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A B S T R A C T

Many bridges are approaching or have already passed their expected service life. For steel
bridges, fatigue is often the decisive degradation phenomenon that theoretically puts restrictions
on a continued use. At the same time, fatigue is also afflicted with large uncertainties on the
resistance side as well as on the action effect side. An accurate assessment of the service life will
require measures outside the governing regulations but understanding what steps to take and
how to consider the outcome for decisions on interventions can be a difficult task for a non-
expert. This paper presents possible assessment actions and a decision support framework for
rational decisions on interventions to extend the theoretical service life of existing bridges. A case
study of a critical railway bridge is incorporated to demonstrate the framework. The aim is to
provide a tool for bridge managers on how to evaluate and procure different assessment actions.

1. Introduction

There is an ever growing need to make decisions on interventions to keep existing bridges in service. Several investigations have
shown that most countries with a developed transport infrastructure are facing challenges with a growing number of bridges ap-
proaching their expected service life [1, 2]. These bridges cannot be upgraded or replaced within reasonable budget restraints and,
for sustainability reasons, their service life should be extended as far as possible. This will require the use of sophisticated methods for
assessment and service life prediction. Guidelines can be found in, e.g., [1] and [3], where different assessment levels are suggested
ranging from a conventional assessment following the regulations to advanced methods using fracture mechanics and probabilistic
evaluation. Both publications suggest a consecutive approach with a stepwise increase of complexity and sophistication. This de-
velopment of the assessment model will presumably increase the ability to predict a more realistic structural behaviour. On the other
hand, models describing more complex phenomena will typically require more input variables and modelling choices afflicted with
uncertainty. This leads to a greater need for reliable information concerning the properties and actual condition of the structure.

As an alternative to a consecutive assessment approach, a framework for classification of assessment actions and decision support
has been suggested by Björnsson et al. [4]. The attributes of assessment actions are visualized as a cube in Fig. 1 hereafter called the
MUK approach. This model allows a distinction between the contributions of different actions in connection with the prediction
accuracy. The first attribute of the MUK approach is defined as the modelling sophistication (M), which measures how detailed the
theoretical model for condition assessment is. The second factor represents the uncertainty consideration (U), that is how the un-
certainties of the assessment are considered. The third factor represents the knowledge content (K), considering how information
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about the structure have been acquired and used in the assessment. The three attributes of the MUK approach can be visualized as a
cube with each axis corresponding to one of the attributes; see Fig. 1. An assessment can be improved by proceeding along one axis
but preferably by progressing in a three-dimensional sense along all axes. The origin of the cube can be interpreted as a preliminary
assessment in accordance with the regulations. Moving away from the origin is expected to give an improved accuracy of results but,
it also entails more complex methods requiring a greater number of variables [4]. The different attributes and levels of the MUK
approach are explained in more detail in Section 2 considering fatigue assessments.

If a preliminary assessment indicates an exhausted service life, the bridge manager has to decide on more exhaustive assessment
actions or possible interventions such as repair, rehabilitation, and demolition, to reduce the danger with respect to public safety [5].
The MUK approach combined with Bayesian decision theory under uncertainty is suggested as a tool to aid the decision maker in this
navigation. It enables a rational consideration of uncertainties of the input variables and an evaluation of decision alternatives by
minimizing expected costs or other negative consequences. An approach using influence diagrams, a Bayesian network augmented
with decision and utility nodes [6], as suggested in [4] is implemented in this study. An influence diagram allows an evaluation of
expected utilities of different decision options based on the information known at the time of the decision. The decision model is
explained in Section 3.

The use of influence diagrams for decision support is suggested also in [7] and [8] where the deterioration of offshore structures is
treated. These studies are focused on optimal planning of operation and maintenance (O&M) actions, which for offshore structures
can constitute a significant part of the total life cycle cost [9]. For bridges, the relation between maintenance costs and consequences
of failure is typically different. A considerable service life, up to 100 years or more, and large consequences of failure necessitate
robust designs and low probabilities of failure. Actions to ascertain the resistance of a deteriorating bridge must be taken before
obvious damages emerge. Hence, this study is focused on assessment actions rather than on O&M strategies. The purpose is to support
rational decisions on procurement of measures to improve the accuracy of the predicted service life, with an overall aim to extend the
service life of existing bridges.

