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Fatigue is among the most critical forms of damage potentially occurring in steel bridges, while accurate assessment or prediction
of the fatigue damage status as well as the remaining fatigue life of steel bridges is still a challenging and unsolved issue. There
have been numerous investigations on the fatigue damage evaluation and life prediction of steel bridges by use of deterministic or
probabilisticmethods.Thepurpose of this review is devoted to presenting a summary on the development history and current status
of fatigue condition assessment of steel bridges, containing basic aspects of fatigue, classical fatigue analysis methods, data-driven
fatigue life assessment, and reliability-based fatigue condition assessment.

1. Introduction

Fatigue is a localized and progressive process in which struc-
tural damage accumulates continuously due to the repetitive
application of external loadings such as vehicles for steel
bridges, winds for high-rise buildings, waves for offshore
platforms, and temperature for turbine engines, while these
applied loadings may be well below the structural resistance
capacity. This kind of process is extraordinarily dangerous
because a single application of the load would not create
any abnormal effects, whereas a conventional structural stress
analysis might lead to a conclusion of safety that does
not exist. Over a long period of time, the strength and
serviceability modes of failure have been well investigated in
the professional engineering communities. However, as one
of the most critical forms of damage and principal failure
modes for steel structures, fatigue is still less understood in
terms of the cause of formation and failure mechanism. It is
therefore essential to seek novel methodologies and develop
advanced technologies for seizing the fatigue phenomenon
and conducting reliable assessment of fatigue damage status
of steel bridges which serve as vital components in the
transportation infrastructure of a nation.

Two approaches are commonly employed for fatigue
damage evaluation and life prediction of bridge structures.
The first approach is the traditional 𝑆-𝑁 curve method, in
which the relationship between the constant-amplitude stress
range, 𝑆, and the number of cycles to failure,𝑁, is determined
by appropriate fatigue experiments and described by an
𝑆-𝑁 curve. The Palmgren-Miner linear damage hypothesis,
also called Miner’s rule [1], extends this approach to vari-
able-amplitude loadings. The second method is the frac-
ture mechanics approach which is dominantly dedicated to
exploring the features and disciplines of crack initiation and
growth in consideration of stress field at the crack tip. In
general, the two approaches are applied sequentially, with the
𝑆-𝑁 curve method being used at the bridge design stage or
preliminary evaluation of fatigue life and the fracture mech-
anics approach for more refined crack-based remaining
fatigue life assessment or effective decision-making on
inspection and maintenance strategies [2].

There have been a lot of investigations and applications
on fatigue damage evaluation and life prediction of bridge
structures using the traditional 𝑆-𝑁 method or the fracture
mechanics approach. Some specifications [3–5] adopt the
traditional nominal 𝑆-𝑁 method to guide bridge fatigue
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design or evaluation. According to these specifications, the
fatigue life prediction of stochastically loaded structures is to
determine the correlation between the stress spectrum and
the material endurance. The material endurance is generally
given in the form of 𝑆-𝑁 curves for constant-amplitude load-
ings. The stress spectrum is generally unknown and needs
to be evaluated by means of experiments or simulations. In
the process of fatigue life prediction, the stress spectrum is
derived by extracting the stress cycles from a measured or
simulated stress time history with a suitable cycle counting
method. Next, a proper fatigue damage accumulative rule is
chosen and the fatigue damage caused by individual stress
cycle is calculated. The total fatigue damage equals the sum
of damage resulting from individual stress cycle. One of the
most widely used damage accumulative rules is the Miner’s
rule, and a rainflow cycle counting method is generally used
for extracting the stress cycles from the stress time histories
[6, 7].

The nature of fatigue process and uncertainties associated
with the load histories and the estimation of future loads
require field inspection as a necessary tool for fatigue damage
detection and prevention. The fatigue damage condition
and fatigue crack growth in bridge components are then
assessed with data and information collected from regular
field inspection. Inspection may involve the visual exami-
nation of structural components and/or the use of a variety
of nondestructive evaluation (NDE) techniques, such as
dynamic testing method, radiographic inspection method,
electric inspection method, sonic and ultrasonic method,
acoustic emission method, and dye penetration method [8].
They are conducted typically after observing deterioration
and damage such as fatigue cracking in local areas and often
expensive, time-consuming, and labor intensive to execute
on large-scale bridges. When visual inspections without
NDE techniques are used, the effectiveness of the inspection
programprimarily depends on the inspector’s experience and
the type of damage observed in generic classes of structures
inspected. In cases where NDE techniques are used, the
effectiveness of the inspection process, to a great extent,
depends on the reliability of the selected technique in fatigue
damage detection. These tests may reveal a snapshot of
the operating loads and the corresponding responses of the
bridge to assess the fatigue life at fatigue-sensitive (especially
at fracture-critical) details. However, some of the tests will
restrict normal operation of bridges.

