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PREFACE 

 
The Iberian-Latin American Congress on Fire Safety (CILASCI) is held once every two years, with 
the aim of disseminating scientific and technical knowledge in the field of fire safety, integrating 
different players involved in this area of knowledge. The first edition of the Iberian-Latin American 
Congress on Fire Safety (CILASCI 1), was held in Natal (Brazil) between 10-12 March 2011. The 
second congress (CILASCI 2) was held in Coimbra (Portugal), between May 29 and June 1, 2013. 
The 3rd and 4th editions took place on the South American continent. The third congress (CILASCI 
3) was held in Porto Alegre (Brazil) from November 3 to 6, 2015, while the fourth congress 
(CILASCI 4) was held in Recife (Brazil) from 9 to 11 October 2017.  The CILASCI 5 will take place 
in the city of Porto (Portugal) from 15 to 17 July 2019, and presents 5 invited lectures and 78 
manuscripts (full papers) from researchers around the world (Algeria, Australia, Belgium, Brazil, 
China, Czech Republic, France, Hong Kong, Italy, Mozambique, Portugal, Spain, United Kingdom 
and United States). 
 
the 5th Iberian-Latin-American congress on fire safety reflects the new developments achieved on 
active and passive fire protection, on evacuation and human behaviour under fire, on 
computational modelling of structures and materials under fire, on explosion and risk 
management, on architectural issues for fire safety in buildings, on fire dynamics, on the 
experimental analysis of materials and structures under fire, on fires in special buildings and 
spaces, on fire-fighting operations and equipments, and on the behaviour of structures and 
materials under fire. 
 
The Fire Safety is reaching new developments as a result of new research, development and 
innovation around the world, based on the excellence level of the research, the support of new 
skilled professionals and due to the existence of advanced training programmes in fire science 
technology. This development will increase the safety level of people, buildings, and products, 
but also is going to produce an impact in the economy of each country, with a positive impact on 
society. 
 
The organizing committee believe that this congress will address to our delegates a wide forum 
of discussion about the recent developments in Fire Safety, promoting the exchange of ideas and 
international cooperation.  
 
The organizing Committee would like to thanks to all authors and delegates. 
 
On the behalf of the Organizing Committe 
Paulo A. G. Piloto 
 
  



 
 
 
 
 

5th IBERIAN-LATIN-AMERICAN CONGRESS ON FIRE SAFETY – CILASCI 5 
Porto, Portugal, 15 - 17 July 2019 

v 
 
 
 
 
 
 
 
 

ORGANIZING COMMITTEE 
 

Paulo Piloto, Insituto Politécnico de Bragança - DMA 
Débora Ferreira, Insituto Politécnico de Bragança - DMA 
Elza Fonseca, Instituto Politécnico do Porto- ISEP - DEM 

João Santos Baptista, Faculdade de Engenharia da Universidade do Porto - DEM 
José Miguel Castro, Faculdade de Engenharia da Universidade do Porto – DEC 

Luís Mesquita, Insituto Politécnico de Bragança - DMA 
Mário Vaz, Faculdade de Engenharia da Universidade do Porto -DEMec 

Miguel Chichorro, Faculdade de Engenharia da Universidade do Porto – DEC 
Rui Miranda Guedes, Faculdade de Engenharia da Universidade do Porto -DEMec 

 

   

  

 
 
 
  



 
 
 
 
 

5th IBERIAN-LATIN-AMERICAN CONGRESS ON FIRE SAFETY – CILASCI 5 
Porto, Portugal, 15 - 17 July 2019 

vi 
 
 
 
 
 
 
 
 

SCIENTIFIC COMMITTEE 
 

Aldina Maria Santiago – Universidade de Coimbra – Portugal 
Ana Belén Ramos Gavilán - Universidade de Salamanca – Espanha 

Ângela Gaio Graeff – Universidade Federal do Rio Grande do Sul – UFRGS - Brasil 
André Teles – Corpo de Bombeiros Militar do Distrito Federal – CBMDF - Brasil 

António Moura Correia – Instituto Politécnico de Coimbra – Portugal 
Armando L. Moreno Júnior – Universidade Estadual de Campinas – UNICAMP - Brasil 

Bernardo Tutikian – Universidade do Vale dos Sinos – Brasil 
Carla Neves Costa – Universidade Estadual de Campinas – UNICAMP - Brasi 

Carlos Balsa - – Instituto Politécnico de Bragança - Portugal 
Carlos Pina dos Santos – Laboratório Nacional de Engenharia Civil – Portugal 

Cristina Calmeiro dos Santos – Instituto Politécnico de Castelo Branco – Portugal 
Daniel Alvear Portilla - Universidade de Santander - Espanha 

Dayse Cavalcanti Duarte – Universidade Federal de Pernambuco – Brasil 
Débora Rodrigues de Sousa Macanjo Ferreira - Instituto Politécnico de Bragança – Portugal 

Domingues Xavier Viegas – Universidade de Coimbra - UC - Portugal 
Edna Moura Pinto – Universidade Federal do Rio Grande do Norte – Brasil 

Elza Maria Morais Fonseca - Instituto Superior de Engenharia do Porto – Portugal 
Fabio Martin Rocha – Universidade de São Paulo – USP - Brasil 

Francisco Carlos Rodrigues – Universidade Federal de Minas Gerais – Brasil 
Gabriela B. de M. Lins de Albuquerque– Universidade de São Paulo – USP - Brasil 

George Cajaty Braga – Corpo de Bombeiros Militar do Distrito Federal – CBMDF - Brasil 
Geraldine Charreau – Instituto Nacional de Tecnologia Industrial – Argentina 

João Santos Baptista - Universidade do Porto – FEUP - Portugal 
João Godinho Viegas – Laboratório Nacional de Engenharia Civil – Portugal 

João Paulo Correia Rodrigues – Universidade de Coimbra – Portugal (Coord.) 
João Ramôa Correia - Universidade de Lisboa – IST – Portugal 

Jorge Gil Saraiva – Laboratório Nacional de Engenharia Civil - Portugal 
Jorge Munaiar Neto – Escola de Engenharia de São Carlos da Univ. de São Paulo – Brasil 

Jorge Saul Suaznabar Velarde - IASU - Bolívia 
José Carlos Lopes Ribeiro – Universidade Federal de Viçosa - Brasil 

José Carlos Miranda Góis – Universidade de Coimbra - Portugal 
José Jéferson do Rêgo Silva – Universidade Federal de Pernambuco – Brasil 

Jose Luis Torero - Universidade de Maryland - Austrália 
José Miguel Castro - Universidade do Porto – FEUP - Portugal 

Larissa Kirchhof – Universidade Federal de Santa Maria – Brasil 
Lino Forte Marques – Universidade de Coimbra – Portugal 

Luiz Carlos Pinto da Silva Filho– Universidade Federal do Rio Grande do Sul – UFRGS 
Luís Mesquita – Instituto Politécnico de Bragança – Portugal 

Manuel Romero Garcia – Universidade Politécnica de Valencia – Espanha 
Mariano Lázaro Urrutia - Universidade de Santander - Espanha 

Mário Augusto Pires Vaz - Universidade do Porto – FEUP - Portugal 
Miguel Chichorro Gonçalves – Universidade do Porto – FEUP - Portugal 

Nuno Filipe Borges Lopes – Universidade de Aveiro – Portugal 
Orlando V. Abreu Menéndez - Universidade de Santander – Espanha 



 
 
 
 
 

5th IBERIAN-LATIN-AMERICAN CONGRESS ON FIRE SAFETY – CILASCI 5 
Porto, Portugal, 15 - 17 July 2019 

vii 
 
 
 
 
 
 
 
 

Paulo A. G. Piloto – Instituto Politécnico de Bragança - Portugal 
Paulo Jorge M. F. Vila Real – Universidade de Aveiro – Portugal 