The application of the MUK approach and the decision framework for fatigue assessment of existing steel bridges is elaborated in
this paper. First, available methods for fatigue assessment are reviewed and a classification according to the model in Fig. 1 is
suggested. Secondly, the decision model based on an influence diagram is described. Finally, a case study of a steel bridge subjected
to fatigue deterioration is presented to demonstrate the approach.

2. Fatigue assessment

The assessment of an existing bridge considering fatigue is typically performed using the same methods as for the design of new
bridges. Simplified characteristic load models are used and the verification is performed using a deterministic safety format. This is
denominated as Phase I: Preliminary evaluation in [3]. Different attributes to consider in subsequent more detailed assessments can be
classified according to Fig. 1. The three attributes; model sophistication (M), uncertainty consideration (U), and knowledge content
(K), are described considering fatigue assessment in the following sections.

2.1. Model sophistication

For a condition assessment, a theoretical model to predict the structural behaviour due to loading is needed and, furthermore, a
model reflecting the deterioration process. The model sophistication (M) is an attribute describing the complexity of the theoretical
model, typically based on how many variables it contains and how accurately it reflects the performance of the bridge. However,
increasing the level of complexity can be time-consuming, require additional data, introduce errors, etc. Therefore, the expected costs
and benefits of moving to a higher level of sophistication should be evaluated and compared with options of moving along the other
two axes in Fig. 1.

Considering fatigue, the accuracy of the service life prediction depends on the estimated load effect, described as a stress range
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Knowledge

content (K)

Uncertainty
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Fig. 1. A model for classification of assessment actions (MUK approach).
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spectrum, and how the endurance is estimated. A preliminary assessment according to the regulations can be formulated as a safety
margin equivalent to the method suggested in, e.g., the Eurocode [10]

= − ≥M σ
γ

γ σΔ Δ 00
C

Mf
Ff E,2

(1)

where ΔσC is the fatigue strength at 2million cycles, γMf is a partial safety factor for the fatigue strength, γFf is a partial safety factor
for the equivalent stress range, and ΔσE,2 is an equivalent stress range representing the load effect. This verification format facilitates
a practical assessment of the load bearing capacity. However, it is based on a conservative estimation of the load effect to one single
value (ΔσE,2) and a fatigue strength estimated from S–N curves determined from constant amplitude testing.

A model sophistication could include more detailed structural analyses to reach a better estimation of the stress state, e.g., by
estimating the structural hot spot stress or the effective notch stress [11]. It is, however, not evident that these local reference stresses
in general provide a better estimation of the fatigue life in comparison to a nominal stress approach [12]. Hence, the model so-
phistication in this paper is focused on the verification format. An increase in complexity in comparison to Eq. (1) is to use the
Palmgren-Miner rule for linear damage accumulation. It entails a more accurate modelling of the load effect, allowing a consideration
of a complete stress range spectrum caused by an elaborate description of the traffic loads. In this case the verification can be
formulated as

∑ ∑ ∑= − = − − ≥M D n
N

D
K

n γ γ σ
K

n γ γ σ1 ( Δ ) 1 ( Δ ) 0
i

i

i j
j j

m

k
k k

m
1

R 1
Ff Mf

2
Ff Mf1 2

(2)

which is valid for a bilinear S–N curve as suggested in [10]. In the calculation of the fatigue endurance, NRi, the fatigue strength is
represented by K1 and K2 in Eq. (2) and the associated variables m1 and m2 describing the bilinear S–N curve. The load effect is
considered by a stress range spectrum described by ni cycles in stress range Δσi and by nk cycles in stress range Δσk for the two
branches of the S–N curve. A damage index of D=1 is typically assigned as an indication of an exhausted fatigue life. The Palmgren-
Miner rule allows a consideration of a mixture of different vehicles and variations of traffic intensity over time.