Recently, long-term structural health monitoring (SHM)
of bridges has been one of the major interests for researchers
and engineers in civil, mechanical, material, and computer
science fields [9]. Design and implementation of such a
system are an integration of analytical skills and instrumen-
tation technologies with the knowledge and experience in
bridge design, construction, inspection, maintenance, and
management. On-line SHM system is able to provide reliable
information pertaining to the integrity, durability, and relia-
bility of bridges. The information can then be incorporated
into bridge management and maintenance system (BMMS)
for optimizing the maintenance actions and to improve
design standards, specifications, codes, and guidelines. SHM
is, in fact, an augment but not a substitute of current practice

in bridge maintenance and management, not only through
the use of advanced technologies in sensing, data acquisition,
computing, communication, and data and information man-
agement, but also through effective integration of these tech-
nologies into an intelligent system. An accurate estimation of
the actual situation in fatigue and remaining life of the critical
components is an important task of the SHM system, which
can be achieved by use of the continuously measured data of
dynamic strain from the long-term SHM system.

Fatigue performance of steel bridges depends on a num-
ber of factors such as material characteristics, stress history,
and environment, and all these factors exhibit uncertainty
and randomness during the service life of the bridge. On
the other hand, when the field measurement data are used
for fatigue condition assessment, the uncertainties related
to the field-measured data and the inaccuracies due to data
processing techniques are subsistent and hardly avoidable. In
view of these facts, it is more appropriate to conduct fatigue
life assessment in a probabilistic way than deterministic
procedures.

2. Basic Aspects of Fatigue

As a well-known phenomenon in metallic structures, fatigue
failures in service were already observed in the 19th century.
The word “fatigue” was introduced in the 1840s and 1850s
to describe failures occurring from repeated loads. The
first noteworthy investigation on fatigue is generally dated
from the engineering research work of August Wöhler, a
technologist in theGerman railroad system in the early 1850s.
Wöhler was concerned with the failure of railroad axles
after various times in service at loads considerably less than
the static strength of the structures and undertook the first
systematic study of fatigue by performing many laboratory
fatigue tests under cyclic stresses. However, in the 19th
century, fatigue was thought to be a mysterious phenomenon
in the material of an engineering structure because fatigue
damage could not be seen and failure apparently occurred
without any early warning. In the 20th century, it has been
observed that repeated load applications can start a fatigue
mechanism in the engineering material leading to nucleation
of a microcrack, crack growth, and ultimately to complete
failure of a structure.

The history of fatigue covering a time span from 1837 to
1994was reviewed in a survey paper by Schütz [10].Mann [11]
compiled 21,075 literature sources about fatigue problems on
engineering materials, components, and structures covering
the period from 1838 to 1990 in four books with an index
on subjects, authors, and years. A comprehensive survey of
the historical development of the contributions to fatigue on
metallicmaterials, nonmetallicmaterials, and composites can
also be found in Suresh [12]. Cui [13] carried out a state-of-
the-art review of metal fatigue with particular emphasis on
the latest developments in fatigue life prediction methods.

2.1. Significance of Fatigue. Fatigue is one of the main causes
involved in fatal mechanical failures of a wide range of struc-
tures and infrastructures, such as aircrafts, ships, vehicles,
offshore structures, pipelines, machinery, pressure vessels,
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cranes, power turbines, transmission towers, bridges, or other
engineering structures of high visibility. Such devastating
events occur suddenly and result in heavy losses of life and
property. Even though no exact percentage is available on the
mechanical failures due to fatigue, many studies have sug-
gested that 50 to 90 percent of all mechanical failures are
fatigue failures [14]. American Society of Civil Engineers
(ASCE) Committee on Fatigue and Fracture Reliability stated
that about 80 to 90 percent of failures in metallic structures
are related to fatigue fracture [15–18].

The fact that most mechanical failures are associated
with fatigue is also testified by the results of an extensive
study reported in 1983 by Battelle Columbus Laboratories in
conjunctionwith theNational Bureau of Standards (currently
NIST, National Institute of Standards and Technology) [19].
It is reported that 141 out of the 230 failures (nearly 61%)
were associated with fatigue and three main causes of fatigue
are improper maintenance, fabrication defects, and design
deficiencies. The investigation also emphasized that the cost
of fatigue-induced fracture could be dramatically reduced
by using proper fatigue analysis methods and technologies.
However, fatigue failure of metal materials, components, and
structures is very recondite and not well understood, nor
readily predicted, by designers and engineers due to the
complex nature of the fatigue mechanism.

2.2. Mechanism of Metal Fatigue. The mechanism of the
fatigue process is quite complicated and controversial which
is still only partially understood. However, understanding the
fatigue mechanism is a prerequisite for considering various
factors which affect fatigue life and fatigue crack growth,
such as the material surface quality, residual stress, and
environmental influence. This knowledge is essential for the
analysis of fatigue properties of an engineering structure.
Generally, fatigue is understood as a crack initiation process
followed by a crack growth period. Fatigue cracks caused by
the repeated application of loads, which individually would
be too small to cause failure, usually start from the surface
of a structural component where fatigue damage initiates
as microscopic shear cracks on crystallographic slip planes
as intrusions and extrusions, which is the first stage called
crack initiation (stage I). The crack may then propagate from
the localized plastic deformation to a macroscopic size in a
direction perpendicular to the applied load, which is a crack
propagation process (stage II). Finally the crack becomes
unstable and the component may fracture. Usually, it is
difficult to make an exact description and distinction of the
transition between two phases of the fatigue process since this
distinction depends upon many factors, such as component
size, material, and the methods used to detect cracks.