Poliana Dias de Moraes – Universidade Federal de Santa Catarina - Brasil 
Ricardo Azoubel Silveira – Universidade Federal de Ouro Preto – Brasil 

Ricardo Cruz Hernandez – Universidade Industrial de Santander – Colômbia 
Ricardo Fakury – Universidade Federal de Minas Gerais - Brasil 

Rodrigo Barreto Caldas – Universidade Federal de Minas Gerais – Brasil 
Rogério Antocheves – Universidade Federal de Santa Maria – Brasil 

Ronaldo Rigobello - Universidade Tecnológica Federal do Paraná – Brasil 
Rosária Ono – Faculdade de Arquitetura da Universidade de São Paulo – Brasil 

Rui Faria – Universidade do Porto FEUP – Portugal 
Rui Miranda Guedes - Universidade do Porto FEUP – Portugal 

Saulo Almeida – Universidade Estadual de Campinas – UNICAMP - Brasil 
Tiago Ancelmo de Carvalho Pires – Universidade Federal de Pernambuco – Brasil 

Valdir Pignatta e Silva – Escola Politécnica da Universidade de São Paulo – Brasil (Coord.) 
Wolfram Jahn – Pontifícia Universidade Católica do Chile – Chile 

 
 
 

 



 
 
 
 
 

5th IBERIAN-LATIN-AMERICAN CONGRESS ON FIRE SAFETY – CILASCI 5 
Porto, Portugal, 15 - 17 July 2019 

viii 
 
 
 
 
 
 
 
 

INDEX 
 
PREFACE ............................................................................................................................................................................. iv 

ORGANIZING COMMITTEE .................................................................................................................................................. v 

SCIENTIFIC COMMITTEE .................................................................................................................................................... vi 

INVITED LECTURES .............................................................................................................................................................1 

EMERGENCY EXITS IN HIGH-RISE BUILDINGS .................................................................................................................3 

A NOVA GERAÇÃO DAS PARTES 1-2 (VERIFICAÇÃO DA RESISTÊNCIA AO FOGO) DOS EUROCÓDIGOS 
ESTRUTURAIS 1, 3 E 4 ....................................................................................................................................................... 13 

CHARACTERIZATION OF THE FIRE REACTION OF MATERIALS .................................................................................... 31 

CONTROLO DE FUMO EM COMPARTIMENTOS: SIMULAÇÃO E EXPERIMENTAÇÃO .................................................. 41 

SESSION S1A: ACTIVE AND PASSIVE FIRE PROTECTION ............................................................................................ 69 

ESTIMATIVA DA POTÊNCIA CALORÍFICA LIBERTADA NO INCÊNDIO OCORRIDO NO TÚNEL DO MARÃO EM 2017-06-
11 ......................................................................................................................................................................................... 71 

A IMPORTÂNCIA DOS SISTEMAS DE PROTEÇÃO QUE INDEPENDEM DO USUÁRIO PARA EDIFICAÇÕES OCUPADAS 
POR PESSOAS COM DIFICULDADE DE MOBILIDADE AUTÔNOMA EM CASO DE INCÊNDIO ...................................... 81 

PROPIEDADES TÉRMICAS DE LADRILLOS CERÁMICOS CON ADICION DE PRODUCTOS DE RECICLADO: REVISIÓN 
DE ESTUDIOS ..................................................................................................................................................................... 89 

INTUMESCENT COATINGS FOR THE PROTECTION OF STRUCTURAL STEEL IN CELLULOSIC FIRES – WATER 
BORNE VS SOLVENT BORNE ........................................................................................................................................... 99 

SYNTHESIS OF SILICA NANOPARTICLES TO ENHANCE THE FIRE RESISTANCE OF CEMENT MORTARS ............. 113 

SESSION S1B: EVACUATION AND HUMAN BEHAVIOUR UNDER FIRE ...................................................................... 123 

EVACUAÇÃO EMERGENCIAL DE EDIFICAÇÕES HOSPITALARES ............................................................................... 125 

A INFLUÊNCIA DE DIFERENTES ÂNGULOS DE FUSÃO ENTRE FLUXOS DE PEDESTRES NO TEMPO DE EVACUAÇÃO
 ........................................................................................................................................................................................... 133 

ESCADAS E RAMPAS EM SAÍDAS DE EMERGÊNCIA E O TEMPO DE EVACUAÇÃO EM EDIFICAÇÃO ESCOLAR ... 145 

MÉTODO PARA COLETA DE TEMPOS E TRAJETOS EM ESCADAS PARA A OBTENÇÃO DE VELOCIDADE DE 
CAMINHAMENTO DE CRIANÇAS EM SIMULADOS DE ABANDONO ............................................................................. 155 

SESSION S2A: COMPUTATIONAL MODELLING OF STRUCTURES AND MATERIALS UNDER FIRE ........................ 167 

NON-LOADBEARING LIGHT STEEL FRAMING WALLS UNDER FIRE ............................................................................ 169 

NUMERICAL SIMULATION OF COMPOSITE SLABS WITH STEEL DECK UNDER FIRE CONDITIONS ........................ 187 

MODELO NUMÉRICO TRIDIMENSIONAL PARA A VERIFICAÇÃO DO COMPORTAMENTO DE VIGAS DE CONCRETO 
ARMADO EM SITUAÇÃO DE INCÊNDIO .......................................................................................................................... 203 



 
 
 
 
 

5th IBERIAN-LATIN-AMERICAN CONGRESS ON FIRE SAFETY – CILASCI 5 
Porto, Portugal, 15 - 17 July 2019 

ix 
 
 
 
 
 
 
 
 

MÉTODO GERAL PARA O DIMENSIONAMENTO AO FOGO DE COLUNAS DE INÉRCIA VARIÁVEL – ENCURVADURA 
PARA FORA DO PLANO ................................................................................................................................................... 215 

ESTUDO NUMÉRICO DE PAREDES DE ALVENARIA ESTRUTURAL DE BLOCOS DE CONCRETO EM SITUAÇÃO DE 
INCÊNDIO .......................................................................................................................................................................... 227 

NUMERICAL ANALYSIS OF CELLULAR STEEL BEAMS FAILURE MODES IN FIRE CONDITIONS .............................. 239 

A REAPPRAISAL OF THE NOMINAL CURVATURE METHOD IN THE FIRE DESIGN OF REINFORCED CONCRETE 
COLUMNS ......................................................................................................................................................................... 255 

SESSION S2B: FIRE, EXPLOSION AND RISK MANAGEMENT ...................................................................................... 265 

ANÁLISE DE RISCO EM TÚNEIS RODOVIÁRIOS. A SITUAÇÃO EM PORTUGAL FACE À DIRECTIVA 2004/54/CE .... 267 

AVALIAÇÃO DO RISCO DE INCÊNDIO DO CENTRO URBANO ANTIGO DE VILA NOVA DE GAIA / MATOSINHOS .... 279 

INFLUÊNCIA DOS OCUPANTES E DOS ELEVADORES NA EVACUAÇÃO EM CASO DE INCÊNDIO DAS ENFERMARIAS 
E DOS LABORATÓRIOS DE UM HOSPITAL .................................................................................................................... 291 

AVALIAÇÃO DA SEGURANÇA CONTRA INCÊNDIO DE UM EDIFÍCIO NO CENTRO HISTÓRICO DE VISEU .............. 307 

ANÁLISE DE RISCO DE INCÊNDIO EM QUATRO ESCOLAS DA REDE PÚBLICA DE ENSINO NA CIDADE DE PORTO 
ALEGRE E POSSÍVEIS IMPLICAÇÕES NO PLANO DE EMERGÊNCIA DAS EDIFICAÇÕES ......................................... 319 

EXPLOSÕES DE POEIRA: UMA VISÃO GERAL .............................................................................................................. 331 

