistance against progressive collapse brought by the unaffected part of the structure

When the column subject to fire looses partially or totally its carrying capacity, the undamaged part of the
structure “tends to restraint the upper floor to fall down”. This stiffness but also the resistance that the
undamaged part of the structure may exhibit are keys aspects which will have to be intensively studied.
Evaluation models for these restraints are here to be developed.

2.2 Specific study of the 3D slab response

The concrete slab plays an important role which has to be assessed first and then modelled. This topic is
already addressed in WP2, but here the effect of the continuity of the slab over the whole car park floor wil
be more specifically studied.

2.3 Development of a frame behawoural mode]

In this model, the frame restraints studied in the sub-task 2.1 here above and the behavioural models
developed in WP2 will be combined in a model aimed at identifying the hopefully remaining stability
resistance of the damaged car-park. As a particular aspect, the development of catenary actions in beams\a
joints will be characterised (tying force, ductility required, beam deflections ...). : / \
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2.4 Derivation of robustness requirements
| Through 2.3, the request in terms of resistance and ductility, everywhere in the damaged frame, will be
known. By comparing these demands to the available resistance and ductility that the frame components may
offer, robustness requirements will be derived. ’ :

Distribution of tasks

The four contractors involved in WFP3 will joint their efforts to reach the listed objectives. Obviously, they
will bring into the works their expertise in structural engineering and the knowledge individually gained in
WP2 on beams, columns and joints.

3 - Interrelation with other work packages (please give WP No)

The development on WP3 of a behavioural model for the whole frame is the natural continuation of WP1
(definition of the structure and of the related scenarios) and of WP2 (study of individual frame components).
Anyway, in order to plan the tests within WP 2, some preliminary knowledge on the global structural
response and 3D slab behaviour is required what explains that Task 3.1 and 3.2 start at the same time
than WP2. ~ '

4 - Deliverables and milestones

Two deliverables may be expected as an outcome of WP3:
e Guidelines for the FEM simulation of car parks under localised fire leading to the partial or total
loss of a column. (DIV)
e Behavioural models predicting the response of these structures by means of “practice-oriented”
approaches. (DV)
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ANNEX T
Form 1-2
OBLIGATORY AT T HE SUBMISSION STAGE

WORK PACKAGE DESCRIPTION _ WP No |4
Work package Title | Derivation of design recommendations adapted to the | Number of man
industrial request for design efficiency as well as for easy hours®
: fabrication, erection and control
WP Leader ULg (1) 1000
(full name & acronym)
Contractor (s) IC(2) 500
(full name & acronym)
FCTUC (3) 300
APLR (4) 600
CSTB (5) 660
GREISCH (6) 200
Total 3260
1 - Objectives

In WP3, robustness requirements for car parks subjected to exceptional localised fire will have been
derived. For each particular car park being studied, the specific requirements applicable to the structure

- and its scenarios are have to be expressed before the check of the structural integrity of the damaged

structure is carried out. This approach is certainly the most exact one, but will for sure require a huge
amount of time and care. Another approach, more adequate to daily practice should therefore be
proposed; this is the objective of WP4 in which so-called “event independent” criteria will be derived.

Just an example: the check of the sufficient duetility of the composite connections would normally imply
to compare the required ductility (evaluated by means of the frame behavioural model developed in
WP3) to the available joint ductility. Instead of that, practical design guidelines and recommendations on
how to select the joint detailing - before any frame analysis is done (i.e. in the first design steps) - could
be proposed which would ensure the sufficient ductility of the joints in case of localised fire, but
obviously in a well-defined field of application (typology of the frame, number of storeys ...).

In WP4, this second approach would be selected and appropriate design recommendations are to be
developed and proposed.

2 - Work programme and distribution of tasks with indication of participating contractors

Work programme
The work within WP4 is organised as an interaction between two activities:

2.1 Derivation of practical recommendations
In this part, the practical “event-independent” recommendations are derlved and suggested to comments and

reviews before being possibly reworked.

2.2 Critical appraisal of the practical recommendations '

Here the practical applicability and suitability of these recommendations is discussed from several points o&/

view: safety, design, fabrication, cost, erection zk&
|
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Distribution of tasks

The distribution of tasks is based on interactions between scientific institutions and industrial dnes, S0 to
ensure that “best practice” tools are developed at the end. The following share of the work is therefore
contemplated:

e Derivation of recommendations: ULg (1), IC (2) and FCTUC (3)
e Critical review: APLR (4), CSTB (5) and GREISCH (6)

In the scope of the critical review, APLR will define an Advisory committee composed of engineering
offices dealing with fire engineering coming from all over Europe (Members of the Secure with steel
Network). The practical recommendations will be analysed and discussed in order to be in phase of the day
to day business of structural fire engineering.

3 - Interrelation with other work packages (please give WP No)

WP4 is the natural continuation of WP2 and WP4, but in leading aspects are not only the scientific ones, but
also those more directly related to practice: design, fabrication, erection ...

4 - Deliverables and milestones

The work will proceed according to a “way and back” approach; this should finally lead to the proposal of a
set of practical design recommendations for the design of car parks in which accidentally a column could be
affected by a localised fire. A chapter of the final report (DVI) will be devoted to the presentation of these
| recommendations. The drafting of a complete and independent publication on the subject would require a
huge extra work which could not, for time aspects mainly, be properly achieved within the present project.
So a prolongation aiming at valorisation and diffusion of the outcome of the present project will possibly be
contemplated at the end of the three years.
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ANNEX IV
‘ : | Form 1-2
OBLIGATORY AT THE SUBMISSION STAGE
WORK PACKAGE DESCRIPTION , WP No |5
Work package Title Case study Number of man
' hours”
WP Leader - | GREISCH (6) : 1170
(full name & acronym)
Contractor (s) CSTB (5) 780
(full name & acronym)
APLR (4) _ 300
FCTUC (3) 300
IC (2) 450
ULg (1) 500
CTICM (7) : 600
Total 4100

1 — Objectives

- Selection of a particular case study (typology, dimensions, loading, types of members and joints ...) used
as a reference all along the duration of WPS5.

- Design of the structure according to Eurocodes under “normal” loading.

- Appiication of the sophistic'atéd frame behavioural model developed in WP3.

- Application of the sophisticated simplified behavioural model developed in WP3.
- Definition of the robustness requirements specific to the selected structure.

- Application of the “event-independent” robustness requirements.

- Interaction between “scientific” partners and “practice-oriented” partners with the aim to improve the
practical applicability of the “event-independent” robustness requirements. Moreover a special attention
will be paid the adequacy of the requirements with the requests of the control offices in charge of the
checking of the safety aspects under normal and exceptional loading.

2 - Work programme and distribution of tasks with indication of participating contractors

Work programme

2.1 Definition of the study case and its design according to the Eurocodes under “normal” loading conditions

2.2 Application of the robusiness behavioural modelé

- Sophisticated models for components and frame
- Simplified models for components '
- Simplified models for to the elements

2.3 Application and progressive improvement of the “event-independent” robustness requirements * /
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Distribution of works

All contractors will contribute to this activity, each of them bringing its own expertise:

Development aspects: ULg (1), IC (2) and FCTUC (3)
Construction aspects: APLR(4) + Advisory committee
Design: GREISCH (5)

Safety and control aspects: CSTB (6), CTICM (7)

3 - Interrelation with other work packages (please give WP No)

As soon as WP1 will be finalised, WP5 will start, in parallel with WP2, WP3 and WP4. This will allow, all
along the development process, to ensure a full adequacy between the scientific works, their outcome and the
design practice. So it is expected that the proposed design recommendations will fit well to the requests of
the construction parties (design office, constructor, control offices ...)

4 - Deliverables and milestones

A chapter of the final report (DVT) will be dedicated to the presentation of the case study. It will address the
various aspects of the problem, including design, fabrication, erection, control aspects.
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XIII.  Appendices

XIII.1. Appendix: Work Package 2 - Structural individual sponse of the
affected structural elements: experimental tests

XIII.1.1. Objectives of the tests performed at Coimbra

The main objective of the experimental tests washgerve the combined bending moment and axial
loads in the heated joint when catenary action ldpgein the frame after the loss of the column. The
effect of the localised fire (that led to the coluhoss) was simulated by the application of eledate
temperatures in the composite joint zone. Accordingrevious experimental works performed in real
composite steel-concrete open car park structwbgeded to fire, a majority of the temperatures
measured in the beam bottom flanges were lower H08C; however temperatures of 700°C were
observed in recent tests performed in France (Belhle 1). Seven beam-to-column frames were tested
in Coimbra: one reference test at ambient tempexatfive tests at 500°C or 700°C; and a
demonstration test, for which the frame was subpbtd an increase of the temperature up to theréail

of the column. The effect of the axial restrainb&am coming from the unaffected part of the boddi
was also studied: two tests without axial resteaintthe beam; two tests with total axial restrtonte
beam; and three tests with realistic axial restri@irthe beam. Table 6 presents the objectivesich e
test.