The linear accumulation of damage implied by the Palmgren-Miner rule is often criticized for its inability to reflect the pro-
nounced nonlinear progression of fatigue damage [13]. This can be satisfied by increasing the modelling sophistication further by
using linear elastic fracture mechanics (LEFM). A safety margin can be formulated as
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where a0 is the initial crack depth, ac is the critical crack depth representing the final failure of the detail, da/dN is the crack growth
rate, and N is the total number of accumulated cycles. An established formulation of the crack growth rate is the Paris law [14]

=da
dN

A K aΔ ( )m
(4)

where A and m are constants depending on material and the applied conditions, and ΔK is the stress intensity factor range (SIFR). A
bilinear formulation of a crack growth law can be found in, e.g., the British standard BS 7910 [15]. For welded structures, the SIFR
can be expressed as

=K a σ πa Y a M aΔ ( ) Δ ( ) ( )k (5)

where Y (a) is a geometry correction factor considering the geometry of the unwelded component, and Mk(a) is a stress magnification
factor due to the weld geometry [16]. In a deterministic verification, the stress range Δσ in Eq. (5) should be multiplied with
appropriate partial safety factors.

2.2. Uncertainty consideration

A preliminary assessment is typically performed using a deterministic safety format with partial safety factors as represented by
Eq. (1). An advancement along the U axis in Fig. 1 is to use a reliability-based assessment as suggested in, e.g., [17]. For fatigue
assessment based on the Palmgren-Miner rule, a limit state equation can be formulated by adding uncertainty to the variables in Eq.
(2)
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where g depends on the basic random variables in the vector x and the accumulated number of cycles N, δ represents the accumulated
damage when the fatigue life is exhausted and CS is a model uncertainty factor related to the estimated stresses. A state of failure is
defined by ≤g Nx( , ) 0 and the probability of failure as

= ≤P P g Nx[ ( , ) 0]f (7)

The reliability index is related to the probability of failure as = − −β Φ P( )1
f , where ⋅−Φ ( )1 is the inverse of the standardized normal

distribution function.
The corresponding limit state equation based on LEFM can be expressed as
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= −g N N Nx x( , ) ( )c (8)

where Nc(x) represents the resistance as the number of cycles to failure and N is the total number of accumulated cycles. The former
should be determined by integrating the crack growth rate. For variable amplitude loading, the integration can be performed using
the expected crack growth rate [17]
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where E[⋅] denotes the expected value. The formulation is valid for a bilinear crack growth as suggested in [15] and [17]. The
variables Aa, Ab, ma, and mb are material parameters dependent on the applied conditions. The stress range Δσab is the value cor-
responding to the intersection between the two branches, and Δσth is the threshold stress range corresponding to the crack growth
threshold Kth. A model uncertainty factor CSIF has been added considering the uncertainty of the stress intensity factor. A more
elaborate description of the limit state Eq. (9) can be found in [18].

The remaining service life should be assessed against a target reliability in the reliability-based format. In the standard ISO
13822 [5], target values of β=3.1 and β=2.3 are suggested for not inspectable and inspectable details, respectively. The target
values are valid for a reference period of the intended remaining service life.

The next level along the U axis in Fig. 1 could be a risk-based assessment considering the consequences of a failure. Examples on
applications can be found in, e.g., [19] and [20]. The focus is typically to optimize inspection and maintenance actions. The models
for fatigue deterioration covered above are, however, also applicable for such analyses.

2.3. Knowledge content

A preliminary assessment is typically based on nominal dimensions and material properties stated on drawings produced for the
construction. The manner with which additional information about the bridge is collected and incorporated in the assessment is
graded along the third axis in Fig. 1 – knowledge content (K). The information could relate to, e.g., material properties, dimensions,
actual loads, measured strains, and existing flaws and damage. How the additional information can affect the assessment depends on
the level of model sophistication as well as the uncertainty consideration, the two other axes in the MUK approach.

The stress level has a decisive influence on the fatigue endurance. Hence, in-situ measurements of the strain history under actual
traffic conditions is suggested as a possible advancement along the K axis. It has the potential of reducing the estimated load effect
significantly in comparison to theoretical structural analyses using standardized load models. Measured strains recalculated to
stresses can also be used in both deterministic and probabilistic verification formats. The use of measured strains for fatigue as-
sessment of steel bridges has been treated in, e.g., [21, 22].

