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• The method presented refers to an energetic approach defined by 
(Starossek & Haberland, 2008) where for simplification of calculations 
instead of energy the internal forces are used

Approach I
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STRUCTURAL ROBUSTNESS DEFINITION
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• In linear-elastic models satisfying the superposition principle it is 
possible use moments triggered by a unit force:

• When the sections j and k are with the same properties and resistance 
then R may be independent of the section resistance:
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STRUCTURAL ROBUSTNESS DEFINITION
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Approach II

• The robustness R’ is calculated according to formula:
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STRUCTURAL ROBUSTNESS DEFINITION
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• Three variants considered: 
– cross-beams only (IPE 360)
– cross-beams (IPE 360) with N-system of horizontal bracing (L120x120x10)
– cross-beams (IPE 360) with X-system of horizontal bracing (L120x120x10)
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CASE STUDIES - Simply supported 2-girder bridge
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CASE STUDIES - Simply supported 2-girder bridge
Variant I
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OVERVIEW
PERFORMANCE INDICATORS – CATEGORISATION OVERVIEW  |  ALFRED STRAUSS & ANA MANDIĆ IVANKOVIĆ

• PI  PG

• Clustering and categorisation of PI

– Overview based on results of the screening process of the inspection and evaluation 
documents 

– Collection and categorisation of PI is ongoing, particularly in the area of research-
based indicators.

– Critical overview and feedback in the developed PI database is still under progress.

• Damage assessment

• Further steps
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PI  PG
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• interactions are 
contemplated, as they are 
crucial for optimal quality 
control and management 
of road bridges
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• Inspection carried out by components forming three main sub-systems
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PI  PG: COMPONENT LEVEL

Substructure Superstructure Roadway + equipment
Foundations (concrete) Superstructure (reinforced concrete) Pavement

Deep foundations, piles (concrete) Superstructure (prestressed concrete) Curb & Cornices
Deep foundations, piles (steel) Superstructure (steel) Railings & anchorage, barriers

Deep foundations, piles (timber) Superstructure (composite) Sidewalk (Pedestrian walkway)
Abutments (concrete) Superstructure (timber) Bearings
Abutments (masonry) Superstructure (brick) Expansion joints

Piers (concrete) Superstructure (stone) Drainage
Piers (steel) Arch (concrete) Lighting 

Piers (masonry) Arch (masonry) Signalization 
… … …

PERFORMANCE INDICATORS – CATEGORISATION OVERVIEW  |  ALFRED STRAUSS & ANA MANDIĆ IVANKOVIĆ
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• Importance of the component to evaluate impact to the entire structure 
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PI  PG: SYSTEM LEVEL
PERFORMANCE INDICATORS – CATEGORISATION OVERVIEW  |  ALFRED STRAUSS & ANA MANDIĆ IVANKOVIĆ

Structural safety criteria Traffic safety criteria Durability criteria
collapse of particular element…

have no influence to the bridge safety  1 has no influence to traffic flow 1 have no influence to durability of other 
components 1

railing, curb, embankment,… cornices, … railing, main girder, arch, pier, foundation, …

has influence to a part of a bridge 
structure 2 causes speed limitation 2 will cause reduced durability of other 

components 2

cornices, cross girders, bearing, wing, … sidewalk with barrier, … expansion joint, pavement, curb, drain, …

has influence to an entire bridge 
structure 3 causes local traffic redirection 3

main girders, arch, pier, foundation,… sidewalk, embankment, curb, drainage, 

complete traffic suspension 4

barriers, pavement, expansion joint, 

roadway slab, …
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PI  PG: SYSTEM LEVEL
PERFORMANCE INDICATORS – CATEGORISATION OVERVIEW  |  ALFRED STRAUSS & ANA MANDIĆ IVANKOVIĆ
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• Example of weight of performance criteria for priority repair ranking
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PI  PG: NETWORK LEVEL

0.06250

0.06250

0.06250

0.03125

0.03125
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0.07500

0.22500

Road category

Annual average daily traffic

Detour distance

Largest span

Total length

Structural safety and stability

Traffic safety

Durability

General bridge condition

Indicating
bridge

importance in
the network

Indicating
bridge

condition
assessment
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• to more easily identify:

