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Definition robustness
 Cambridge dictionary: The quality of being strong, and healthy or unlikely to 

break or fail
 Oxford Learner’s Dictionaries: Strong and healthy

Definition resilience
 Cambridge dictionary: The ability of a substance (system) to return to its usual 

shape after being bent, stretched, or pressed
 Oxford Learner’s Dictionaries: The ability of people or things to recover quickly 

after something unpleasant, such as shock, injury, etc.
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Robustness ?

= Challenge

= Opportunity (for steel)



Eurocode 
program
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Robustness ?

Standard Robustness Robust Resilience 

EN1990 (prEN) 1 ( 64) 0 0

EN1991-1-7 13 1 0

EN1992-1-1 0 1 0

EN1993-1-1 (prEN) 2 ( 4) 0 0

EN1994-1-1 0 0 0

EN1995-1-1 0 0 0

EN1996-1-1 2 1 0

EN1999-1-1 2 1 0
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Eurocode program

EN1992 EN1993 EN1994 EN1995 EN1996 EN1999 EN19100 EN19101 EN19102

EN1990 Structural safety, serviceability, robustness and durability of structures

Loads EN1991-X-Y, Fire EN199X-1-2, Geotechnics EN 1997, Earthquake EN1998-X
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Eurocode program

EN1992 EN1993 EN1994 EN1995 EN1996 EN1999 EN19100 EN19101 EN19102

EN1990 Structural safety, serviceability, robustness and durability of structures

Loads EN1991-X-Y, Fire EN199X-1-2, Geotechnics EN 1997, Earthquake EN1998-X

Report of Project Team WG6.T2 Robustness Rules in Material Related Eurocode Parts



 Mandate M/515: Development of
2nd generation of EN Eurocodes
 WG6.T2 Project Team:

Outcomes:
 Technical regulation
 JRC-report: Guidance on the design for 

structural robustness
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Eurocode program

Prof. Alan O’Connor
 Trinity College
 Chair

Prof. Bassam Izzuddin
 Imperial College
 Requirements for design

Prof. Beatrice Belletti
 University of Parma
 EN1992

Prof. Paolo Martinelli
 Politecnico di Milano
 EN1995
 EN1996

Prof. Tom Molkens
 KU Leuven university
 EN1993
 EN1994
 EN1999



Actual 
robustness 
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Eurocode 0 (2002), section 2.2 Reliability management:
 (5) The levels of reliability relating to structural resistance and serviceability 

can be achieved by suitable combinations of … e) other measures relating to 
the following other design matters:
…
 the degree of robustness (structural integrity)
…

Eurocode 1-1-7 (2006), section 1.5.14 Robustness:
 the ability of a structure to withstand events like fire, explosions, impact or the 

consequences of human error, without being damaged to an extent 
disproportionate to the original cause.
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Actual robustness rules

Appears in the actions on structures part?
Fire already covered by EN199X-1-X



Eurocode 1-1-7, section 3 Design situations:
 Strategies for accidental 

design situations
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Actual robustness rules

STRATEGIES BASED ON UNIDENTIFIED 
ACCIDENTAL ACTIONS



Eurocode 1-1-7, section 3 Design situations:
 Note 3: Strategies based on unidentified accidental actions cover a wide range 

of possible events and are related to strategies based on limiting the extent of 
localised failure. The adoption of strategies for limiting the extent of localised 
failure may provide adequate robustness against those accidental actions 
identified in 1.1(6), or any other action resulting from an unspecified cause. 
Guidance for buildings is given in Annex A (Informative).
 1.1(6) EN 1991-1-7 does not specifically deal with accidental actions caused 

by external explosions, warfare and terrorist activities, or the residual stability 
of buildings or other civil engineering works damaged by seismic action or fire, 
etc.
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Actual robustness rules



Upcoming 
robustness 
rules
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Eurocode 0, section 0.2 Introduction to prEN 1990-1 (2023):
 This document gives the principles and requirements for safety, serviceability, 

robustness, and durability of structures that are common to all Eurocodes 
parts and are to be applied when using them.

Eurocode 0, section 3.1.2.30 Robustness:
 ability of a structure to withstand unforeseen adverse events without being 

damaged to an extent disproportionate to the original cause
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Upcoming robustness rules

Appears in the basis of structural design part!



