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1. Introduction: Owner/Manager Perspectives

An common problem among bridge owners/managers is the need to reduce 
spending whilst attempting to operate and maintain an increasingly ageing 
bridge stock which is subject to a loading intensity for which, in many cases, it 
was not designed. 



1. Introduction: Owner/Manager Perspectives

The problem is compounded by the ever increasing trend in motorway traffic 
frequency, which was seen to double in the decade 1992 – 2002 and by the 
debate regarding the need to increase legal weight limits for trucks and trains 
and/or to provide special routes/networks which they can use. 



1. Introduction: Owner/Manager Perspectives

So how can infrastructure owners/managers deal with ageing/deteriorating 
infrastructure, subjected to increasing loads and load frequencies, for which it 
was never designed, with reducing budgets and yet ensure code compliance, i.e. 
min safety requirements?
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Eurocode 1 – Basis of Structural Design

1. Introduction: Strategy – Get In Behind the 
Code!



1. Introduction – Safety Criteria

Legally:
 Don’t necessarily have to fulfill the specific requirement of the general code as 

long as overall requirement for the safety level are satisfied. 
 Safety is determined in terms of β which is formally defined in terms of the 

allowable probability of failure as:



1. Introduction – Safety Management



Structural Reliability Theory – Basis of Design Codes and Partial Safety Factor 
Method

2. Probability Based Assessment (PBA) – Structural 
Reliability



2. PBA: Decision Strategy

The strategy for deciding to perform probabilistic assessment may be explained 
by a revised decision process highlighted:



2. PBA: Generalised vs Individual Approach

Practically the revised decision strategy may be explained in terms of the 
difference between adopting a generalised or individualised approach to the 
assessment of structures which prove critical.

The general approach:
Based on codes for bridges

 New bridges
 Existing bridges

Generalisation
 Partial safety factor format
 Load specification
 Many types of bridges

Benefit
 Efficient and easy to use

Drawback
 Costly in case of lack of capacity



2. PBA: Generalised vs Individual Approach

Conservative combination of extreme cases

• Conservative capacity models

• Conservative response models

• Conservative load magnitudes

• Conservative location of loads

• Conservative impact factors

• Conservative occurrence models

Lane 2Lane 1

Example: Conservative load modelling



2. PBA: Generalised vs Individual Approach

Conservative combination of extreme cases (Hrastnik Experiment, FP5 SAMARIS)

• Conservative impact factors

• Conservative occurrence models



2. PBA: Generalised vs Individual Approach

The individual approach:
Concept:

 Don’t necessarily have to fulfill the specific requirement of the general  code
 Overall requirement for the safety level must be satisfied. Where safety is 

determined in terms of β which is formally defined in terms of the allowable 
probability of failure as:



2. PBA: Generalised vs Individual Approach

The individual approach:
Concept:

 Don’t necessarily have to fulfill the specific requirement of the general  code
 Overall requirement for the safety level must be satisfied. Where safety is 

determined in terms of β which is formally defined in terms of the allowable 
probability of failure as:

Purpose:
 Cut strengthening or rehabilitation costs without compromising the safety level

Method:
Probabilistic-based assessment
Uncertainties of the specific conditions:

 Traffic load
 Capacities
 Models
 Updating based upon inspection results & load history information

Bridge specific “code” is obtained
REQUIRED SAFETY LEVEL IS NEVER COMPROMISED



2. Probability Based Assessment

The individual approach:



3. Examples of Practical Application

In the following practical application of the methodology outlined is presented in the 
context of road & rail bridges assessed in Denmark and Sweden.



ii. Storstrom Bridge

 The 3.2 km long Storstroem Bridge connects 
the Danish Island of Zealand with the southern 
Danish islands of Falster and Lolland. 

 The contract for the building of the bridge was 
given to the British company Dormann, Long & 
Co., who also fabricated the main steel 
structure (The contract was awarded to a 
British company as a political move to offset the 
significant trade deficit which had developed 
between the UK and Denmark at his time due 
to Danish pork exports).