A probabilistic format based on LEFM allows a connection between a theoretical assessment and results from inspections. The
inspection itself is, however, uncertain and this must be considered in the evaluation of the results. The updating of the probability of
failure can be expressed as a conditional probability using Bayes' theorem [23]
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where PfU is the updated probability of failure and H x( )D is a detection event that can be expressed as

= −H a N ax x( ) ( , )iD d (11)

where a Nx( , )i is the estimated crack depth at Ni cycles and ad is the lower level detectability which is typically called the probability
of detection (PoD).

Other possible actions to gain information include material testing of crack growth properties or fatigue testing of the fatigue
endurance. These methods are, however, more invasive, requiring material samples and destructive testing.

3. Decision model

How to navigate in the MUK triplet and determine what assessment actions to engage should be based on rational decision
making. As an example, it is logical for an engineer specialized in advanced structural modelling to advocate activities within his or
her own field. But for a bridge manager, activities leading to the greatest utility, highest benefit, or lowest expected cost should be
procured, even though it might involve engaging different specialists.

A decision model based on the influence diagram in Fig. 2 is suggested for the purpose of assessment of existing bridges. The ovals
represent chance variables which in this case concern the actual state of the detail and the outcome of the assessment actions. The
rectangles represent decision variables such as which assessment action to engage and possible repair actions. The utility variables
are shown as diamonds and are in this case the costs of assessment actions and the costs depending on the random outcome, such as
failure and repair. More detailed descriptions on the principles of influence diagrams can be found in, e.g., [6].

The aforementioned decision problem is solved by maximizing the expected utility. The model in Fig. 2 is composed of the
decision variables e and r representing the assessment option and repair action, respectively. It also has two chance variables θ and z
representing the natural state of the bridge or a single detail and the outcome of the assessment option, respectively. The repair action
should be decided based on the outcome of the assessment which is unknown at the time of analysis. Therefore, a decision rule is
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formulated based on the expected utility conditionally on the assessment outcome. If assessment option en has been selected showing
the outcome zk, the expected utility of repair action rj can be computed as

∑=E u e z r P z u r e z θ P θ z[ ( , , )] [ ] ( ( , , , ) [ | ])n k j k
i

j n k i i k
(12)

where ⋅E u[ ( )] is the expected utility, u(⋅) is the utility, P z[ ]k is the probability of zk, and P θ z[ | ]i k is the updated probability of θi
considering the outcome zk. The decision on what repair action to implement is based on the maximum utility determined as
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The expected utility for any assessment option is computed by evaluating Eq. (13) for all possible outcomes …z z( , , )1 K
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The assessment option rendering the maximum expected utility estimated using Eq. (14) should be selected. The evaluation scheme is
the same as for a Bayesian preposterior analysis using a traditional decision tree which has been treated extensively in, e.g., [24]. The
graphical representation of an influence diagram is, however, preferred when the dimensions of the problem grow. The analysis of
the decision problem can be performed using, e.g., the freely available software GeNIe Modeler [25]. The numerical example pre-
sented in the following section was analysed using a routine developed in Matlab [26].

4. Case study

To demonstrate the suggested framework, an assessment scenario for a steel railway bridge in Sweden is used. The Söderström
Bridge located in the city center of Stockholm is a vital part of the main railway line, loaded by long distance trains and local
commuter trains. Several investigations have indicated an exhausted fatigue life but due to its critical position in the transport
infrastructure, it must remain in service until a new traffic solution is in place. This means that extraordinary assessment actions are

Repair actions

Assessment

options

Assessment

cost

Assessment

outcome

Cost of

outcome

Bridge

state

Fig. 2. An influence diagram for decision support under uncertainty. Reproduced after [4].

Main beam Crossbeam Stringer Critical detail

Anticipated crack

(a) A plan view of a section of the Söderström Bridge. (b) The critical detail.

Fig. 3. The welded connection between the lateral bracing and the stringer beam on the Söderström Bridge.

J. Leander et al. Engineering Failure Analysis 91 (2018) 306–314

310



motivated to ensure the structural safety. Preliminary assessments have shown that the connection of the lateral bracing to the
stringer beams is one of the most critical details [22]. The detail is shown in Fig. 3. The same case has been used in [27] and in the
European COST Action TU1402 (http://www.cost-_tu1402.eu/) but in different scenarios.

