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Contents of Today's Lecture

* |Introduction to structural systems reliability

* General systems reliability analysis

* Mechanical modelling of systems
* Reliability analysis for structural systems

* Risk based assessment of structural robustness
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Introduction to structural systems reliability

Until now we have focused on the reliability of
individual failure modes
H Fy

—>

- Reliability analyses of components

However, generally structural systems only fail if two
or more failure modes/components fail.

This problem complex is addressed by the theory of

- Structural systems reliability analysis
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General systems reliability analysis

Probabilistic characteristics of
systems a)

Block diagrams are normally used in
the representation of systems in
structural systems reliability b)

TI0-00 1

Each component in the block
diagrams represent one failure mode
for the structure

a) series system -
b) parallel system I
c) mixed system
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General systems reliability analysis
Uncorrelated components

The failure probability of a

series system may be P =1-PFP, =1- H(l— P(F))
determined by i=1

The failure probability of a

n
parallel system may be P — P(F
determined by i 1:1[ (F)
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General systems reliability analysis
Correlated components

If the individual components
of the system have linear and
Normal distributed safety
margins

The failure probability of a
series system may be P,: =1- PS =1- OR (ﬁ, p)

determined by

The failure probability of a .
parallel system may be PF - ch (_B’ P)

determined by
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General systems reliability analysis

Simple bounds on systems
reliability

The failure probability of a

n n
series system may be Ve p <1_ _ |
pounded by max{P(F)j< P <1-[]@-P(F))
Full correlation Uncorrelated
The failure probability of a 4 ¢
parallel system may be H P(F) <P < rri1:|1n{P(Fi)}
bounded by -1
Uncorrelated Full correlation
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General systems reliability analysis

Example

— 1 —
We consider a structural 4
system for which failure is > |- }‘
represented by the following s s [
block diagram ;

The components have the 5
following failure probabilities P(F,)=P(F,)=P(F,)=1-10

P(Fs) — P(FS) — P(Fs) =1.10"
The components may be
correlated
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General systems reliability analysis

Example

How can we in a simplified
manner analyse such a mixed
system of series and parallel
systems in combination

We can reduce it into sub-
systems sequentially:
either into series systems or

parallel systems
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Systems reliability analysis

Example P

If we assume uncorrelated
components we have

PGU6)=1-(1-1-10"°)*=2-10" @ B

2
L 506

2 4n{BUB——

P(4N{5U6))=1-10°x2-10° =2-10"

| 3 |

P(LN2N3) =(1-102)?(1-10°) =1-10"°

— 1m2n3 |———4n{5ub}———

P, o = P(@N2N3UE#NEUGH) =1-(1-2-107)(1-1-10"°) = 2.01-10”
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Systems reliability analysis

Example P

If we assume correlated
components we have

2
L 506

P(5UU6) = max(1-10°,1.10°) =1.10"°

P(4N{5U6}) =min(1-10%,1-10°) =1-10"°

| 3 |

P(1N2N3) =min(1-102,1-102,1-10°) =1.10°°

— 1m2n3 |———4n{5ub}———

@ 2 4n{BUB——

P, . =P({1N2N3}U{4N{5U6}}) = max(1-10°°,1-10°)
P, ,,=110°

The simple bounds are 2.01-.107 <P, <1107
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General systems reliability analysis

Mechanical modelling of
structural systems

The behaviour of structural
failure modes after failure is
iImportant for the safety of the
system

Two extreme cases are

- ductile components

- brittle components

Load
A
Ideal plastic
Displacement
Ductile behaviour AAM
Load
A

Fracture ‘

> Brittle
Displacement

Brittle behaviour
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General systems reliability analysis

Parallel systems with ductile components

Assume a parallel system with n ductile

components
n
The second order statistics of the _
_ Hr, = Z,URi
strength are then given by )

Furthermore we have that the strength is Normal
distributed using the central limit theorem

If Hp = Hg, == Hg = H and o
op =0y =..=0y =0c then we have: COV =
Jn

1

Y7
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Why is robustness an issue?

Despite modernization of design codes the engineering profession is still facing
problems in terms of

- collapsing structures and building

- steady increase of insured damages
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Why is robustness an issue?

* Examples of collapses

Bad Reichenhall
Germany, 2006
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Why Is robustness an issue?

* Examples of collapses

Siemens arena
Denmark, 2003
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Why is robustness an issue?

* Examples of collapses

Oklahoma City bombing
USA, 1995
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Why is robustness an issue?

* Examples of collapses

World Trade Center
USA, 2001
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Why iIs robustness an issue?

* Examples of collapses

Charles de Gaulle £
France, 2004 e
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Why Is robustness an issue?

Losses due to building failures

Grounds for construction losses

Others

10

e |
D;EEH

Materiak
2Ty

Workmanship
2.5

Source; SECO figures covering 800 losses. Combines results from 2 sepa-
rate papers, published in the 19308 by the WTCB (Belgian Building
Research Instibes as well as Matouzek and Schineider
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Why Is robustness an issue?

* Insured losses due to building failures

IRV Interkantonaler
Rlckversicherungs- 1200 - Wind storms

verband, Switzerland Floods

1000
200

SO0

1925 1995 1997 19932 41999 2000 2004 2002 2003 2004 2005

cuelle: Schadenstatistik WHF
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What is understood as robustness?

| Structural Standards

The consequences of structural failure are not disproportional to the effect
causing the failure [2].

