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The fatigue behaviour of steel railway bridges is a complex phenomenon. On the one side, the Engineermust face
the problem of dynamic amplification of the loads and their randomness, on the other side, the fatigue resistance
is highly dependent on the load itself, since for different stress levels thematerial can sustain different number of
cycles. This complexitymakes the identification of the critical elements for structural safety a difficult task. In this
context, and in the framework of the European research project FADLESS, the Laboratory of Vibrations and
Monitoring (ViBest) of FEUP has conducted extensive research concerning the evaluation of dynamic effects
and fatigue analysis of an old riveted railway bridge. Owing to the importance of this phenomenon, complemen-
tary numerical and experimental approaches have been used to assess fatigue effects. This article describes the
main steps taken towards the goal of evaluating the dynamic behaviour and the fatigue life of this structure.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Historically, the economic development has been always associated
with the construction of railway lines, or with subsequent increase of
traffic, vehicle axle loads and speed. Therefore, old railwaymetallic brid-
ges, in many cases with more than one hundred years, have been re-
quired over the years to carry heavier vehicles and endure higher
velocities than allowed by the original design. In addition, the cumulat-
ed degradation due to corrosion and fatigue contributes to an increased
concern for their safety [1].

Owing to economic, cultural and environmental reasons, replacing
every bridge at the end of the original design life has not proved to be
sustainable. Additionally, society increasingly requires an optimised
use of resources balanced with a deep sense of cultural and patrimonial
preservation. This means that many structures, and particularly railway
bridges, are considered historic landmarks and must therefore be pre-
served. These considerations make it clear that it is very important to
correctly determine the structural behaviour of these structures, there-
bymaking use of the latest scientific knowledge, in order to assess their
fitness for further use.

In this context, since it is responsible for 80% to 90% of failures in
steel structures [2], fatigue has emerged as one of the major concerns
associated with old metallic railway bridges. Fisher et al. [3,4] showed
that the majority of fatigue cracks are caused by distortion of member
cross sections, local vibration and out-of-plane bending of webs.
Numerical approaches, using local finite element models, nowadays
allow one to study the realistic behaviour of structures of this kind
with appropriate consideration of vibration-induced distortion and fa-
tigue [5].

Furthermore, the evaluation of such phenomenon benefits from the
implementation of monitoring campaigns, since they reduce the uncer-
tainties associated with the variables of the problem [6]. For instance, in
[7], the use of continuous dynamic monitoring made possible to detect
damage by evaluating the variation of modal parameters as a function
of time after appropriate removal of effects of environmental and oper-
ational factors. Particularly in the domain of railway bridges, Reference
[8] presents a case where monitoring was used successfully for strain
and accelerationmeasurements leading to the enhanced fatigue assess-
ment of a steel bridge in Sweden.

In this context, the Laboratory of Vibrations and Structural Monitor-
ing (ViBest) of FEUPhas developed an extensive research concerning the
evaluation of dynamic effects and fatigue analysis of the Portugueseme-
tallic railway bridge of Trezói. In particular, strain measurement cam-
paigns were conducted to evaluate the stress patterns in the main
structural elements and stresses in the critical details for fatigue analy-
sis, with the final goal of adding a contribution to the understanding
of localised fatigue vibration effects.

This paper describes the experimental and numerical studies devel-
oped and presents the results achievedwithMatLab routines developed
to process the data. Preliminary studies included the development of an
ambient vibration test and a global fatigue assessment using a beam
FEM that was “tuned” to fit the identified bridge dynamic properties.
This provided crucial information for the construction of more detailed
local FEM models, as well as for the design of the continuous dynamic
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monitoring system. Subsequently, dynamic analyses were conducted
using real train characteristics to understand the importance of local
modes in the fatigue calculations. Finally, the results obtained from
the field measurement campaigns were used to calculate a more accu-
rate fatigue residual life of this bridge.

2. Description of the bridge

The Trezói Bridge (Fig. 1) is located in the international “Beira Alta”
route that links Portugal to Spain, at the km 62 north of Mortágua in
the village of Trezói. The bridge was constructed as part of a project to
replace existing bridges in the “Beira Alta” route, carried out during
the decade of 50, and was opened to traffic in August 1956. The project
was funded by the Marshall Plan, and the conception, manufacture and
mounting, together with 6 other bridges of larger span of the same line,
was of the responsibility of the German House Fried Krupp.

This steel riveted bridge has three spans; their lengths are 48 m for
the central span and 39 m for the other two. The total length of the
bridge is 126 m. The two inverted Warren truss girders that constitute
the metallic deck of the bridge are 5.68 m in height. The girder panels
are 6.50 m wide in the central span and 6.00 m in the end spans. Two
trapezoidal shape trusses acting as columns and two granite masonry
abutments transmit the loads carried by the structure to the foundation.
The bridge has a constant width of 4.40 m throughout its length.

The cross girders, as well as the stringers resting on them,were built
using “I-shaped” sections. The cross girders are 71 cm in height and are
connected to the lateral vertical elements with riveted plates as shown
in Fig. 3. The chords and diagonals of the truss girders are formed by
double “U-shape” sections.

The bearing supports of the superstructure are metallic and allow
free rotations in the structure plane. At the east support the longitudinal
displacements are constrained, while at the west support deformations
caused by longitudinal horizontal forces (thermal actions, braking, etc.)
are allowed.

The stringers are aligned with the rails which is a fortunate concep-
tion option since a misaligned rail normally induces secondary stresses
in the web of the stringers.