Eurocode 0, section 4.4 Robustness:
(1) A structure should be designed to have an adequate level of robustness so that, 
during its design service life it will not be damaged by unforeseen adverse events, such 
as the failure or collapse of a structural member or part of a structure, to an extent 
disproportionate to the original cause.
NOTE 1 Progressive collapse is an example of a damage that is disproportionate to the original cause.
NOTE 2 For most structures, design in accordance with the Eurocodes provides is assumed to provide an adequate 
level of robustness without the need for any additional design measures to enhance structural robustness.

(2) Design measures to enhance structural robustness should be applied when 
specified by the relevant authority or, where not specified, as agreed for a specific 
project by the relevant parties.
NOTE 1 Guidance on additional design measures to enhance structural robustness for buildings and bridges is given in 
Annex E (Informative).
NOTE 2 Further guidance can be given in the National Annex.
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Upcoming robustness rules

Weaking the objectives (legal issues in some countries)

Making normative by individual countries?



Eurocode 0, annex E 
Design situations:
 Design for identified 

accidental actions and
design strategies for 
enhanced robustness
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Upcoming robustness rules



Technical 
regulation
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Physical background: sudden column loss scenario & tying forces
 Static scheme

 Formulation: 𝐹𝐹𝑖𝑖 = 𝐻𝐻 /cos𝜑𝜑 ≈
𝑊𝑊
2

tan 𝜑𝜑
/1 ≈ 𝑊𝑊

2𝜑𝜑
= 𝑤𝑤𝑤𝑤

2𝜑𝜑
, where:

 Fi = Tying force per unit (Ti/s with Ti = tying force and s = spacing)
 W = w∙L = Load effect on the column, w = Load effect on the beam (with 

length L) supported by the ‘lost’ column
 φ = Rotation ductility, expressed in rad
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Technical regulation

W



Comparative study:
 UFC 4-023-03: Design of Buildings to Resist Progressive Collapse (DoD, 2005, 

updated 2009).
 Required/assumed rotational ductility: 0.2 rad

 Formulation: 𝐹𝐹𝑖𝑖 = 3𝑤𝑤𝑤𝑤
𝜑𝜑=0,2

2.5𝑤𝑤𝑤𝑤, difference factor 1.2
 Dynamic Amplification Factor (DAF) = 1.2, need for high damping value ?

 EN 1991-1-7: 

 Formulation: 𝐹𝐹𝑖𝑖 = 0.8𝑤𝑤𝑤𝑤
𝜑𝜑=𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑖𝑖𝑢𝑢𝑢𝑢𝑢𝑢

𝜑𝜑 = 1
2�0.8

= 0.625𝑟𝑟𝑟𝑟𝑟𝑟 (32°)

 With DAF = 1.2  𝜑𝜑 = 1.2
2�0.8

= 0.75𝑟𝑟𝑟𝑟𝑟𝑟 (37°!) … assumptions no longer valid!

Faculty of Engineering Technology, Department of Civil Engineering                
Materials and Constructions, De Nayer Campus19

Technical regulation



New proposal upcoming Technical Regulation (TR), enhanced robustness:

 Tying force: 𝑇𝑇 = η � ρ � 𝑖𝑖𝑓𝑓
�𝛼𝛼

� 𝑃𝑃, where:
 T = tying force
 η = dynamic amplification factor corresponding to sudden column loss
 ρ = reduction factor that allows for such effects as strain-hardening, 

contributions of infill walls/infill panels and interaction between tying and 
flexural actions (taken conservatively as 1)  Opportunity for steel
 if = tying force intensity factor (3.0 assumed in UFC and 0.8 in EN)
 �𝛼𝛼 = normalised rotation ductility �𝛼𝛼 = 𝛼𝛼/0.2 to allow for different levels of 

chord rotation ductility α (rad) in different materials and forms of construction
 P (= W) = Load effect on the column
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Technical regulation

Izzudin B., Sio B., Rational Horizontal Tying Force Method for Practical Robustness Design 
of Building Structures, Engineering Structures, 252(1), 113676, 2022.

𝑇𝑇 = 2 � 1 � 2.5 � 𝑤𝑤 � 𝑤𝑤



New proposal upcoming Technical Regulation (TR), enhanced robustness:
 Dynamic amplification factor η :
 Need for a minimum chord rotation αmin to develop tying forces (otherwise 

bending capacity should be sufficient).
 Based on energy balance principles,
 based on advanced numerical simulations,
 by the use of a realistic upper bound = 2.0

 Only a verification strategy can be followed, assuming that the αmin–requirement 
is fulfilled, calculating deformations, confirming initial hypotheses.
 Minimum resistance and stiffness of surrounding structure is also obliged!
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Technical regulation

Izzudin B., Sio B., The Post-fire Assessment of Steel Structures, a Reliability-Based Semi-
probabilistic Approach, Fire Technology, 12th of August 2022.