– their origin, 

– methods and 
procedures for 
their revealing and 
quantification 

– level and extend of 
their influence to a 
certain structural 
performance type
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CLUSTERING OF PI
 

Asphalt pavement 
wearing and tearing 
Clogged drain 
Railing anchorage 
deformation, …. 
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Design load 
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Damping 
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Atypical vibrations 
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Stiffness 
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Coupling joint deficiency, ….. 
Joint cracking, restraint, loss of anchorage 
Excesive bearing deformation 
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Extension of Bearing deterioration 
Joint deterioration 
Joint fracture 
Joint restraint 
Joint step 
Loss of joint anchorage  
Step in transition slab 
Surface elastomeric deterioration 
Surface of Bearing dettachment 
Vulcanism failure 
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Deformation 
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Load distribution 
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SYSTEM RESISTANCE 

PERFORMANCE INDICATORS RELATED TO… 
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Scheduling bridge rehabilitations based on 
the decision maker’s risk attitude

SCHEDULING BRIDGE REHABILITATIONS BASED ON PROBABILISTIC LIFE CYCLE CONDITION INFORMATION  |  D. CHARMPIS ET AL

Risk-averse attitude

Risk-seeking attitude

Intermediate risk 
attitude

Scheduling bridge rehabilitations when: P (Condition ≤ 4 or 5) = 0.2, 0.5 or 0.8
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Risk-averse attitude of decision maker
SCHEDULING BRIDGE REHABILITATIONS BASED ON PROBABILISTIC LIFE CYCLE CONDITION INFORMATION  |  D. CHARMPIS ET AL
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Scheduling
bridge rehabilitations

SCHEDULING BRIDGE REHABILITATIONS BASED ON PROBABILISTIC LIFE CYCLE CONDITION INFORMATION  |  D. CHARMPIS ET AL
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Risk-seeking attitude
P (Condition ≤ 4 or 5) = 0.8

Total: 0-1 rehabilitations

Intermediate risk attitude
P (Condition ≤ 4 or 5) = 0.5

Total: 1-2 rehabilitations

Risk-averse attitude
P (Condition ≤ 4 or 5) = 0.2

Total: 2-4 rehabilitations

SLIDE 507



• Initial construction cost (t=0): C0

• Rehabilitation costs
Cost to restore condition 9 from condition 8: CR8=0.005C0

7: CR7=0.01C0
6: CR6=0.03C0
5: CR5=0.1C0

≤4: CR4=0.4C0

• User costs during rehabilitation: 3C0 / month of bridge closure
(due to delays, increased travel expenses, increased accident rates, 
inconvenience, …)

Rehabilitation from condition 5: bridge closed for 0.1 months
≤4: bridge closed for 0.5 months

Total cost to restore condition 9 from condition 5: CR5=0.4C0
≤4: CR4=1.9C0
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Expected life cycle cost estimation of 
rehabilitation schedules

SCHEDULING BRIDGE REHABILITATIONS BASED ON PROBABILISTIC LIFE CYCLE CONDITION INFORMATION  |  D. CHARMPIS ET AL
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SCHEDULING BRIDGE REHABILITATIONS BASED ON PROBABILISTIC LIFE CYCLE CONDITION INFORMATION  |  D. CHARMPIS ET AL
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t

Expected rehabilitation cost of the bridge at any time t:

CReh(t)=Σi [P(Condition=i)CRi]+P(Condition≤4)CR4 (i=8,7,6,5)
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Risk of the bridge dropping to such a condition that rehabilitation is not 
a suitable choice anymore
Bridge replacement may be dictated by extensive failure that renders 
uneconomical the repairs required, partial/full collapse, dropping of the 
safety level provided below an acceptable/tolerable threshold, etc.
• Bridge replacement cost at any time t: 1.2C0

(0.2C0 for removal of old bridge + C0 for construction of new bridge)
• User costs during replacement: 5C0 / month of bridge closure

Bridge closed for 12 months for removal of old bridge, establishment 
of detour, design/bidding/construction of new bridge, etc.