3. Numerical modelling of the dynamic behaviour

3.1. Numerical modelling of the global dynamic behaviour

A first numerical study was conducted based on a simple FE model
using the software SOLVIA [9] to evaluate the dynamic behaviour of the
bridge using a discretisation of the structure in 3D beam and truss ele-
ments (Fig. 4). Due to the relatively low computational effort required
by this model, it was possible to make a first calculation of natural
frequencies andmodal shapes, and to run simulations of train crossing, in-
troducing also the train–bridge interaction effect, and using the resulting
nominal stresses to obtain a preliminary fatigue assessment.
Fig. 1. The Trezói bridge.
The deck and the lateral exterior elements of the columns were
simulated with beam elements, while truss elements were used to rep-
resent the inner members that form a triangular geometry of the col-
umns. The connection of these columns to the bridge deck is hinged,
since there are mechanical devices that allow free rotation in the verti-
cal longitudinal plane of the bridge. Several pointmasseswere distribut-
ed along the deck and the columns to simulate themetallic connections,
rivets and wood sleepers. The same elasticity modulus of 200 GPa was
adopted for the deck and for the columns.

The bearings of the deck at the abutments allow the rotation in the
vertical plane. Longitudinal movement is allowed in the east bearing
and constrained in thewest bearing. However, for low levels of excitation,
as is the case during ambient vibration tests, the behaviour of these sup-
ports can be different, since friction forces can prevent displacements or
rotations. As a consequence, for comparison with the frequencies and
modal configurations obtained experimentally, restraining of the longitu-
dinal displacements in both supports was introduced.

Due to localised vibration effects detected in these analyses, more
detailed models were further developed.

3.2. Numerical modelling of local dynamic behaviour

The finite element model developed in the previous stage using
beam elements was subsequently enhanced in order to capture local vi-
brationmodes that are not captured by the beam FEM. In Fig. 5 themesh
of this new model is schematically represented. As observed in this fig-
ure, the cross-girder above the column, the two adjacent cross-girders,
the stringers, diagonals, top and bottom chords and vertical elements
that are connected with the vertical column are simulated with 4-
noded shell elements. The contact and friction between the individual
parts of the connections as well as the rivets were not taken into
account. The samemodellingwasmade for the structural elements con-
nected to the extremity supports. The rails and sleepers were not simu-
lated and the corresponding masses were idealized as point masses
located at the centre of gravity of these elements.

In these two regions, all secondary elements were conveniently
discretised in order to characterise the real behaviour of these structural
details. A special attention was given to the joints of the cross girders in
order to capture local vibration modes, the effect of secondary bending
moments and eventual distortion. The stringers that support the rails
were also discretised with shell elements, so that the connection be-
tween the flange of these elements and the flange of the cross girders
was correctly modelled in order to capture distortion effects.

“Rigid links”were introduced between the nodes connecting the bar
elements with the corresponding shell elements that constitute the top
and bottom chords, to simulate accurately the continuity between
structural joints.

This model was also calibrated using the results from the initial am-
bient vibration test. The global vibration modes were compared and
some slight modifications were made in terms of mass distribution
and boundary conditions in order to achieve greater agreement be-
tween the calculated and identified modal shapes and frequencies.

With this model it was thus possible to calculate stresses that are
enhanced due to geometric effects.

3.3. Evaluation of traffic induced effects

Numerical simulations were conducted in order to evaluate the
structural response due to trains crossing. The calculations made, in-
cluding the interaction effect between the bridge and the train, led to
the conclusion that for this specific structure the effects due to the
inertia of the vehicle are much inferior to the effects of its weight. In
this case, the phenomenon of energy transfer between the bridge and
the suspension of the vehicles showed to be of negligible importance
for the range of circulation velocities that are possible and allowed in
this bridge. To reach those conclusions, two methodologies were
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Fig. 2. Elevation, plan view and cross section of the Trezói bridge.
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implemented within the dynamic calculations: the moving load meth-
odology, which allows a fast and reliableway to obtain dynamic stresses
and deformations; and amethodology that uses contact surfaces to sim-
ulate not only the dynamic behaviour of the bridge, but also its interac-
tion with the train structure and mass.

The firstmethodology consists in varying the vertical forces applied to
the nodes belonging to the stringers, creating a set of punctual loads that
simulate the space variation of the load through a time variation of its
value. Since the load is applied directly to the stringers, the beneficial ef-
fect of load distribution due to the rails and sleepers is neglected. In this
case, a modal analysis wasmade and a time step ofΔt = 0.001 s allowed
a correct description of modes with frequencies up to 125 Hz. To include
the interaction effect, the trainwasmodelled as an independent structure
that interacts with the bridge. This was achieved using a specific algo-
rithm included in SOLVIA software [9] which allows the use of contact
surfaces. This algorithm is described in detail in Bathe [10]. For this
dynamic contact analysis, direct integration was used with the Newmark
time integration method and a time step of Δ t = 0.0001 s. In both anal-
yses the stringers were discretised with a length of 0.60 m.
Fig. 3. Local view of the cross-
Taking into account the conclusions of these previous studies, the
calculations presented in the next sections were made using the less
time consuming methodology of the moving load technique.

4. Experimental assessment of the dynamic behaviour and Fe
model validation

4.1. Identification of modal properties based on an ambient vibration test

Taking into account the important role that output-only dynamic test-
ing of bridges plays in the assessment of the dynamic structural behaviour
[11,12], an ambient vibration test was conducted with the purpose of
adjusting and validating the numerical finite element model. The adjust-
mentwasmademodifyingwhen necessary themodel'smechanical char-
acteristics, the distribution of mass and the support conditions.

Seismographs fitted with triaxial accelerometers were chosen for the
field measurements because they appeared to be the most adequate,
since these units are completely independent between them and of any
external source, they possess internal batteries, the collected information
girder at the end support.
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Fig. 4. Global view of the mesh of the 3D beam finite element model.
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is kept in an internalmemory card and their synchronisation is assured by
GPS, thus eliminating the necessity of electric cables.

