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The applicability of reliability-based inspection planning
for steel bridges based on fatigue crack detection

John Leandera and Emma Selénb

aDivision of Structural Engineering and Bridges, KTH Royal Institute of Technology, Sweden
bPublic Transport Administration, Stockholm County Council, Sweden

Abstract: A damage tolerance method for fatigue assessment opens the possibil-
ity of combining theoretical assessments with inspection results. This is widely
accepted in the aerospace and offshore industries but is rarely implemented in
the assessment of bridges. In this paper, an investigation on the applicability of
a damage tolerance approach is presented for bridge specific conditions regard-
ing geometry, loading and reliability level. A probabilistic model is defined and
used for the reliability estimation. The result shows that conventional inspection
methods can provide enough information to update the reliability resulting in an
increased fatigue life.

1 Introduction

Fatigue is one of the main reasons for deterioration and limitations in service life for steel
bridges [18]. The deterioration process consists of initiation and propagation of cracks, typically
appearing at details with high stress concentrations. The safety of the structure and the remain-
ing service life can be estimated by theoretical assessments and on-site inspections. Ideally,
these activities should be closely connected to allow accurate service life predictions. However,
the established practice for fatigue assessment is based on the safe life method, which does
not result in any damage indicator that can be measured on-site. In the aerospace and offshore
industries for example, the damage tolerance method has been widely accepted. It is typically
based on fracture mechanics and builds on the size of a physical crack. In this paper, the appli-
cability of the damage tolerance method for bridges is investigated together with the possibility
of updating the theoretical result considering inspections. The latter issue has gained consider-
able attention during the last decades. Some recent examples are Lotsberg et al. [9], Luque and
Straub [10], Maljaars and Vrouwenvelder [13], and Rangel-Ramı́rez and Sørensen [17].

As pointed out in [17], the consequences of failure of offshore structures are typically low in
comparison to other structures. This allows a pragmatic approach for inspection planning based
on cost benefit analyses. For bridges, on the other hand, used by the third party the risks to
human lives, society and environment are considered high. This requires a large safety margin
which in turn means that the allowable cracks size must be kept small in comparison to the
critical crack size. The main question is whether realistic crack sizes for bridge details are
detectable with conventional inspection methods available today. In [13] where a detail in an
orthotropic deck is treated, it is stated that the tolerance to large cracks is relatively high. For
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other structural parts subjected to a pronounced load controlled situation, large cracks appear
only very close to the final failure. This puts a question mark on the applicability of the damage
tolerance method for bridges and other civil engineering structures with high consequences of
failure.

This study is performed for three frequently occurring details shown in Figure 1. Detail A
represent a crack in the flange of a beam at the welded connection of a web stiffener. In Detail
B, a crack has initiated and propagated into the flange at the end of a welded on in-plane gusset
plate. Detail C represent a crack initiated at a hole of a built-up section such as a riveted member.

(b) Detail B: Gusset plate. (c) Detail C: Built-up section(a) Detail A: Vertical stiffener.

Figure 1: Three details frequently occurring in steel bridges.

The applicability of the damage tolerant method based on linear elastic fracture mechanics
(LEFM) is tested by the following steps. A probabilistic model based on LEFM is defined in
Section 2. Updating considering inspections is treated in Section 3. The time variant reliabil-
ity estimated using the first order reliability method (FORM) and simulation is presented in
Section 4. Updated reliabilities based on inspection results are presented in the same section.
Conclusions regarding the applicability of the damage tolerant method are put forward in Sec-
tion 5.

2 Probabilistic model

The probabilistic model is based on linear elastic fracture mechanics (LEFM) and the well-
known Paris law [16]

da
dN

= AKm
r (1)

where a is the crack depth, N is the number of cycles, Kr is the stress intensity factor range, and
A and m are material dependent constants. The stress intensity factor range, Kr, depends on the
stress range Sr, the crack depth and the geometry of the considered detail and can be expressed
as

Kr(a) = Sr
√

πaY (a)Mk(a) (2)

where Y (a) is a geometry correction factor which considers the geometry of the unwelded
component, and Mk(a) is a stress magnification factor due to the weld geometry [4].