• Total replacement cost at any time t: 61.2C0.
• Replacement probability at any time t: Prep=0.2P(Condition≤4)

Expected replacement cost at any time t: CRep(t)=Prep61.2C0
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Expected life cycle cost estimation of 
rehabilitation schedules

SCHEDULING BRIDGE REHABILITATIONS BASED ON PROBABILISTIC LIFE CYCLE CONDITION INFORMATION  |  D. CHARMPIS ET AL
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Expected life cycle cost estimation of 
rehabilitation schedules
The expected rehabilitation cost CReh(t) and replacement cost CRep(t) 
are Future Values (FV) (paid at various instances t)

Any FV at time t is transferred to time t=0 by discounting it to the 
corresponding Present Value (PV):

r = discount rate

tr

FV
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Expected life cycle cost estimation of 
rehabilitation schedules
Total expected rehabilitation cost:

CReh,tot = PV[CReh(t1)] + PV[CReh(t2)] + …

for planned rehabilitations at bridge ages t1,t2,… 

Total expected replacement cost:

CRep,tot = average of PV[CRep(t)] over all years 0≤t≤150
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Expected life cycle cost estimation of 
rehabilitation schedules

Rehabilitation schedule Probability-level Time-to-rehabilitation (years) Required rehabilitations

1 P(Condition≤4)=0.2 74.2 2

2 P(Condition≤5)=0.2 35.8 4

3 P(Condition≤4)=0.5 114.4 1

4 P(Condition≤5)=0.5 67.1 2

5 P(Condition≤4)=0.8 157.8 0

6 P(Condition≤5)=0.8 106.8 1

Risk-averse attitude

Risk-seeking attitude

Intermediate risk attitude

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10

1 2 3 4 5 6

C
o

s
t 

(
C

0
)

Rehabilitation schedule

Total rehabilitation cost

Total replacement cost

0.00

0.01

0.02

0.03

1 2 3 4 5 6

C
o

s
t 

(
C

0
)

Rehabilitation schedule

Total rehabilitation cost

Total replacement cost

r = 4% r = 6%

SLIDE 513



• Establishing cost-effective bridge rehabilitation schedules is a great 
challenge

• Data required that are hard to find:
- probabilistic information regarding the bridge deterioration rate
- rehabilitation, replacement, user costs
- etc.

• The risk attitude of the decision maker is a crucial aspect in the life 
cycle cost assessment and management of a deteriorating bridge

• Interplay between the contributions of the rehabilitation and 
replacement costs in the total life cycle cost

• The discount rate r plays a decisive role in the cost comparison of 
alternative rehabilitation schedules
low r : favors risk-averse attitude
high r : favors risk-seeking attitude
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Conclusions
SCHEDULING BRIDGE REHABILITATIONS BASED ON PROBABILISTIC LIFE CYCLE CONDITION INFORMATION  |  D. CHARMPIS ET AL
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• This study: 
1. identifies the conditions under which bridges deteriorate rapidly
2. studies the durability performance of materials used in bridges
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Overview
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• The NBI database Published by the USA 
Federal Highway Administration is used

• Contains information in coded form (116 items) 
concerning location, structural condition, age, 
materials, traffic etc. (FHWA, 1995)

• Number of bridges in the database:
– 118,961 reinforced (RC) concrete
– 124,317 prestressed (PSC) concrete
– 135,454 steel 
– 20,934 timber 
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Bridge Topology
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Bridge Rating
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Rating Description
9 EXCELLENT CONDITION
8 VERY GOOD CONDITION - no problems noted.
7 GOOD CONDITION - some minor problems.

6 SATISFACTORY CONDITION - structural elements show 
some minor deterioration.

5 FAIR CONDITION - all primary structural elements are sound 
but may have minor section loss, cracking, spalling or scour.

4 POOR CONDITION - advanced section loss, deterioration, 
spalling or scour.

3
SERIOUS CONDITION - loss of section, deterioration, 
spalling or scour have seriously affected primary structural 
components. Local failures are possible. Fatigue cracks in steel 
or shear cracks in concrete may be present.

2

CRITICAL CONDITION - advanced deterioration of primary 
structural elements. Fatigue cracks in steel or shear cracks in 
concrete may be present or scour may have removed 
substructure support. Unless closely monitored, it may be 
necessary to close the bridge until corrective action is taken.

1

‘IMMINENT’ FAILURE CONDITION - major deterioration 
or section loss present in critical structural components or 
obvious vertical or horizontal movement affecting structure 
stability. Bridge is closed to traffic but corrective action may put 
back in light service.