Typically, the crack initiation period accounts for most
of the fatigue life of a component made of steels, particularly
in the high-cycle fatigue (HCF) regime (approximately larger
than 10,000 cycles). In the low-cycle fatigue (LCF) regime
(approximately less than 10,000 cycles), most of the fatigue
life is spent on crack propagation. Modern fatigue theories
provide separate analyses for each phase of the fatigue pro-
cess. Crack initiation theories are based on the assumption
that fatigue cracks are initiated by the local strains and stresses

concentrating on the surface of a structural component due
to geometric shapes such as holes, discontinuities, and fillet
radii. Crack propagation and final failure stages are analyzed
by relating crack growth to the stresses in the component
using fracture mechanics.

3. Classical Fatigue Analysis Methods

Historically, two overriding considerations have promoted
the development of fatigue analysis methods. The first has
been the need to provide designers and engineers with meth-
ods that are practical, easily implemented, and cost effective.
The second consideration has been the need to reconcile
these analytical approaches with physical observations. One
of themost important physical observations is that the fatigue
process can generally be broken into two distinct phases:
initiation life and propagation life. This paper introduces
three fatigue analysis methods including stress-life (𝑆-𝑁)
method, the fracture mechanics approach, and strain-life
(𝜖-𝑁)method.Thesemethods have their own region of appli-
cation with some degree of overlap among them.

3.1. Fatigue Analysis Using Stress-Life Method. Stress-life
method is suited for HCF and mainly used for long fatigue
life prediction where stresses and strains are elastic. It does
not distinguish between crack initiation and propagation
but deals with a total life or the life to failure of a struc-
tural component. Stress-life method represents a relationship
between the stress range and fatigue failure in the form of
𝑆-𝑁 curves, attained by cycling test specimens at constant-
amplitude stresses until visible cracking occurs. Such tests are
repeated several times at different stress levels to establish the
𝑆-𝑁 curves. Running fatigue tests is an expensive and time-
consuming process and curve fitting of fatigue data is also
time-consuming. Fatigue analytical models can link theoreti-
cal ideas with the observed data to provide a good prediction
of future observations. Wöhler was the pioneer researcher
who tried to quantify the fatigue strength in accordance
with the experimental results of the metal endurance and
investigated the fatigue failure in railroad axles for German
Railway Industry. His work also led to the characterization
of fatigue behavior as the applied stress versus the cycles to
failure and to the concept of fatigue limit [20].

Basquin [21] represented the finite life region of the
Wöhler curve as log𝑁 on the abscissa and log 𝑆 on the ordi-
nate. The Basquin function can be expressed mathematically
by

𝑁𝑆
𝑚

= 𝐴 (1)

or

log𝑁 = −𝑚 log 𝑆 + log𝐴, (2)

where 𝑚 and 𝐴 are positive empirical material constants.
Obviously, log𝐴 and 𝑚 are the intercept on the log𝑁 axis
and the constant slope of (2), respectively.

Considering the existence of fatigue limit, Stromeyer [22]
modified (2) by introducing an extra parameter 𝐹

𝑙
as

log𝑁 = −𝑚 log (𝑆 − 𝐹
𝑙
) + log𝐴. (3)
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In cases where the optimum value of the parameter 𝐹
𝑙
is

negative or insignificant, it should be omitted since 𝐹
𝑙
repre-

sents the fatigue limit stress.
To show the effect of stress ratio 𝑅

𝑠
or mean stress 𝑆

𝑚
on

the fatigue life, Walker [23] proposed the equivalent stress 𝑆
𝑞

model which is given by

log𝑁 = −𝑚 log (𝑆
𝑞
− 𝐹
𝑙
) + log𝐴, (4)

where

𝑆
𝑞
= 𝑆(1 − 𝑅

𝑠
)
𝐶

. (5)

Consider

𝑆
𝑚
=
𝑆

2
(1 + 𝑅

𝑠
) . (6)

Substituting 𝑅
𝑠
in (5) with 𝑆

𝑚
, then

𝑆
𝑞
= 𝑆(2 −

2𝑆
𝑚

𝑆
)

𝐶

, (7)

where 𝐶 is a constant parameter.
The stress-life methods usually can be divided into differ-

ent categories depending on the stress analysis of the struc-
tural details, mainly including nominal stress method, hot
spot stressmethod, and effective notch stressmethod [24, 25].

3.1.1. Nominal Stress Method. As a common method for esti-
mating the fatigue life of steel bridges, the nominal stress
method has been widely used in most existent codes and
standards [3–5]. This method is based on a global consid-
eration focusing on the average stress in the studied cross
section according to the fundamental theory of structural
mechanics. It is noted that the nominal stress is calculated
disregarding the local stress but involving the relative large
stress of macrogeometric shape of studied component in the
vicinity of welded joints. The nominal stress can be deter-
mined using linear elastic structural mechanics for simple
structural components or finite elementmethod for relatively
complicated structures. Also, the nominal stress can be
measured by use of strain gauges which are deployed outside
the stress concentration field of the welded joints.