For the analyses presented in this paper, a bi-linear relation for the crack growth rate in Eq. (1)
as suggested in BS 7910:2013 [2] have been adopted. It is expressed as

da
dN

=





0, Kr < Kth

AaKna
r , Kth ≤ Kr < Kab

AbKnb
r , Kr ≥ Kab

(3)
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where Kth is the crack growth threshold below which the stress intensity factor range cause no
crack growth. The transition point Kab in Eq. (3) can be calculated as

Kab =

(
Aa

Ab

)1/(mb−ma)

(4)

With this formulation of the crack growth law, the number of cycles to reach a critical crack
depth can be calculated as

Nc (x) =
∫ ac

a0

(
da
dN

)−1

da (5)

where a0 is the initial crack depth and ac is the critical crack depth representing the final failure
of the component. The vector x contains the stochastic variables considered in the model treated
below. For variable amplitude loading, the stress ranges and the number of cycles are typically
known as a stress range spectrum. It entails the need for a cycle-by-cycle integration or a step-
wise integration for each block of stress ranges. In [7] it has been shown that the load sequence
has a minor influence on the crack growth for typical bridge loading. This allows the use of an
approximate solution suggested in [6] based on the expectation of the power of the stress ranges
which simplifies the analysis significantly. The expectation of the crack growth rate can then be
expressed as [6]

E
[

da
dN

]
= Aa E [Sma

r ]Sab
0
(√

πaY (a)Mk(a)
)ma +Ab E [Smb

r ]∞Sab

(√
πaY (a)Mk(a)

)mb (6)

where E[ ] denotes the expected value. The threshold stress range Sab corresponds to the value
reaching Kab. As stated in [6], the expectation of da/dN is reached if the stress ranges can be
described as an ergodic process.

2.1 Limit state equation

A general limit state equation considering fatigue can be formulated on the number of cycles as

g(x, t) = Nc (x)−N (t) (7)

where Nc (x) is described by Eq. (5) and N (t) is the number of cycles at the studied point in time.
A state of failure is defined for g≤ 0 and the probability of failure is defined as Pf = P(g≤ 0).
The reliability index β is related to the probability of failure as [11]

β =−Φ−1 (Pf) (8)

where Φ−1 () is the inverse of the standardized normal distribution function.

The limit state depends on the value of the critical crack depth ac in Eq. (5). For the current study
it was set to a geometrical property dependent on the geometry of the detail. The value was
selected high enough to render a crack growth rate close to infinity. The critical crack depth can
be further restricted by the resistance of the ligament, which can fail either by plastic or brittle
failure. These failure modes have not been considered. Partly because governing standards for
bridge steels state requirements on fracture toughness, and partly because it is concluded in [12]
that the failure probability is relatively insensitive to different criteria on the critical crack depth.
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2.2 Uncertainties

The stochastic variables considered are listed in Table 1. The variables CS and CSIF represent
model uncertainties for the stress range and the stress intensity factor range, respectively. The
rather low uncertainty for the stress range is associated to measured response [7]. The other
variables are selected as suggested in the JCSS Probabilistic model code [6].

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

√
mm.

Variable Distrib. Mean CoV
CS LN 1 0.03

CSIF LN 1 0.07
Sr DET
Aa LN 4.80 ·10−18 1.70
Ab LN 5.86 ·10−13 0.60
ma DET 5.10 –
mb DET 2.88 –
Kth LN 140 0.40
a0 LN 0.15 0.66
ac DET w/2, t/2, or (b− r) –

a/c DET 0.2 –

The aspect ratio a/c is valid only for Detail A in Figure 1. The dimensions a and c can be seen
in Figure 3(a). The aspect ratio has a large influence on the estimated fatigue life as shown in [7]
but, since the actual fatigue life is not the primary concern of the current study it was assigned a
deterministic fixed value of a/c= 0.2. As shown in [7], also the parameters describing the crack
growth rate has a significant influence on the estimated fatigue life. The values suggested in
Table 1 were used as reference for this study but should be assigned with care in the assessment
of a specific detail.

3 Reliability updating

If the theoretical assessment is based on a measurable indicator of damage, the prior estimation
of the reliability can be updated considering results from inspections. The crack size is the
obvious choice in a damage tolerance approach. Three possible events are (i) no detection, (ii)
detection with size measurement, and (iii) detection with unknown size [19]. From a bridge
owner perspective, the first event is preferred and the only one treated henceforth.