4.1. Assessment scenario

Due to the result of the preliminary assessment, a monitoring campaign was performed during the autumn 2008 to determine the
stress variation caused by the actual traffic. Inspections have also been performed regularly over the years. A decision scenario is
elaborated on the following assessment levels

(i) Preliminary deterministic assessment
(ii) e0– Prior reliability-based assessment using measured stresses
(iii) e1– Assessment based on LEFM without inspection
(iv) e2– Assessment based on LEFM with visual inspection
(v) e3– Assessment based on LEFM with magnetic particle testing

In relation to the MUK approach, the preliminary assessment (i) corresponds to the origin. Level (ii) entails steps in all three
directions, M, U, and K, involving a new prediction model, a reliability-based format, and information from measurements. Level (iii)
is a further step in the M direction when the prediction model is changed from linear damage accumulation to LEFM. Level (iv) and
(v) are both steps in the K direction using information from inspections.

The preliminary deterministic assessment should comply with the governing regulations using information from drawings and
standardized load models. Fatigue assessments are typically based on the safe life method considering fatigue endurances from tests
and linear damage accumulation. This step can be performed as a pure desktop assessment and is not treated further in this example.

A prior estimation of the reliability is required for the decision framework. It has been computed using the limit state Eq. (6) based
on the Palmgren-Miner rule, a stress range spectrum determined based on measurements, and the basic random variables listed in
Table 1. The characteristic fatigue strength is classified to ΔσC= 40MPa based on the Eurocode [10]. This was used to calculate the
mean value of Kln 1 as described in [21]. The random variables are in principle assigned properties as suggested in [17]. The stress
range spectrum and the prior reliability (level ii) are shown in Fig. 4.

As shown in Fig. 4, a target reliability of β=3.1 is reached after about 8.6million cycles which corresponds to about 3 years of
service. If a replacement of the bridge is planned for 10 years ahead, the estimated reliability will have decreased to β=1.4 as
indicated in the figure. This is below the accepted target reliability and corresponds to a probability of failure of about 8.2×10−2.

4.2. Decision support

The influence diagram in Fig. 2 enables an evaluation of the different assessment actions (e1 to e3) before they actually have been
performed. However, this requires sample likelihoods and utility functions. Tentative sample likelihoods were used as listed in
Table 2 for the assessment actions. They reflect the expected accuracy of the actions as probabilities conditional on the true state of
the bridge P z θ[ | ]k i . As an example, the value =P z e θ[ | , ] 0.60 1 0 means that for a true state of no failure, the assessment method will
indicate no damage with a likelihood of 60 %, typically called a true negative.

Tentative values for the utilities were assigned as listed in Table 3 for the assessment actions and the random outcomes. The
values should be seen as ratios between costs and not monetary values. A discussion about consequences and utility functions can be
found in, e.g., [4] and [20].

Assigning a prior probability of failure Pf = 8.2×10−2 and using the values listed in Tables 2 and 3 give the expected utilities
shown in Fig. 5 (a). The result shows that the expected utility increases with assessment level from a value of − 82 for the prior

Table 1
Basic random variables. N ∼ Normal, LN ∼ Lognormal, DET ∼ Deterministic. The values are valid for crack growth in mm/cycle and stress
intensity in MPa mm .

Linear damage accumulation LEFM

Variable Distrib. Mean CoV Variable Distrib. Mean CoV

δ LN 1 0.3 CS LN 1 0.04
CS LN 1 0.04 CSIF LN 1 0.07

Kln 1 N 26.1 0.49 Aa LN 4.80 ⋅ 10−18 1.70
K2 Fully correlated to K1 Ab LN 5.86 ⋅ 10−13 0.60
m1 DET 3 − ma DET 5.10 −
m2 DET 5 − mb DET 2.88 −
Δσ DET − − Kth LN 140 0.40

a0 LN 0.15 0.66
ac DET 113 −
Δσ DET − −
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assessment to − 25 for the assessment option e3. This supports a decision to procure an assessment based on LEFM combined with
inspections using magnetic particle testing. It is, however, important to also look at the possible increase in reliability level. The
posterior probabilities of failure are shown in Fig. 5 (b). The assessment actions may decrease the probability of failure to a minimum
of = × −P θ z[ | ] 9.3 100 0

3 which corresponds to a reliability index of about β=2.35, on the condition that no damage is found.
The expected utility of the assessment scenario is strongly dependent on the ratio between the costs of repair and failure. A study
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(a) Stress range spectrum based on measurements. (b) Prior reliability.

