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1. Executive Summary
This deliverable presents the GOSAFE Rail risk ranking methodology. Risk is quantified on a multicomponent probability model, rather than an individual component. The impact of multicomponent consideration is quantified in terms of the risk metric compared to the individual
component analysis. It should be noted that this deliverable considers risk of an infrastructure
object i.e. railway bridge. Multi-component failure is defined as the probability of any of the
members of the structure failing a specified elastic yield criterion. The Boyne Viaduct was
selected as the case study example, since previous work on a similar topic provided the starting
point for this deliverable (Đuranović, 2018 and Connolly, 2015).
Consequences, which included direct and indirect loses, are assumed following an initial analysis
(Bukhsh et al. 2018). No detailed consequence analysis has been performed and hence, the
monetary values given are only illustrative and should be considered in a relative sense.
Consideration of deterioration is presented in the form of a probabilistic pitting corrosion model
on the steel cross sections of the elements of the system considered. Reliability analysis is
performed and the failure probability (and reliability index) is calculated over a certain period of
time (in this case 100 years) as the corrosion in the cross sections progresses. Several
remediation and maintenance strategies are proposed to ascertain their effect on the risk
metric.
It is demonstrated how the risk metric for the object considered can be underestimated if an
element-based assessment is performed. The results show that the calculated risk metric (for
ULS structural failure) is 1.6 times larger in this case if the multi component analysis is carried
out. It should be noted that the limit state is defined as yielding of the considered elements
which are part of the modelled system.
Several risk ranking methodologies are proposed taking into account different factors (e.g. value
of the structure, risk, lifecycle cost). In this work, the Benefit-Cost Ratio (BCR) is used to rank the
various maintenance strategies.
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2. Abbreviations and acronyms
Abbreviation / Acronyms
BCR
IL
UDL
DOP
β

GA 730817

Description
Benefit Cost Ratio
Influence line
Uniformly distributed load
Degree of Pitting
Reliability Index
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3. Background
The present document constitutes the Deliverable D1.6 “Report: Risk assessment & risk
ranking” in the framework of the WA 3.1, task 1.3 of CCA 04-2015.
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4. Objective/Aim
This document has been prepared to provide insight on how multi component failure probability
can be acquired taking into account deterioration and different remediation strategies. The
failure probability is considered as the probability of a certain number of elements reaching
specific yield criteria. 6 of the most critical elements are considered for illustrative purposes. The
report will show how various repair strategies can result in different risk profiles throughout a
structure’s life.
The multi component reliability assessment will be used as part of a sample risk assessment for
the structure, taking into account risk increase over time due to deterioration. The risk profile
will be used to perform ranking of risk remediation strategies. It should be noted that detailed
quantification of consequences will not be performed in this deliverable, as this will be
performed as part of a more detailed case study in GoSAFE Rail Deliverable 4.5.
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5. Introduction
The GoSAFE Rail project will be transformative for asset safety in the rail sector. It brings
together inter-disciplinary experts from risk-based infrastructure asset assessment, Artificial
Intelligence, object detection and data management sectors with leaders in network microsimulation modelling to deliver a Decision Support Tool that will allow a step change for railway
infrastructure safety.
This report is a continuation of the work undertaken in GoSAFE Rail D1.5. It provides a
demonstration on how the multi component (infrastructure object) failure probability is
calculated for the Boyne Viaduct, once the failure probabilities of various elements are acquired
(as described in GoSAFE Rail D1.5). The limit state being assessed is yielding of a number of the
critical elements that are part of the system considered. 6 critical elements are considered for
illustrative purposes. Following the definition of consequences, the risk is calculated. In addition,
deterioration is probabilistically modelled in the form of steel pitting corrosion, and different
maintenance strategies proposed. It should be noted that there are various potential hazards to
the structural system, and their effects can be modelled using similar methodologies. The risk
variation over the life of the structure is calculated and illustrated for different
remediation/maintenance strategies. Finally, the GoSAFE Rail risk ranking methodology is
employed to identify the optimum strategy in terms of whole life cost.