A detection event can be expressed as

HD (x) = a(x,Ni)−ad (9)

where a(x,Ni) is the estimated crack size at cycle Ni considering the stochastic variables in x.
A lower limit of detectability denoted ad should be considered as a stochastic variable and is
typically described by a probability of detection (PoD) curve. An event HD (x) ≤ 0 indicates
that no crack is detected. The estimated probability of failure can then be updated considering
the detection event as

PU
f = P [g(x)≤ 0|HD (x)≤ 0] =

P [g(x)≤ 0∩HD (x)≤ 0]
P [HD (x)≤ 0]

(10)
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This corresponds to the probability of failure of a parallel system with two components which
can be solved by a first order approximation as suggested in [11] or by simulation. It was, how-
ever, found in the current study that the first order approximation couldn’t provide a satisfactory
result. This eventuality is pointed out also in [11].

3.1 PoD curves

The accuracy of an inspection method is considered through a probability of detection (PoD)
curve. It expresses the probability of detecting a flaw of a given size ad [19]. A review of
nondestructive inspection methods applicable to bridges can be found in [18]. Visual inspection
is the simplest and least expensive method. For higher accuracy, an ultrasonic method such as
phased array or radiography is suggested.

Different sources have adopted different functions for describing the PoD curves. In Mello and
Mattos [14] a Weibull distribution is assumed expressed as

PoD(ad) = 1− exp
[
−
(

ad−a∗

λ −a∗

)α]
(11)

where a∗, λ , and α depends on the inspection method and the accessibility of the detail. In the
recommendations issued by DNV GL [3], the PoD curves for different inspection methods are
expressed as

PoD(x) = 1− 1

1+
(

x
X0

)X1
(12)

where x is equal to the visible crack length for visual inspection and the crack depth a for other
methods. The parameters X0 and X1 are dependant on the inspection method and the prevailing
conditions for the detail. Ultrasonic testing is considered to be one of the most accurate methods
available for small cracks and visual inspections as the least accurate. PoD curves for these two
methods under the best possible conditions are shown in Figure 2. The difference between the
sources is evident which makes the selection of an appropriate curve doubtful for the practi-
tioner. The format suggested by DNV GL for offshore structures, which have similarities with
bridges in design and size, was adopted in the current study.
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(b) Visual inspection.(a) Ultrasonic testing.

Figure 2: PoD curves for ultrasonic testing and visual inspection reproduced after [3] and [14]. Note
that x in (b) is defined as the visible crack length in [3] but as the crack depth in [14].

Values for the parameters X0 and X1 for different inspection methods are reproduced after [3] in
Table 2.
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Table 2: Parameters for PoD curves suggested in [3] valid for good conditions above water.

Method X0 X1 x
Ultrasonic testing (UT) 0.41 0.642 x = a
Eddy current (ET) 0.400 1.43 x = a
Magnetic particle testing (MT)
Alternating current field measurement (ACFM)
Visual inspection (VT) 15.78 1.079 x = crack length

4 Results

The reliability analyses were performed considering the probabilistic model described in Sec-
tion 2. The expressions for the stress intensity factors for the three details in Figure 1 were taken
from [1], [8], and [15], respectively. The crack configurations can be seen in Figure 3. The di-
mensions of the cracked plate were set to w = 225 mm, b = w/4, and t = 20 mm. For Detail A,
the attachment footprint width and weld angle were set to 39 mm and 45o, respectively. For De-
tail B, the thickness and length of the gusset plate were set to 10 mm and 200 mm, respectively.
The radius of the hole in Detail C was set to 11.5 mm. These dimensions are representative for
secondary beams in steel bridges, such as stringer beams in railway bridges.

a

c

b

a

w/2

a 2r

b
t

(b) Detail B: Gusset plate. (c) Detail C: Built-up section(a) Detail A: Vertical stiffener.

Figure 3: Dimensions and crack configurations for the three details.

The load effect was considered by an idealised stress range spectrum, following a Gumbel
distribution with a mean value of 26 MPa and a CoV of 0.22. It is the same spectrum that was
used in [7] fitted to measured response from a railway bridge in Sweden. The spectrum was
divided in discrete intervals of 2 MPa as shown in Figure 4(a). The integration of the crack
growth rate was performed for a spectrum consisting of a total of 1 million cycles. Consecutive
representations of the spectrum were added until the critical crack was reached.

The expected crack growth for the three details and the spectrum in Figure 4(a) are shown in
Figure 4(b). The x axis is normalized with respect to Nc which corresponds to the number of
cycles to reach the critical crack depth of ac. The total fatigue life differs significantly between
the three details and the propagation follows different paths. However, as can be seen in the
figure, the cracks remain small during most of the fatigue life and propagate fast towards the
end. This is expected for details subjected to variable amplitude loading which is noted also in
[13].
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Figure 4: The stress range spectrum considered and the expected crack growth for the three details.