Table 6. Objectives of the seven experimental @fsssib-frames subject to the loss of a column

Test Objectives

Derivation of the joint M-N curve at ambient temgieire — Realistic axial restraint fo
1 the beamDue to testing problems, this test was performaflout any axial beam
restraint (see 8XI11.1.5.2), and only the joint pesties at ambient temperatures
were derived.

Derivation of the joint properties at 500°C — &laal restraint to the beam

Derivation of the joint properties at 700°C — &laal restraint to the beam

Derivation of the joint M-N curve at 500°C — Tiaaial restraint to the beam

Derivation of the joint M-N curve at 700°C — Tiaial restraint to the beam

o O Al WO DN

Derivation of the joint M-N curve at 700°C — Rstt axial restraint to the beam

Demonstration of the real joint behaviour of a ftdme subjected to the loss of a
column due to a localised fire — Realistic axiatraint to the beam

XIIL.1.2. Extracted sub-frame and testing arrangement

The two dimensions sub-frame was selected froniifiefloor of the typical composite steel-concrete
car park building (designed in WP5). Because ofrésrictions from the laboratory dimensions, the
beam length was reduced from 10 m in the real imgjltb 3 m in the sub-frame to be tested. Figure 57
presents the seven beam-to-column frames test&dimbra, including the studied axial restrainthe t

beam.
r L, [
T2 (500°C) T4 (500°C) T1(20°C)-

T3 (700°C)
T1 (20°C)

T5 (700°C) T6 (700°C)

T7 (Fire - Dem.)
Figure 57. Seven experimental tests

Each sub-frame was defined by two unprotected csitpbeams IPE 550 steel cross-sections, grade
S355, and one unprotected HEB 300 cross-secti@h stéumn, grade S460 (Figure 58). A reaction
frame perpendicular to the plane of the sub-fraomperted the hydraulic jack which was linked by a
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pin to the top of the column. The column base wagdd and fixed to a reinforced concrete footing.
When the axial restraint to the beam was simulatsel beams restraints were connected to the two
strong walls via horizontal HEB 300 cross-sectieams. The hydraulic cylinder located at the column
base (except for the last test 7) simulated th@rpssive loss of the column. This cylinder kept a
constant vertical displacement of the column dutheyapplication of the initial loads and the irage

of temperatures, and was finally taken out by desirgy the oil pressure in order to simulate therool
loss. A smaller steel profile HEB 140 cross-sect@s used at the column base in order to facilitege
concreting: the composite sub-structure was locatetie floor level. In test 7, this bottom HEB 140
column was also heated.

Reaction frame

Hydraulic Jack

4 TOTAL AXIAL Left sid Right sid
3 RESTRAINT ert siae | side
HREALISTIC AXIAL TO THE BEAM ! % 9
] RESTRAINT Horizontal
1] TO THE BEAM L Beam vertical —— beam
{Spring) |B]||-||[ | — wppot. |2 a support
COMPOSITE SLAB  ||m

AND COMPOSITE BEAM |EH

2.5

. b
HEB30D Tl
[

iy
Yl 3.8 m
Beam vertical
Zm 1 gl |
|
I

fe t
R O M

}4[ Cdncreldfoollng ]—{ Steel footing
I 1

1T

] HEB 300
h

NO AXIAL
RESTRAINT

TO THE B i
|

i Steel footing

“TIBottom columi

Column resfraint

Cylindel

Figure 58. General layout, longitudinal view

The out-of-plane column rotation was preventedhatitase (Figure 58) and near the connection (Figure
59). The restraint system allowed vertical movenaettt also prevented any horizontal displacement of
the connection in the plane or out of the planthefsub-frame. However, in tests 3 and 7, theaiegsr

at the column base were not used.

5540

Hydraulic Jack

/EQECUDH frame

—1 Front &=
| side side

Lateral restraint ||

6400

Column base
[Test 7)

Column base
(Tests 110 8)

Figure 59. General layout, lateral view

The joint configuration is shown in Figure 16 (8MLB.2). Bolts M30, cl. 10.9, and a steel end-ptdte
15 mm thick, S355, were used. In order to ensweetmposite behaviour of the beam-to-column joint,
ten steel rebars of diameter 12 mm were placebdarcomposite slab at each side of the column. The
composite slab was of steel deck and light-weighkdiiu concrete composite floor, and had 900 mm
width, 1 mm thick steel sheeting and reinforcedccete C25/30. In practice, the ribs of the steel
sheeting should be installed parallel to the bepam gmain joint). But in the laboratory, the ribsre
positioned perpendicularly to the beam in ordealtow the concreting. Nevertheless, difficultiesreve
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experienced during concreting and the average stahlthickness was 130 mm instead of the 120 mm
defined in WP5. Constructional longitudinal (8 mimardeter) and transversal rebars (6 mm diameter)
were added notably to respect the maximum spacfigetl by Eurocode 4 part 1.1. The steel beam
was fully connected to the composite slab by 22shiids (diameter = 19 mm; height = 100 mm). The
beam was not composite all along its length (Fida8k in order to apply the initial hogging bending
moment, a steel beam is considered to apply theamisto the vertical displacements at the beam
supports (Figure 58). This structural considerati@s accepted because the reduced slab length was
sufficient for the anchorage of the steel rebactuited in the behaviour of the composite joint.

XIII.1.3. Description of the loading sequence
XII.1.3.1. Tests1to 6

Each test, from test 1 to test 6, was divided Bitmain steps (see Table 7): step 1 - applicatioanof
initial hogging bending moment in the joint, step Beating of the joint zone up to 500°C or 700°C
(except for test 1 at 20°C), and step 3 - simufatibthe loss of the column and increase of thgisag
bending moment up to the failure of the joint.

Table 7. Outline of the tests 1 to 6
Step 1 Step 2

T2, T3, T%
: R Q@ | @ :
Hogging bending moment Fire (except for test 108C2
Step 3
| T
Lo TN I Tioee 70
% T1:200C v{ 1# T2,T4:5000C  ©
T2,T4:500°C T3,T5,T6:700°C
T3,T5,T6:700°C
Loss of the column Sagging bending moment

Step 1 simulated the internal loads in the conords in the real car park building; a hogging liremd
moment equal to 450 kNm was applied in the jointtie test 1 at ambient temperature; this value was
calculated in a simple 2D model in Abaqus (200@hsidering the loads at the service limit state5L
defined during the design of the car park buildm§VP5. According to Eurocode 1 part 1.2, effedts o
actions under fire may be deduced from those da&tedrin normal temperature design, by calculating
the reduction factoys;, resulting in a target hogging bending moment3§ RNm for tests 2 to 6:

G +0.5Q,,
/1= 1356, + 1.50,4

whereG, = 26.4 kN/m andQy, ; = 26.7 kN /m.

During step 2, temperatures increased with a linagr equal to around 300°C/hour. The increase of
temperatures stopped and step 3 began once temmesrat beam bottom flanges were equal to 500°C
in tests 2 and 4, and 700°C in tests 3, 5 andn@llifj temperatures were kept constant during thieee
step 3, for which the progressive loss of the columas simulated by removing the cylinder from the
column base (Figure 58). Then, the vertical loadhat column top was increased in the downward
direction in order to increase the sagging bendignent in the joint and to reach the joint failure.
During the increase of the sagging bending monthatcolumn was assumed to be completely failed.

=52,53%
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XI1.1.3.2. Test 7

The load path and the loads values were choserdar to reach: i) the buckling of the bottom pdrt o
the column due to the increase of temperatureel(gt@file HEB 140, S355); ii) the progressive
collapse of the sub-frame after the loss of themool (due to safety conditions in laboratory, a sdd
failure should not happen after the loss of theirwwl). As shown in the Table 8, the following loadtp
was planned: step 1 - application of an initial giag bending moment in the joint (236 kNm); step 2
application of a constant load (250 kN) at the nwoiutop; step 3 - heating of the joint zone and the
bottom column respectively up to 400°C and 8008} 4 - heating of the joint zone up to the failure

Table 8. Outline of the test 7

Step 1 Step 2
% F = 250kN .,
Hogging bending moment Mechanical loading (250 kN)
Step 3 Step 4

S

Y
800°C|(column base centre)

800°C (column base centre)

Heating of the column base up to the Heating of the joint up to the total failure
loss of the column of the frame

The mechanical loading of the sub-frame was apglieitie column top by the hydraulic jack, and was
kept constant during the entire test (steps 2 angifst, the temperature was increased up toO0P8

in the bottom part column in order to reach th&éaai temperature of the steel profile and the cletep
loss of the column; ii) 400°C in the joint (meaghline the beam bottom flanges). The joint tempegatur
was limited in order to avoid the joint failure @nthe column fails, and was based on the prevesis.t
Finally, after the column loss, the joint temperatwas increased up to the failure of the sub-frame
The load at the column top (250 kN) and the tentpezain the column base (800°C) were kept
constant.