In each code or standard, a variety of 𝑆-𝑁 curves relevant
to specific structural details and loading conditions are of
great importance and necessity for fatigue life assessment of
steel bridges by use of the nominal stress method. However,
the nominal stress method is not suitable for the structural
joint if the object detail is extraordinary complicated and
incomparable to any classified joints, or the loadings are
complex to make it difficult or impossible to determine the
nominal stress [26]. Moreover, it has an obvious drawback in
that it largely ignores the actual dimensional variations of a
specific structural detail [27].Therefore, as to some structural
components of steel bridges, the fatigue life predicted by use
of the nominal stress may be unreliable.

3.1.2. Hot Spot Stress Method. An alternative method for
fatigue analysis of complicated welded joints is the hot spot

stress method which is more reasonable and accurate than
the nominal stress method. The International Institute of
Welding (IIW) provides comprehensive rules and explicit
recommendations in computation of the hot spot stress
involving the detailed process of experiments and modeling.
Steel bridges are usually composed of lots of longitudinal and
transverse plate-type structural members with welded joints
at their intersections, for example, joints of main girders
and floor beams, floor beams and stringers in plate girder
bridges, and longitudinal ribs and transverse ribs in steel
deck plates. Investigations on the fatigue behavior of welded
joints as well as fundamentals of fatigue strength assess-
ment together with design rules and applications are numer-
ous [28–31]. The welded joints contain some form of geo-
metrical ormicrostructural discontinuities, and the weld toes
in welded joints are the positions with the maximum local
stresses where fatigue cracks are most likely to occur. The
hot spot stress is the value of the structural stress at the hot
spot usually located at a weld toe, which can be calculated
by multiplying the nominal stress by a stress concentration
factor (SCF) commonly obtained from the finite element
analysis or experimental measurements using strain gauges
or experiential formulae [32].

Numerical analyses have the distinct advantage of giving
the exact positions, directions, and magnitudes of high
stresses and the patterns of stress distribution in the entire
zone of the specific joint being considered. When using the
finite element method to analyze the SCF, the structural
behavior can be analyzed by a global finite element model
(FEM). A part of the structure including the studied detail,
that is large enough to prevent boundary interaction on stress
distribution at the welded joint with adequate boundary
conditions, is extracted for a more detailed analysis. This
selected area should be newlymodeled, in which themeshing
is refined to obtain enough finemeshes at the welded connec-
tion provided with the boundary conditions from the global
FEM calculation. The local stress concentration at the weld
toe is heavily dependent, in physicalmodels, on the local weld
profile and, in numerical analysis, on the mesh refinement
[33]. Therefore, it is necessary to find a compromise between
the refinement of the meshing and the size in degrees of
freedom of the numerical model.

When tests are performed and strain measurements are
used to determine the SCF, an elaborate and reasonable
instrumentation scheme of strain gauges is crucial [34]. The
selection of hot spot locations for instrumentationwith strain
gauges is improved and refined based on experiences from a
number of finite element analyses of the typical details such as
rib-to-diaphragm, rib-to-bulkhead, rib-to-stiffener, and dia-
phragm-to-deck connections [35–40]. The hot spot stress is
calculated by extrapolation or regression of stress distribution
outside of the weld to the weld toe. For example, Puthli et al.
[41] investigated strain/stress concentration factors numeri-
cally and experimentally on X, T, and K joints using square
hollow steel sections and obtained parametric strain/stress
concentration factor formulae using regression analyses.
Fung et al. [42] studied the SCFs of double plate reinforced
tubular T-joints subjected to various types of basic loadings
such as axial tension, axial compression, and in-plane and
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out-of-plane bending by using numerical and experimental
methods. Other investigations can also be found in Iida [43],
Karamanos et al. [44], Gho et al. [45], and Gao et al. [46].

The IIWrecommendations for determining the structural
hot spot stress are based on the principle of surface extrapo-
lation. Niemi [47] and Niemi et al. [48] gave detailed recom-
mendations concerning stress determination for the fatigue
analysis of welded components and proposed distances of
0.4 and 1 times plate thickness 𝑇 from the weld toe and also
distances of 0.5 and 1 times plate thickness for coarsermeshes.
Yagi et al. [49] proposed a definition of hot spot stress for
fatigue design of plate-type structures, and the hot spot stress
should be obtained bymeans of the linear extrapolation of the
specific two points at 1.57 4√𝑇3 and 4.9 4√𝑇3 to the weld toe.
Nonlinear extrapolation instead of the linear extrapolation is
occasionally applied by considering that the structural stress
increase in front of the welded joint occurs with various
gradients and nonlinearities [50].