 The bridge opened in September 1937. 

3. Examples of Practical Application



 The bridge carries dual road lanes and a single 
railway track and a cantilevered sidewalk for 
pedestrians.

 Until 1985 when the Faroe Bridge opened, 
Storstroem Bridge was the only fixed 
connection between Zealand and the southern 
Danish Islands. The Faroe Bridge carries only 
cars. 

 Today the Storstroem Bridge carries only local 
traffic with an average annual daily traffic 
(AADT) of about 8000 vehicles. 

3. Examples of Practical Application

ii. Storstrom Bridge



 The main deck slab of the 3.2 km long Storstroem 
Bridge has suffered serious deterioration to both 
the concrete and reinforcement. 

 Replacement of the bridge would be extremely 
costly especially when considered in connection 
with the possibility of the construction of the 
Femern Bridge at some point in the future. 

 Thus, the DRD would like to postpone any decision 
on a strategy for the Storstroem Bridge until a 
decision about the Femern crossing is made. 
However, at the same time the DRD must ensure 
that the structure has sufficient structural safety for 
both vehicles and pedestrians at all times. 

3. Examples of Practical Application

ii. Storstrom Bridge



The program PROCON is used for the plasticity-based assessment of the bridge. This 
program, developed at RAMBØLL, consists of a finite element formulation for limit 
analysis of perfectly plastic plates using triangular elements. The flexural load carrying 
capacity of concrete slabs is calculated according to the yield criterion which is adopted 
in the Eurocode (Eurocode 1995).

     Yield Criterion Linearised Yield Criterion

(According to Equations)

In a limit analysis the nodal loads are made up of two contributions, a fixed load p0 and 
a variable load λp1, scaled by the load factor λ. The equilibrium equations are of the 
form:
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3. Examples of Practical Application

ii. Storstrom Bridge: Integration of Plastic & Probabilistic Methods 



3. Examples of Practical Application

ii. Storstrom Bridge: Results of Assessment

Deterministic assessment of the deck slab using PROCON for combined dead and live 
load produced a maximum load factor of 0.61. This implies that the slab is incapable of 
sustaining the applied load. The recommendation would therefore involve costly 
rehabilitation of the structure. 

Probabilistic Assessment including deterioration modelling, with deterioration models 
updated based upon inspection results performed at the bridge could document sufficient 
capacity.
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Storstrom Bridge Denmark (2008)

Updating of parameters through e.g. 
inspection results can reduce 
uncertainty and improve β, or vice versa 
(i.e. Intelligent Assessment, Structural 
Health Monitoring)



Bridge constructed in 1923
Superstructure span configuration: 42+84+42 = 168m 
Side spans 22.5m + 11.6m
Total bridge length = 202.1m
Required to assess for Swedish BV-3 load model

3. Examples of Practical Application

iv. Bergeforsen Railway 
Bridge, Sweden



Structural analysis was performed using an FE 
model calibrated against a shell and volume 
element model constructed for specific critical 
locations.  

3. Examples of Practical Application



• SLS capacity demonstrated deterministically
• FLS capacity demonstrated deterministically by Rainflow analysis
• ULS capacity could NOT be demonstrated at certain elements + 

joints as follows

3. Examples of Practical 
Application

Deterministic assessment - results



3. Examples of Practical 
Application

Deterministic assessment - results



3. Examples of Practical 
Application

Deterministic assessment - results



3. Examples of Practical 
Application

Deterministic assessment - results



3. Examples of Practical 
Application

Deterministic assessment - results



3. Examples of Practical 
Application

Deterministic assessment - results



3. Examples of Practical 
Application

Deterministic assessment - results



Concluded that probability 
based assessment should be 
performed at these critical 
locations!