XIIl.1.4. Mechanical and thermal loadings

Steel temperatures were increased using Flexibtan@e Pad (FCP) heating elements (concrete is not
heated). In tests 2 to 6, the heated zone consi$tadength of 0.6 m of beam at each side of dnat,)

of the bolts and of 1 m of column (Figure 60); @stt 7 (demonstration test), the column base was
heated and the heated zone of the joint was redoced m. Servosis hydraulic jack,{ = 1000 kN;
Amax. = 280 mm) was used to apply the mechanical loaatirige column top.

In order to define the required capacities of trelcells, displacement transducers and hydraagi |
preliminary numerical simulations were performed astimated the global behaviour of the sub-
structures to be tested in the laboratory. Thelimmar finite element package Abaqus, v6.7 was tsed
perform the structural model. Beam and shell eléseere used to model beam/column, and concrete
slab respectively. A static general analysis wasopmed with thermal and mechanical loadings. No
initial imperfections were applied, but geometriaal material non linearities were taken into aatou
Materials temperature dependent properties wer@enatkbfaccording to Eurocode 3 part 1.2 and
Eurocode 2 part 1.2. The thermal expansion coefitoivas defined constant equal to 1.4 X PC and

1.8 x 10° /°C for steel and concrete respectively.
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HEB300

Figure 60. Heated connection zone using CeramicHeading elements in tests 2 to 6

XIII.1.5. Beam axial restraints

The effect of the axial beam restraint coming fribve unaffected part of the building was studied} an
three different restraints stiffness’s were congdetests 2 and 3 - no axial restraint to the heaasts 4
and 5 - total axial restraint to the beam; andstés6 and 7 - realistic axial restraint to therbe®hen
no restraint was applied, the beams were freeetaxtial movement.

XI1.1.5.1. Total restraint

The beam was totally restrained in the axial dioectlue to a steel profiles HEB 300 that linked ¢inel

of the tested beams to strong walls. Each restvaastpinned and allowed the rotation. The axiatdor
was deduced from the strains measured by fivenstraiiges: two on the top flange, two on the bottom
flange and one on the web; in order to know thetiea force direction, the rotation was deductexirir
the vertical displacements measured by displacentearisducers.

Figure 61. Total axial restraints to the beaml(atetnd of test 5)

XI1.1.5.2. Spring restraint

The realistic axial restraint to the beam provibdgdhe part of the building not directly subjectedhe
localised fire and to the loss of the column wasially estimated by a simple elastic analysis
performed in the software Abaqus v6.7: five colulbcations were simulated. A horizontal unitary
force was applied at the beam-to-column connectexel at the extremity of the sub-structure
subjected to the loss of the column, and the digpfeent was measured. The smaller computed lateral
restraint K of the equivalent single spring was4a@d\N/mm. During the tests, two springs were applied
at each beam ends. The stiffness of each springeguaal to two times the stiffness of the equivalent
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single spring calculated in Abaqus: 2K (128.8 kNJmin the laboratory, the spring restraints were
simulated using hydraulic cylinders. The two réstsawere working separately using two separated
hydraulic circuits: a cylinder to apply the loadtla¢ sub-frame and a hydraulic pump to adapt the oi
pressure in the cylinder. Each spring restraint eadrolled manually: the displacement measured by
displacement transducers was read in the data doggel the oil pressure (measured by pressure
transducers) was adapted at the hydraulic pumpdier @o modify the load applied by the cylindereTh
cylinder had the ability to work in tension (mazatl of 435 kN) or in compression (max. load of 933
kN), whereas the hydraulic pump was limiting thexmmaum oil pressure (500 bars) that could be sent
to the cylinder, and the force that could be apiplig the system was limited to 654 kN in comprassio
and 304 kN in tension. Figure 62 shows the spregjraint made with the double acting long stroke
cylinder and a system of transversal bars and platss.

‘.  wo displacement
"y ansducers

Fixed support
connected to the——
strong wall

Beam of the sub-
> frame

Double stroke \
cylinder 2

Figure 6. Spri restraint (left)

Even the smaller value of the spring stiffnesswudated in the real building (129 kN/mm) would lead
a very low displacement (2.6 mm) at the maximundlable to be applied (654 kN). So the spring
stiffness considered for the tests was reduce@® ta\N8mm.

Three tests should have been performed with spaixigl restraint to beam: test 1 at ambient
temperature, test 6 at elevated temperature (7088@)finally the demonstration test 7. In order to
simplify the test 1 (20°C), it was assumed thatgeng restraints should only apply the tensiked®
once the column loss happened and the catenagnattiveloped. This assumption was based on the
fact that the test was performed at ambient tenperawithout any dilatation of the beams, so no
compression loads should be developed at the beads An initial tensile load was applied in the
springs in order to allow the beginning of the cohfsee deliverable I, section Il). However, aftee
column loss (step 3), the beams ends were movitgaods instead of moving inside like it was
planned, and the spring restraints should had woirke€ompression, but this was not possible because
it was not planned. This was only after the failoféwo bolts that one beam end begun to applhilens
forces at the restraint. In conclusion, the refeeetest could be considered as performed withoyt an
restraint to the beam. Indeed, the spring was dirtkethe beam at the gravity centre (GC) of thelste
beam section (IPE 550) but not at the GC of thesé@ion: so when the beam rotated, the measured
displacements at the GC of the steel beam end shaweutward movement (Figure 63). Tests 6 and 7
were performed with the spring restraints workingompression for the most part of the test.

.. «—Axial displacement at the neutral axis |
“<«—Measured axial displacement

\
A

Figure 63. Rotation of the beam extremity and outidisplacement of the geometrical centre of tbeldieam
section
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XIIL.1.6. Instrumentation of test specimens
X11.1.6.1. Load cells

Figure 64 presents the measured reaction loadsaidn test. Load cells F1 and F2 were placed at the
top of each beam because they were consideregly thye initial hogging bending moments. The load
cell F3 was located at the bottom of the colume;lttad cell F-HJ was included in the hydraulic jatk
the column top and measured the applied load;deldd F4 and F5 were added to the lateral restadint
the column base. The reaction loads from the arstraints to beams were measured by: i) pressure
transducers in case of the spring restraintstrjrs gauges in case of the total restraints.

F-HJ F HJF%
- Ri 3 L - Left R - Right 2
W L-Left R-Right -F5" i so ﬁf%j e ont £ L sG 2
l f 2 -
Ay &, Y N
F = Load cell FoeF4 F = Load cell
HJ = Hydraulic Jack HJ = Hydraulic Jack
F3 F3  sG = Strain gauges
Tests 2 and 3 Tests4 and 5
F-HJ F- HJ
S H*@gl L - Left R - Right ;ﬁ% P’ p1 ﬁﬁl L- Left - Right F*g% P2
S I 9 I u
F = Load cell F = Load ceII
F5#F4 HJ = Hydraulic Jack HJ = Hydraulic Jack
F3 P = Pressure transducer F3 P = Pressure transducer
(tensile and compression) (tensile and compression)
Tests 1 and 6 Test7

Figure 64. Load cells, pressure transducers aathgiauges to measure the reaction loads
XII.1.6.2. Displacement transducers

Around 30 displacement transducers were used ir dodmeasure the displacements and deformations
of the specimen (Figure 65) and to check the residisplacements of the auxiliary structures, sagh
footings, frames, etc... Displacement transduce2)6fmm, 100 mm and 50 mm, and wire transducers
of maximum deflection 1000 mm were used.

Full number

HEB 300 H

IPE 550

HEH,

[]
-—P{ STEEL FOOTING ‘ ‘[ C{INCRETE FOOT! G.]"_- ‘ STEEL FOOTING }‘—-

Figure 65. Displacement transducers
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XII.1.6.3. Thermocouples

A total of around 90 (70 for tests 4, 5 and 6) th@couples of K type with two 0.7 mm wires measured

the temperature in the elements: end-plates, bdlé&ams, column, and composite slab. The

thermocouples of the beams were applied as showgiure 66 at 250 mm, 500 mm and 1000 mm

from the end-plate. In test 7, as the heated zbtieecbeam was reduced, and the bottom column was
heated, the arrangement of thermocouples was lglidliterent (see deliverable II, section II). Figu

67 shows, as an example, the thermocouples locatdtie steel members of the test 5. Additional

thermocouples were also measured temperatures tothposite slab.