GA 730817
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6. Risk Assessment
As risks are normally associated with scenarios of events, it is important to be able to quantify
either the probability or the rate of occurrence of the scenarios of failure. This in general
necessitates probabilistic modelling (JCSS, 2008).
This deliverable deals with the probability of occurrence of failure. Risk (R) is then defined as the
product of failure probability (Pf) and consequences (C) caused by that failure (equation 1).
𝑅 = 𝑃𝑓 × 𝐶

(1)

Probabilities of failure for different elements of the Boyne Viaduct were calculated in GoSAFE
Rail D1.5. In this deliverable, multi-component failure probability is calculated taking into
account these probabilities of failure and the interdependencies between them.

6.1.

Multi-Component Failure Probability

In an ideal scenario, the analysis of the failure probability for a system should include all possible
load positions and all elements that have an impact on the system failure probability.
Additionally, it should incorporate consideration of structural redundancy in the form of
probabilistically plastic analysis. However, bridge owners at present tend to conservatively
consider the critical (linear elastic) limit state and assume that this constitutes the failure of the
bridge as a whole.
In GoSAFE Rail Deliverable D1.5 failure probabilities of six elements due to the worst load
position (LP) for each element were calculated. The live load, consisting of a probabilistic model
representative of RU loading from BD 37/01 (see Figure 1), was run across the influence lines for
each of the elements. It should be noted that the relieving parts of the uniformly distributed load
(UDL) were neglected. Stress influence lines (ILs) for the members (i.e. truss diagonal, rail bearer
and cross girder) were acquired from Midas Civil, while for the connections, ILs were defined by
combining influence lines for load effects in each connection. This was done following
determination of the impact of each load effect on a particular stress check in a connection and
then linearly combining ILs of load effects resulting in the influence line for that stress check.
Said approach was possible due to linearity between the load effects and the stresses.

Figure 1. Type RU loading
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The limit state being considered is Navier stress failure at the specific locations defined in GoSafe
Rail D1.5, defined as:


Web plate of Connection A1 – B



Web plate of Connection B – B1



Web plate of Connection C – B1



Centre of Truss Diagonal A1-B



Centre of Cross Girder



Centre of Rail Bearer

The performance function is defined as:
𝐺𝑖,𝑗 (𝑥) = 𝑅𝑖 (𝑥) − 𝐿𝑖,𝑗 (𝑥);

1 > 𝑖 > 𝑛;

(2)

1 > 𝑗 > 𝑛;

With the failure criteria defined as:
𝐺𝑖,𝑗 (𝑥) < 0;

(3)

Where:


𝐺𝑖,𝑗 (𝑥) – performance function;



𝑅𝑖 (𝑥) – stochastic resistance distribution for element 𝑖;



𝐿𝑖,𝑗 (𝑥) – stochastic load distribution for element 𝑖 due to load position 𝑗;



𝑛 – number of elements in the analysis.

It should be noted that for all elements the resistance distribution is the yield stress of the steel;
for all connections the load distribution is the Navier stress combination in the web due to
normal service loading; for the members (i.e. truss diagonal, rail bearer, cross girder) the load
distribution is the Navier stress combination due to normal service loading at the most critical
location of that member. More details can be found in GoSAFE Rail Deliverable D1.5.
In this deliverable, a Probability Matrix is defined, which gives failure probabilities for all of the
elements considered due to each LP (Table 1).
Table 1. Probability Matrix
LP \ Element

Element 1

Element 2

Element 3

…

Element n

LP 1

Pf11

Pf12

Pf13

…

Pf1n

LP 2

Pf21

Pf22

Pf23

…

Pf2n

LP 3

Pf31

Pf32

Pf33

…

Pf3n

…

…

…

…

…

…

LP n

Pfn1

Pfn2

Pfn3

…

Pfnn
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In this matrix, the term Pfij gives a probability of failure for element 𝑗 due to load position 𝑖,
where load position 𝑖 is the most critical load position for element 𝑖.
Once the probability matrix is calculated, the failure probability due to each load position is
defined taking into account all of the elements. This is done using equation 4, which includes all
possible combinations of failure due to a certain load position, i.e. it takes into account the
possibility that multiple elements can potentially fail due to a certain load position.
𝑛

𝑃𝑓 = 1 − ∏(1 − 𝑃𝑓𝑖𝑗 )
𝑖

(4)

𝑗=1

Finally, multi-component failure probability is then calculated as the highest value among
probabilities of failure due to each load position (equation 5).
𝑃𝑓 = max(𝑃𝑓𝑖 )