4.1 Prior reliability

The reliability have been estimated using both the first order reliability method (FORM) and
crude Monte Carlo (MC) simulations. Nonlinearities as the bilinear crack growth rate and es-
pecially the crack growth threshold makes the use of the first order reliability method (FORM)
dubious. Figure 5 shows the reliability estimated for the details in Figure 1, the stochastic vari-
ables in Table 1 and the stress range spectrum in Figure 4(a). The reliability level β = 2.3 is
indicated which is the lowest acceptable target reliability suggested in ISO 13822 [5], for fatigue
of existing structures and a reference period as the intended working life.
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Figure 5: The prior estimated reliability for the three details. FORM – first order reliability method, MC
– Monte Carlo simulations.

Based on the results from the MC simulations, the fatigue lives were estimated to 68, 12, and 9.5
million cycles for details A, B, and C, respectively. See Figure 5. For details B and C, the linear
approximation of the failure surface inherent in FORM renders an acceptable agreement with
the simulated result. For Detail A, however, a considerable difference in fatigue life is attained.
The reason is that the crack growth threshold Kth has a significant influence for this detail due
to the relatively low stress intensity factor range. This causes a nonlinearity which makes the
estimation with FORM erroneous.
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4.2 Updated reliability

The updating of the prior reliability considering no detection was performed as described in
Section 3, using crude Monte Carlo simulations to solve Eq. (10). Each one of the three dif-
ferent inspection categories in Table 2 were considered. The updated reliability is presented in
Figure 6 and Figure 7. An inspection with no detection was assumed when the prior reliability
had decreased to the target value of β = 2.3.
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Figure 6: Updated reliability for detail A considering the inspection methods in Table 2.
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Figure 7: Updated reliability for details B and C considering the inspection methods in Table 2.

It is apparent in Figures 6 and 7 that the updating can give a significant increase in the fa-
tigue life. The result is, however, strongly dependent on the inspection method. As expected,
visual inspections gave the smallest contribution. Ultrasonic testing, which is the most accurate
method for small cracks according the considered PoD curves, is only the second best method
according to the result. The largest increase in fatigue life was attained with ET, MT or ACFM,
considered with the same PoD curve in the analyses. The estimated fatigue lives for a target
reliability of β = 2.3 are listed in Table 3.

An assumed inspection using ET, MT or ACFM with no detected crack doubles the fatigue life
of all three details. See Table 3. Even visual inspection which is a rather simple method is shown
to give a noticeable contribution. It should, however, be noted that the PoD curves considered
presume good conditions and accessibility during the inspections [3].

The result indicates that a beneficial influence on the fatigue life can be expected. It should be
noted though, that the result is valid for these three specific details and that some of the results
are dependent on the actual size of the detail and the crack.
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Table 3: Estimated fatigue life in million cycles for a target reliability of β = 2.3 considering updating
by inspections.

Conditions Detail A Detail B Detail C
Prior 68.3 12.2 9.43
Visual inspection (VT) 106 16.8 12.7
Ultrasonic testing (UT) 123 21.1 16.8
Eddy current (ET) 158 27.2 20.5
Magnetic particle testing (MT) Same as ET
Alternating current field measurement (ACFM) Same as ET

5 Conclusions

A probabilistic model for crack growth analysis have been outlined and used on three specific
bridge details. These details are frequently occurring in existing bridges. Based on the result,
the following conclusions can be drawn:

• The expected crack growth follows a pronounced nonlinear path where the crack remains
small for a major part of the service life. The growth accelerates approaching failure. This
puts high demands on the accuracy of the inspection method to enable crack detection
before a critical size is reached.

• The first order reliability method (FORM) gives a non-conservative estimation of the
reliability for one of the details, for which the stress intensity factor range is relatively low.
Thereof, reliability estimations should be performed using a method capable of handling
nonlinear limit state surfaces.

• Considering the result of this investigation, the use of a damage tolerance method seems
applicable in the fatigue assessment of bridge details. The PoD curves considered indicate
sufficient accuracy to provide information to increase the reliability.

• All considered inspection methods provide a noticeable increase in reliability and the
associated fatigue life. The PoD curve representing the methods ET, MT, and ACFM
gives the largest increase in service life.

An important issue to be studied further is the validity of the PoD curves for on-site inspection
of bridges.
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