HEB 300

1000 RIGHT
LEFT L oo
c B A e
E:% AN FAWAVN A E:%
10 S SV V=10 Y SV [ Y WS Ve~ VeV e Ve Vav=ys
w| NES 143}/4},
) @ IPE 550 - e = N '
N ) ~
o -
150 1A%
L] | <
o0 D D oo
L L
bd [o o

n B

Figure 66. Instrumentation (thermocouples) of thatbd zone for tests 2, 3, 4, 5 and 6

TEST 5

D-D

Figure 67. Thermocouples at the steel beams, comdrjoint of the test 5

XII.1.6.4. Strain gauges

Around 50 strain gauges were stocked on the beahrastraints on flanges and web of the HEB 300
profiles to measure the strains and to derive ttesses and the axial load from the total beamaiest
(Figure 68). For the reference test 1 at ambianp&ature, strain gauges were located into bdls) a

cm from each beam extremity, on the column webamthe steel rebars in the composite slab (Figure
69).
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TESTS 4and 5
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Figure 68. Strain gauges at the beam axial reséréiests 4 and 5)
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Figure 69. Strain gauges used for the test 1 atearhtemperature

XIII.1.7. Control tests

Control tests were performed in order to determiagerial properties of the steel joint component a
concrete slab for the calibration of the numerarad analytical models against the test resultsail@elt
results are available in deliverable 11, sectian Il

XII.1.7.1.

Mechanical properties of the steel from the bedra, dolumn and the end-plate were defined by 38
tensile coupon tests. From the steel profilescthgons were extracted from the webs and flanges, a
three tensile tests were performed for each teryera20°C, 500°C and 700°C. In the case of thed ste
end-plate, only two coupons were performed an@édeat ambient temperature. Steady-state tests were
considered, for which the coupon was heated up gpegific temperature and then tested in tension
(constant displacement speed). The vyield streRgliMPa), the tensile strenglRm (MPa) and the
elongation after fracturd (%) for each test, were defined according to NPIBR02-1: 1996 and NP
EN 10002-5: 1991. Figure 70 shows the stress-stiaimes from the tensile tests performed at 20°C,
500°C and 700°C, respectively for steel couponaetad from the web and the flanges of the IPE 550
steel profile. Figure 71 show the stress-strairvesiifrom the two tensile tests performed for thd-en
plate at ambient temperature.

Tensile tests of the steel coupons

89



600 $355F_20_T1 600 -
————— $355F_20_T2 TS
500 —— == | T=e.. $355W_20_T2
— = -$355F_20_T3 — —-$355W_20.T3
Baoy /L N s sasse_soo_T2 | 400 {57 — $355W_500_T1
b3 3 S\~ e $355W_500_T2
2 : — — -$355F_S00_T3 | £ .
§ 500 )/ 200 1 $355W_500_T3
] y $355F_700_T1 | § ——— $355W_700_T1
£
204 e sassF_700T2 | C200 T $35SW_700_T2
P | — — - $355W_700_T3
e .o Mimmm -
i S — — - $355F_700_T3
100 —= 100 EaieF
Strain (%) 0 | | | | | Strain (%)
0 I I : . I : : |
0 5 10 15 20 25 30 - 40 0 5 10 15 20 25 30 35 40
a) b)
Figure 70. Stress-strain curves at 20°C, 500°C7808C for steel S355 - IPE 550 (a) flange (F) andidb (W))

600

=
a
2
% 300 ———5$355_End-plate_202C_T1
1]
‘5‘ ----- $355_End-plate_202C_T2

200

100

Strain (%
0 S 10 15 20 25 30

Figure 71. Stress-strain curves at 20°C for st8bbS- End-plate 15 mm thick

Figure 72 shows the stress-strain curves from ¢heile tests performed at 20°C, 500°C and 700°C,
respectively for steel coupons extracted from tkeé and the flange of the HEB 300 steel profile.
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Figure 72. Stress-strain curves at 20°C, 500°C7806C for steel S460 - HEB 300 (a) flange (F) andidb (W))
XI.1.7.2. Tensile tests of the bolts

Mechanical properties of the bolts M30 10.9 werknee by 15 tensile coupon tests. Three tensiles tes
were performed at ambient temperature, and tws teste performed at each temperature equal to
200°C, 400°C, 500°C, 600°C, 700°C and 800°C. Ststatly tests were performed. Unfortunately, these
tests were performed at the end of the project, rasdlts were not used in the calibrations of the
numerical and analytical models.
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Figure 73. Stress-strain curves of bolts M30 19208C, 200°C, 400°C, 500°C, 600°C, 700°C and 800°C
XI.1.7.3. Compression test of the slab concrete

Compression tests on 24 concrete blocks were peefibr Three tests were performed after 7 days, 14
days, 28 days and then the day of tests 3, 4aB8d6/. The concrete properties C25/30 at 28 days we
confirmed according to NP EN 206-1 2007: i) therage of each three tests cube strenfith,te=

35 MPa) was higher than the C25/30 characterisiie strength plus 1 (31 MPa) and was smaller than
the C30/37 characteristic cube strength plus o8éV{Ba); ii) each individual value was higher thha t
C25/30 characteristic cube strength minus 4 (26)MPa

XII1.1.8. Comparisons between the seven experimental tests

In order to simplify the comparisons between testdy one connection from the joint is taken into
account, which is either the connection where Halted, or, in case of no bolt failure, the con@t
the most deformed: left connection for tests 13, and 7 and right connection for tests 4 and 6.

XI1.1.8.1. Summary results of tests 1 to 6

Figure 76 shows the evolution of the connectiondb@n momentversusthe joint rotation, and Figure

77 shows the total vertical reaction load at theroo versusthe vertical displacement measured at the
column top. The hogging bending moment was injtiedlached during step 1, followed by a variation
of this moment during the increase of temperatimestep 2. As described in Section XIII.1.3.1, this
initial hogging bending moment should have rea&d0-UNm at ambient temperature (test 1) and -236
kNm for the tests at elevated temperatures (tegi6?. The target initial hogging bending momessw
well reached in tests 1, 4 and 6, but some diffiesilwere faced in the laboratory, and this bending
moment was higher of around 75% in tests 3 andidb)awver of 14% in test 2. At the beginning of step
2, reaction loads increased due to the dilatatfdhe@structure; the reaction forces reached amim
value and the minima hogging bending moments rehaeheund -500 kNm in tests 1, 3, 5 and 6, and
around -357 kNm in tests 2 and 4. After that, thessction loads decreased because of: i) the steel
properties degradation due to high temperaturehénithan 600°C in the webs of the steel beams) in
tests 3, 4, 5, and 6; ii) the slight loss of théuom support in test 2 due to oil losses in thedot
cylinder (see deliverable IlI, section Il). Beamdtbm flanges temperatures reached 500°C in tests 2
and 4, and 700°C in tests 3, 5 and 6: Figure 7#sltioe temperatures measured during test 2. Attabou
40 min., during step 2, the temperature increase veas modified from the maximum rate to
300°C/hour, which created a peak in temperaturegesu Finally, 500°C was reached in the beam
bottom flanges, whereas the temperature increasdrfin the web because of the reduced thickness.
Temperatures in beams top flanges were much loeeause they were only heated by heat transfer
from web, which was reduced by the composite stateption. During step 3, the temperature was well
kept constant in the beam bottom flanges. Condestperatures did not rise above 200°C. The loss of
the column was really progressive as the hydrajalak at the column top imposed a constant
displacement rate. Concrete crushing in compresgias the first failure observed under sagging
bending moment, but this failure was really prognes first the concrete crushed against the column
flanges (Figure 75a), and then the entire slabhfigited (Figure 75b, c).
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Figure 74. Evolution of the temperatures during 2es
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Figure 75. Concrete crushed: a) against the collanges; b) along the entire slab width; c) atéhd of the test

(front view of test 6)

Bolts failures happened in tests 1, 2 and 6 (résmd¢ under 47.5 mrad, 73.6 mrad and 83.3 mrad of
connection rotation); the other tests were endezhuse the maximum vertical displacement of the
hydraulic jack at the column top was reached. Amldading-reloading” was performed at the

beginning of the step 3 for tests 3, 4 and 5, anallowed a better characterization of the elastic
stiffness of the joint. In tests 1 and 6, this ‘aading-reloading” was not performed because of the

difficulties to manually control the spring restra at the extremities of the beams.
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Figure 76. Joint bending moment vs rotation aftcihrenection
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Figure 77. Total reaction load vs vertical displae@at measured at the column top

The evolution of the bending moment at the joi@tsusthe beam axial load is presented in Figure 78
for tests 1, 4, 5, 6, and 7. In the following comgans of the results, the test 1 is considered as
performed without any restraint to the beam (se€lB1.5.2). The restraints were connected to the

beams since the beginning of the test. During dtefhe loads and displacements created by the
application of the initial hogging bending momenérer not enough to develop axial forces to the

beams. During step 2 and at the beginning of steghe3beam extremities were moving outwards and
the restraints worked in compression; then compmedeads decreased during step 3, and tensilesload
were reach at the end of the test 6.
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Figure 78. Joint bending moment vs axial loads@ijoint