(5)

For the case of the Boyne Viaduct, the probability matrix is given in Table 2. It can be seen that
for each load position, the highest failure probability is calculated for the element for which that
load position is the most critical.
Table 2. Probability matrix for Boyne Viaduct
LP \ Element

Connection
A1 – B

Connection
B – B1

Connection
C – B1

Truss
Diagonal

Cross
Girder

Rail
Bearer

LP 1

8.93E-09

2.23E-13

1.93E-10

5.79E-08

4.84E-13

9.95E-25

LP 2

6.54E-09

2.67E-13

5.98E-09

3.27E-08

2.98E-10

1.52E-24

LP 3

2.79E-10

1.10E-14

1.28E-08

7.77E-10

1.50E-10

8.80E-25

LP 4

9.20E-09

1.90E-13

5.90E-11

6.53E-08

3.34E-14

6.24E-25

LP 5

3.15E-12

7.20E-18

1.74E-11

2.11E-11

2.37E-10

0.00E+00

LP 6

2.11E-13

1.49E-18

7.68E-15

2.60E-12

2.49E-23

2.63E-12

Using equation 4, failure probabilities for all 6 load positions are calculated and shown in the
correct order of occurrence (Table 3). Figure 2 shows the load configuration (UDL in green and
axle load in red) for each load position based on the influence line analysis previously
mentioned.
It should be noted that due to geometric symmetry of structural elements in the bridge in
question, the concurrent failure probability of geometrically identical members should be
included in the multi-component probability of failure. However, this has been omitted for
clarity.

GA 730817
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LP 6

LP 5

LP 4

LP 3

LP 2

LP 1

80.7 m

Figure 2. Load configuration for each load position considered
Table 3. Probability of any element failing due to six load positions
Order of occurrence

LP

Pf

st

LP 4

7.45E-08

nd

LP 1

6.70E-08

rd

LP 5

2.79E-10

4

th

LP 2

4.55E-08

5

th

LP 3

1.40E-08

6

th

LP 6

5.44E-12

1
2

3

Now, the multi-component failure probability of the Boyne Viaduct is evaluated by means of
equation 5 which yields a value of 7.45E-08.
In order to perform a complete structural system analysis, system redundancy should be
considered. A probabilistic non-linear analysis should be performed, considering each potential
location of plastic hinge occurrence, and performing additional probabilistic assessment of the
redundant structure (Fu and Frangopol 1990, Kirkegaard et al. 2011). For the current work, the
multi-component failure probability is defined in terms of yielding at any specific location, as
bridge owners currently manage their infrastructure on these terms. Preliminary analysis of the
structural redundancy indicates that the structure has significantly more redundancy to yielding
of the deck elements (i.e. rail bearer and cross girder). Therefore, since the failure of these
elements will have significantly different impacts in terms of risk, they are omitted from further
analysis in this deliverable.

GA 730817
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6.2.

Consequences and Risk

The consequences of a bridge failure can be divided into direct and indirect consequences. Direct
consequences are generally attributed to immediate monetary losses (value of the structure
itself) and loss of lives (people present on / around the bridge when the failure occurs). Indirect
consequences are comprised of losses incurred due to loss of functionality of the system that the
bridge was part of, such as loss of business due to inaccessibility. Indirect consequences are
often expressed in monetary terms (JCSS, 2008). In order to determine values of these
consequences, very often the engineer relies on their judgement and experience, and that of the
infrastructure owner.
Based on previous studies conducted on this topic (Bukhsh et al. 2018), the consequences for the
failure of the Boyne Viaduct are taken to be €1,000,000,000. This may be considered to include
all direct and indirect consequences of failure translated to a monetary value. It should be noted
that this figure is only notional, and is not based upon any calculation of the consequences. As
part of GoSAFE Rail D4.5, this figure will be quantified more accurately as part of a detailed risk
assessment.
Risk is defined in equation 1 as the product of consequences and failure probability, which in this
case gives a value of €74.6 for risk, assuming no deterioration in the bridge structure. Although
this value is based on notional consequences, this does not impact on the validity of the risk
ranking methodology described in this document, as the relative impact of each maintenance
strategy will not be affected by this number.

