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Introduction 
Reasons to failures:
• Extreme high load / extreme low strength: very unlikely 

(probability of failure per year ~ 10-5-10-6 )

• Other reasons / aspects:
– Unexpected hazards
– Design errors
– Execution errors
– Deterioration of critical structural elements
– System effects

→Robustness requirements 
Nørresundby, Denmark

April 2006
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Siemens superarena Copenhagen, 
Januar, 2003

Introduction - robustness
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Robustness - Eurocodes
EN1990 and EN1991-1-7
A structure shall be designed and executed in such a way that it

will not be damaged by events such as :
• explosion,
• impact, and
• the consequences of human errors, to an extent disproportionate 

to the original cause.

accidental actions
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Robustness – Danish code DS 409 / 
DK EN 1990 national annex
Definition of robustness and key elements

• A structure is robust:
– when those parts of the structure essential for the safety only have little 

sensitivity with respect to unintentional loads and defects, 
or

– when extensive failure of the structure will not occur if a limited part of 
the structure fails.

• Key element:
– limited part of structure, which has an essential importance for the 

robustness of the structure in the way that a possible failure of the key 
element implies a failure of the entire structure or significant parts of it.
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Robustness – probabilistic model
• Exposure - unintentional loads or defects - Ei : 

– Examples: unforeseen load effects, unforeseen settlements; incorrect 
structural modelling; incorrect computational model; error related to 
material

– Probability: P(Ei)
• Damage due to exposure - Dj :

– Examples: loss of column; failure of part of storey area
– Probability of damage no j given exposure no i: 

• Consequence – Collapse - C
– Example: collapse of major part of structural system (building, 

bridge,…)
– Probability of collapse given exposure no i and damage no j: 

)( ji DECP ∩

)( ij EDP

Difficult to identify/quantify
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Robustness – probabilistic model
Total probability of collapse:

Probability of collapse can be reduced (and robustness increased) by:
• Reduce probabilities of exposures           ,             ,…

• Reduce probabilities of damages                 ,… or reduce extent of damages
– Example: strengthen vital structural elements - key elements (e.g. 

column):                 is reduced

– Example: strengthen/redesign reinforced concrete slab in order to 
reduce extent of storey damage

• Reduce probabilities                         ,…
– Example: increase redundancy of structure
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Robustness – probabilistic model
Key Element:

Increasing the robustness at the design stage will in many cases
only increase the cost of the structural system marginally 

The key point is often to use a reasonable combination of suitable 
structural system and materials with ductile behaviour

Alternatives to increase the robustness: choose alternative k with 
smallest expected total costs

1)( ≅∩ ji DECP
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Robustness – Barrier model
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Robustness – probabilistic model
Total Risk: 

consequence consequence
of local damages of collapse

robustness requirements

Consequence Class 1: no
Consequence Class 2: ‘evaluation’ of robustness
Consequence Class 3: document robustness
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Robustness – Danish code DS 409

• Requirements to robustness of a structure is related to the 
consequences of failure of the structure. 
Documentation of robustness is only required for structures in 
high consequence class, CC3. 
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Robustness – Danish code DS 409
Robustness: documented by a technical review where at least one of the following 

criteria is fulfilled: 

a) demonstrate that those parts of the structure essential for the safety only have 
little sensitivity with respect to unintentional loads and defects
or

a) demonstrate a load case with ‘removal of a limited part of the structure’ in 
order to document that an extensive failure of the structure will not occur if a 
limited part of the structure fails
or

a) demonstrate sufficient safety of key elements, such that the entire structure with 
one or more key elements has the same reliability as a structure where robustness 
is documented by b).
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Robustness – Danish code DS 409
The technical review should include:

1) Report on load determination for permanents, imposed, environmental 
and accidental loads, including thoughts about possible failure scenario; 
determination of acceptable collapse extent by removal of a limited part 
of the structure

2) Report on the structural composition including identification of 
possible key elements

3) Assessment of safety of essential parts of the structure with respect to 
sensitivity regarding unintentional loads and defects

4) Demonstration of robustness by the load case ‘removal of a limited 
part of the structure’ if point 3 does not document sufficient robustness

5) Design of key elements with extra safety, if point 4 does not document 
sufficient robustness
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Robustness – Danish code DS 409

Note: robustness should be distinguished from accidental loads
although some of the design procedures and measures are 
similar. 

If robustness is documented by extra safety of key elements this
can be achieved by increasing the material partial safety factor
by a factor 1.2. 
It should be verified that the resistance against unintentional 
loads and defects is really improved.
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Key element - designed with extra safety 

Same reliability of:
• Structure modelled by 2 or more parallel failure elements and
• key element

Key elements designed with material safety factor increased by a factor 1.2
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Robustness – Danish code DS 409
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Robustness – Danish code DS 409
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Robustness – Danish code DS 409
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Relation to: COST E55 – WG3 
– System effects & Robustness of timber structures

• Robustness
– Key elements
– Redundancy 
– Ductility 
– Solidity 
– Prescriptive design rules

• System effects in timber structures
– Unlikely that maximum load effects occur at cross-sections with 

very low strength
– Load sharing 
– Redistribution of load effects
– Non-linear material behaviour
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Robustness of timber structural systems
Examples: Solid timber structures – robustness problems?  
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Examples: Sport centre – robustness problems?  

Robustness of timber structural systems
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Examples: pedestrian bridge – robustness problems?  

Robustness of timber structural systems
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Conclusions 
• Robustness is introduced in the Danish Code of Practice for Safety of 

Structures as a general requirement to all structures in order to reduce the 
sensitivity of the structure with respect to unintentional loads and defects 

• For structures in high safety class robustness shall be documented:
a) by demonstrating that those parts of the structure essential for the 

safety only have little sensitivity with respect to unintentional loads 
and defects, or

b) by demonstrating a load case with ‘removal of a limited part of the 
structure’ or

c) by demonstrating sufficient safety of key elements