It was observed that the maximum axial compressiad was reached: i) for a vertical displacement of
the joint varying between 100 mm to 210 mm (Figéd®9; ii) once the concrete from the slab was
crushed in compression in tests 4 and 5. In tebteGmaximum axial compression load was not reached
due to the limitation of the hydraulic system aD3N in compression (Figure 80), but it can be
assumed that the maximum value would correspottaetd" bolt failure.
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Figure 79. Vertical displacement measured at thenwo top vs axial loads
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Figure 80. Total reaction load vs axial loads atjtint

Finally, Figure 81 and Figure 82 show the finalaiefations for tests 1 to 3 (without axial restramt
the beam), and tests 4 to 6 (with axial restranthie beam). The steel end-plates deformed in the
bottom and centre part in all tests, even at antli@mperature, and showed a high ductility. Due to
high stresses/deformations, a crack at the baskestd-plate, just above the weld, appeared atitle

of the test 1 at ambient temperature. Moreover |dbalised deformation mode observed at the steel
end-plate centre should happened because of thiegonfiguration: i) 4 bolt rows and quite a high
space between the rows 2 and 3 (260 mm), ii) tlepdaste (15 mm) was thinner than the column
flange (19 mm), and iii) an initial deformation ratd just after the bolts pre-loading (0.6 mm was
measured for the reference test). Moreover, it sebat the beam web was pulling the end-plate due t
the sagging bending moment (tensile loads at thtertngpart), and the deformation of the end-plate wa
amplified where it was not linked by bolts to tr@uwnn flange: in the bottom part and in the ceofre
the end-plate.
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Figure 82. Deformations of the connections foradst5 and 6

Figure 83 presents the bolts failed in tests In®& It could be noticed that the bolt failurgest 6 (at
around 600°C) was characterized by a smootherréathan in tests 1 or 2, for which temperatures
(respectively 20°C and around 400°C) were notyiéicgent to decrease the steel properties.

( LFront-r4 LFront-r3 @

TEST 1 (falled) +- 400° CPEST 2

Figure 83. Bolts failed in tests 1, 2 and 6
XI1.1.8.2. The demonstration test (test 7)

The objective of the demonstration test was to aktlee real behaviour of the sub-frame joint when
subjected to a localised fire which leads to thes lof a column. Four main loading steps were défine
by: step 1 — Initial hogging bending moment; stepMechanical loading (constant gravity load of 250
kN); step 3 — Tincrease of temperatures and column loss (4008@ams bottom flanges and 800°C in
the bottom column); and step 4 ™ ihcrease of temperature and failure of the sulméraThe bending
moment/rotation, load/displacement and bending nmdfaeial loads curves were presented in Figure
76, Figure 77 and Figure 78, respectively. The mapbending moment was initially reached during
step 1 (-281 kNm). During step 2, the hydraulikjatcreased the load at the column top up to reach
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+250 kN; however, due to clearances at the coluase hthe total load at the column reduced from -200
kN to -96 kN, and consequently the hogging bendiognent was reduced to -134 kNm. In step 3, the
beams were heated up to 400°C in the bottom flamgekjoint components and column reached lower
temperatures (Figure 84); the bottom column wagedeap to 800°C. First reaction loads increased
under thermal dilatations effects and reached d@muan value of -359 kN (bending moment equal to -
505 kNm); then the bottom column reached its maxrinmasistance capacity under 578°C and failed.
The failure of the column was really progressive] avas defined as the moment at which the vertical
reaction load came back to its initial value at lieginning of the step 3 (95.6 kN). At the endhaf t
step 3, the total load was equal to +211 kN, aedcctiilumn top came down 25 mm; Figure 85 presents
the evolution of the vertical displacemertssustime. The sagging bending moment increased up to
300 kNm, and the compression axial loads to thenseaached 61 kN.
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g : I Beam top flange 20cm L
800 | g | - — — Beam top flange 20cm R
3 | Beam web centre 20cm L
700 - g 0l - — — Beam web centre 20cm R
g : | Beam bottom flange 20cm L
600 - © | | - = = Beam bottom flange 20cm R
' | Col flange centre L
500 - :‘51 — - — Col web centre
ﬁ: a - - - Col flange centre R
400 - é:\:— Col.-B flange L
s g — - — Col.-B web centre
300 | 20 ~ -~ Col.-Bflange R
@ X | Bolt-row 4L
200 - : | Bolt - row 4 R
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Figure 84. Evolution of the temperatures during Te§n beams at 200 mm from the connection, imcw
centre, in bottom column HEB 140 (Col.-B), in rovbdlts and in concrete rib in contact with the kbeam)
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Figure 85. Evolution of the vertical displacemethtising the entire test 7

During step 4, the temperature in the joint inceglasnder the constant load (250 kN) applied atdpe
of the column and reached 770°C in the beam bdtiimmge: the concrete slab began to crush against
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the column flange; the vertical displacement inseglfaster (Figure 85), and once the concrete slab
was completely crushed, beam bottom flanges temperareached 800°C and the sub-frame
completely failed. The test was stopped at a \@rticsplacement equal to 280 mm, at 150 mrad and
37 mrad of connection left and right rotations, tb&l vertical reaction load was 104 kN, and axial
loads at the spring restraints were reduced frof K6 to 222 kN after the concrete crushing. The
sagging bending moment was slightly decreased #8thkNm to 265 kNm. The day after the test, the
failure of three bolts from the left connection wasserved: two bolts at the row 4 and one bolhat t
row 3 (Figure 86a), but the failures were not detgcon bending moment/rotation and
load/displacement curves. The steel end-plategmefbin the bottom and centre part, and due to high
stresses/deformations, a crack at the base stdgblate, just above the weld, appeared. Figure 86b
shows the final deformation of the sub-frame.

Figure 86. a) Deformations of the left connectiamd b) final deformation of the frame (test 7)
XII1.1.8.3. Effects of the temperature

In the tests performed without axial restrainthie beam (tests 1, 2 and 3), the maximum reactia lo
(Fmay and the corresponding maximum bending momernit,{Mdecreased by 20% at 500°C, and by
50% at 700°C. Under these maxima loads, the coneditation Qy.may Was more or less equal at
20°C and 500°C, but was increased by 97% at 70080l€ 9).

Table 9. Comparisons of the results: maximum sapgending moment M., (tests 1, 2 and 3)

No axial restraint Tl T2 T3 Diff. T1-T2 | Diff. T1-T3 | Diff. T2-
Temperature 20°C | 500°C| 700°¢ (%) (%) T3 (%)
M ™ hax (KNm) 710.1 565.0| 357.1 -20.4 -49.7 -36.8
Max. vert. load Fpa (kN) | 504.4 | 401.5| 252.0 -20.4 -50.0 -37.2
Vert. displ. (mm) 145.6 | 143.6| 220.3 -1.4 51.2 53.4
Rotation Oy.«max (Mrad) 46.9 49.5 92.3 55 96.6 86.5

In test 1, just after the increase of the jack k&rgperformed after the concrete crushing), loads
continued to linearly increase, and leaded to aimax sagging bending moment equal to 710 kNm,
which is 21% higher than the theoretical value Wlaked in Section VI1.4.8.3 (588 kNm).

Table 10 presents the initial stiffness of the Idegblacement curves (Figure 77) estimated just dfie
column loss, or at the reloading curve in case ttat'unloading-reloading” was performed. It can be
observed that the initial stiffness of tests 3 &n@00°C) were much lower than the other onesthmut
reloading performed in test 3 showed a higher sgalistiffness (8 kN/mm); unfortunately, the
“unloading-reloading” could not be performed intt& and the real stiffness is unknown. In
comparison to the ambient temperature result (tgsthe effect of the temperature affects theahiti
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stiffness and decreases it by 36% at 500°C (temt @)y 49% at 700°C (test 3); the initial stiffnesgs
also decreased by 21% between tests 2 (500°C) GaD3C).

Table 10. Initial stiffness of the load/displacemeurve after the column loss

Temp. Restraint Initial stiffness Reloading stiffness

TEST (°C) (KN/mm) (KN/mm) (KN/mm)

T1 20 0; 50 15.7

T2 500 0 10.1

T3 700 0 2.6 8.0

T4 500 Total 13.9 185

T5 700 Total 11.3 12.3

T6 700 50 2.9

T7 400; 800 50 10.9

Average 11.2

Table 11 presents the maximum rotations correspgrigi the 1 bolt failure (tests 1, 2 and 6) or to the
end of the test if no bolt failure was identifigddts 3, 4, 5, 7). In test 1, the first bolt faifed 49 mrad

of rotation (503 kN); in test 2, the first bolt li&dl at 74 mrad of rotation (352 kN), and no boleraev
failed at 132 mrad of rotation in test 3 (311 mmveftical displacement). In comparison to test 1 at
20°C, the rotation was then increased by 55% &0@3C (test 2), and by at least 179% at 700°C (test
3). The rotation corresponding to the maximum sagdpending momerty.max Was increased by 64%

at the ' bolt failure in test 2 and by 53% in test 6.