GA 730817
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7. Deterioration and Remediation Strategies
The risk value shown at the end of section 6.2 is for the case when no damage has occurred in
the structure. In this report, steel corrosion is taken as the deterioration mechanism of the
analysed elements. Specifically, pitting corrosion will be considered as this was noted to be
critical for the bridge in question (Connolly et al. 2015).
In the second part of this section, different maintenance strategies are proposed and discussed.

7.1.

Corrosion

The most common corrosion types in steel structures are general (uniform) corrosion and
localised pitting corrosion. An inspection of the Boyne Viaduct showed that pitting was the
primary corrosion mechanism present (Connolly, 2015). Degree of Pitting (DOP) is used to
represent the amount of pitting present on the face of a cross-section (Sharifi, 2011). This would
mean that for a DOP equal to 33.3%, one third of the cross-section face area is under corrosion.
In general, this value can be taken anywhere between 0-100%. For this deliverable, a DOP of 50%
is assumed. In practice, this should be based on inspection or monitoring information from the
bridge.
The depth of pitting corrosion is modelled stochastically using the widely accepted model given
in equation 6 (Sharifi, 2011):
𝐶(𝑡) = 𝐴𝑡 𝐵

(6)

Where:


𝐶(𝑡) – corrosion penetration after t years;



𝐴 and 𝐵 – parameters to be determined from regression analysis of experimental
data.

For the current work, in the absence of specific corrosion rate information from the structure,
the distribution parameters for 𝐴 and 𝐵 required stochastic modelling of corrosion are given in
Table 4.
Table 4. Statistical Parameters for A and B (Sharifi, 2011)
-3

Environment

A (x 10 mm)

B

Mean

CoV

Mean

CoV

Rural

34.0

0.09

0.65

0.10

Urban

80.2

0.42

0.593

0.40

Marine

70.6

0.66

0.789

0.49

Figure 3 shows the faces of each of the four elements and the faces for which corrosion was
modelled (in red). Faces which are protected by a gusset plate or are completely enclosed were
assumed to have negligible corrosion. An urban environment has been assigned for all of the
GA 730817
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faces, due to the close proximity to the town of Drogheda. The elements in question are all
above the bridge deck, and are therefore assumed to be above the influence of the marine
environment of the Boyne river estuary. Due to the apparently random rates of pitting noted
across the structure, the corrosion of all elements was considered to be independent.

Connection A1
Connection B
gusset plate

gusset plates

gusset plate

Connection C

Truss Diagonal

gusset plates

Figure 3. Corrosion faces for the assessed elements (in red):
The corrosion was calculated each year over a period of 100 years. The analysis was performed
by stochastically modelling the amount of the cross section available to resist the applied forces
at the end of each year. This was done in Matlab in accordance with the following:


First, the depth of the corrosion was calculated based on the environment that is
assigned to each face.

GA 730817
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Then, for the parts of the cross section where the corrosion exceeds the depth of
the plate, the value of the remaining plate depth is set to zero.



Once the corrosion depth is defined, the height of the corrosion is calculated
based on DOP (which gives the percentage of the height of the profile that is
under corrosion). The product of these two gives the amount of corroded area.



The last step is to calculate the section properties. This is done for each year of
the considered time period (100 years).

After the final step (at the end of each year) the multi-component system analysis is again
performed as per section 6. Figure 4 shows the decrease in reliability index for each load position
and for the multi-criteria system. It can be seen that at first, the reliability coincides with the
reliability due to load position 4, but as the corrosion progresses, load position 2 governs. This is
easier to note in Figure 5, where the ratio between reliability indices due to different load
positions and multi-component reliability is given. It can be seen that from year 63 on, load
position 2 governs for the reliability. The current age of the structure is shown by the vertical
dotted line.

Figure 4. Reliability indices for each load position

GA 730817
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Figure 5. Ratio between reliability due to each load position and multi-component reliability
Figure 6 shows the decreasing trend of reliability index β over the given time period for each
element (due to their critical load positions) and the multi-component reliability system. It is
noticed that the multi-component reliability is always lower than the reliability of any of the
elements individually. This is especially noticeable after significant corrosion has occurred.