Fig. 4. Stress range spectrum and prior reliability for the case study.

Table 2
Tentative sample likelihoods for the case study, P z θ[ | ]k i . Bridge state θ0 ∼ no failure, θ1 ∼ failure.

Assessment e1 Assessment e2 Assessment e3

Detail state Detail state Detail state

Assessment result θ0 θ1 θ0 θ1 θ0 θ1
Indicates no damage 0.6 0.1 0.9 0.1 0.95 0.1
Indicates damage 0.4 0.9 0.1 0.9 0.05 0.9

Table 3
Utilities for the assessment actions and the random outcomes.

Assessment costs Cost of outcome

No failure, θ0 Failure, θ1

e0 e1 e2 e3 No repair Repair No repair Repair
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Fig. 5. Results from the evaluation of the assessment scenario for the case study.
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on the influence of the repair cost is shown in Fig. 6, where the x axis shows the ratio between the repair cost (CR) and the failure cost
(CF). For low cost of repair, the outcome will favour no further actions. Repairing the structure will be more beneficial than paying for
an uncertain assessment. For a high repair cost, the cost of failure will always be decisive which renders the plateau in the figure.
Between the two extremes, the cost of failure will be decisive if no damage is indicated, and the cost of repair if damage is found. For
the studied bridge, a low ratio CR/CF is expected due to high consequences of a failure while a planned repair action is assumed to be
less costly. The result in Fig. 6 is in line with the numerical example in [4].

The results in Fig. 6 indicate the importance of the sample likelihoods from Table 2. The location CR/CF where the plateau starts
differ significantly between the assessment options e0 to e3. This highlights the importance of assigning adequate values for the
sample likelihoods which is an area for future research.

4.3. Validation

The decision analysis should be performed before the possible assessment actions have been engaged and shows the expected
outcome. Fig. 7 shows the results when the actions have been performed on the condition that no damage is found during the
inspections. The limit state Eq. (8) for LEFM was used to estimate the reliability together with the basic random variables listed in the
right part of Table 1. The reliability updating was performed assuming an inspection at 20million cycles with no detected crack. The
lower level detectability, ad in Eq. (11), for visual inspection (VT) and magnetic particle testing (MT) was considered as suggested
in [28].

As shown in Fig. 7, the reliability will improve more than the decision model predicted, on the condition that no damage is found
during inspections. These results reflect a posterior analysis given evidence of an outcome for each assessment action; i.e. the
outcome of these actions is no longer random. For the setup of the case study, the proposed decision support framework is able to give
an adequate proposal. Assessment action e3, a method based on LEFM in combination with magnetic particle testing, provides the
largest expected utility and renders the highest updated reliability.

5. Conclusions

A decision support framework has been presented and the application to fatigue assessment of steel bridges has been described.
The framework is aimed to facilitate the procurement of enhanced assessments of existing structures. The practical implementation
has been demonstrated using a case study bridge.
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The MUK approach visualized in Fig. 1 allows a distinction between different assessment actions. It builds on three attributes,
model sophistication (M), uncertainty consideration (U), and knowledge content (K). Through the MUK approach, a decision maker
can consider a number of possible approaches for evaluating the condition of a bridge. The model has been used to classify estab-
lished methods for fatigue assessment and it has been shown how different alternatives can be combined to yield to an increased
confidence in the result. For example, the authors investigated how information from inspections can be combined with a theoretical
prediction model. To navigate the MUK triplet, a risk-based evaluation using an influence diagram is suggested, allowing a rational
evaluation of different assessment options.

The case study shows that the ratio between the failure and repair cost has a significant influence on the expected utility, and
thereby which alternative to prefer. A validation of the result shows that the proposed decision support framework is able to give an
adequate proposal. Assessment action e3, a method based on LEFM in combination with magnetic particle testing, provides the largest
expected utility and renders the highest updated reliability in this case.
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