Table 11. Maxima connection rotation for each test the corresponding values of the vertical ieadbad,
axial force, sagging bending moment, and vertigggldcement

Axial Vertical | Vert. | Axial |Bending| Max.
Temp. | restraint | reaction | displ. | load N | moment| Rotation
TEST | (°C) |(KN/mm) |load (kN) | (mm) | (kN) | (kNm) | (mrad)

T1 20 0; 50 502.5 1476 -1.3 707.4 47.5 | 1st bolt failure
T2 500 0 375.1 2155 0.0 527.9 73.6 | 1st bolt failure
T3 700 0 218.1 311.4 0.0 309.1 132.4| end of the test

T4 500 Total 253.8 245.8-588.0 592.6 89.4 | end of the test
T5 700 Total 204.5 363.8-1045| 351.1 122.3| end of the test

T6 700 50 161.0 229.5-293.6 | 3439 83.3 | 1st bolt failure
400; end of the test
T7 800 50 104.1 280.2-222.0| 265.1 149.8| (3 bolts failed)

In tests 4 and 5, during the increase of the teatpes (step 2), the axial and vertical loads msed
more in test 5 than in test 4 (Figure 78), duehtottigher dilatations under 700°C. During stepoB af
same axial compression load, the sagging bendinganbin test 5 at 700°C was lower than in test 4
(500°C) because of the reduced steel propertigsstrb, under the maximum bending moment reached
in test 4 (746 kNm), the axial load from the rdsitravas 58% higher. Table 12 shows that the
maximum bending moment reached in test 5 was 14hehithan in test 4; at this point, the vertical
reaction load was 5% lower in test 5, but the casgion axial restraint was 66% higher; the rotation
and vertical displacement were respectively 22% Hsfb lower in test 5. Test 5, under higher steel
temperatures, reached higher bending moment/aediaint load than test 4 certainly because of the
non-uniform concrete slab thickness in test 5. éadeluring the concreting of test 5, a supporased
near the column (back side) fell down, which crdaérigher thickness of the slab on this side gtab
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thickness on the front side extremity was 60 mmenshs the slab thickness on the back side extremity
was 100 mm). As the concrete was only slightly ééathe concrete properties were not decreased by
temperature, and the compression resistance gbititevas increased by the slab thickness, everund
higher steel temperatures.

Table 12. Comparisons of the results: maximum saggending moment M.y (tests 4 and 5)

Total axial restraint T4 T5 Difference
Temperature 500°C| 700°C (%)
M hax (KNm) 746.4| 828.0 10.9
Vert. load Fyax (KN) 355.6| 336.5 -5.4
Axial load N (kN) -990.7| -1646.7 66.2
Vert. displ. (mm) 154.7| 132.2 -14.5
Rotation Oy max (Mrad) 54.9 43.0 -21.5

Tests 4 and 5 are also compared together in reladithe maximum vertical reaction load (Table 18).
can be observed that both reached the same vagmetion load, under more or less the same vértica
displacement and rotation, but with more 47% of parasion load from axial restraints in test 5
(700°C).

Table 13. Comparisons of the results: maximum e&lrtieaction load . (tests 4 and 5)

XI1.1.8.4.

Total axial restraint T4 T5 Difference (%)
Temperature 500°C 700°C
M™ (KNm) 719.6 756.6 5.1
Max vert. load Frayx (kKN) 443.6 433.6 -2.3
Axial load N (kN) -1037.6 -1528.2 47.3
Vert. displ. (mm) 64.4 61.0 -5.2
Rotation 0gma (Mmrad) 20.6 19.9 -3.3

Effect of the axial restraints to the beams

Tests 2 and 4 were both performed under 500°Camé#ams bottom flanges, respectively without any
axial restraint to the beam and with total axiatr&nt to the beam. In test 4, the maximum reactio

load was 11% higher (Table 14), the vertical displaent under maximum reaction load was 55%
lower, the bending moment was 27% higher and ttaiom was 58% lower than in test 2.

Table 14. Comparisons of the results corresponiinige maximum vertical reaction loagk(tests 2 and 4)

500°C T2 T4 Difference

- (%)
M™ (KNm) no total
Max vert. load Fyax (KN) 565.0 719.6 27.4
Axial load N (kN) 401.5 443.6 10.5
Vert. displ. (mm) 0.0 -1037.6
Rotation Ognyax (mrad) 143.6 64.4 -55.2
M™ (kNm) 49,5 20.6 -58.4

The maximum bending moment reached 565 kNm in2gsgthereas in test 4, the maximum bending

moment was increased by 32%, for a rotation on% higher (Table 15).

In test 2, the first bolt failed at 74 mrad of jomotation (216 mm of vertical displacement). Untlex
same rotation in test 4, the total reaction load W&lo lower, the bending moment was 32% higher and




the axial compression load restraint was equal7t® kN. So, due to the compression load from the
axial restraint to the beam, the joint was ableegist to a higher sagging bending moment withayt a
bolt failure. Indeed, the compression load from &xal restraint combined with sagging bending
moment, moved the neutral axis of the connectiomnaeard, allowing the development of additional
compression loads in the concrete slab, and remuofithe tensile loads in the bottom bolt rowsc®©n
the concrete crushed against the column slab amdydhe entire slab width, tests 4 and 5 were still
able to continue to deform without failure: betwele@& maximum sagging bending moment and the end
of the test, the rotation increased by 113% in4emtd by 184% in test 5.

Table 15. Comparisons of the results: maximum saggending moment M., (tests 2 and 4)

500°C T2 T4 Difference
. (%)
Restraint no total
M ™ hax (KNm) 565.0 746.4 32.1
Vert. load Fpax (KN) 401.5 355.6 -11.4
Axial load N (kN) 0.0 -990.7
Vert. displ. (mm) 143.6 154.7 7.7
Rotation Oy.max (Mrad) 49.5 54.9 10.8

Between tests 3 and 6, the maximum bending moniaié€ 16) was not affected by the axial restraint
to the beam (difference of 0.5%); however, the esponding rotation was 40% lower in test 6.
Between tests 3 and 5, the maximum bending momeereased considerably (by 132%); the
corresponding rotation was 53% lower in test 5. 3&ime conclusions can be made for tests 5 and 6.

Table 16. Comparisons of the results: maximum saggending moment M., (tests 3, 5 and 6)

700°c I "> | piff. T3-T5 | Diff. T3-T6 | Diff. T5-T6
Restraint no | 50 kN/mm| total (%) (%) (%)
M nax (KNm) 357.1] 3555 828.0 131.8 -0.5 132.9
Vert. load Fpax (KN) 252.0/ 198.0 336.5 33.5 -21.4 70.0
Axial load N (kN) 0 -297.3 | -1646.] --- --- 453.8
Vert. displ. (mm) 220.3| 148.7 132.2 -40.0 -32.5 -11.1
Rotation Oy.max (Mrad) | 92.3 55.1 43.0 -53.4 -40.3 -22.0

The effect of the axial restraint affects the aligtiffness and increases it by 83% at 500°C (fresh 2
to test 4) and by 54% at 700°C (from test 3 toGst
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XIII.2. Appendix for WP3 — Detailed modelling of referen@ar park under
selected fire scenario

This appendix presents a detailed numerical studyhe reference car park subject to the proposed
localised fire scenario. The reference car parkndelled using reduced sub-frames under the
framework of the multi-level modelling approach. dnder to capture the response of the reference
structure as accurately as possible with a comps#fe consideration of structural ductility supfdy
robustness assessment, detailed structural anaiysigerformed through employing a realistic
temperature distribution obtained from detailedthesnsfer analysis, and the nonlinear behaviour of
joints is comprehensively considered.

XIIL.2.1. Verification of multi-level modelling approach

Three modelling levels (A, B and C) can be gengmhployed for the current fire scenario, as shown
in Figure 87. At level A, consideration is givenaavhole system of the influenced sub-structurd wit
appropriate boundary conditions representing tliesanding cool structures. Provided that the upper
ambient floor systems have similar structure typd applied loading, the assessment model can be
simplified to level B, where a reduced model cansgsof the fire affected floor-column system ahe t
upper ambient floor system are considered. At lwsl, the two systems (i.e. fire and ambient) are
investigated separately. The derived charactesisifcthe ambient floors can be incorporated into a
nonlinear ‘spring’ applied at the top of the firgegted floor system. Then emphasis is given to the
behaviour of the fire affected floor system witte tadded spring. Finally, at level C, planar effects
within the floor slab are ignored, and grillage ratsdwith composite beams are considered insteasl. Th
effective width of the slab flange can be obtaittedugh Eurocode 4, 2004 considering shear lag, and
the ribs can be ignored in the slab flange aloegprpendicular direction.