GA 730817
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Figure 6. Reliability profile for individual elements and the entire system
In order to exemplify ranking of maintenance strategies in terms of risk, several maintenance /
remediation strategies were implemented and evaluated in terms of their impact on reliability
(hence, failure probability and risk). See Figure 7.
1) Regular maintenance - painting of the bridge every 30 years with a paint life of 5
years. This means that every 30 years corrosion progression is stopped for a
duration of 5 years, after which corrosion is resumed. The corrosion age is reset to
zero after each cycle of painting. This is due to redevelopment of the protective
passive layer on the structural steel.
2) Limit on the element corrosion level – replacement of all elements once 3 out of
4 elements lose 15% of the cross section area. It should be noted that since the
corrosion is probabilistic, the 95th percentile of corrosion loss is considered here.
The replacement of the elements is represented as an increase in the reliability
index of the system to the value from the start of its life.
3) Limit on the system reliability level – replacement of all elements once the
reliability index drops below 4.2. The replacement of the elements is modelled in
the same way as in the previous point.
4) Combination of 1) and 2).
It should be noted that any remediation measure may be considered, to the discretion of the
infrastructure manager. Ideally, for a bridge of this age, the actual maintenance which has been
GA 730817
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undertaken on the bridge up to its current age should be considered. Although the “do nothing”
strategy appears to suggest a reliability index of approximately 2.9 after 100 years of life, this
does not take account of any maintenance which has been carried out on the structure and
hence, cannot be considered a realistic representation of the reliability.

Figure 7. Comparison of different repair strategies
Figure 7 illustrates the calculation of the reliability index for each maintenance strategy. This may
be considered as one of the criteria that infrastructure managers/owners can use to plan future
remediation paths and estimate the condition in which the structure will be at a certain age.
However, in order for managers to optimise strategies in terms of available resources, risk must
be considered.

GA 730817
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8. Risk Assessment & Ranking
In section 6.2, the risk is calculated when no damage/deterioration has occurred on the
structure. In this chapter, the risk assessment is performed on a yearly basis, considering the
previously described pitting corrosion model.
Figure 8 shows the risk profile of the Boyne Viaduct for the various remediation/maintenance
strategies defined in section 7. The risk is shown at a log scale.

Figure 8. The Boyne Viaduct risk profile for different remediation strategies
Table 5 shows the effect of moving from component analysis to multi-component analysis. The
component failure probability / reliability is taken as that of the highest element failure
probability, considering the worst LP for that element. It can be seen that at the start of the
structure’s life, the multi-component risk is 1.2 times higher than the risk for the element with
the highest failure probability. At the end of the structure’s life, this ratio reaches the value of
1.6. It should be noted that for the purposes of this deliverable, the consequences at the start
and at the end of structure’s life are assumed to be constant. In reality, this is not the case due to
economic and social variations.

GA 730817
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Table 5. Comparison between risk assessment for element and multi-component analysis
Start of Life

End of Life

Min Component Reliability

5.28

3.05

Multi-Component Reliability

5.25

2.92

Max Component Risk

€ 65.3

€ 1,129,060

Multi-Component Risk

€ 74.6

€ 1,755,781

Ratio Multi-Component / Component Risk

1.1

1.6

The triggering of remediation actions can be also defined in terms of risk (Bukhsh Z.A. et. al.
2018). The cost of the repair should include direct (cost of material, workforce etc.) and indirect
costs (e.g. cost of the railway section being closed or running at a reduced speed). Indirect costs,
in some cases, can be minimised by assigning alternate routes or organising repair works during
night hours in order to avoid/mitigate interruptions of normal railway schedules.
Several risk ranking methodologies can be defined, based on:
1) The difference between the risk at the end and at the start of structure’s lifetime;
2) The structure’s value at the end of its lifetime
3) The safety level (in terms of reliability index) achieved by each strategy;
4) The lifecycle cost, which includes all the costs related to the structure, e.g.
construction, repairs, maintenance, losses incurred due to unexpected closures
etc.
Based on Bukhsh Z.A. et. al. (2018), the cost of painting of the Boyne Viaduct and replacing its
critical elements is estimated at €240,000 and €1,440,000, respectively. These values give the
cost of each remediation strategy previously defined and allow definition of the benefit cost
ratio (BCR) for each strategy. Table 6 shows the risk ranking of the considered repair strategies
based on their BCRs, where the benefit of each strategy is equal to risk reduction achieved at the
end of the structure’s life (compared to the Do nothing strategy).
Table 6. Risk ranking based on benefit cost ratio (BCR) of each repair strategy
Strategy