Accelerations due to ambient excitationweremeasured according to
three orthogonal directions at 19 sections at the top of one of the main
beams (Fig. 2). In each setup of 12 min, a seismograph was placed at a
reference point located 6 m apart from the middle of the central span
in a location where themajority of themodal coordinates would be dif-
ferent from zero, and two others were placed successively at the 18 re-
maining points ofmeasurement. For the identification of torsionmodes,
the ambient response was measured simultaneously at both edges of
one section (upstream and downstream).

With the time series obtained in each setup, average normalised
power spectra (ANSPD) for the vertical and transversal directions
were calculated (Fig. 6). The selection of peaks of these spectra permit-
ted the identification of the natural frequencies of the structure in the
frequency range of interest.

Figs. 7 to 9 present a comparison between identified and calculated
mode shapes related to the most relevant natural frequencies. It's
worth noting that the modes identified experimentally show that the
deck does not undergo longitudinal movements. Therefore, the hypoth-
esis of fixing longitudinal movements in the abutments is correct.

Table 1 summarises the frequencies and modal configurations iden-
tified by the Peak Picking method. These results are compared with the
values obtained from the finite element model.

From the analysis of Table 1 and of Figs. 7 to 9, it can be concluded
that the correlation between identified and calculated natural frequen-
cies is very good.

It is stressed that the experimental results above described were
subsequently confirmed with an advanced frequency-domain opera-
tional modal analysis that is able to deal with uncertainties [13]. In
this reference the starting point is the PolyMAX method, and then an
iterative maximum likelihood estimation method is introduced as an
extension to PolyMAX, whose main benefit is more evident in case of
noisy data. Based on this PolyMAX-Plus algorithm, natural frequencies,
deck mode shapes and modal damping ratios were computed and are
presented in Fig. 10.
Fig. 5. FEM mesh using beam and shell elemen
The similarity between the results obtained with the Peak-Picking
method and with this new methodology is evident. This fact increases
the confidence in the values estimated for the natural frequencies and
mode shapes.
4.2. Identification of natural frequencies of local vibration modes of
cross-girders

According to the fatigue analysis described in Section 5, the cross-
girders are the structural elements that can be more affected by fatigue
damage, which can depend in a significant extent from the excitation of
local vibrationmodes. Therefore, in order to preliminary estimate dom-
inant frequencies of local modes of the cross girders, an experimental
campaign was conducted using piezoelectric accelerometers PCB con-
nected to a 2-channel Fourier analyser APS Signalcalcwith interposition
of signal conditioning units, to measure the dynamic response of these
elements. These uni-axial sensors, with a sensitivity of 100 mV/g,
were chosen due to their particular characteristic of not needing specific
power supply, operating with linear response over the frequency range
of interest, having also a strongmagnetic basewhich allows an easy and
reliable fixation to the structure. The acquisition system and accelerom-
eters are illustrated in Fig. 11.

The recording of the time series of accelerationwasmade during one
day with a sampling frequency of 320 Hz and the excitation was
induced manually by impact with a timber beam. The Fourier analyser
incorporates filtering capacity and averaged FFTs of 6 time records
were evaluated in the range 0–120 Hz, with a frequency resolution of
0.0098 Hz. Accelerations were measured in the vertical direction in
three locations at the top flange of the extremity cross girder (R5, R12,
R8), and the horizontal acceleration was also measured at midspan of
this element (R13) perpendicularly to the element axis, in order to cap-
ture vibration modes with lateral movement. The different locations of
the sensors can be observed in Fig. 12.

A similar test was conducted at the cross girder above the column.
Fig. 13 shows the Average Normalised Power Spectra (ANPSD) ob-

tained for the cross girder at the extremity support. A moving average
is also added in order to clearly identify peaks since it can be used as a
low-pass filter to remove some of themeasurement noise. The local fre-
quencies can be related to the peaks of these spectra and different types
of localmodes can be also identified if taking into account the location of
the measured acceleration. For the vertical direction, the frequencies
30.5 Hz and 24.4 Hz are only present in the results for location R5, this
meaning that only these modes have a modal coordinate with a signifi-
cant value in this location.

The analysis of theAverage Power Spectrum for position R13 allows to
conclude that some local modes have significant horizontal components.
ts — local view above the main columns.
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Fig. 6. ANPSD: vertical and transversal directions.
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4.3. Strain measurement campaigns

4.3.1. Measurement of traffic induced stresses in main structural elements
An initial field strain measurement campaign was conducted at

Trezói Bridge using electrical strain gauges, in order to validate the nu-
merical simulations of the crossing of the trains and to evaluate fatigue
damage indices of the principal structural elements. In Fig. 14a), the lay-
out of the bridge instrumentation is shown. Fourteen sensors were ap-
plied to cross sections of members which experience the highest
tensile stresses and four strain gauges in rail sections in the vicinity of
both abutments outside the bridge in order to estimate traffic informa-
tion. In some cases, the location of the sensors was defined to capture
the local enhancement effect due to geometry stress concentration
(Fig. 14b)). These stress enhancements were foreseen using a local
shellfinite elementmodel developed in software Ansys [14], as illustrat-
ed in Figs. 14c) and 15.

The acquisition system was composed by a PXI/SCXI platform from
National Instruments. A continuous recording of the readings was
made with sampling rate of 100 Hz, which is, in this case, sufficient for
dynamic observations. The timeframe chosen to measure stresses in
this structure was set in two days that historically have higher traffic
volume, though themeasured traffic volumewasn't so high as in previ-
ous years. However, during that period, 8 freight trains and 16 passen-
ger trains crossed the bridge.