Another method for determining structural hot spot
stress is through thickness-at-weld-toe method. Radaj [25]
demonstrated that structural hot spot stress could be eval-
uated either by surface extrapolation or by linearization
through the pate thickness. Dong [51] proposed an alternative
structural hot spot stress computationmethod combining the
features of the surface extrapolation methods with those of
the through thickness methods. Doerk et al. [52] explained
and compared various procedures for evaluating structural
hot spot stress at different types of welded joints. Poutiainen
et al. [27] investigated the limits and accuracy of different
methods for hot spot stress determination and compared
them with finite element analysis results from simple 2D and
precise 3D models. Xiao and Yamada [26] proposed a new
method of determining structural hot spot stress in welded
constructions based on the computed stress 1mm below the
surface in the direction corresponding to the expected crack
path.

Analysis and assessment of the hot spot stress with
respect to fatigue have had a rather long history. Pioneering
investigations were made in the 1960s by several researchers
to relate the fatigue strength to the local stress measured
at a certain point close to the weld toe [53]. In 1970s, the
development of the hot spot stressmethodwith the definition
of reference points for stress evaluation and extrapolation at
certain distances away from the weld toe was reviewed by van
Wingerde et al. [50], which was particularly successful for
fatigue strength assessment of tubular joints. First attempts
to apply the approach to welded joints at plates were seen
in the early 1980s, and CEN [5] extended the hot spot stress
method to plate-type structures due to the increasing demand
although only limited guidance was provided [27]. Up to
now, the hot spot stress method has been well accepted and
recommended by several national and international codes
and standards [5, 54–58].

Little research has been performed on the application
of the hot spot stress method to fatigue damage evaluation
of the welded plate joint of steel structures, especially for
cable-supported steel bridge fatigue evaluation [59].Miki and
Tateishi [60] studied the fatigue strength and local stress

for cope hole details existing in I-section beams by fatigue
tests, stress measurements, and stress analyses and proposed
a simple equation for estimation of SCF based on the results
of finite element analysis which was verified by experimental
results and confirmed to be accurate. Savaidis and Vormwald
[61] investigated numerically and experimentally the hot spot
stress and fatigue life of four different welded joints from
the floor structure of city buses under bending and tensional
cyclic loadings. Han and Shin [62] derived a consistent and
unified 𝑆-𝑁 curve by using the hot spot stress method
through a numerical and experimental analysis which can be
applied for fatigue strength estimation and fatigue design for
general welded steel structures. Chan et al. [59, 63] reported
that the hot spot stress method gave a more appropriate
fatigue life prediction than the nominal stress method for a
steel suspension bridge.

3.1.3. Effective Notch Stress Method. In contrast to the nomi-
nal stressmethod and the hot spot stressmethod, the effective
notch stress method focuses on initiation life prediction for a
crack at the root of a notch. This method was proposed by
Radaj et al. [53, 64] who were concerned with crack initiation
and early growth phase on high-cycle regime using Neuber
rule with a fictitious radius of 1mm for plate thicknesses of
5mm and above. Zhang and Richter [65] developed a new
approach by considering the relationship between the stress
intensity factor and the notch stress for numerical fatigue life
prediction of spot welded structures using a fictitious radius
of 0.05mm. Sonsino et al. [66] investigated the applicability
of four examples from different industrial sectors in terms of
notch stress concept with the reference radius of 1mm for
thick walled and 0.05mm for thin walled welded steel con-
nections. Aygül et al. [67] conducted a comparative study on
five selected welded joints frequently used in steel bridges to
investigate the accuracy of three different stress-life methods,
that is, nominal stress method, hot spot stress method, and
effective notch stress method, and the results revealed that
the effective notch stress method, despite its more efforts for
both modeling and computation, provides an inconspicuous
improvement in estimation of the fatigue strength.

3.2. Fatigue Analysis Using FractureMechanics Approach. The
fracture mechanics approach is usually applied to predict the
propagation life from an initial crack or defect. The method
of linear elastic fracturemechanics (LEFM) relates the growth
of an initial crack of size 𝑎 to the number of fatigue cycles,𝑁.
The fatigue crack growth is generally described by Paris’s rule
which is expressed by Paris and Erdogan [68]

𝑑𝑎

𝑑𝑁
= 𝐶(Δ𝐾)

𝑚

, (8)

where𝐶 and𝑚 are material-related parameters and the range
of stress intensity factor Δ𝐾 can be determined by Broek [69]

Δ𝐾 = 𝑆𝑌 (𝑎)√𝜋𝑎, (9)

where 𝑌(𝑎) is a function of the crack geometry and 𝑆 is the
stress range.
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Many investigations have been performed on bridge fati-
gue condition assessment using fracturemechanics approach.
Fisher [70] illustrated more than twenty-five case studies
on fatigue crack phenomena in steel bridges using fac-
ture mechanics approach and other theories. Agerskov and
Nielsen [71] carried out an investigation on fatigue damage
accumulation of steel bridges under random loadings and
determined the fatigue life of welded joints in steel highway
bridges by a fracture mechanics analysis. Applying a LEFM
model to predict crack growth, MacDougall et al. [72]
quantified the differences in fatigue life of a short-span and
a medium-span bridge under successive passages of either a
steel-sprung vehicle or an air-sprung vehicle. Xiao et al. [73]
pointed out that lack of penetration zones of 2-3mm resulted
in low fatigue strength of the butt welded joints with the aid of
obtained experimental data of the structural components in
Kinuura Bridge and theoretical predictions based on LEFM.