SESSION S3A: COMPUTATIONAL MODELLING OF STRUCTURES AND MATERIALS UNDER FIRE ........................ 345 

REVIEW ON THE BUCKLING STRUCTURAL ANALYSIS OF COLD-FORMED STEEL COLUMNS AT AMBIENT AND FIRE 
CONDITIONS ..................................................................................................................................................................... 347 

PROPOSTA DE NOVAS EXPRESSÕES PARA O CÁLCULO DO FATOR DE MASSIVIDADE EM PERFIS ESTRUTURAIS 
EM CONTACTO COM PAREDES ...................................................................................................................................... 359 

THERMAL BEHAVIOUR OF PARTIALLY ENCASED COLUMN UNDER COMBINED COMPRESSION AND BENDING . 371 

EFFECT OF THE LOAD LEVEL IN THE FIRE RESISTANCE OF COMPOSITE SLAB WITH STEEL DECKING .............. 385 

BEHAVIOUR OF INDUSTRIAL BUILDINGS WITH STEEL PORTAL FRAMES UNDER FIRE CONDITIONS ................... 401 

VIRGILE PROJECT: THE CONCEPT OF VIRTUAL FIRE RESISTANCE FACILITY FOR THE ASSESSMENT OF 
CONSTRUCTION PRODUCTS PERFORMANCE ............................................................................................................. 413 

RESISTÊNCIA AO FOGO DE COLUNAS EM AÇO INOXIDÁVEL COM SECÇÕES CIRCULARES OCAS ...................... 423 

PARTIALLY ENCASED COLUMNS EMBEDDED ON WALLS UNDER FIRE .................................................................... 435 

SESSION S3B: ARCHITECTURAL ISSUES AND EVACUATION FOR FIRE SAFETY IN BUILDINGS ........................... 447 

ATUALIZAÇÃO DO MÉTODO ARICA E DISCUSSÃO DA SUA APLICAÇÃO À REABILITAÇÃO DE EDIFÍCIOS 
EXISTENTES ..................................................................................................................................................................... 449 

VULNERABLE PEOPLE AND THE RESEARCHES ON FIRE SAFETY ............................................................................ 459 

COMPARAÇÃO DE CUSTOS DE EXECUÇÃO ENTRE LAJES CONVENCIONAIS E NERVURADAS UNIDIRECIONAIS 
DIMENSIONADAS EM TEMPERATURA AMBIENTE E EM SITUAÇÃO DE INCÊNDIO ................................................... 465 



 
 
 
 
 

5th IBERIAN-LATIN-AMERICAN CONGRESS ON FIRE SAFETY – CILASCI 5 
Porto, Portugal, 15 - 17 July 2019 

x 
 
 
 
 
 
 
 
 

INTEGRATED FIRE-SAFE AND ENERGY-EFFICIENT DESIGN OF INSULATED ASSEMBLIES USING A MULTI-CRITERIA 
APPROACH ....................................................................................................................................................................... 477 

SEGURANÇA CONTRA INCÊNDIO E PÂNICO DE EDIFICAÇÕES ANTIGAS E TOMBADAS: SOLUÇÕES ADOTADAS 
PELO CORPO DE BOMBEIROS MILITAR DO DISTRITO FEDERAL ............................................................................... 489 

COMPARTIMENTAÇÃO HORIZONTAL: SISTEMAS LEVES DE ALTO DESEMPENHO AO FOGO ................................ 499 

PERCEPCIÓN SUBJETIVA VS REALIDAD OBSERVADA DURANTE LOS PROCESOS DE EVACUACIÓN EN CASO DE 
EMERGENCIA ................................................................................................................................................................... 511 

SAÍDAS DE EMERGÊNCIA, ANÁLISE E REFLEXÃO A PARTIR DE ESTUDO POR MODELAGEM E 
NORMALIZAÇÃO ............................................................................................................................................................... 519 

SESSION S4A: COMPUTATIONAL MODELLING OF STRUCTURES AND MATERIALS UNDER FIRE ........................ 529 

SOBRE A FLUÊNCIA DOS AÇOS ESTRUTURAIS EM INCÊNDIO .................................................................................. 531 

THE FIRE RESISTANCE OF (W-W-W) WOOD-TO-WOOD CONNECTIONS PROTECTED WITH DIFFERENT TYPES OF 
GYPSUM PLASTERBOARD .............................................................................................................................................. 543 

ERRO DE MODELO PARA O CÁLCULO DA CONFIABILIDADE ESTRUTURAL DE LIGAÇÕES PARAFUSADAS DE 
ESTRUTURAS DE MADEIRA EM SITUAÇÃO DE INCÊNDIO .......................................................................................... 553 

THE DENSITY EFFECT IN (W-S-W) WOOD CONNECTIONS WITH INTERNAL STEEL PLATE AND PASSIVE 
PROTECTION UNDER FIRE ............................................................................................................................................. 563 

ANÁLISE DA CONFIABILIDADE DE UM PILAR DE AÇO EM SITUAÇÃO DE INCÊNDIO DIMENSIONADO CONFORME AS 
NORMAS BRASILEIRAS ................................................................................................................................................... 573 

ANÁLISE TERMOESTRUTURAL DE VIGAS DE CONCRETO ARMADO ......................................................................... 585 

SOBRE OS EFEITOS DAS INTERAÇÕES ENTRE VIGAS E PILARES EM PÓRTICOS BIDIMENSIONAIS DE CONCRETO 
EM SITUAÇÃO DE INCÊNDIO .......................................................................................................................................... 595 

MECHANICAL ANALYSIS OF A PORTAL STEEL FRAME WHEN SUBJECTED TO A POST EARTHQUAKE FIRE........ 607 

SESSION S4B: FIRE DYNAMICS ..................................................................................................................................... 617 

SIMULAÇÃO NUMÉRICA DA EXAUSTÃO DE FUMAÇA POR MEIO DE CONVECÇÃO NATURAL EM DUTOS DE 
ESCADAS DE EMERGÊNCIA ........................................................................................................................................... 619 

ANÁLISE DO COMPORTAMENTO DE INCÊNDO EM EDIFICAÇÕES RESIDENCIAIS UNIFAMILIARES EMPREGANDO A 
FLUIDODINÂMICA COMPUTACIONAL ............................................................................................................................. 631 

PROTOTIPAGEM DA EXAUSTÃO DE FUMAÇA POR MEIO DE CONVECÇÃO NATURAL EM DUTOS DE ESCADA DE 
EMERGÊNCIA ................................................................................................................................................................... 643 

GASES DE INCÊNDIO: A COLETA E ANÁLISE EM EXPERIMENTOS EM ESCALA REAL ............................................. 655 

CONSIDERAÇÕES SOBRE O TAMANHO DA MALHA EM SIMULAÇÕES COM O FIRE DYNAMICS SIMULATOR ....... 661 

SISTEMA ALTERNATIVO DE COLETA DE ÁGUAS PLUVIAS PARA COMBATE DE INCÊNDIOS RESIDENCIAS ......... 673 

OS CUIDADOS NO SISTEMA DE COMBATE A INCÊNDIO ENVOLVENDO ALUMÍNIO LÍQUIDO .................................. 683 

SESSION S5A: EXPERIMENTAL ANALYSIS OF MATERIALS AND STRUCTURES UNDER FIRE ............................... 689 



 
 
 
 
 

5th IBERIAN-LATIN-AMERICAN CONGRESS ON FIRE SAFETY – CILASCI 5 
Porto, Portugal, 15 - 17 July 2019 

xi 
 
 
 
 
 
 
 
 

THERMAL ANALYSIS OF SOLID GLASS BRICK WALL EXPOSED TO FIRE .................................................................. 691 

SELF-EXTINGUISHMENT ON LAMINATED BAMBOO STRUCTURES ............................................................................ 701 