Fig. 15 presents in greater detail the location of the strain gauges
placed in the bottom chord at midspan of the element with the highest
stresses (locations S7, S8 and S9) and an enhanced view of the local
FEM model. The nominal stresses were obtained from location S7
while the stresses enhanced due to geometric effects were obtained
from location S8.
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Fig. 7. Lateral view of the first 2 identified (left) a
The local model illustrated in Figs. 14c) and 15 was validated using
nominal stresses measured at the midspan of the structural element
and the peak stresses near the joint. The stress magnitudes and the cor-
responding stress concentration were compared and the average calcu-
lated stress concentration factor of 1.40 was obtained and confronted
with the stress concentration factor of 1.388 obtained through themea-
surements. These results increased the confidence in this local model
hence allowing a more extensive fatigue analysis using numerical sim-
ulations. Also, the stress concentration factor was used to enhance the
stress histories calculated from the beam FEM for fatigue calculations
(see Section 5).

Real data obtained from the Portuguese railway agencies CP and
Refer were used in order to compare calculated and measured stresses.
The geometrical characteristics and loads of the vehicles that crossed
the bridge during the measurement period were used to simulate
these trains crossing using the global finite element model. The first
train analysed was composed by a locomotive and four passenger
wagons with 270 tons of total weight. The circulation speed was esti-
mated using the measurements made in the rails and it was also possi-
ble to evaluate if a particular train was accelerating, breaking or
maintaining a constant speed. An example of the strains measured
used to the speed estimation is presented in Fig. 16, where each peak
corresponds to a single axle. The distance between strain gaugeswas di-
vided by the time difference between peaks of the same axle to obtain
the velocity per axle. In the present case, the average estimated velocity
was 30.5 km/h. An automatic processing of the data was performed
using routines developed in Matlab.

The vehicle loads were estimated using the methodology described
in [15–17]. This analysis led to good agreement between estimated
and known axle loads.
Numerical mode shapes

nd calculated (right) vertical bending modes.
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Experimental mode shape
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Fig. 8. Top view of the first identified (left) and calculated (right) lateral bending mode.
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In Fig. 17, a comparison is made between measured and calculated
stresses in the lower chord at the centre of the bridge, which is the ele-
ment subjected to the highest tensile stress. The stress spectrawere also
compared, since they are a very useful representation of the stress his-
tory in the context of fatigue analysis. These were calculated using the
Rainflow counting algorithm [21,22] implemented in Matlab.

It was concluded that the agreement between measured and calcu-
lated stresses and stress spectra is good in both cases. The small differ-
ences between the stress histories may be due, in particular, to the
geometry effect of the rivets and steel plates that are not modelled in
this FEM and out of plane bending moments also not detected with
these numerical simulations. Nevertheless these results increased the
confidence in the numerical simulationmade and in the train character-
istics obtained.

4.3.2. Measurement of traffic induced stresses in the cross-girders
As stated before, the testing and monitoring of the actual structural

behaviour of this bridge is of major importance for an enhanced fatigue
assessment that may take more accurately into account local vibration
effects in cross-girders, as these elements are particularly sensitive to fa-
tigue damage, as shown in Section 5. Bearing this in mind, a monitoring
programme was designed to reduce the uncertainties associated with
this phenomenon, namely in terms of the structural dynamic response
and the trains' characteristics. Obviously, since this monitoring cam-
paign was designed to acquire data during a long period of time, the
large volume of measurements constitutes a great asset for detailed fa-
tigue studies.

One of the most important aspects in the assessment of old struc-
tures is the estimation of real loadings,whichmay enable amore precise
fatigue life estimation in the presence of more realistic stress spectra.
With this purpose and as stated above, the monitoring system was
also designed to allow the collection of data on vehicle characteristics,
including velocity spectra, number of axles, axle loads and their spacing,
moving directions and traffic density.

In this context, strain gauges were applied in the cross girders locat-
ed at the top of the columns and at one support in the abutment in ac-
cordance with the critical locations previously identified. In addition,
rail sections in the vicinity of both abutments, but outside the bridge,
were instrumented with strain gauges in order to estimate the axle
loads of the real trains and the corresponding velocity. The general lay-
out of the instrumented sections is presented in Fig. 18.

Since it is not knownwhich rivet in this cross section will induce the
first crack, four strain gaugeswere placed in theflanges at the vicinity of
the first row of rivets. These are the spots where the highest stress
ranges are present and where the detail has the lowest fatigue strength
making it critical in terms of fatigue evaluation. The measured strains
Experimental mode shape
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Fig. 9. Lateral view of the first identified (lef
were used to calibrate the shell finite element model described in
Section 3.2 and to calculate the fatigue damage using the S–N curves.
The strain gauges were placed near the connection between the cross
girder and the gusset at the vicinity of the rivets in order to capture
the stress enhancement as observed in Fig. 18b).

The acquisition system is a platform from National Instruments and
is composed by a computer responsible for high performance signal
conditioning, which integrates two SCXI modules able to operate with
16 different channels.

4.3.2.1. Estimation of modal frequencies. To estimate the dominant
frequencies present in the structural response, ANPSD of the strains
measured at the extremity cross girder have been evaluated. Fig. 19
shows, for instance, such an average spectrum considering the crossing
of 1533 trains. The identification of the peaks makes possible to esti-
mate the dominant frequencies and associate them with the local
mode shapes that are excited during the train crossings. However,
these values may not represent all the natural frequencies of local
modes of the cross-girder, as they depend on the train action and on
the frequency content of the loading.

Some of the peaks identified in Fig. 19 seem to be related to global
frequencies of the bridge, namely the frequencies of 5.41 Hz and
6.80 Hz, which correspond to the first two global vertical bending
modes, as can be observed in Fig. 7. It is interesting to notice that the
structural behaviour of these secondary elements is influenced by global
modes. However, observing Fig. 19 it is easy to conclude that the local
modes of the cross-girders associated to frequencies above 20 Hz have
a very important influence.