3. Examples of Practical 
Application

Deterministic assessment - results



Requirement for Safety Level

Limit State for
Elements

σ is induced Navier Stresse due to 
applied loads = σFx+ σMy+ σMz

Riveted Joint Connections

to allow for rivet misalignment BV583.11

3. Examples of Practical Application



Load  & Load Effect Modelling - Train Load
Based on measurements it was possible to fit a standard statistical extreme

 distribution fit to measured data in order to determine the extreme distribution of 
the train load. 

It was determined that the Gumbel extreme value distribution provided the best fit
 to the measured data. 

3. Examples of Practical Application



Load  & Load Effect Modelling - Extreme Train Load
The parameters of the Gumbel EVD were evaluated based upon the number of 
wagons considered. 

Modelling the trains in this way reduces 
the conservatism associated with modelling
the EVD based upon 1 wagon!

Model uncertainty on wagon weight was 
assumed 10%, i.e. ‘Small’ from DRD 
Guideline due to extremely low CoV
ranging from 1.52 – 0.92%.

3. Examples of Practical Application



Load  & Load Effect Modelling - Extreme train load
Element U7 utilisation ratio 1.102 at Node 1. 
68% of this was due to Fx, with 31% due to primary bending My and 1% due to

   secondary bending Mz. Totally controlled by GLOBAL EFFECTS!
Modelling of EVD Train Load by group of 10 wagons (10x12.5=125m) appropriate

3. Examples of Practical Application



Load  & Load Effect Modelling -Extreme train load + dynamic amplification
of static load effect
- Element SLB, pos 7 utilisation ratio 1.635. 
- 16% of this was due to Fx, with 65% due to primary bending My and 19% due to

secondary bending Mz. Controlled by combination of Local + Global effects.
- high deterministic utilisation ratio due to requirement to model dynamic

 amplification based upon local effects only (resultant dynamic amplification factor 
= 1.53 vs. 1.06 for global effects). 

- probabilistic computation of dynamic amplification considers each Navier Stress
 component individually applying local dynamic amplification factor to local effects 

and global dynamic amplification to global effects. 

3. Examples of Practical Application



3. Examples of Practical Application



3. Examples of Practical Application



3. Examples of Practical Application



3. Examples of Practical Application



3. Examples of Practical Application



A

B

3. Examples of Practical Application



A

B

Option A = Replace rivets in zone A 
with 27mm dia. Bolts

Option B = Replace rivets in zone B 
with 27mm dia. Bolts

3. Examples of Practical Application



A

Similar options considered for other 
joints which had failed to demonstrate 
sufficient capacity. Results indicated 
that in all cases sufficient safety could 
be achieved. 

3. Examples of Practical Application
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4. Conclusions

Problem:
1) Lack of load carrying capacity or exceedance of
    structural/performance limit state due to 

 weak bridges
 deteriorated/(ing) bridges
 Increasing loads

2) Low budgets for strengthening and/or rehabilitation 
     where required

Idea:
Demonstration of higher capacity through Probabilistic safety 
assessments incorporating better calculation/response  models

Principal Motivation:
Cost saving through Budget Optimisation



 Case studies are presented to demonstrate to practical application of probability based assessment to 
existing bridges. 

 In the cases where sufficient capacity could not be demonstrated the probabilistic methodology can be 
used to optimise the rehabilitation process. 

 In no way has the safety of the structure been compromised rather a bridge specific code has been 
derived. 

 The justification for the application of probability-based methods to bridges in Denmark and Sweden is 
provided from national codes combined with the Nordic committee recommendations (NKB 1978) and the 
Eurocodes. 

 There are no practical or technical obstacles in applying probability-based assessment techniques. 

 A clear advantage of the approach lies in its ability to incorporate bridge specific information and bridge 
specific safety modelling. 

 Applying the probability-based approaches can result in considerable monetary savings by avoiding the 
need for costly strengthening and replacement of existing bridges.

 It has become the policy of the Danish Roads Directorate and Banverket that the probability-based 
approaches should be more frequently applied in the future. 

4. Conclusions



4. Conclusions

An example of savings to date (>€40,000,000):
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