FIRE BEHAVIOUR OF ECOLOGICAL SOIL-CEMENT BLOCKS WITH WASTE INCORPORATION – EXPERIMENTAL AND 
NUMERICAL ANALYSIS .................................................................................................................................................... 709 

STRUCTURAL PERFORMANCE OF STRUCTURAL INSULATED PANELS USED AS FLOOR SYSTEMS UNDER FIRE 
CONDITIONS ..................................................................................................................................................................... 723 

AVALIAÇÃO DOS EFEITOS DO FOGO NA RESISTÊNCIA À TRAÇÃO RESIDUAL DO CONCRETO REFORÇADO COM 
FIBRAS DE AÇO POR MEIO DO ENSAIO DEWS (DOUBLE EDGE WEDGE SPLITTING) .............................................. 733 

DURABILITY OF REACTION TO FIRE PERFORMANCE OF WOOD BASED PANELS THROUGH ACCELERATED AGING 
CYCLES ............................................................................................................................................................................. 743 

SESSION S5B: FIRES IN SPECIAL BUILDINGS AND SPACES ..................................................................................... 757 

FIRE SAFETY IN BIG PUBLIC TRANSPORT TERMINAL BUILDINGS ............................................................................. 759 

DESENVOLVIMENTO DO INCÊNDIO NO EMPREENDIMENTO PORTIMÃO RETAIL PARK .......................................... 767 

COMPORTAMENTO DE INCÊNDIOS EM AMBIENTE MOBILIADO COM MATERIAIS CONSTITUÍDOS COM 
RETARDANTE DE CHAMA: UM ESTUDO COMPARATIVO ............................................................................................. 783 

CARACTERIZAÇÃO E DISTRIBUIÇÃO DOS INCÊNDIOS REGISTRADOS NO ESTADO DO TOCANTINS NO ANO DE 
2018 – UMA GRANDE INTERFACE URBANA FLORESTAL ............................................................................................. 797 

MODELLING REAL FIRE BY THE MEAN OF FDS AND A 2-ZONE MODEL FOR STRUCTURAL POST-FIRE ASSESSMENT 
PURPOSES ....................................................................................................................................................................... 807 

INNOVATIONS FOR SMOKE MANAGEMENT IN PASSENGER TRAINS......................................................................... 819 

A MOVE TO FULL PROFESSIONALISM FOR FIRE SAFETY ENGINEERS – THE WARREN CENTRE RESEARCH ..... 831 

SESSION S6A: EXPERIMENTAL ANALYSIS OF MATERIALS AND STRUCTURES UNDER FIRE ............................... 841 

ANÁLISE EXPERIMENTAL DE PAREDES DE VEDAÇÃO DE BLOCOS MACIÇOS DE GESSO SUBMETIDAS À 
ELEVADAS TEMPERATURAS .......................................................................................................................................... 843 

ANÁLISE TEÓRICA E EXPERIMENTAL DE CONCRETOS ESTRUTURAIS SUBMETIDOS À TEMPERATURAS 
ELEVADAS ........................................................................................................................................................................ 853 

ANÁLISE DA INFLUÊNCIA DO TEMPO DE CURA DE PLACAS MACIÇAS PRÉ-FABRICADAS DE CONCRETO ARMADO 
SUBMETIDAS À ELEVADAS TEMPERATURAS ............................................................................................................... 865 

REAL-SCALE EXPERIMENTAL ANALYSIS ON THE CONTINUITY EFFECT OF STEEL-CONCRETE COMPOSITE SLABS 
UNDER FIRE: STATE OF THE ART .................................................................................................................................. 875 

NUMERICAL ANALYSIS OF LATERAL TORSIONAL BUCKLING OF STEEL I-BEAMS WITH AND WITHOUT WEB-
OPENINGS UNDER FIRE .................................................................................................................................................. 893 

SESSION S6B: FIRE-FIGHTING OPERATIONS AND EQUIPMENTS .............................................................................. 905 

NUMERICAL VALIDATION OF THE FIRE PERFORMANCE OF FIRE FIGHTER CLOTHING AND EXPERIMENTAL TESTS
 ........................................................................................................................................................................................... 907 



 
 
 
 
 

5th IBERIAN-LATIN-AMERICAN CONGRESS ON FIRE SAFETY – CILASCI 5 
Porto, Portugal, 15 - 17 July 2019 

xii 
 
 
 
 
 
 
 
 

NUMERICAL PREDICTION OF THE INCOMING HEAT FLUXES ON FIREFIGHTER PROTECTIVE CLOTHING ........... 919 

MODELAÇÃO DA EFICÁCIA DA INTERVENÇÃO DOS BOMBEIROS NA SEGURANÇA AO INCÊNDIO EM 
EDIFÍCIOS ......................................................................................................................................................................... 929 

PROTOCOLO EXPERIMENTAL EM CONTEINER PARA TESTES DE TRAJES DE COMBATE A INCÊNDIO ................ 939 

SISTEMA DIGITAL DE SEGURANÇA CONTRA INCÊNDIO E PÂNICO DO DISTRITO FEDERAL: IMPLANTAÇÃO E 
RESULTADOS DO SCIPWEB ........................................................................................................................................... 951 

AVALIAÇÃO DA MANUTENÇÃO DE SISTEMAS AUTOMÁTICOS DE EXTINÇÃO DE INCÊNDIO .................................. 963 

ANÁLISE DA CULTURA DE PREVENÇÃO DE INCÊNDIOS E PERCEPÇÃO DE RISCO DE INCÊNDIO EM COMUNIDADES 
ESCOLARES DE PORTO ALEGRE PARA O DESENVOLVIMENTO DE TREINAMENTO PARA PROFESSORES ......... 975 

 

 
 



 
 
 
 
 

5th IBERIAN-LATIN-AMERICAN CONGRESS ON FIRE SAFETY – CILASCI 5 
Porto, Portugal, 15 - 17 July 2019 

1 
 
 
 
 
 
 
 
 

INVITED LECTURES 
 
 
INVITED LECTURE P1: 
EMERGENCY EXITS IN HIGH RISE BUILDINGS 
Rosaria Ono, University of São Paulo 
 
INVITED LECTURE P2: 
THE NEW GENERATION OF PARTS 1-2 (STRUCTURAL FIRE DESIGN) OF EUROCODES 1, 
3 AND 4 
Paulo Vila Real, University of Aveiro 
 
INVITED LECTURE P3: 
CHARACTERIZATION OF THE FIRE REACTION OF MATERIALS 
Daniel Alvear, University of Cantabria, GIDAI 
 
INVITED LECTURE P4: 
ADVANCES IN FIRE PROTECTION TECHNOLOGIES 
Sergey Dorofeev, FM GLOBAL 
 
INVITED LECTURE P5: 
SMOKE CONTROL IN COMPARTMENTS: SIMULATION AND EXPERIMENTS 
João Viegas, National Laboratory for Civil Engineering 
 



 
 
 
 
 

5th IBERIAN-LATIN-AMERICAN CONGRESS ON FIRE SAFETY – CILASCI 5 
Porto, Portugal, 15 - 17 July 2019 

385 
 
 
 
 
 
 
 
 

EFFECT OF THE LOAD LEVEL IN THE FIRE RESISTANCE OF 
COMPOSITE SLAB WITH STEEL DECKING 

 
 

 Carlos Balsa 38F

* 
Professor 
IPB 
Bragança 

 Lucas Santos 
Student 
UTFPR 
Brazil 

 Paulo A. G. Piloto 
Professor 
IPB 
Bragança 

 

       

 Érica Kimura  
Professor 
UTFPR 
Brazil 

     

       

 
 
Keywords: Composite slabs; Fire resistance; Experimental tests, Numerical validation; Standard 
Fire. 
 