4.4. Correlation analysis with FEM results

The results fromdynamicmonitoring of local vibration effects on the
cross girders were subsequently correlated with the numerical results
achieved with the FEMmodel developed with the purpose of analysing
the contribution of local modes (Section 3.2). In this context, Fig. 20
shows a comparison between calculated and identified frequencies
using an ANPSD for the vertical direction obtained from the field test
using accelerometers (Section 4.2). The frequency values in red are as-
sociated to this field test, the ones in blue are obtained via numerical
model, and the green ones were obtained with the ANPSD calculated
from strains measured with the strain gauges (see Fig. 19). Also, some
local modes are represented in Fig. 21 in correspondence with the fre-
quencies presented in Fig. 20. Generally a significant number of local
modes with relevant dynamic contribution to the response can be ob-
served, and a good agreement between numerical and experimental
frequencies is found.
Numerical mode shape

t) and calculated (right) torsion mode.
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Table 1
Calculated and identified natural frequencies.

Identified frequency (Hz) Calculated frequency (Hz) Mode type Variation %

2.95 2.99 1st transv. bending 1.34%
5.42 5.33 1st vert. bending 1.69%
6.01 5.87 1st torsional 2.39%
6.84 6.76 2nd vert. bending 1.18%

Fig. 10. Some natural frequencies, mode shapes andmodal damping ratios estimated using “PolyMAX Plus”: From left to right and top to bottom: 1st transversal bending, 2nd transversal
bending, 1st vertical bending, torsional mode [13].
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In many of the local modes observed in the cross-girders the main
cause of dynamic stresses in the spot where the strain gauges were
placed is the vibration of the stringers (Fig. 21b). It is important to notice
that the secondary deformation caused by these elements in the cross-
girder leads to high concentration of stresses.

The local modes of the top chord can also influence the stresses in
the cross girder, as is the case of the local mode presented in Fig. 21a)
(frequency of 30.1 Hz). In this case, the lateral vibration of the chords
leads to a bending deformation in the cross girder which enhances the
stresses in this element, and in particular in the location where the
strain gauges were placed.

Further correlation analyses were made in order to get additional
confidence in the developed FEM using the numerical simulations of
the trains' crossings and the data from the fieldmeasurement campaign
with strain gauges. To achieve this goal, the stresses measured at the
cross-girder at the vicinity of one of the columns were compared with
the corresponding calculated stresses. Fig. 22a) and b) presents a partial
view of the structure with indication of the location of this strain gauge
and the corresponding finite element mesh used in the discretisation.
Fig. 11. Acquisition system and sensors: a) portable Fourier analyser for data acquisition and data
The train that crossed the bridge at the time of measurement was com-
posed by a locomotive and 7 passenger vehicles.

The results obtained are presented in Fig. 22c), where the red graph-
ic corresponds to themeasured stresses and theblue one to the calculat-
ed. The agreement between both graphics is good and it can be
observed that themodel can capture the stress variation with a reason-
able level of accuracy. However, the model underestimates the stresses
in the real structure which may indicate the necessity to model the
rivets, the contact and the friction between elements of the connection.
This difference may be related to the stress enhancement due to the
rivet hole and eventually due to the slip between elements that may in-
duce stress paths unforeseen in the model.

5. Fatigue analysis and identification of critical elements

The identification of the critical structural elements in the context of
fatigue assessment is a complex task, due to the random nature of the
load, the local dynamic amplification and the non-linearity of the resis-
tance. Hence, the most stressed element may not be the element in
processing; b) unidirectional accelerometer; c) conditioning unit (power supply/amplifier).
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Fig. 12. Locations of the accelerometers at the extremity cross-girder.
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which fatigue is conditioning in terms of safety: two details with the
same S–N curve may have very different stress spectra, one with small
number of cycles associated with high stress ranges and the other
with high number of cycles associated with lower stress ranges. As
can be understood, the second detail may have higher fatigue damage
in spite of lower stresses. In this context it is necessary to analyse all
the elements of the bridge in terms of fatigue behaviour. The following
sections describe these calculations made using the EN1991 [18] traffic
scenarios, as well as real traffic scenarios.

5.1. Fatigue detail classification

The European code prescriptions include the possibility of imple-
mentation of dynamic analysis for simulation of specific real trains,
Fig. 13. Average normal
the Eurocode fatigue trains [18]. The European norm EN1993-9 [19] de-
fines the rules for the calculation of fatigue resistance using theWhöller
curves

Δσm
R � NR ¼ Δσm

C � 2� 106;m ¼ 3;NR≤5� 106 ð1Þ

Δσm
R � NR ¼ Δσm

D � 5� 106;m ¼ 5; 5� 106bNR≤108 ð2Þ

Δσ L ¼
5

100

� �1=5
ΔσD ð3Þ
ised power spectra.
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Fig. 14. Instrumentation layout: a) location of the 14 instrumented sections and corresponding distribution of the sensors; b) strain gauges at a node with high stress concentrations;
c) corresponding finite element model.
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and fatigue damage (D) using Miner rule

D ¼
X
i

ni

Ni
: ð4Þ

In Eqs. (1) to (3),ΔσR is the fatigue strength in terms of stress ampli-
tude, NR is the fatigue strength in terms of number of cycles to failure,
Δσc is the reference value for fatigue strength at 2 million cycles, ΔσD

is the constant amplitude fatigue limit andΔσL is the cut-off limit. Final-
ly, in Eq. (4), n is the number of cycles associatedwith each stress range.

However, the absence of a specific curve for the analysis of riveted
details is a major drawback of the Eurocode 3. Taras and Greiner [20]
conducted a research where several Whöler curves for different
structural details were studied and, particularly, riveted details were
Fig. 15. Stress evaluation: a) instrumentation system detail at the lower joint of the truss girde
stresses, S8 and S9) and at midspan of the element (nominal stress, S7) in correspondence wit
analysed in order to conclude about the best curve to represent its fa-
tigue behaviour. The conclusion was that the Eurocode curve 71 fitted
best the details and was the most adequate for the analysis of such
riveted components.