0 FAILED CONDITION - out of service - beyond corrective 
action.
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• From 608,533 bridges 470,417 of these 
were included in the analysis

• Bridges excluded:
– 131,980 non-bridge elements (e.g. 

culverts) 
– 545 bridges built before 1900
– 2685 bridges last inspected before 2000
– The database includes data from 

prestressed concrete bridges built before 
1950 (332 bridges) - when prestressing
was not well understood and most of 
which are rebuilt
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Sample Preparation
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Bridges Built per Year
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Material Type

ENVIRONMENTAL EFFECTS ON BRIDGE DURABILITY BASED ON EXISTING NSPECTION DATA  |  FILIPPOS ALOGDIANAKIS ET AL

0

500

1000

1500

2000

2500

3000

3500

4000

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

N
u

m
b

er
 o

f 
B

ri
d

g
es

Year built

Other Concrete Steel Prestressed concrete Wood or Timber

SLIDE 522



WG MEETINGS & WORKSHOP  
30th March - 1st April 2016 

Belgrade, Serbia

Effect of Coastline on Corrosion
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Effect of Coastline on Corrosion
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• To evaluate bridge durability under other 
environmental conditions four different 
environments are examined:
– ‘water’: bridges with water underneath;

– ‘deicing’: bridges exposed to deicing
salts;

– ‘deicing & water’: bridges with water 

underneath and exposed to deicing salts;
– ‘normal’: bridges without water 

underneath and deicing salts.
• Bridges located near the sea coastline are 

excluded from this analysis
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Effect of Water and Chlorides on Durability
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Effect of Water and 
Chlorides on 

Durability
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Effect of Material 
Type
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• The results show that durability is threatened for:
– bridges located within the first 3km from the sea 

coastline
– substructures at humid locations (they are often in 

direct contact with water)
– decks and superstructures exposed to deicing salts
– steel structures at humid locations - especially when 

exposed to chlorides
• Reinforced and prestressed bridges gave similar 

corrosion probabilities at all environmental exposures.
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Conclusions
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• Built: 1837/1988
• Covered bridge
• Arched girder
• Max load: 28 tons
• Length: 50 m
• Width: 7 m
• Height: 4.5m
• Asphalted roadway

Timber Bridges in Switzerland
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• Built: 1846/1982
• Covered bridge
• Max load: 28 tons
• Length: 61.7 m
• Width: 5.6 m
• Height: 5.5 m

Timber Bridges in Switzerland
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• Built: 1846/1982
• Covered bridge
• Max load: 28 tons
• Length: 61.7 m
• Width: 5.6 m
• Height: 5.5 m

Timber Bridges in Switzerland
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• Assessment and monitoring by BFH

Timber Bridges

Bridge
Meteo station
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• Road bridges, pedestrian and cycle path bridges, wildlife bridges
• National and regional network

• Requirements trough hierarchic order and national law
– Federal Roads Office (FEDRO)
– SIA Standards
– VSS Research and standardization for road and transportation

• Preservation of Bridges ASTRA 308.314, ASTRA 308.070
– Maintaining the basis structure
– Guaranteeing sufficient security
– Ensuring serviceability
– Economic optimization of maintenance of necessaries
– Detecting new potential risks
– Reducing immediate action to minimum

State of Art for Timber Bridges

No specific
regulations for
timber bridges
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State of Art for Timber Bridges

QUALITY AND SAFE TIMBER BRIDGES
QUALITY AND SAFE TIMBER BRIDGES
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• Q-Plan for timber bridges
Research Project – Relevant Topics

Integral 
Planning

Production

Erection

Consideration of maintenance  in planning process
- Definition of responsibilities and bodies for    

maintenance
- Definition of plans and methods for the maintenance
- Definition of monitoring points and methods 
- Robust and easy-to-service constructions
- Securing visibility and acessibility  of connections

Life Time/Use

Break off/ 
Recycling

Consideration of monitoring points and methods 
- Pre-installing components
- Performing reference measurements of performance  
indicators for later comparisons

Adaptive and effective inspections
- Time intervals for main and intermediate inspections
- Methods for assessment, NDT methods
- Indicators and parameters for assessment
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