 
1. INTRODUCTION 
 
The composite slab with steel decking is widely used in every type of buildings. A composite slab 
consists of cold-formed profiled steel deck which acts as a permanent formwork to the concrete 
topping. Normally, this composite solution requires the addition of other components such as steel 
rebars (placed within the ribs) for positive bending and steel mesh for negative bending, 
preventing cracks in concrete, see Figure 1. Due to the external reinforcement provided by the 
steel deck, composite slabs generally require less additional reinforcement and less concrete as 
well, resulting in slender slabs. In addition, the reduction of the construction time, elimination or 
reduction of struts and the simplicity of installation, are other advantages of composite slabs in 
comparison to conventional flat concrete slabs. The composite action between the concrete and 
the steel deck is generally achieved by indentations or embossments in the steel deck. 
 
Since 1980, a significant increase in the use of composite slabs has taken place. The overall 
depth usually varies between 100 and 170 mm. Several types of steel deck are marketed in 
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Europe, with a thickness varying between 0.7 and 1.2 mm, usually made from galvanized steel 
to increase durability [1]. 
 
Composite slabs have to meet fire-safety requirements in accordance to standards and 
regulations. Generally, standard fire tests using the standard fire curve ISO 834 [2] are utilized for 
determining the fire rating of this structural element, accounting for Load Bearing (R), Integrity (E) 
and Insulation (I). 
 
Throughout the years of 1989 and 1993 more than 30 full scale fire resistance tests were carried 
out on a wide range of structural assemblies on the United Kingdom, demanded by the Steel 
Construction Institute, and those were summarized in multiple publications [2]. One of those was 
made by G. Thomson and co-authors [3] concerning standard fire tests on composite steel and 
concrete slabs, using two types of slab, and two kinds of concrete (normal weight – NWC and 
light weight – LWC), supported by thermal isolated steel beams capable to resist heat effect for 
90 minutes. The test was carried through 120 minutes, the furnace temperature was controlled to 
follow ISO 834 curve and having the temperatures on slabs and beams profile section measured. 
 
In 2011, Guo & Bailey [4] investigated the thermal and mechanical response of composite slabs 
using trapezoidal steel decks, during heating and cooling stages, intending to provide data to 
future researches on thermal resistance and numerical modelling. In their work 7 different 
situations were analysed, using the same structure but varying fire conditions, loading rates and 
cooling conditions. Different fire scenarios were used, to differ from the standard fire [2] and the 
results showed that the velocity of heating and cooling in different loading conditions matters, 
affecting not only the maximum temperatures in the deep of the slab from the exposed face, but 
also in the deflections during the tests. 
 

 
Figure 1: Typical layout of a composite slab with trapezoidal steel deck. 

 
The integrity (E) is the capacity to withstand fire in one side and the assessment should be made 
on the basis of measuring cracks or openings in excess of given dimensions, or the ignition of a 
cotton pad, or sustained flaming on the unexposed side or while the load bearing (R) resistance 
withstands [5]. For cast in situ composite slabs, the integrity criterion is normally satisfied provided 
that the joints are adequately sealed. 
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The insulation (I) is the ability to withstand fire in one side and the assessment shall be made on 
the basis of the average temperature rise on the unexposed face limited to 140 °C above the 
initial average temperature, or; made on the basis of the maximum temperature rise at any point 
limited to 180 °C above the initial average temperature. 
 
The load bearing resistance for flexural loaded elements (R) is the ability to support the loading 
during the test and the assessment shall be made on the basis of limiting vertical displacement D 
(D=L2/400d [mm]), or limiting rate of vertical displacement (dD/dt=L2/9000d [mm/min]), being L 
the clear span of the testing specimen in millimetres and d is the distance from the extreme fibre 
of the cold design compression zone to the extreme fibre of the cold design tensile zone of the 
structural section, in millimetres. 
 
Generally, experimental tests are expensive and time-consuming. As an alternative solution, the 
fire resistance can be evaluated by means of numerical simulations or using simple calculation 
methods. The fire resistance of the composite slabs is defined with respect to standard fire 
exposure from below. The scope of this investigation concerns the fire rating for the R and I 
criteria. Numerical simulations with finite elements were developed, using ANSYS, to find out the 
thermal and mechanical effects of standard fire exposure. The results of the numerical simulation 
are compared with experimental results from Hamerlink [1] and with the simplified method 
proposed by Eurocode 4-part 1.2 [6]. 
 
 
2. EUROCODE 4: FIRE RESISTANCE OF COMPOSITE SLABS 
 
In this section we present the simplified methods included in standards and regulations used for 
determining the fire rating of structural element, accounting for Insulation (I) (see [6]) and Load 
Bearing (R) (see [7] and [5]). 
 
 
2.1 Fire resistance for insulation (I) 
 
A simplified method is presented in the Annex D of EN 1994-1-2 [6] for the estimation of the fire 
resistance of unprotected composite slabs subjected to fire exposure from below, using the 
standard fire curve ISO 834. The analytical expressions present in the current version of this 
standard are based on the research conducted by Both [8] in 1998. During the last years, no 
revisions were made to these methods [9]. The fire resistance (I) with respect to thermal insulation 
criterion shall be determined according to Eq. 1. 
 

 

 
(1) 

 
The rib geometry factor (A/Lr) of the composite slab shall be calculated as follows: 
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 (2) 

 

a) Room temperature. b) After 90 minutes of fire. 
Figure 2: Model for the composite slab with steel deck. 

 
In addition to the geometric parameters of the composite slab, illustrated in Figure 2, the fire 
resistance also depends on partial factors (ai). Table 1 presents these factors for slabs with normal 
weight concrete (NWC). 
 

Table 1: Coefficients for estimating the fire resistance for NWC (EN 1994-1-2 [6]) 
a0 (min) a1 (min/mm) a2 (min) a3 (min/mm) a4 (mm min) a5 (min) 

-28.8 1.55 -12.6 0.33 -735 48.0 
 
The view factor (ϕ) specified in the Eq. (1), quantifies the geometric relation between the surface 
emitting radiation and the surface receiving, that depends on the surfaces areas and orientations, 
as well as the distance between them [9]. The view factor at the lower flange of the composite 
slab is given as ϕlower =1. The view factor of the web ϕweb and of the upper flange ϕupper of the steel 
deck are smaller than one, due to the obstruction caused by the ribs of the steel deck. These 
values can be calculated by Hottel´s crossed-string method, using Eq. (3) and Eq. (4). 
 
 

 
( 3 ) 

 

 ( 4 ) 

 
 
2.2 Fire resistance for load (R) 
 
Aiming the definition of simple calculation rules of mechanical behaviour and capacity of 
composite elements made of steel and concrete, the Eurocode 1994-1-2 [6] provides general 
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rules on the determination of composite steel-concrete slabs load capacity. Based on a global 
plastic analysis, the design for bending resistance may be determined using Eq. 5.  
 

 
 ( 5 ) 

 
The coordinates zi and zj are the distances of the components for steel and concrete materials, 
between the geometric centre and the neutral axis of the slab, under fire conditions, see Figure 
2. Coefficients ky,θ,i and kc,θ,i concern the reduction coefficients for the yielding stress of steel 
and compressive strength of concrete, affected by the temperature of each component, being 
defined by standards for steel [10] and concrete [11], using interpolation. ky,θ,i has different 
values, according to the type of steel (cold formed carbon steel for the design of class 4 sections 
at elevated temperatures [6] and cold formed carbon steel for rebars [11]). There is no reduction 
for concrete. 
 
The neutral axis under fire conditions, can be defined by the equilibrium of Eq. 6, [6]. This axis 
modifies its position, moving from the hot region to the cold region, see Figure 2 por the position 
after 90 minutes of fire exposure. 
 

 
 ( 6 )  

 
After completed the calculation of maximum value, the verification shall be made comparing the 
maximum bending resistance moment with the effect of the applied bending momentum. In this 
study, for the case of a simply supported slab with a distributed load (q), the effect of the applied 
bending moment should be calculated with Eq. 7. 
 