To further investigate the adequacy of curve 71 for riveted details, an
experimental programmewas carried outwith the original material ex-
tracted from the bridge [23]. A bracing 3000mm in lengthwas removed
from the structure and 8 specimens were extracted from this structural
element for S–N investigation. In Fig. 23 the results from this experi-
mental campaign are comparedwith results obtained fromother exper-
imental campaigns with material from other Portuguese bridges.

It can be concluded that themajority of the results are above the S–N
curve for detail class 71 thus justifying the use of this curve for fatigue
evaluation in the case of Trezói bridge.
r instrumented with strain sensors in three locations: at vicinity of the joint (geometrical
h the numerical stress analysis; b) local view of the local FEM.
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Fig. 16. Strain measured in rail sections in the vicinity of both abutments outside the bridge (east and west).
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5.2. Fatigue analysis based on Eurocode traffic scenarios

The stress spectra of all the elements of Trezói Bridgewere evaluated
using the EN1991 fatigue trains and the three traffic mixed and, follow-
ing the recommendations of [20], damage being calculated using fatigue
curve 71 of EN1993-9.

A total of 256 structural elements were analysed in order to identify
the most sensitive elements to fatigue loading. Fig. 24 summarises the
damage indices obtained for all the elements considering the present
age of the bridge and assuming the EN1991 Heavy Traffic scenario. A
first conclusion can be made: there is a high number of elements with
a damage index higher than 1.0, whichmeans that they would collapse
under the conditions specified in this code. The upper and lower chords
are the elements with the highest stresses. However the highest
damage values clearly occur at the cross girders. These elements have
typically the highest damage values, since they suffer direct influence
of each train axle, which leads to at least one stress cycle for each axle.
For this reason, they are submitted to greater number of cycles than
other principal structural elements.

5.3. Fatigue analysis based on real traffic and on measurements

The same calculations were made using real traffic data obtained
from records of the Portuguese railway agencies CP and Refer for this
specific bridge in the period of 2001 to 2006, assuming the traffic
(a)

Fig. 17. Comparison between numerical and calculated results: a) measured v
conditions in this period are conservative in terms of the bridge lifetime.
The corresponding present damage indices are shown in Fig. 25 and
clearly a difference in themagnitude of the damage is observedwith re-
gard to the one obtained based on the EN1991 Heavy traffic scenario.
Damages are lower than the ones obtained from the calculations
based on the Eurocodes, certainly due to the fact that the real traffic is
significantly lower than the assumed in EN1991.

As can be observed in Fig. 25, the highest damage is 0.74 for the
cross-girder at the extremity support. The total fatigue life is
77.03 years (in correspondence with a damage index of 1.0) and, ac-
cordingly, the remaining fatigue life is 20.03 years. Since this value
is lower than the design life (100 years), this result suggests that
the past traffic was eventually higher than predicted in the original
design and/or the dynamic effects may be leading to the increase of
damage.

To enhance the confidence in these results, fatigue damage was
calculated using the stress histories measured during the developed
temporary monitoring campaign (see Section 4.3.1). Since the strain
gauges were then placed only in the main structural elements (upper
and lower chords), it was not possible to evaluate the damage in the
cross-girders. However, comparisons in the chords were conducted.

All 14 instrumented sections of the bridge were analysed for each
train passage. The corresponding results are presented in Fig. 26 for
the 1st day of measurements, where it can observed that damage is
highest at sensors 1 to 6.
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Fig. 18. Location of strain gauges: a) global view; b) lateral view (left) and top view (right).
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For validation purposes, the corresponding damage at those loca-
tions was also calculated using numerical simulations of the trains
that crossed the bridge during the measurement campaign.

There is a reasonable agreement between damage indexes calculat-
ed from measured strains and calculated from simulations made with
the FEM with beam elements. It should be noted that the stresses ob-
tained in correspondence with the strain gauges in the joints were
Fig. 19. Average power spectrum of measured strains induced by 1533 trains.
multiplied by the stress concentration factor obtained from the local
FEM of the connection between the chord, diagonal and vertical
element described in Section 4.3.1. However, some discrepancies are
observed in some locations of strain gauges close to the connection be-
tween chords and other structural elements. These are probably related
to unforeseen load distribution in the real structure.
5.4. Importance of local vibration

Inspection of the results of the global fatigue assessment clearly
shows that there are some structural elements with much higher dam-
age, which are the cross-girders at the extreme supports and above the
columns. The location of these elements is better characterised in
Fig. 27. Thiswas expected because the train loads are almost directly ap-
plied to these elements, which implies a high sensitivity to cycle varia-
tion and local loading effect. On the other hand, the structure works as
a low-pass filter for the main elements (chords, diagonals, etc.) which,
for that reason, don't exhibit a high number of response cycles.

In an extensive study of riveted steel bridges in the USA [3], it was
concluded that themajority of fatigue problems arise from bad concep-
tion of structural details. This leads to out-of-plane loading, secondary
moments, vibration fatigue and distortion. In particular, the cross-
girders are prone to such problems. In old bridges, the common mis-
alignment of the rails with the axle of the stringers leads to an eccentric
loading outside the plane of these elements, which creates stresses not

image of Fig.�18
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Fig. 20. Comparison between calculated and measured frequencies (ANPSD for the vertical direction): red — frequencies from the accelerometers, blue— frequencies from the FEM and
green — frequencies from ANPSD of measured strains. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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foreseen in the cross-girders and cracks due to load path detectable only
with more complex finite element models. Also the vibrations that
occur in these elements induce stress cycles that cannot be evaluated
with simple models.