3.3. Fatigue Analysis Using Strain-Life Method. The strain-
life method developed in the 1960s is mainly concerned
with the crack initiation stage. It is used when the strain is
no longer totally elastic but has a plastic component. Short
fatigue lives in LCF regime generally occur under these
conditions. There have been some investigations on fatigue
performance assessment of steel bridges through low-cycle
fatigue tests and theoretical strain-life method [74, 75]. Jesus
et al. [76] presented crack propagation fatigue data from five
Portuguese ancient metallic riveted bridges, and the strain-
life fatigue data were correlated using both deterministic and
probabilistic models. Up to now, only very limited amount of
research has been conducted on fatigue life assessment of steel
bridges based on the strain-life method, and the lack of such
investigations is mainly because most of the fatigue issues in
steel bridges pertain to HCF regime.

3.4. Fatigue Analysis Using Field Measurement Data. When
the stress-life method is adopted for bridge fatigue damage
evaluation and life prediction, the engineer must have the
most realistic and precise load and resistance information to
make an accurate fatigue assessment, particularly when the
live load stresses are used in cubic equations [77]. In this
type of analysis, a small variation in live load stress range
will induce drastically different fatigue assessment results.
Analysis using computational models of load and structure
cannot attempt to mimic the variation in stress range that
a typical structural element will experience. Additionally, it
would be extremely time-consuming and almost impossible
to attempt to account for all of the variables in a conven-
tional simulation analysis. The only way to obtain precise
information that accounts for these variables is through the
field measurement, where sensors are attached to the bridge
elements and the actual stresses and distribution of stresses
that the structural element experiences can be measured
and recorded. Consequently, it is considered that the field-
measured data would provide the simplest andmost accurate
basis for fatigue assessment. This section provides a compre-
hensive overviewof fatigue analysis of bridge structures based
on field-measured data from load-controlled diagnostic load
testing and short-term in-service monitoring using NDE

techniques and long-termmonitoring strategy dominated by
SHM technologies.

3.4.1. NDE-Based Fatigue Life Assessment. As the traffic
volume and truck weight continue to increase and as bridge
conditions continue to deteriorate, a lot of existing steel
bridges need to be strengthened, repaired, or reconstructed
to insure an acceptable level of safety considering present
and future traffic conditions [78]. Furthermore, because of
lack of funds and the high cost of reconstruction, NDE
technology has been developed to improve the accuracy of
bridge condition evaluation [79, 80]. Among the methods,
diagnostic load testing with controlled loadings and short-
term in-service monitoring under normal traffic loadings
currently aremainly used and the fatigue condition of bridges
is then assessed with the obtained data and information from
the deployed sensors and data acquisition systems.

The load-controlled diagnostic load testing has the
advantages of using known loadings, which allows relatively
accurate quantification of the bridge response and the deter-
mination of a fairly comprehensive baseline model for a
bridge.The limitation to this type of testing, as opposed to in-
service monitoring, is that one must use some level of traffic
control during testing. The time used for setup is longer,
and the response represents only a snapshot in time. The
short-term in-service monitoring, on the other hand, has the
advantages of not requiring traffic control duringmonitoring,
having a very rapid setup time, and recording the response
due to ambient traffic, thereby providing statistical informa-
tion about actual responses and allowing the response to be
tracked over time. The limitation of in-service monitoring is
that the weight and the classification of the truck loadings are
not specifically known, and the limited data will not allow
bridge parameters to be evaluated explicitly [81].

Some investigations on bridge fatigue analysis by use
of NDE techniques have been made in recent years. For
example, Hahin et al. [82] presented the application of field
strain data to condition assessment and prediction of the
fatigue life of fifteen highway bridges located in Illinois,
and the results were further used to study the significance
of truck weight increase and traffic volume growth on the
fatigue life of the bridges. DeWolf et al. [83] evaluated the
fatigue life for a variety of bridges using field monitoring data
by a portable computer-based strain gauge data acquisition
system which has been extensively used in Connecticut to
assist the Department of Transportation in evaluation and
renewal of the state’s bridge infrastructure and identified
cost-effectivemaintenance, repair, and replacement strategies
[84]. Peil [85] studied the precision on life cycle prediction of
steel bridges under live loadings using strain monitoring at
the real critical points. Distortion-induced fatigue problems
in steel bridges have been investigated by use of the field
measurement [40, 86].