  ( 7 )  

 
 
3. NUMERICAL SIMULATIONS 
 
In this section, the methodology used to model and solve the thermal and mechanical effects on 
the composite slab is presented. Therefore, a brief description of the finite elements, thermal and 
mechanical properties of materials, boundary conditions and convergence criterion is given for 
both, thermal and mechanical model. 
 
 
3.1 Thermal model 
 
The composite slab is meshed in order to solve a nonlinear transient thermal analysis, using 3D 
finite elements from ANSYS. The finite element method (FEM) requires the solution of Eq. 8 in 
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the domain and the definition of the boundary conditions according to Eq. 9 in the exposed and 
unexposed side of the slab. 
 

 (8) 

 (9) 

 
In the equations above: T represents the temperature of each material; ρ(T) is the specific mass; 
Cp(T) is the specific heat; 𝜆(T) is the thermal conductivity; αc is the convection coefficient. Tg 
represents the gas temperature of the fire compartment, using the standard fire ISO 834 applied 
on the bottom part of the slab; ϕ is the view factor (see previous section); εm is the emissivity of 
each material; εf represents the emissivity of the fire and σ represents the Stefan-Boltzmann 
constant. 
 
The finite element method is applied to solve numerically the heat transfer equation. For an 
arbitrary composite slab with trapezoidal steel deck, the respective 3D mesh is presented in 
Figure 3. 
 
The three-dimensional model of the composite slab considers perfect contact between materials, 
namely the concrete topping, the steel deck, the steel rebars and the steel mesh. The model 
identified by NUM 0 considers the perfect contact between the steel deck and the concrete. The 
model identified by NUM 1 considers 1 mm of air gap size, with perfect contact between the air 
and both surfaces of concrete and steel. A second alternative thermal model, considers the air 
gap effect with a constant thickness (1 mm), being included between the steel deck and the 
concrete topping in order to simulate debonding effects. 
 

 
Figure 3: Finite element mesh of a composite slab with trapezoidal steel deck. 

 
For each material, a specific 3D finite element is used. Three different finite elements are used: 
SHELL131, SOLID70 and LINK33. The SHELL131 element has four nodes with up to 32 degrees 
of freedom (temperature) in each node, depending on the number of layers (one layer, linear 
variation, 3 nodal temperatures). Compatibility between nodal shell temperature and nodal solid 
temperature is guaranteed. This element presents linear interpolating functions in the plane of the 
element, using full Gauss integration method (2x2) and linear interpolating functions through the 
layer thickness (three Gauss points). The shell element is used to model the steel deck of the 
composite slab. The SOLID70 element presents eight nodes with a single degree of freedom 
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(temperature) at each node. Linear interpolating functions are used for this element and the full 
Gauss integration method is also applied (2x2x2). This finite element is used to model the 
concrete topping and, in the second case, the air gap volume. The LINK33 element has two nodes 
with a single degree of freedom (temperature) per node. This uniaxial element presents linear 
interpolating functions as well as exact integration. The LINK33 element is used to model the anti-
crack mesh and the rebars. 
 
The thermal properties of the materials are temperature dependent and vary according to the 
standards used for composite slabs, steel structures and concrete structures [5, 7, 8]. The thermal 
properties of steel and concrete are presented in Figures 4 and 5, respectively. The conductivity 
of steel decreases with temperature and the specific heat has a strong variation due to the 
allotropic phase transformation. Both density and conductivity of concrete decrease as the 
temperature increase. Regarding the conductivity, the upper limit was selected for the numerical 
simulations. The specific heat of concrete presents a peak value related to 3% of moisture content 
of concrete weight. 
 
The thermal properties of air are depicted in Figure 6. These properties are also temperature 
dependent and were used in the air gap to simulate the effects of debonding between the steel 
deck and the bottom surface of the concrete. This model only considers the heat flow by 
conduction in the air gap, due to the very small air gap thickness. 
 

Figure 4: Thermal properties of carbon steel. Figure 5: Thermal properties of concrete. 
 

Figure 6: Thermal properties of air.  
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The exposed side of the slab is submitted to a heat flux by convection and radiation (see Eq. 9) 
using different values for view factors and a bulk temperature following the standard fire. The 
unexposed side is subjected to a convective heat flux (including the radiation heat flux), using a 
constant bulk temperature of 20 ºC, see Figure 7. 
 
All the nodes of the numerical model are set with an initial condition for temperature of 20 °C. The 
lower part of the steel deck is subjected to standard fire conditions using a convection coefficient 
of 25 W/m²K and an emissivity of fire equal to 1. A convective coefficient of 9 W/m²K is applied 
on the upper part of the composite slab in order to include the radiation effect [12]. The main 
parameters of the applied boundary conditions are illustrated in Figure 7. 
 

 
Figure 7. Representation of the applied boundary conditions. 

 
The heat flow criterion was applied for the convergence criterion, using a tolerance value of 0.001 
and a minimum reference value of 10-6. 
 
 
3.2 Mechanical model 
 
The mechanical simulation for the fire behaviour of the composite slabs is also presented. The 
model is validated using the experimental results from Hamerlinck [1]. The displacement and the 
rate of displacement are compared with the experimental results and compared with the criterion 
for fire rating given by EN 1363-1 [7]. 
 
The integral value for the surface force over any surface of an arbitrary volume element within the 
material must sum to zero in order to keep the static equilibrium, in each time step. Here we 
assume the existence of an external load {F} (live and dead load) on material within the volume 
submitted to the stress field []. The surface integral can be converted to a volume integral by the 
Gauss' divergence theorem. The final version of the equilibrium equation may be expressed in 
every Cartesian coordinate, according to Eq. 10. 
 

  (10) 

 
The external load {F} is considered to be constant under fire conditions. The load bearing capacity 
was determined for room temperature, using Eq. 11 for sagging moment resistance and assuming 
the neutral axis to be located above the steel deck. Mp,Rd represents the plastic bending 
resistance, Np,pl the plastic tensile force for the effective section of the plate, Ns,pl the plastic 
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tensile force for rebars, dp represents the centroidal position for the plate measured from the top 
of the cross-section, xpl represents the position for the plastic neutral axis measured from the top 
and ds represents the position of the rebars measured from the top. 
 

 

(11) 

 
The mechanical load is distributed over four lines of nodal loads (FY), with a spacing of 800 mm. 
This load represents the live load (used as parameter). The dead load is included by means of 
inertial effect (2800 N/m2). The composite slab is considered to be simply supported (restraining 
the displacements in vertical and out-of-plane directions at the left support and restraining all 
displacements in the right support). The lines of nodal forces were applied in accordance to the 
experimental setup, see Figure 8. 
 

 
Figure 8. Representation of the mechanical model. 

 
The dead load was calculated based on the volume and density of each material, using the inertial 
effect. The thermal load effect introduces the incremental time effect, using different files with the 
corresponding temperature field for each time step. 
 
The finite element model uses a full three-dimensional finite element mesh, by switching the 
thermal SOLID70, SHELL131 and LINK33 finite element to the equivalent mechanical finite 
element SOLID185, SHELL181 and LINK180, see Figure 9. 
 

Figure 9. The finite element mechanical model. 
 
SOLID185 is a three-dimensional finite element defined by eight nodes, having three degrees of 
freedom at each node (3 translations). This element uses linear interpolation functions and full 
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gauss integration. SHELL181 is a four-node element with six degrees of freedom at each node 
(3 translations and 3 rotations). This element also uses linear interpolating functions for in-plane 
with full integration scheme and linear interpolating functions in-thickness direction with 3 
integration points. LINK180 is a unidirectional finite element with 2 nodes and 3 degrees of 
freedom at each node (translations). This element is superposed to the concrete nodes and uses 
1 integration point. 
 