In the particular case of Trezói Bridge, the first natural frequencies of
the cross-girders fall in the range of the loading frequencies, increasing
the concern to adequately characterise the structural behaviour of these
elements. These considerations justify the development of the local FEM
described in Section 3.2.
5.5. Fatigue analysis of the cross-girders

5.5.1. Influence of the local modes in the dynamic behaviour and in fatigue
A first stage of the fatigue analysis was conducted to evaluate which

modes have the highest influence in the phenomenon. For that purpose,
several modal analyses were made using the finite element models de-
scribed in previous sections.
Fig. 21. Local modes of the cross-girder at the extremity support: a) vertical bending
To conclude about the local modes that contribute the most for vi-
bration induced fatigue, a numerical analysis of the stress history calcu-
lated at the location presented in Fig. 22a) was conducted. This stress
calculation was made using results from the FEM in the vicinity of the
riveted connection between the top flange of the cross girder and the
top chord. This location corresponds to the spot where the stress is
higher, due to the existence of the rivet holes which leads to stress con-
centration, and the fatigue resistance is lower as can be concluded ob-
serving the Whöler curves prescribed in the EN1993-9 [19].

In this context, a frequency domain analysis was performed, for in-
stance, for the stress history obtained from the simulation of a freight
train composed by a locomotive and 6 wagons as represented in
Fig. 28. This analysis allowed to conclude that in this case there is
some influence of the local modes with frequencies within the range
of 15 Hz to 40 Hz. However, the most important contribution is associ-
ated to the local modes within the frequency range of 45 Hz to 55 Hz as
illustrated in Fig. 28b). These frequencies correspond to some of the
local modes of the cross girders previously identified.
mode; b) lateral bending mode; c) vertical bending mode; d) torsional mode.
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Fig. 22. Validation of the FEM using strain gauges: a) location of strain gauges; b) partial view of the finite element mesh; c) comparison betweenmeasured and calculated stresses in the
cross-girder. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article.)
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To understand the influence of these modes on the dynamic re-
sponse of the bridge, several dynamic analyses of the bridge response
under the freight train crossing were conducted with increasing num-
ber of modes included in the modal analysis. The lowest cutting fre-
quency is 5 Hz, whereas the maximum value of the highest cutting
frequency is 65 Hz, allowing the consideration of all the main global
modes, as well as of the most relevant local modes of the cross-girders.

In Fig. 29a) the effect of variation of the upper cutting frequency in
the extreme values of stresses at the cross girder at the extreme support
is presented. There is a very high increase in the minimum and maxi-
mum values of the stresses around the frequency of 50 Hz. This is easy
to understand because one of the local bending modes of this element
has a frequency of 49.26 Hz (see Fig. 21). In Fig. 29b) the influence of
the localmodes on fatiguewas evaluated. Thiswas accomplished by cal-
culating the damage of the cross girders using the simpler initial model
with beam finite elements and comparing these results with the dam-
age evaluated using the stress spectra obtained from the shell elements
FEM for different cutting frequencies. It is easy to conclude that the
fatigue damage has a small variation for almost all values of the upper
cutting frequencies for the case of the bar model. However, for the
case of the shell model, there is a very high increase of the fatigue dam-
age at frequencieswithin the range of 49Hz to 55Hz, which are precise-
ly frequencies corresponding to the main local modes of the cross
girders. The corresponding stress histories are presented in Fig. 29c)
for the lower cutting frequencies and in Fig. 29d) for the higher cutting
frequencies.

Thismeans that a fatigue assessment based on a beamfinite element
model can clearly underestimate the fatigue damage in the cross-girder
due to the importance of localmodes that are only correctly captured by
the shell model. These local modes are not correctly captured by the
beam model because they have important deformations related to the
distortion of the section and local bending of the flanges. Also, the
geometry of the connection between the cross-girder and the top
chord, diagonal and vertical element leads to stress patterns that are
not present in the beam model.
5.5.2. Fatigue damage calculation using measurements in the cross-girders
The Palmgreen–Miner rule and the EN1993-9 S–N curve were used

to calculate the damage during a period of 1 year and 5 months for
each of the 8 locations of the strain gauges placed on two cross-
girders of the bridge as described in Section 4.3.2. It was concluded
that it is in the strain gauge E6 that the maximum damage is present.

Themean stress effect due to weight of the structure was taken into
account with the Goodman criteria [24]. However, the influence of
means stress in the fatigue damage is, in this case, very small since the
stresses in the cross girders due to dead weight is within the range of
1.1 MPa to 8.6 MPa.

The stress spectrum calculated from strains measured using this
strain gauge E6 is presented in Fig. 30 together with the S–N curve for
the detail category 71 of the Eurocode. As expected, the lower stress
ranges correspond to a higher number of cycles. However, the higher
stress ranges lead to higher damage values.

The damage per crossing is presented in Fig. 31 where it is possible
to observe a seasonality effect since the damage is lower for the summer
months which normally also have lower traffic.

The total damage during the period in consideration and for the lo-
cation of strain gauge E6 is 0.015035. Assuming the hypothesis that
the damage obtained for this period is representative of the average
damage in the past and assuming a future traffic growth of 1.5% a
year, the present damage index is 0.605 and the corresponding residual
life is 31 years.
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Fig. 23. Experimental results for the S–N curve detail investigation [23].

Fig. 25. Fatigue damage indices for all structural elements for real traffic scenario.
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In Figs. 32 and 33, each damage index for the period ofmeasurement
is plotted in correspondence with the train characteristics that led to
that damage. These characteristics are the velocity, the number of
axles and weight per length.

An interesting result can be observed in Fig. 32 where the higher
damage values are associated to a number of axles between 20 and
40, and aweight per length between 20 and35 kN/m. These results sug-
gest that important dynamic effects are amplifying the damage values
since it would be expected that higher weight per length would lead
to higher damage.