LEVEL B LEVEL C
Upper floor 5

LEVEL A

Point load from
‘L upper floors

Point load from
upper floors

Boundary
spring |

o

Figure 87. lllustrative descriptions of three moldskls
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In order to verify the accuracy of the proposed etadduction procedure, a four-storey steel-framed
composite structure is established in ADAPTIC, lam in Figure 88. Joint details are ignored in the
model, and beams and columns are assumed to lo#y rinnected. All the boundary springs are
considered as fully restrained. It is assumed ttatinternal column at the ground floor experienges
uniform increase in temperature, and this tempegateduces linearly from the column top to room
temperature 3m away from the column within the emted steel beams. The slab is considered as fully
protected and remains under ambient conditionsutiirout the heating procedure. This model is then
reduced to a level C model comprising the fire flegstem and an additional spring. The downward
and upward stiffness of one ambient floor is giuerrigure 89. In ADAPTIC, the spring is modelled
using an element that is capable of simulatingftinee-displacement relationships with multi-linear
approximations. The loads exerted onto the reduoedel include a 5kN/MUDL, a point load from
the upper three ambient floors and the subsegbental load.

Figure 88. Deflection shape of ADAPTIC model witthdrnal column at 1000°C
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Figure 89. Response of one ambient floor

Figure 90 presents the vertical displacement atctdiemn top for the 4-storey model as well as the
reduced system model, while Figure 91 providesthemn axial force ratio AP, from the two models,
where R is the axial force of the heated column, apdsPthe initial column axial force under the
ambient condition. The peak column axial forcead&iP,, the maximum floor deflection, and the
critical temperature of the two levels of the madate listed and compared in Table 17, where the
critical temperature is defined at the instant whign column internal axial force returns back ® it
initial value under ambient temperature. It is fduhat the responses of the two models are vesgeclo
which verifies that a reduced system model is ci@pab capturing the behaviour of the structures
subject to localised fire with sufficient accuracgmpared with more complex multi-storey models,
provided that the response of upper ambient flosrsaccurately modelled. Therefore, in the
ROBUSTFIRE project, reduced substructure models€lseB and C) are employed for simulating the
reference building.
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Internal column in fire
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Figure 90. Variation of vertical displacement alucon top
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Figure 91. Variation of column axial force

Table 17. Comparison of key results between twoetwd

Structural response | Full 4-storey model| Reduced sg@m model | Discrepancy
Maximum column 1.195 1.172 1.92%
axial force ratio PP,
Vertical deflection at 1435 148.9 3.76%
1000°C(mm)
Critical temperature 601.8 602.5 0.12%
O

XIIL.2.2. Joint modelling, joint failure criteria, and system failure criteria

The component method is employed for joint modgllin the sub-frame model considered in
ADAPTIC. The bolt-rows are represented by discegieng elements, and these are connected by rigid
links. The axial springs are defined in terms dffretss and resistance which are obtained from the
characteristics of the corresponding componentthdrncurrent model, bilinear curves are employed to
model the force-deformation response of each comon

Figure 92 presents the component model developethéomajor axis flush end-plate joints. For the
four internal bolt-row spring series, the axial pedy in tension is contributed from four comporsent
namely, column web in tension (cwt), column flamgéending (cfb), bolt in tension (bt), and endtpla

in bending (epb). The compressive characteristithfe inner springs is determined by the resistafice
the column web in compression (cwc). The two oaf®ing series are free to be pulled in tension, but
in compression the resistance and stiffness ar&ilboted from the beam web/flange in compression
(bwfc). Where column web stiffeners are added stiftness of the column web in compression (cwc)
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can be considered as infinite. Moreover, the coluveb in shear (cws) is represented by applying an
additional spring at the bottom flange of the beam.
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Figure 92. Component model for major axis beametostin joint

Minor axis beam-to-column and beam-to-beam joimes raainly designed for resisting shear force,
where composite action is not considered in thégde&igure 93 illustrates the mechanical model of
the minor axis beam-to-column and beam-to-beantgoifihe axial property in the tension zone is
contributed from five components, namely, boltstension (bt), bolts in shear (bs), angle plate in
bending (ab), angle plate in bearing (abr), andmbeeeb in bearing (bwbr). The compressive
characteristics for the four inner spring seriggethel on the properties of bolts in shear (bs),eaplte

in bearing (abr), and beam web in bearing (bwhing fwo outer springs are free to be pulled in tamsi
but in compression the resistance and stiffness camgributed from the beam web/flange in
compression (bwfc) and column web in bending (cWwi)reover, two additional contacts element are
adopted to model the 10mm gap between the beaesaand the column/beam web. The gap between
bolts and bolt-holes and the slip friction betwéeits and plates are not considered in this compone
model.
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Figure 93. Component model for major axis beametortin and beam-to-beam joints

Failure criteria are proposed for the consideréatgdn this project. A joint is deemed to fail whany
of the following conditions are met:

1) The deformation capacity of any steel joint comgnt proposed by Fang et al., 2011 is exceeded.

2) An overall deformation limit of 35mm is exceeftt@dolt-rows in cleat joints, or a limit of 25mis
exceeded for bolt-rows in end-plate joints (Owend &oore, 1992; Jarrett, 1990; Vlassis et al.,
2008).

3) For composite joints, the rupture deformatiorr@ihforcement bars based on Anderson et al., 2000
is exceeded.

4) The overall shear force transferred by jointgreunding a column exceeds the overall shear
resistance.
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Utilising the joint failure criteria defined aboviilure definition of the system is determined cBat
research (Vlassist al, 2009) indicated that the collapse of even onerftan cause severe damage on
the floor below for typical existing steel-framedngposite constructions, thus triggering progressive
collapse. Therefore, the definition of safe struetu this project is based on the avoidance dapek

in any of the affected floors. In other words, stanal failure/progressive collapse occurs when the
deformation of either the fire affected floor oretlupper ambient floors exceeds their respective
ductility capacity. In this respect, the failureaniy floor system is attributed to the ductilityldee of

any surrounding ambient joint on that floor, thadure criteria are defined in terms of whether the
ductility limits of the joints are exceeded. If tharrounding ambient joints have sufficient resist

but the joints directly exposed to fire fail firshe structure is still deemed safe. The definddra
criteria in this study should be on the consereatide, because residual resisting mechanism (e.g.
membrane action) may be maintained by the slab f#iere of the surrounding joints. Based on this
definition of structural failure, the load-deflemti response of the spring representing one typical
ambient floor with the 2D full slab and the grilaglab is given in Figure 94, where the failure motl

the ambient floor systems is found to be governethb rupture of ambient joint rebars under hogging
moment.
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Figure 94. Ductility supply of spring representimige ambient floors
XIIL.2.3. Structural robustness assessment

It is recalled that four ‘V3 class’ cars parkingpand the internal column is considered as the fire
scenario in this project. The interval of the fgpreading from one car to another/other car/s is 12
minutes, and the history of the heat flux on thdages of the structural members (e.g. steel beards
composite slab) are captured at 3 minute intenvsiisg the method of Hasemi et al., 1995. The \artic
distance between the fire origin and the ceilin@.¥m, and the fire is assumed to occur at ther floo
levels 1, 5, or 8.

XI1.2.3.1. Fire at floor level 1

The deflection of the fire affected floor for théillgge model and the full slab model during the
considered fire scenario at the ground floor issghim Figure 95. The structural behaviour predidtgd
the 2D full slab model shows that buckling of the faffected column occurs at around 25minutes
(column temperature of around 600°C), but this dumsdirectly lead to overall failure of the system
which is largely attributed to the additional résiece provided by the seven ambient floors aboge th
fire affected floor; therefore, the vertical flodeflection is arrested and then stabilized at apprately
300mm without exceeding the ductility supply ofgiey joints. The corresponding stabilised deflected
shape after column buckling of floor level 1 isifitrated in Figure 96.