The non-linear geometric analysis uses an incremental solution, based on Newton-Raphson 
method, with a convergence criterion defined by force and moment, with a tolerance value of 
0.001 and a minimum reference value of 1. The elastic-plastic analysis was also used, considering 
the non-linear material behaviour. The concrete model is an adapted model form EN1992-1-2 
[11]. The mechanical properties of the materials are temperature dependent and vary according 
to the standards used for composite slabs [6], steel structures [10] and concrete structures [11], 
see Figure 10. 
 
The thermal expansion for each material was also considered in the model, due to the existence 
of a very high temperature gradient through thickness. This gradient is responsible for the 
existence of thermal bowing, increasing the rotation of the cross-section. The change of thermal 
expansion with temperature, denoted as the coefficient of thermal expansion, is not constant, 
especially for concrete. Due to shrinkage, the expansion of concrete stops at elevated 
temperatures (beyond 650 ºC). The expansion coefficient for steel has smaller variation with 
temperature. Changes in the microstructure explain the plateau between 750 and 800ºC. 
 

a) Mechanical properties of galvanized steel. b) Mechanical properties of reinforcement. 

 
c) Mechanical properties of concrete. d) Coefficient for thermal expansion. 

Figure 10: Mechanical properties for all materials. 
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4. RESULTS 
 
The results of the three-dimensional numerical simulations are presented in this section, resulting 
from the application of the preceding models. The thermal analysis presents the results obtained 
with perfect contact (NUM 0) and with an air gap 1 mm thick between the steel deck and the 
concrete topping (NUM 1). These thermal results are compared with experimental results. A 
comparison of the fire resistance between the numerical, experimental and simple calculation 
method results is also presented. The thermo-mechanical numerical results are also compared 
with the experimental results. A parametric analysis was developed to determine the effect of the 
live load. A new proposal is presented for the fire resistance with respect to the load bearing 
criterion (R), and a comparison with the simple calculation method is also presented. 
 
 
4.1 Experimental tests 
 
An experimental test conducted by Hamerlinck [1] (test number 2) was selected to perform 
numerical simulations for both mechanical and thermal models. The slab was composed by the 
trapezoidal steel deck PRINS PSV 73 and a concrete topping with 70 mm thick using normal 
weight concrete. The simply supported slab was subjected to the ISO 834 standard fire. The 
profile of the composite slab is shown in Figure 2. The normal weight concrete was used for the 
composite slab and the measured moisture content of 3.5%.  
 
 
4.2 Thermal simulation 
 
Figure 11 illustrates the temperature development (numerical and experimental) at different points 
as well as the average and maximum temperatures at the unexposed side of the slab. Analysing 
the results, it can be observed that the temperature development on the selected points is quite 
similar between the experimental (EXPT) and the perfect contact model (NUM 0) at the first 
minutes of heating. Regarding the temperature development at point 2, the model with the air gap 
(NUM 1 – 1 mm) presents good approximation to the experimental results for temperatures over 
100 °C. However, for the points 1 and 3, the perfect contact model presents better agreement 
with measured temperatures at the last minutes of heating. For the unexposed surface, the 
maximum and average temperature curves are very close for all the models. In this case, better 
agreement with the experimental results can be noticed using the model with the air gap.  
 
It’s important to list determining factors that have influence over the temperature of the composite 
slab during the initial stages of heating, for example, the existence of the moisture within the 
concrete that is partially solved by determining the variable specific heat of concrete in the ANSYS 
models, according to EN 1992-1-2 [11] (see figure 5), simulating the property value peak when 
temperature reaches 100°C but ignoring the influence of the evaporation of the water over the 
structure. Also, the existence of a zinc layer of the steel deck exposed face have influence over 
the beginning of the experimental tests that while the melting of the zinc occurs the reduction of 
heating increasing [13]. Solutions to this are proposed initially by Hamerlinck [1] and then adopted 
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by EN 1994-1-2 [6] determining a temperature variable emissivity (ε) to the steel deck directly 
exposed to fire that vary from 0,1 to 0,7 while the software ANSYS uses constant values to the 
element’s emissivity. Thus this, initial delays on temperature increasing on steel deck are ignored 
on simulated models, but the results of simulations show that good convergence is guaranteed 
on later stages of tests on exposed face of the slab and during the hole simulation on the 
unexposed side. 
 
Table 2 presents the results obtained for the fire resistance (criterion “I”) of the slab with respect 
to the average temperature rise (tfi Ave) and the maximum temperature rise (tfi Max) at the 
unexposed surface. Obviously, for each model the lowest value between the two criteria governs 
the fire resistance. 
 

a) Selected points. b) Unexposed side. 
Figure 11. Comparison between numerical and experimental results. Point 1, 2 and 3 at 

distance 20, 74 and 123 mm from the top. 
 

Table 2: Fire resistance for insulation condition (I): experimental, numerical and analytical 
results. 

 Model NUM 0 Model NUM 1 EXPT result EN 1994-1-2 result 

tfi Ave (min) 75.6 93.5 88.2 
106.5 

tfi Max (min) 84.8 105.1 102.1 
 
Assuming the experimental result as reference, it can be observed that the air gap model slightly 
overestimated the fire resistance, with a relative error of 6%. A bigger discrepancy is obtained 
using the perfect contact model, with a relative error of 14.3%. The EN 1994-1-2 provisions 
overestimated the fire resistance, providing an unsafe result with a relative error of 20.7%. 
 
 
4.3 Mechanical simulation 
 
In order to evaluate the fire resistance, the incremental and iterative solution is included. The 
maximum displacement and the rate of the maximum displacement should be analysed. Figure 
12 represents the comparison between the experimental results and the numerical results. The 
critical time was determined by the first to achieve the limiting conditions presented in EN1363-1 
[7]. 
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The vertical displacement of the slab changes with time. The curvature of the slab starts 
increasing rapidly and deflections increase accordingly. In a second stage, the deflection rate 
decreases as thermal curvature increases less. Near the ultimate limit state, the deflection rate 
increases again due to the plastic material behaviour. 
 
For the mechanical analyses, it should be highlighted that the thermal load was determined based 
on the perfect contact model between materials (NUM 0). That is, the effect of the air gap between 
the steel deck and concrete was not taken into consideration. This fact results in higher 
temperature values for the materials and explains the higher predicted values for the vertical 
displacement of the numerical results. 
 
The normative simplified calculation, based on EN 1994-1-2 [6] results in overestimated 
resistance, given that, solving Eq. 5 to Hamerlinck laboured slab the load-bearing-criteria thermal 
resistance of R120 was determined. Experimental applied moment to the slab was 4640.06 N.m 
and the maximum sagging moment supported by it, according the normative, that was composed 
with normal weight concrete, to various resistance classes are shown in Table 3. 

 
Table 3: Sagging moment capacity according fire resistance class to normal weight concrete 

(EN 1994-1-2 [6]). 
Resistance Class (min) Sagging Moment Capacity (N.m) 

R60 11265 
R90 8296 

R120 5519 
 

 
a) Time history for displacement and rate of 

displacement. 
b) Deflection of the slab at the critical time. 

Figure 12: Analysis of the composite slab with a live load of 2.7 kN/m². 
 
Table 4 presents the comparison between the mechanical model with perfect contact and 
experimental results concerning the load bearing fire resistance. 



 
 
 
 
 
Carlos Balsa, Lucas Santos, Paulo A. G. Piloto, Érica Kimura 

398 
 
 
 
 
 
 
 
 

Table 4: Fire resistance for load bearing condition (R): experimental, numerical and analytical 
results. 

 Model NUM 0 EXPT result EN 1994-1-2 result 
tfi D (min) 78 97 

120 
tfi dD/dt (min) Not achieved Not achieved 

 
The difference between both results can be explained by several factors, mainly by the 
temperature field in each time step. Other parameters are also reported and are related with 
several phenomena during the test (variation of the view factors, creation of the air gap effect 
between the steel deck and concrete, restrain effect in the supports, direction of the applied load 
during the test, among others). 
 