Chajes and Mertz [87] discussed the diagnostic load tests
performed at various stages throughout the process on deter-
mining the circumstances leading up to the fatigue crack and
its cause and presented the temporary and permanent repair
strategies. Zhou [88] proved that the fatigue evaluation based
on field-measured stress range histograms under actual traffic
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loads was a more accurate and efficient method for existing
bridges and applied this approach in assessing the remaining
fatigue life of aged riveted steel bridges. Ermopoulos and
Spyrakos [89] identified the structural components in need
of strengthening or replacement for a 19th century railway
bridge through static and dynamic fieldmeasurements as well
as laboratory tests and proposed the strengthening schemes
and predicted the remaining fatigue life of the bridge in
its present condition and after the suggested strengthening.
Investigations into fatigue evaluation of steel bridges by use
of NDE techniques were also reported by Moses et al. [90],
Roeder et al. [91], Abdou et al. [92], Spyrakos et al. [93],
Alampalli and Lund [94], and Malm and Andersson [95].

3.4.2. SHM-Based Fatigue Life Assessment. To secure struc-
tural and operational safety throughout the bridge life-cycles
and issue early warnings on any deterioration or damage of
bridges prior to costly repair or even catastrophic collapse,
the significance of implementing long-term SHM systems for
bridges has been increasingly recognized in USA [96–98],
Europe [99–104], Japan [105, 106], Korea [107, 108], Hong
Kong [109, 110], Chinese mainland [111–116], and Canada
[117–119], among others. A review of the literature indicates
that there is a growing trend in incorporation of computer-
and sensor-based long-term health monitoring systems into
bridges especially for long-span bridges due to their large
investments, their significant roles in economics, and inno-
vative techniques used to design and construct such bridges.

An important function of SHM systems is to monitor
structural health and performance, as well as accurately
estimating the actual status in fatigue and remaining life of
the bridge [120]. It has become an important issue of high
research interest with the development of SHM systems for
large complicated structures. However, little work on fatigue
analysis and condition assessment of bridge structures based
on long-term monitoring data has been made in the past
decade because SHM is a relatively new technology for appli-
cations in civil engineering communities, and even a compre-
hensive definition of SHM and the system design guidelines
have yet to be standardized; another important reason is that
such a complicated system has not been extensively installed
in most of the bridges worldwide due to high cost.

However, investigations on fatigue condition assessment
based on long-term monitoring data still can be found. Li et
al. [121] developed a methodology and strategy for fatigue
damage analysis and life prediction, and fatigue condition
assessment of bridge-deck sections of the Tsing Ma Bridge
was carried out taking full advantage of the on-line SHM
data. Connor et al. [122] developed and implemented an in-
depth instrumentation, testing, and monitoring program on
the Bronx-Whitestone Bridge as part of a comprehensive fati-
gue evaluation for the replacement orthotropic bridge deck.
Xu et al. [123] developed a systematic framework for assess-
ing long-term buffeting-induced fatigue damage to a long
suspension bridge by integrating a few important wind and
structural components with continuum damage mechanics-
based fatigue damage assessment method. Ye et al. [124]
presented a study on fatigue life assessment of the Tsing Ma
Bridge using the standard daily stress spectrum method.

4. Reliability-Based Fatigue
Condition Assessment

In October 1945, a paper entitled “The Safety of Structures”
appeared in the Proceedings of the ASCE. This historical
paper was written by Freudenthal, and its purpose was to
analyze the safety factor in engineering structures in order
to establish a rational method of evaluating its magnitude. It
was selected for inclusion with many discussions in the 1947
Transactions of the ASCE [125].The publication of this paper
marked the beginning of structural reliability studies in the
United States [15]. Over the past several decades, the concepts
and methods of structural reliability have developed rapidly
and become more widely understood and accepted. There
have been a lot of studies and applications [126–132] and
comprehensive books [133–139] on reliability-based structure
analysis.

Fatigue reliability evaluation is a very important task for
the design and management of bridges. For highway and
railway bridges, the techniques of fatigue reliability have
been appliedmainly inMohammadi and Polepeddi [140] and
Lukić and Cremona [141]: (i) condition assessment and esti-
mation of the remaining lifetime of bridges, where probabilis-
tic methods can be used to obtain estimates of the adequacy
of the existing structure, need for increased inspection in
the future to prevent failure, and approximate remaining
fatigue lifetime based on projections of the future loads, and
(ii) development of probability-based design stress ranges
for fatigue-critical bridge components, where accurate traffic
load data can be acquired through weigh-in-motion (WIM)
systems, fromwhich an extensive amount of data are available
showing distribution of loads by its time of appearance,
transversal position, speed, number of axles, gross weight of
axles, and distance between axles.

Most of the research work on reliability-based fatigue
analysis has focused on steel bridges. A comprehensive
literature review on the existing fatigue reliability approaches
for reassessment of steel structures, including railway and
highway bridges, is available in Byers et al. [142, 143].The gen-
eral approach for analyzing reliability against fatigue failure is
first to formulate amathematical model, whether on the basis
of mechanics or extensive observations of the phenomenon,
which incorporates as many of the variables as practical
that are known to affect fatigue behavior. The probabilistic
and statistical analysis method then is performed within this
provided analytical framework.