Cost

Benefit

BCR

Rank

Do Nothing

0

0

-

-

1) Regular maintenance (painting)

€ 960,000

€ 1,754,418

1.83

1

2) Limit on the element level

€ 1,440,000

€ 1,677,672

1.17

2

3) Limit on the risk level

€ 2,880,000

€ 1,756,477

0.61

4

4) Combination of 1) and 2)

€ 2,400,000

€ 1,756,262

0.73

3

Following this ranking methodology, regular maintenance is the ranked as the best strategy,
while the strategy of setting a limit on the reliability gives the lowest BCR. This is due to the fact
that all members are replaced in the event that the multi-component reliability drops below the
threshold, rather than only replacing the critical elements. An analysis which takes account of
GA 730817
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the relative cost of replacing individual elements in order to optimise reliability may prove this to
be a more cost effective solution.
Different ranking methodologies can yield different rankings. For the case when the maximum
safety throughout the life of the structure is used as the risk ranking criteria, examination of
Figure 7 shows that the best ranked strategy is the strategy which limits the minimum reliability
of the reliability (i.e. number 3) while the worst ranked strategy is strategy number 2 (limit on
the corrosion of elements).
Ranking based on the structure’s value can be defined in terms of risk at the end of structures’
life, the lifecycle cost of the structure, costs related to replacing the whole structure (direct and
indirect costs). Direct costs are fees related to design and construction of the new structure
while the indirect costs consist of costs of removal of the old structure, fees incurred due to the
closure of the rail network, loss of future business etc.
A combination of several ranking methodologies can be made by introducing a weighting system
where each ranking procedure is assigned an importance factor which is then multiplied with the
rank of each remediation strategy in that ranking methodology. Finally, scores for each strategy
are summed giving the best ranked strategy for all criteria.
Risk ranking can be implemented as a part of an optimisation process. An optimisation algorithm
can be developed without “what if” scenarios but with constraints set on e.g. safety, costs,
amount of repair in a certain time period etc. This algorithm can continuously optimise the
remediation strategy path based on various inputs that do not depend solely on the
infrastructure condition, but also on e.g. current economic, political or social climate.

GA 730817
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9. Conclusions
This deliverable presents the GOSAFE Rail risk ranking methodology, moving from element risk
assessment to multi-component consideration. The impact of multi-component consideration is
quantified in terms of the risk value compared to the individual element analysis. The Boyne
Viaduct was selected as the case study example, since previous work on a similar topic provided
the starting point for this deliverable (Đuranović, 2018 and Connolly, 2015).
Consequences, which included direct and indirect loses, are assumed to be equal to
€1,000,000,000 (Bukhsh et al. 2018). It should be noted that no detailed consequence analysis
has been performed and hence, the monetary values given are only illustrative.
Deterioration is implemented in the form of a probabilistic pitting corrosion model on the steel
cross sections of the elements considered. Reliability analysis is performed over a certain period
of time (in this case 100 years) as the corrosion in the cross sections progresses. Several
remediation and maintenance strategies are proposed along with their effect on the risk value. It
should be noted that any remediation measure may be considered, to the discretion of the
infrastructure manager.
Table 5 shows how the risk value for the system can be underestimated if an element-based
assessment is performed. The results show that the calculated risk can be 1.6 times larger if the
risk assessment is performed with consideration of the multi-component analysis performed.
The limit state being assessed is yielding of any number of the elements that are part of the
system considered.
Several risk ranking methodologies are proposed taking into account different factors (e.g. value
of the structure, risk, lifetime cost) and Table 6 shows how the proposed strategies are ranked
based on Benefit-Cost Ratio. As well as looking at each ranking procedure individually, a
combination of several of them can be made introducing a weighting system. Finally, an
optimisation algorithm could be developed which continuously updates the remediation strategy
path based on various inputs. While this was not performed for the current analysis, GoSAFE Rail
Deliverable 4.5 will provide a more detailed consequence assessment of this example, making it
possible to perform this kind of optimisation.

GA 730817
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