Results also show that the numerical model, compared to the EN 1994-1-2 exigencies [6] provide 
a conservative prevision of the slab mechanical behaviour under normal fire conditions. Yet, it is 
important to highlight the overestimated thermal resistance provided by the normative simplified 
calculation that could result in unsafe structures under fire conditions. 
 
A parametric analysis was also developed, in order to verify the effect of the live load on the fire 
resistance. The load level, 0, was determined by the ratio of the total load (live and dead) by the 
plastic load at room temperature, proposed by the Eurocode 1994-1-1 [14]. The load varied from 
1.0 kN/m2 to 21.0 kN/m2. 
 
The fire resistance decreases with the load level, see Figure 13. The critical temperatures of the 
steel components were determined based on the fire resistance criteria. These values also 
decrease with the load level. The fire resistance for load bearing criterion was exclusively 
governed by the critical displacement value (D). The rate of displacement (dD/dt) did not reach 
the critical value for load level values below 0=43%. For higher load levels, the critical 
displacement rate becomes important, but never anticipates the time for the critical displacement. 
The thermal gradient can be easily determined for each load level, being approximately equal to 
700 ºC/123 mm in the vertical direction. This value seems to be independent of the load level. 
 

 
a) Fire resistance. b) Critical temperature. 

Figure 13: Fire resistance of the composite slab and critical temperature for the steel 
components. 
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The fire resistance was approximated with the minimum safety level, considering the results of 
the new proposal bellow the line of the numerical results. The new formula is presented in Eq.11. 
 

 (11) 
 
In practice, rebars should be applied to composite slabs with steel deck in cases when the 
required fire resistance time is higher than 30 minutes. When these elements are submitted to 
fire exposure, the contribution of the steel deck to the load bearing resistance decreases 
considerably, being part of this capacity transferred to the rebars. 
 
 
5. CONCLUSIONS 
 
This study presented the description of the thermal and mechanical three-dimensional finite 
element models as well as its validation against experimental data. The fire resistance according 
to the thermal insulation (I) and load bearing (R) criteria was determined and compared to 
experimental data as well as EN 1994-1-2 provisions. With the objective of simulating the effects 
of the debonding of the steel deck from concrete, an insulating layer (air gap) with a constant 
thickness of 1 mm was introduced between the concrete and steel deck. 
Regarding the experimental results for the temperature development, a plateau at about 100 °C 
(due to moisture evaporation) should be highlighted, resulting in a decrease in the rate of 
temperature increase. The numerical results do not present this pronounced plateau possibly 
because localized moisture concentrations in the test may be higher than the uniform moisture 
content introduced in the model. 
 
The fire resistance, with respect to the thermal insulation criterion, was governed by the average 
temperature rise criterion for both thermal models (NUM 0 and NUM 1) as well as for experimental 
results. The perfect contact model underestimates the fire resistance. In general, the results 
obtained with the air gap model presented better agreement with experimental results and 
satisfactorily simulated the debonding effect, reducing the temperature rise at the selected points 
and unexposed side as well. The EN 1994-1-2 provisions, for the fire resistance according to both 
thermal insulation criterion (I) and load-bearing criterion (R), were on the unsafe side, that is, the 
calculated fire resistance was greater than the measured one. Using the perfect contact model 
(NUM 0), the fire resistance with respect to the load bearing criterion was governed by the 
maximum displacement criterion. The numerical result underestimated the fire resistance due to 
the higher temperature field achieved with this model. The fire resistance decreases with the load 
level and a new proposal is presented. The proposed calculation model provides an optimization 
of these structures design when compared to the available standard EN 1994-1-2, suggesting 
safer components on buildings that requires lower load rates (0), approximately 40% of capacity, 
and more economical solutions to structures which are usually solicited nearly it’s maximum 
tolerance. 
 
 
REFERENCES 
 

0.464
032.104 2fit  



 
 
 
 
 
Carlos Balsa, Lucas Santos, Paulo A. G. Piloto, Érica Kimura 

400 
 
 
 
 
 
 
 
 

[1] A. F. Hamerlinck, “The behaviour of fire-exposed composite steel/concrete slabs,” 
Eindhoven University of Technology, 1991. 

[2] ISO, “Fire Resistance Test – Elements of Building Construction”, International Standard ISO 
834, 1975. 

[3] G. Thomson et al., “Indicative Fire Test on Composite Concrete/Steel Deck Floor System”, 
Steel Construction Institute, Rotherham, 1987. 

[4] S. Guo & C. G. Bailey, “Experimental Behaviour of Composite Slabs During the Heating and 
Cooling Fire Stages”, Engineering Structures, Vol. 33, p. 563-571, 2011. 

[5] CEN- European Committee for Standardization, EN 13501-2: Fire classification of 
construction products and building elements – Part 2: Classification usig data from fire tests, 
excluding ventilation services, CEN-Europ. Brussels, 2009. 

[6] CEN- European Committee for Standardization, EN 1994-1-2: Design of composite steel 
and concrete structures. Part 1-2: General rules - Structural fire design. Brussels, 2005. 

[7] CEN- European Committee for Standardization, EN 1363-1: Fire resistance tests Part 1 : 
General Requirements, CEN-Europ. Brussels, 2012. 

[8] C. Both, “The fire resistance of composite steel-concrete slabs,” Technical University of 
Delft, 1998. 

[9] J. Jiang, A. Pintar et al., “Improved calculation method for insulation-based fire resistance 
of composite slabs,” Fire Saf. J., vol. 105, pp. 144–153, Mar. 2019. 

[10] CEN- European Committee for Standardization, EN 1993-1-2: Design of steel structures - 
Part 1-2: General rules - Structural fire design Eurocode. Brussels, 2005. 

[11] CEN- European Committee for Standardization, EN 1992-1-2: Design of concrete structures 
- Part 1-2: General rules - Structural fire design, vol. EN 1992. Brussels, 2004. 

[12] CEN- European Committee for Standardization, EN 1991-1-2, Eurocode 1: Actions on 
structures – Part 1-2: General actions – Actions on structures exposed to fire. Brussels, 
2002. 

[13] NIST, “Numerical Modeling and Analysis of Heat Transfer in Composite Slabs with Profiled 
Steel Decking”, NIST Technical Note 1958, National Institute of Standards and Technology, 
Gaithersburg, 2017. 

[14] CEN- European Committee for Standardization, EN 1994-1-1: Design of composite steel 
and concrete structures - Part 1-1: General rules and rules for buildings. Brussels, 2004. 

[15] G. M. E. Cooke et al., “Fire Resistance of Composite Deck Slabs”, The Structural Engineer, 
Vol. 66, 1988, p. 253-261. 

[16] D. E. Wainman, “Summary of Data Obtained During Tests on Three Composite Metal Deck 
Shelf Angle Floor Beams”, BS476 Fire Resistance Tests, Part 21, Rotherham, 1996. 

[17] CEN - European Committee for Standardization, EN 1992-1-1: Design of concrete structures 
- Part 1-2: General rules and rules for buildings, vol. EN 1992. Brussels, 2004. 

[18] S. Guo, “Experimental and Numerical Study on Restrained Composite Slab During Heating 
and Cooling”, Journal of Constructional Steel Research, Vol. 69, p. 95-105, 2012. 

[19] L. Lim et al., “Numerical Modelling of Two-Way Reinforced Concrete Slabs in Fire, 
Engineering Structures, Vol. 26, p. 1081-1091, 2004. 

[20] L. C. S. Lim, “Membrane action in fire exposed concrete floor systems”, University of 
Canterbury, 2003. 

 


	CILASCI5
	Lucas