4.1. Fatigue Reliability Assessment Using Stress-Life Method.
Fatigue load and resistance are two main variables when
the stress-life method is chosen for developing fatigue reli-
ability analytical models. The fatigue load model should be
determined not only by magnitude but also by frequency of
occurrence which can be obtained by WIM measurements
[144, 145], and resistance model should be derived from a lot
of fatigue tests under varying amplitude loading [146]. Usu-
ally, the log-normal distribution and theWeibull distribution
are used for load and strength probability distribution [147–
151]. Murty et al. [152] proposed a method to deal with the
derivation of the fatigue strength distribution as a function
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of number of cycles to failure. Zhao et al. [153] developed
an approach to determine an appropriate distribution from
four possible assumed distributions of the fatigue life under
limited data. Lorén [154] presented a model for calculating
the fatigue limit distribution based on the inclusion size.

Research efforts have been devoted by a number of inves-
tigators for modeling the stress range data by using various
single theoretical probability distributions. Beta distribution
has been suggested as a theoretical stress range distribution
model to describe the field data by Ang and Munse [155] and
Walker [156]. Based on 106 recorded stress range histograms,
Yamada and Albrecht [157] presented that the probability
distribution of dimensionless stress range normalized by the
maximum stress range could be expressed by a polynomial
distribution. In order to select a single nondimensionalmath-
ematical expression that can be used to represent the stress
histogram of highway bridges, a continuous two-parameter
Rayleigh curvewas used tomodel the probability distribution
of stress range in the fatigue test program [158]. Wirsching
[159] assumed that the long-term stress range data were
Weibull distributed andMadsen [160] took the nominal stress
range as a random variable with normal distribution. Park
et al. [161] successfully expressed the stress range frequency
distribution of 400 block loadings by a log-normal probability
distribution. Ni et al. [162] proposed a method for modeling
of the stress spectrum using finite mixture distributions and
long-term monitoring data of dynamic strain.

There have been a number of studies on the reliability
analysis for fatigue damage and life prediction of bridges
[163–171]. Imam et al. [172] presented a probabilistic fatigue
assessment methodology for riveted railway bridges and
applied this method to a typical, short-span, riveted UK
railway bridge under historical and present-day train load-
ing. Kwon and Frangopol [173] performed fatigue reliability
assessment of steel bridges using the probability density func-
tion of the equivalent stress range obtained by monitoring
data. Ni et al. [174] developed a fatigue reliability model for
fatigue life and reliability evaluation of steel bridges with
long-term monitoring data, which integrates the probability
distribution of hot spot stress range with a continuous
probabilistic formulation of Miner’s damage cumulative rule.
Research efforts on probabilistic fatigue life estimation of steel
bridges by use of a bilinear 𝑆-𝑁 approach can be found in
Kwon et al. [175] and Soliman et al. [176].

4.2. Fatigue Reliability Assessment Using Fracture Mechanics
Approach. A significant number of investigations on fatigue
reliability assessment of bridges have been conducted by use
of the fracture mechanics approach [161, 163, 177]. Based on
field-measured data from nondestructive inspections, Zhao
and Haldar [78] proposed a LEFM-based reliability model
considering uncertainties in different aspects including
initial crack size, crack aspects ratio, material properties, and
number of stress cycles. Lukić and Cremona [141] presented
a probabilistic assessment procedure of steel components
damaged by fatigue using a fracture mechanics-based crack
growth model, which was applied to a transverse-stiffer-
to-bottom-flange welded joint of a typical steel bridge.
Righiniotis and Chryssanthopoulos [178] conducted an

investigation on the application of probabilistic fracture
mechanics approach to predict the fatigue life of welded
joints with initiation cracks through a bilinear crack growth
law. Pipinato et al. [179] applied a LEFM approach in a pro-
babilistic content to evaluate the fatigue reliability of steel
bridges in the presence of seismic loading. Wang et al. [180]
presented a procedure for assessing and updating the fatigue
reliability of existing steel bridge components using nondes-
tructive inspection techniques and Bayes theorem based on
the probabilistic fracture mechanics method. Guo and Chen
[181] performed an investigation on fatigue reliability assess-
ment of welded details of a 40-year-old steel box-girder
bridge integrating the LEFM approach and field data
obtained from the long-term stress monitoring.

5. Conclusions

This paper provides a summary of research developments
in the area of fatigue life assessment of steel bridges. Based
on the overall review of fatigue-relevant theories, methods,
technologies, and applications, the following conclusions are
made: (i) the nominal stress-life method is widely used
for fatigue-related design and evaluation of steel bridges;
however, the estimated fatigue life by use of the hot spot stress
method has been proved to be more accurate and effective;
(ii) field measurement data will provide the most accurate
information for derivation of the key physical parameters and
their statistical properties in fatigue condition assessment,
and therefore it is crucial and desirable to develop data-driven
methods for fatigue life assessment of steel bridges; and (iii)
in recognition of the uncertainties and randomness inherent
in the nature of fatigue phenomenon and measurement
data, investigations for probabilistic fatigue life assessment
of steel bridges are deemed to be reasonable. By so doing,
reliable fatigue condition assessment can be achieved for
instrumented steel bridges and rational strategies on bridge
inspection and maintenance can be executed in accordance
with the correlativity between reliability indices and prede-
fined inspection and/or maintenance actions.
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