New proposal upcoming Technical Regulation (TR),
 Assessment procedure
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Technical regulation

O’Connor et Al. Report of Project Team WG6.T2 Robustness Rules in Material Related 
Eurocode Parts, Final draft for informal enquiry WG6T2, 30th of October 2020.



New proposal upcoming Technical Regulation (TR), enhanced robustness:
 Tying force T and intensity factor if for different systems
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Technical regulation

André et al., Guidance on the design for structural robustness, JRC-technical report,
2023?.



New proposal upcoming Technical Regulation (TR), enhanced robustness:
 Load effect on the column 𝑃𝑃 :
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Technical regulation

André et al., Guidance on the design for structural robustness, JRC-technical report,
2023?.



New proposal upcoming Technical Regulation (TR), enhanced robustness:
 Reduction factor ρ :
 Strain hardening & overstrength  data out of EN1998 (also used for the 

verification of connections).

 Contribution of partition walls (UFC & ACI).
 Interaction between tying and flexural action ( research).
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Technical regulation

Conservatively: 𝝆𝝆 = 𝟏𝟏



New proposal upcoming Technical Regulation (TR), enhanced robustness:
 Different strategies are possible for steel (design examples will be available):
 Based on the capacity of the principal elements;
 Activation of spacers to enhance the bearing capacity;
 Supplementary activation of a reinforcement mesh in a compression layer;
 Exclusive activation of the reinforcement mesh in the compression layer.
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Technical regulation



New proposal upcoming Technical Regulation (TR), enhanced robustness:
 Sound engineering principles should be followed:
 To promote the activation of ductile structural components in the structure 

and, accordingly, to avoid brittle failure modes, with a specific attention to 
be paid to the welds (the use of full-strength welds is recommended);
 To ensure links between the elements using the tying approach according 

to the proposed Tying Force Strategy (TFS);
 Optimise the design making use of strain-hardening and combined actions 

if this can be supported by tests or reliable data.
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Technical regulation

André et al., Guidance on the design for structural robustness, JRC-technical report,
2023?.



Recent 
research
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Ongoing research at KU Leuven in collaboration with Infosteel (BE):
 Reduction factor ρ, investigation on the interaction between tying and flexural 

action (not yet published). Dependency of the type of connection:
 Hinge

 Semi-rigid, flexible

 Semi-rigid, stiff

 Rigid

Faculty of Engineering Technology, Department of Civil Engineering                
Materials and Constructions, De Nayer Campus29

Technical regulation



Ongoing research at KU Leuven in collaboration with Infosteel (BE):
 Test set-up, quasi-static = 2 × accidental load (including DAF).
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Technical regulation

Strain gauges

2×2000 = 4000 mm



Ongoing research at KU Leuven in collaboration with Infosteel (BE):
 Test impressions – hinge type connection:
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Technical regulation



Ongoing research at KU Leuven in collaboration with Infosteel (BE):
 Test impressions – semi-rigid (stiff) type connection:
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Technical regulation



Ongoing research at KU Leuven in collaboration with Infosteel (BE):
 Test impressions – rigid type connection:
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Technical regulation



Resilience 
capacity of 
steel to fire
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 If we are all talking about sustainability, this includes structural resilience to for 
example fire (and unforeseen events).
 Impact can be on:
 Exploitation of a factory
 Delivering of goods
 Infrastructure
 Social impact

 High need for scientific (reliability based) assessment tool

35

Introduction
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Flow chart
 Stage 1 = ambient

 Stage 2 = fire

 Stage 3 = post-fire

36

Methodology
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Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.



 In situ observations methods:
 Melting temperatures of materials

 Straightness of elements, what is straight after a fire is safe (Tide, 1998).
 Comparative methods based on measuring techniques like hardness of 

crystal structure.

37

Fire severity
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 Numerical models and simulations
 Compartment fire including flash over like ISO834  no sense: collapse.
 Adjusted parametric fire (Reitgruber formulation, 2006) or BFD-fire curve 

(Barnett, 2002).
 Combination of parametric and local fires like Hasemi or Heskestad.

 Ozone
 Locafi
 Trafir

 Computational fluid dynamics CFD (by FDS for example)  Speed ?

38

Fire severity
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 Combination of methods and models:
 On site investigation,
 Simplified local fire models, if finding confirmed  stop,
 Adjusted or advanced fire models with corresponding results.