After column buckling, shear failure (punching sheaf the fire affected beam-to-column joint is
observed at a time of 30 minutes. The corresponfiiigre temperature of the joint and column is
741°C, under which condition the overall shear forcasted by the four fire affected beam-to-column
steel connections exceeds their overall elevategeeature shear capacity, as explained in Figure 97
In the current mode, punching shear is assumeddar avhen the shear resistance of all the conmectio
surround the internal column is exceeded by theativehear force, and it is simulated artificially
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abruptly removing the resistance of fire affectedrections completely. Figure 97 shows that before
the buckling of the column, the fire affected be@atolumn connections are subjected to significant
shear forces, but no shear failure is found dubedimited reduction of their shear capacity. Wiies
column buckles, the upper ambient floors have cieffit vertical load resistance to ‘pull up’ theefir
affected floor with a stabilized deflection of 30@msuch that in effect the buckled column can e se
to continue to provide the vertical resistancettis case the shear force transferred to the upper
ambient structure through the steel beam-to-colgoimections stabilizes at around 600kN (but less
than the initial ambient value of 800kN). As tkenperature keeps increasing, the shear capadibe of
fire affected beam-to-column joint is further reddc and when it drops below the transferred shear
force, first joint failure of the system is trigger by means of punching shear. Initiated by thet joi
shear failure, the fire affected floor is detaclfiexin the upper ambient floors. The final deflectioin

the individual fire affected floor is then arrestatd 740mm but still with sufficient ductility suppl
provided by the surrounding ambient joints. Sinoesnccessive joint failure is observed after thst fi
joint failure (punching shear), progressive col@aps$the structure is prevented.
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Figure 98. First and successive joint failuresrifagge model for fire at floor level 1

On the other hand, the grillage model predictssa tesirable robustness response. Figure 98 ditastr
the first failure and the successive collapse nufdée grillage model subject to vehicle fire affeg
floor level 1. First joint failure is observed atime of 25 minutes and 27 seconds in the firechéie
major axis beam-to-column joint under sagging madnaong with the buckling of the fire affected
column, where the elongation of the lowest bolt-(durthest from the centre of compression) exceeds
the maximum limit of 25mm. Soon afterwards, suceesgoint failure is directly triggered in the
surrounding ambient major axis beam-to-column gihie to the ruptures of reinforcement rebar. This
progressive collapse mode is a typical ‘double-sf@ifure mechanism which is largely due to the
buckling of the fire affected column and insufficieipper ambient floor resistance.

XI1.2.3.2. Fire at floor level 5

Employing the obtained temperature distributionoottite structural model, the deflection of the fire
affected floor for the grillage model and the felthb model during the considered fire scenaridoai f
level 5 is shown in Figure 99.
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Figure 99. Deflection of fire affected floor fordiat floor level 5

With respect to the full slab model, no joint faduis observed at floor level 5 throughout the whol
fire. The fire affected column starts to buckle aatime of 25 minutes and 25 seconds (column
temperature of 57Z), where due to sufficient load redistribution aeipy of the structural system, a
stabilized floor mid-span deflection of about 300nsnmaintained. The stabilised deflected shape afte
column buckling of floor level 5 is illustrated Figure 100. As the temperature continues to ineseas
the overall shear capacity of the four fire affecteeam-to-column steel connections decreases to
around 18% of the ambient capacity at a time omBitutes where the peak temperature is achieved, but
no shear failure (punching shear) is observed atfite affected floor, as illustrated in Figure 101
Therefore, sufficient robustness is exhibited ef thference structure subject to fire at floor Iéve
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Figure 101. Shear response of fire affected jainfife at floor level 5 (full slab model)

On the other hand, for the grillage model subjecfite at floor level 5, a poorer performance is
observed. Figure 102 shows the first joint failared the successive collapse mode of the grillage
model. The first joint failure is observed at adimf 25 minutes 20 seconds in the fire affectedomin
axis beam-to-column joint under hogging moment, nehthe elongation of the highest bolt-row
exceeds the maximum limit of 35mm. This is a typisengle-span’ failure type which is due to
insufficient ductility offered by the fire affectgdint (subject to hogging moment) supporting agkn
span beam when the supported fire affected colutiinngintains its resistance. Successive joint
failure is found in the ambient minor axis beanetddmn joints located at the other end of the
secondary beam, and at the same time, the firetaffecolumn starts to buckle. The structure exceeds
its robustness limit state due to insufficient ditgtsupply provided by the surrounding ambiennjs
very soon after the first joint failure. Clearlyet less robust response obtained by the grillaggeimo
compared with the full slab model is mainly duethe neglect of 2D slab effects that can greatly
contribute to the vertical resistance of floor eyss.
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Figure 102. First and successive joint failuregridfage model for fire at floor level 5
XI11.2.3.3. Fire at floor level 8
The considered sub-structural model for floor le&é& only comprised of the fire affected floor &ya
without the spring representing upper ambient Bodihis is different from the models of the otheot

fire cases at floor levels 1 and 5 where the rastst offered by the upper ambient floors can hedel

on. The floor deflections for the grillage modeldatihe full slab model during the considered fire
scenario are shown in Figure 103.

For the structural response predicted by the fabh snodel, first joint failure is observed at adimf 27
minute 10 seconds along with column buckling in fine affected major axis beam-to-column joint
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under sagging moment, which is governed by the 23mih of the rupture elongation of the lowest
bolt-row (furthest from the centre of compressidh)is evident that this first joint failure modse i
directly caused by the buckling of the column, antdsequently the fire affected floor system deflect
significantly to withstand the vertical loading aots own in double span with the absence of
contributions from upper ambient floors. The de#ecshape after column buckling of floor level 8 is
illustrated in Figure 104.
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Figure 104. Deflected shape of floor level 8 atetim25m25s (full slab model)

Importantly, no shear failure (punching shear) liserved in the fire affected beam-to-column joint
before column buckling, and this can be explaine@ugh Figure 105, where the corresponding
transferred shear force and the shear capacitheffite affected joints are illustrated. Despite a
complete loss of the resistance of the fire afiect@umn, which directly leads to the first failuwkthe
fire affected major axis beam-to-column joint, naceessive surrounding ambient joint failure is
induced in the double-span top floor system briggover the buckled column. The final floor
deflection is arrested at around 750mm withoutgiing progressive collapse. Therefore, sufficient
robustness is exhibited for the reference car pabject to localised fire at the top floor when thk
slab model is considered.
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Figure 105. Shear response of fire affected jainfife at floor level 8 (full slab model)
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On the other hand, the grillage model predictsfferdint first joint failure mode, which occurs befo
column buckling in the secondary beam where thedffected minor axis beam-to-column joint fails
under hogging moment due to the rupture of thedsgholt-row (the elongation exceeds the maximum
limit of 35mm), as shown in Figure 106(a). Afterdsy successive failure is induced in the ambient
minor axis beam-to-column joints located at theeptbnd of the secondary beam, as shown in Figure
106(b). No column buckling is observed due to atiedly lightly load resisted by the top floor fire
affected column. It should be noted that the cskaptays localised in the failed secondary beaen in
‘single-span’ manner (i.e. the collapse of the adaoy beam only). This is again attributed to the
neglect of the 2D slab effect in the grillage modklere the contributions from adjacent parts of the
floor slab cannot be relied on.
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Figure 106. First and successive joint failuregridfage model for fire at floor level 8
XIIL.2.4. Concluding remarks

This appendix presents a detailed discussion oregponse of the reference car park under thetedlec
localised fire scenario. Multi-level system model®e employed for the structural analysis, where
detailed 2D slab models and simplified grillage misdof the floor systems have been used to
investigate the robustness behaviour of the cd: Jdre definition of overall system failure/progsas
collapse is based on comparison of the ductilitynaled against the ductility supply offered by the
surrounding joints, where the component methodnigpleyed to characterise the nonlinear joint
response. Based on the overall structural analygdpllowing comments and outcomes are noted:

e Three types of first joint failure are observedte reference building subject to the selected fire
scenario, namely, single-span failure type, dosbian failure type and shear failure type (punching
shear). For a typical car park structure where Rib effects, e.g. slab membrane action, are
considered, the single-span failure type due tofdlare of the fire affected joint under normal
hogging moment before column buckling is less {ikel occur. The other two first joint failure
types can be more commonly found, and these areatijpassociated with column buckling and
joint shear failure at elevated temperature. Iditsgechowever, shear failure may not be easy to
occur since the joint shear capacity in this proje@valuated in a conservative manner, i.e. yield
capacity = shear resistance.

e The upper ambient floors can provide an alterndbeel path for the fire affected floor. Indeed, if
the upper ambient floors can resist the redisteitbwertical load under a double span configuration
with relatively small deflections, and the fire edted floor can resist its load under a single span
configuration, no successive collapse is expectgelss punching shear occurs, even if the column
under fire were to lose its resistance completaky w buckling.

e The grillage model predicts that the referencepaak is susceptible to progressive collapse after
first joint failure, while the full slab model priets a more robust structure although first joint
failure is also observed. This indicates that agd approximations which are usually employed for
conventional structural designs may be too consigevéor structural robustness assessment. Under
this circumstance, detailed 2D slab models are meoended for more realistic robustness
assessment, particularly for structures whereagy@imodels predict inadequate robustness.

e Based on the structural robustness predicted bfuthelab models which indicate low potential for
progressive collapse of the reference car parkatt be preliminarily concluded that under the
considered fire scenario, typical modern multi-syosteel/composite car parks under unfactored
gravity load can exhibit favourable robustness ewethe absence of additional water sprinkler
systems or anti-fire coatings.
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