Software Engineering

Product Development and QC

The ability...to react appropriately to abnormal circumstances (i.e., circumstances
“outside of specifications”). A system may be correct without being robust [17].

The measure of the capacity of a production process to remain unaffected by
small but deliberate variations of internal parameters so as to provide an indication
of the reliability during normal use.

| Ecosystems

The ability of a system to maintain function even with changes in
internal structure or external environment [18].

Control Theory

The degree to which a system is insensitive to effects that are not considered
in the design [19].

| Statistics

A robust statistical technique is insensitive against small deviations in the
assumptions [20].

Design Optimization
Bayesian Decision Making

Language

A robust solution in an optimization problem is one that has the best performance
under its worst case (max-min rule) [21].

By introducing a wide class of priors and loss functions, the elements of
subjectivity and sensitivity to a narrow class of choices, are both reduced [22]

The robustness of language...is a measure of the ability of human speakers to
communicate despite incomplete information, ambiguity, and the constant element
of surprise [23].
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What are the attributes of robustness?

* Design codes have so far focused on inherent properties of the structures
(components)

- redundancy
- ductility

* More recently focus has been directed to:

- system performance (removal of members)
- structural ties
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What are the attributes of robustness?

The material loss cost
consequences due to

the collapse of the two WTC
towers only comprised % of the
total costs due to damaged

or lost material

%)
\km
It seems relevant to include

consequences in the
robustness equation !

and these are scenario
dependent !
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What are the attributes of robustness?

The material loss cost
consequences due to

the collapse of the two WTC
towers only comprised % of the
total costs due to damaged

or lost material

It seems relevant to include
consequences in the
robustness equation !

and these are scenario
dependent !

Partial Collapse

Full Collapse
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Which are the attributes of robustness?

* The system definition is important because it defines the consequences
following structural failures

- WTC Twin Towers

~ Surrounding buildings and facilities
— Inventory of buildings and facilities

— Business interruption

— Lost rents

Compensation pain and suffering
Lost Income of Dependents

Consequences due to High-Rise Building Failure

Life saving costs
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How to frame robustness?

* Engineered systems have certain characteristics of generic nature — concept
developed in the JCSS

Exposure 4

ﬂ Direct consequences

%]
=
e
< Vulnerability <::
=
[l
(==
@ Indirect consequences
Robustness <:

Indicators

Measures / States

Systemn 2: .Bridge” -
posure;

- Windload
// | - Axle load
Systemn 1:,Highway network” “ | -Vehicle impact
. I -
P System 3., Wire”
= 8 LA F vibrations
" - _é' : - Corrosion
= =

7\

Exposure:

= Wind-Rain induced

Metwork Road ol Bridge Failure of Failure of Failure
failure pas clasure failure support links the cable of wires
i
_____ . t | t | oo
ema(Sprep(©) < epr (C64) €3 (S0 (O < €2 (G )
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How to frame robustness?

* This concept is also the idea behind the Eurocodes

Step 1 Step 2 Step 3
Identifical and modelling Assessment of damage Assessment of the
of relevant accidental states to structure from performance of the
hazards different hazards damaged structure

& - & -

SN

R

\ A //

Assessment of the probability of Assessment of the probability of Assessment of the probability of inadequate
occurence of different hazards different states of damage and performance(s) of the damaged structure
with different intensities corresponding consequences together with the corresponding consequence(s)

for given hazards
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How to frame robustness?

Scenario representation Physical Indicators Potential
characteristics consequences
Exposure Flood
Shipimpact Use/functionality
Explosion/Fire Location
Earthquake Environment
Vehicle impact Design life
Wind loads Societal importance
Traffic loads P
Deicing salt
Water
Carbon dioxide
Vulnerability
Yielding Design codes Direct consequences
Rupture Design targetreliability Repair costs
Cracking Age Temporary loss or reduced
Fatigue Materials functionality
Wear Quality of workmanship Small number of injuries/fatalities
Spalling Condition Minor socio-economiclosses
Erosion Protective measures Minordamages to environment
Corrosion
Robustness

Loss of functionality
partial collapse
full collapse

Ductility
Jointcharacteristics
Redundancy
Segmentation

Condition
control/monitoring
Emergency preparedness

Indirect consequences
Repair costs

Temporary loss or reduced
functionality

Mid to large number of
injuries/fatalities

Moderate to major socio-
economiclosses

Moderate to major damages to
environment
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Assessing robustness — a risk based framework

* Desirable properties of a robustness measure
- Applicable to general systems
- Allows for ranking of alternative systems

- Provides a criterion for identifying acceptable
robustness
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Assessing robustness — a risk based framework

LLL L L L L L L An assessment framework

v
Exposure

el
RS

Exposure
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Assessing robustness — a risk based framework

LLL L L L L2 L An assessment framework

\
/

v
Exposure Failure - :
Damage Indirect + Direct
/( Consequences  Consequences
/
/( Direct
/ No Failure Consequences
Exposure
0

No Damage
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Assessing robustness — a risk based framework

LLL L L L L2 L An assessment framework

\
/

v
Exposure Failure - :
Damage Indirect + Direct
/( Consequences  Consequences
/
/( Direct
/ No Failure Consequences
Exposure
0
No Damage
Direct Risk

An index of robustness: Igpop = pjract Risk + Indirect Risk
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Assessing robustness — a risk based framework

Features of the proposed index

I = Direct Risk
Rob ™ Direct Risk + Indirect Risk

- Assumes values between zero and one
- Measures relative risk only

- Dependent upon the probability of damage
occurrence

- Dependent upon consequences
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