39

Fire severity
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 Uncertainties: basic material properties in ambient condition, quenched or not, 
fully exposed or shadow effect, exposure time, number of tests available for 
which grade and which exposure temperature, …
 Assumption 1: log-normal distribution:

 Assumption 2: JCSS-values:
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Post-fire material properties

𝜇𝜇𝑥𝑥 = 𝑒𝑒𝑒𝑒 𝑝𝑝
∑𝑖𝑖=0𝑢𝑢 ln 𝑋𝑋𝑡𝑡𝑢𝑢𝑡𝑡𝑡𝑡,𝑖𝑖

𝑛𝑛
= 𝑒𝑒𝑒𝑒𝑝𝑝 𝜇𝜇𝑦𝑦

𝜎𝜎𝑦𝑦 = 𝑙𝑙𝑛𝑛 𝑉𝑉𝑡𝑡𝑢𝑢𝑡𝑡𝑡𝑡2 + 1 ≈ 𝑉𝑉𝑡𝑡𝑢𝑢𝑡𝑡𝑡𝑡 =
𝜎𝜎𝑥𝑥
𝜇𝜇𝑥𝑥

=
1

𝜇𝜇𝑥𝑥 𝑛𝑛 − 1
� 𝑋𝑋𝑡𝑡𝑢𝑢𝑡𝑡𝑡𝑡,𝑖𝑖 − 𝜇𝜇𝑥𝑥

2

𝑋𝑋𝑘𝑘 = 𝑒𝑒𝑒𝑒𝑝𝑝 𝜇𝜇𝑦𝑦 ± 𝑘𝑘𝑢𝑢𝜎𝜎𝑦𝑦 ≈ 𝜇𝜇𝑥𝑥 � 𝑒𝑒𝑒𝑒𝑝𝑝 𝑘𝑘𝑢𝑢 𝑙𝑙𝑛𝑛 𝑉𝑉𝑡𝑡𝑢𝑢𝑡𝑡𝑡𝑡2 + 1 ≈ 𝜇𝜇𝑥𝑥𝑒𝑒𝑒𝑒𝑝𝑝 𝑘𝑘𝑢𝑢𝑉𝑉𝑡𝑡𝑢𝑢𝑡𝑡𝑡𝑡

Property Mean value µ Vamb
fy 𝑓𝑓𝑦𝑦,𝑢𝑢 � 𝛼𝛼𝛼 � 𝑒𝑒𝑒𝑒𝑝𝑝 −𝑢𝑢 � 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 − 𝐶𝐶 0.07

fu B∙𝑓𝑓𝑢𝑢,𝑢𝑢 0.04
εu εu,n 0.06
E En=210 GPa 0.03
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Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.



 Assumption 3: Application of EN1990 for kn-values, with Vx = known (JCCS).

 Operator to flatten the effect of high kn-values due to a limit set of tests for 
certain temperatures:

𝑅𝑅𝜃𝜃,𝑖𝑖 = 𝑚𝑚𝑚𝑚𝑛𝑛 𝑅𝑅𝑘𝑘,𝜃𝜃−1,𝑖𝑖 ;𝑀𝑀𝑀𝑀𝑋𝑋 𝑅𝑅𝜃𝜃,𝑘𝑘,𝑖𝑖 ;
𝑅𝑅𝑘𝑘,𝜃𝜃−1,𝑖𝑖 + 𝑅𝑅𝑘𝑘,𝜃𝜃+1,𝑖𝑖

2
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Post-fire material properties
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Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.



 Carbon steel grades:

 In total 719 test results out of peer reviewed references
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Post-fire material properties

Name of subsets Abbreviation Yield strength (MPa) European reference 
standards

Normal structural steel NSS ≤ 420 EN 10025-2 to 5 
EN 1993-1-1 Table 6.2

High strength structural steel HSS > 420 and ≤ 700 EN 10025-6
EN 1993-1-1 and -1-12

Very high strength structural steel VHSS > 700 and ≤ 960 EN 10025-6
Ultra high strength structural steel UHSS > 960 and ≤ 1200 VDA239-100:2016
Cold-formed steel CFS 300 up to 550 EN 10149-2
Cast and wrought iron Cast ≤ 385 EN 10293
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Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.



 Blue = retention
or post-fire
 Red = fire
 Dots = experiments
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Post-fire material properties

Faculty of Engineering Technology, Department of Civil Engineering                
Materials and Constructions, De Nayer Campus

Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.
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Post-fire material properties
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Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.