The results presented in Fig. 33 also support this hypothesis. In this
figure it is possible to observe that, in general, higher velocities
Fig. 24. Fatigue damage indices for all structural elements for the EN1991 Heavy Traffic
scenario.
correspond tohigher damages. In particular, this effect ismoreprominent
for values of weight per length within the range of 20 to 40 kN/m. This
means that some specific combination of loading frequencies (velocity
of circulation divided by the axle spacing) may be exciting important
modes of the structure.

6. Conclusions

This paper describes the experimental and numerical studies con-
ducted by the Laboratory of Vibrations and Monitoring (ViBest) of
FEUP to evaluate local fatigue effects in a Portuguese metallic riveted
bridge, the Trezói Bridge. The following tasks were concluded in order
to achieve this goal:

• A global finite elementmodel using 3D beamelementswas developed
in order to evaluate the global dynamic behaviour of this structure.
This model was useful, in particular, to better understand the level
of importance of the train–bridge interaction effect. It was concluded
that the train–bridge interaction effects are negligible for the speed
range allowed for this bridge.

• A preliminary ambient vibration test was performed, which was es-
sential to ‘tune’ the developed numerical model subsequently used
to simulate train crossing and calculate stress spectra. It was found
that the beam FEM reproduced the globalmode shapeswith sufficient
accuracy;

• A temporary monitoring campaign developed with electrical strains
gauges was essential for the experimental validation of the numerical
simulations, and the comparisonsmade between calculated andmea-
sured strains increased significantly the confidence in the FEM. The
numerical and experimental analysis of the connection between the
most stressed element (bottom chord) and the diagonals showed
that for the bottom chord the stress concentration factor is approxi-
mately 1.40. This stress concentration doesn't take into account the
rivet hole. This result suggested that the rivet hole has a small influ-
ence in the stress concentration factor. However, further numerical
analysis must be developed taking into account contact and friction
in the rivets to conclude about the stress state in this joint;

• Simulations of the bridge crossing assuming real traffic and the
EN1991 traffic scenarios allowed the fatigue assessment of all struc-
tural elements and it was concluded that the elements with the
highest damage indexes are the cross-girders which are not the
most stressed elements. This is due to the existence of a high number
of stress cycles and the sensitivity of these elements to local loading.
Also, fatigue was assessed using the strains measured in the tempo-
rary monitoring campaign and compared with the fatigue calculated
at the corresponding locations and real trains. It was concluded that
the agreement between fatigue indexes calculated with numerical
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Fig. 26. Damage per crossing in measured sections for the 1st day of measurements: a) using measured stresses; b) using numerical simulations.

Fig. 27. Characterization of the elements more affected by fatigue according to the global fatigue assessment results using a bar FEM (yellow — cross-girders; blue — diagonals; red —

bottom chords). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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stress spectra and with measured strains was reasonable. These re-
sults showed that for the bottom chord, it is possible to obtain a rea-
sonable fatigue damage estimation using beam models and local
shell models to calculate stress concentration factors. For the real traf-
fic scenario the bridge has a fatigue damage below the failure limit.
These damage indexes are much lower than the ones obtained from
the simulations using the Eurocode trains.

• A detailed FEM with shell elements was further developed and vali-
dated using the results from the ambient vibration test and those
Fig. 28. Frequency analysis of a stress-time history: a) stress history at th
from strain measurement campaigns. This more sophisticated model
allowed the evaluation of geometry effects since all elements connect-
ed to the most stressed cross-girders were simulated with shell
elements;

• The dynamic behaviour of the cross girders was subsequently
analysed performing a field test campaign for preliminary identifica-
tion of frequencies of local modes and a second measurement cam-
paign with strain gauges in the cross-girders. The most relevant
results provided by the application of the implemented routines to
e cross girder above the column; b) frequency content of the signal.
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Fig. 29. Influence of the local modes on the dynamic behaviour and on fatigue: a) peak stresses vs. cutting frequency; b) damage vs. cutting frequency; c) stress histories associated to
cutting frequencies of 5.4 Hz 10.5 Hz and 22.3 Hz; d) stress histories associated to cutting frequencies of 48.7 Hz, 52.2 Hz and 65.7 Hz.
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the data collected during one year and five months of monitoring
were presented. Numerical and estimated frequencies were correlat-
ed, which allowed to further increase the reliability of the local FEM.
It was found that in order to evaluate correctly the dynamic behaviour
and the fatigue damage of the cross-girders it was necessary to simu-
late themwith shell elements because the beam FEMdoes not capture
local modes with relevant contribution to the dynamic response;
Fig. 30. Stress spectrum for strain gauge E6 and S–N curve for detail 71 of the EN1993-9 for
a period of one year and five months.
• The local model and the strainsmeasured in the cross-girders allowed
a more accurate fatigue evaluation due to local vibration effects.

Some of the presented results are just related with a relatively short
period of observation; the next months of operation of the continuous
Fig. 31. Damage per crossing using measurements in strain gauge E6.

image of Fig.�29
image of Fig.�30
image of Fig.�31


Fig. 32. Damage per crossing vs. number of axles vs. weight per length. Fig. 33. Damage per crossing vs. velocity vs. weight per length.
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dynamic monitoring system will be useful to confirm the efficiency of
the developed routines and to create a database for the traffic and for
the estimation of fatigue in a long term perspective.

As future developments, the enhancement of the application of the
WIM methodology and the analysis of a longer period of time are now
under development. The corresponding new routines and calculations
will provide clearer information about the traffic characteristics, the dy-
namic effects and fatigue behaviour of this bridge. Furthermore, more
complex FEM taking into account the contact and friction and the inclu-
sion of the rivets will be developed.
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