 Stainless steel grades
 Austenitic
 Duplex
 Ferritic

 Comparison with carbon steel
in case of fire

 In total 270 test results out of peer reviewed references
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Post-fire material properties
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Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.



 Blue = retention
or post-fire
 Red = fire
 Dots = experiments
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Post-fire material properties

Faculty of Engineering Technology, Department of Civil Engineering                
Materials and Constructions, De Nayer Campus

Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.
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Post-fire material properties
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Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.
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Post-fire material properties
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Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.
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Post-fire material properties
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Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.



 Reliability level is expressed as a failure probability or reliability index β.
 Partial safety factors are linked the desired reliability, coefficient of variation 

(considering the uncertainty) and the total economic cost.
 Differentiation will appear between the design of and an existing building!
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Reliability aspects
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Molkens T., Rossi B., The Post-fire Assessment of Steel Structures, a Reliability-Based 
Semi-probabilistic Approach, Fire Technology, 12th of August 2022.



 Out of codes maximum Δβ = -0.5 (ISO2394, 2015).
 Safety factor by reversed calculation, based on EN1990, annex D:

𝛾𝛾𝑀𝑀0,𝜃𝜃 =
𝑋𝑋𝑘𝑘,𝜃𝜃

𝑋𝑋𝑢𝑢,𝜃𝜃
=
𝑒𝑒𝑒𝑒𝑝𝑝 −1.645 𝑙𝑙𝑛𝑛 𝑉𝑉𝑡𝑡𝑢𝑢𝑡𝑡𝑡𝑡,𝜃𝜃² + 1

𝑒𝑒𝑒𝑒𝑝𝑝 −𝛼𝛼𝛼𝛼 𝑙𝑙𝑛𝑛 𝑉𝑉𝑡𝑡𝑢𝑢𝑡𝑡𝑡𝑡,𝜃𝜃² + 1

 Influence of the fire:
𝑉𝑉𝑡𝑡𝑢𝑢𝑡𝑡𝑡𝑡
2 = 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎

2 + 𝑉𝑉𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡
2

𝛾𝛾𝑀𝑀0,𝑡𝑡𝑢𝑢𝑡𝑡𝑡𝑡 = 𝛾𝛾𝑀𝑀0,𝑎𝑎𝑎𝑎𝑎𝑎 × 𝛾𝛾𝑀𝑀0,𝑝𝑝𝑝𝑝𝑡𝑡𝑡𝑡

 For carbon steel γM0,amb = 1.0  makes life easy
 For stainless steel γM0,amb = 1.1  not really complicated
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 Carbon steel
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 Stainless steel, all grades, austenitic, duplex and ferritic

_a b

_c d
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 Final assessment formula:
𝒇𝒇𝒚𝒚𝒚𝒚,𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 =

𝑹𝑹𝜽𝜽 × 𝒇𝒇𝒚𝒚,𝒌𝒌

𝜸𝜸𝑴𝑴𝑴𝑴,𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 × 𝜸𝜸𝑴𝑴𝑴𝑴,𝒂𝒂𝒂𝒂𝒂𝒂

 Worked examples
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Application

Carbon steel S235 Austenitic stainless steel 1.4301
Column 550°C Column 550°C

Slide 49 → Ry,θ,NSS = 1.00 Slide 52 → smallest Ry,θ = 0.97
Slide 57 → γM0,post = 1.0 Slide 58 (a) → γM0,post = 1.1

fyd,θ = 1×235/(1.0×1.0) = 235 MPa fyd,θ = 0.97×210/(1.0×1.1) = 185 MPa
Roof beam 750°C Roof beam 750°C

Slide 49 → Ry,θ,NSS = 0.79 Slide 52 → Ry,θ = 0.95
Slide 57 → γM0,post = 1.15 Slide 58 (a) → γM0,post = 1.00

fyd,θ = 0.79×235/(1.15×1.0) = 161 MPa fyd,θ = 0.95×210/(1.0×1.1) = 181 MPa
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 A simple, but scientifically based, fast procedure is proposed. The assessment 
of a post-fire situation follows the same methodology as for the design for new 
buildings by the application of a combination of safety and reduction factors.
 Several outcomes are possible: the reliability is still ensured, or small 

modifications are needed either at the load level, either at the structural level, 
or only dismantling and recycling is the latest option.
 Stainless steel seems to perform better in post-fire situations at higher 

temperatures which makes the material better suitable for critical elements or 
elements which are difficult to replace.
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Conclusions
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What is on top, a shopping mall?



 Thank you for your kind attention

 Further information: tom.molkens@kuleuven.be
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