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Monitoring and Numerical Analyses of the Steel Railway
Arch Bridge: A Case Study
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Abstract: The subject of research is a steel arch-tied bridge at a high-speed railway line in Poland. After the construction was completed, a
resonance phenomenon was observed at the bridge, consisting of the occurrence of intense (visible to the unaided eye) undamped vibrations
of some vertical hangers in the horizontal direction, transverse to the track axis. These vibrations occurred without the presence of a railway
load on the bridge. Before the bridge was put into operation, an acceptance static and dynamic load test was performed, and then the bridge
deck vibrations were monitored for a year. The research during dynamic loads testing included both quasi-static (10 km/h) and high-speed
(200 km/h) testing train passages. The vertical displacement measurements were carried out in three cross sections of the span, and the ac-
celeration of vibrations on girders and selected hangers was also measured. Next, an innovative system for determining displacements indi-
rectly using inertial sensors (inclinometers and accelerometers) was used for bridge deck vibration monitoring. The primary aim of the
research was to investigate the possibility of assessing the safe operation of the bridge using a monitoring system consisting of a limited
number of inertial sensors. The second aim was to verify the feasibility of calibrating the numerical model based on the results of dynamic
load testing. Numerical analyses of the behavior of the bridge during the passage of trains with speeds up to 200 km/h were carried out. The
developed and calibrated numerical model provides additional information about the overall structural vibrations, facilitating the interpreta-
tion of outcomes of the monitoring system. No significant impact of hanger vibrations on the monitored displacements and accelerations of
the bridge deck vibrations during the passage of trains was found. DOI: 10.1061/JBENF2.BEENG-6962. This work is made available under

the terms of the Creative Commons Attribution 4.0 International license, https:/creativecommons.org/licenses/by/4.0/.
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Introduction

Railway steel arch bridges, due to their specific dynamic properties,
are often the subject of scientific and research work. The research
conducted is most often related to numerical analyses supported
by short-term field testing of structures or long-term monitoring.
Lacarbonara and Colone (2007) investigated the dynamics of sim-
plified planar arch bridges using analytical and semianalytical ap-
proaches. Ribeiro et al. (2012) presented a three-dimensional
(3D) numerical model that is tuned using modal parameters ob-
tained by testing an arch bridge. The calibration process was
based on a genetic algorithm, followed by a numerical model val-
idation based on experimental, dynamic tests under railway traffic.
The resonant effects of traveling trains over arch bridges were an-
alyzed by Ju and Lin (2003). A 3D beam—shell model presented by
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Zeng et al. (2018) was used for the analysis of the vehicle—steel
arch bridge interaction where the trains are considered multibody
assemblies. The proposed method employed three solvers: vehicle,
bridge, and interaction. A numerical model of the six-span structure
carrying railway tracks was prepared. The mass of the concrete
ballast was accounted for in computations; however, its stiffness
was not considered. Zhao et al. (2019) identified the temperature-
induced/train-induced deflections of the same bridge girder from
deflection data obtained from the wavelet transform. Ding et al.
(2017) drew attention to the effects of train-induced transverse vi-
bration on the train running stability at the same bridge. Calgada
et al. (2002) described experimental and numerical dynamic analy-
ses of an old arch double-deck iron bridge when subjected to the
moving loads of the new light metro. Results obtained from numer-
ical simulations conducted on the basis of an experimentally cali-
brated finite-element model, both in terms of structural safety and
comfort of pedestrians and train passengers, are presented.
Hangers are a specific element of the arch bridge structure.
Malm and Andersson (2006) presented large vibrations of the
hangers of a steel arch-tied railway bridge, which were observed
during train passages. The low damping in the hangers has a
large influence on the risk of fatigue failure. Andersson et al.
(2015) studied the use of passive and adaptive damping systems
to mitigate vibrations in the same bridge during resonance. Duan
et al. (2022) conducted train-induced dynamic response and fatigue
damage analyses for the hangers of an arch-tied railway bridge.
Ding et al. (2016) presented field monitoring of the train-induced
hanger vibration in the previously presented bridge and stated
that there is no correlation between vibration amplitudes of the
hanger and the main girder. Zhong et al. (2018) analyzed the fa-
tigue behavior evaluation of hangers at this bridge. Salamak et al.
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(2023) presented the finite-element model updation of steel hangers
in an existing railway steel arch bridge based on vibration signals
acquired from the long-term vibration-based structural health mon-
itoring system.

This paper presents a case study of field tests and numerical
analyses of a steel arch bridge at a high-speed railway line in
Poland. Before putting the bridge with a single railway line into ser-
vice, static and dynamic load tests were carried out. Before con-
ducting the static tests, the presence of intense (visible to the
unaided eye) undamped vibrations of some hangers in the horizon-
tal direction transverse to the track axis had been noticed. These
vibrations occurred without the presence of a railway load on the
bridge. During the 3 weeks before the dynamic test, this phenom-
enon occurred irregularly. There were days without the occurrence
of such vibrations visible to the unaided eye. A similar resonance
phenomenon appearing at a steel railway bridge, which was visible
on the slender hangers connecting the arch girder and the main truss
girder under certain wind conditions, was presented by Link et al.
(2002).

The measurements under static and dynamic loads and numeri-
cal analyses did not indicate a decrease in the load capacity of the
structure due to the hanger vibrations. The bridge was put into ser-
vice, and vibration monitoring of the hangers was performed. A
similar phenomenon, but with smaller vibration amplitudes, also
occurred on the twin span (separate structure) serving the opposite
direction of the railway. For a year, the bridge deck vibrations were
monitored both with and without the load of moving trains under
the influence of wind, temperature changes, and insolation. In the
first 2 months of monitoring the behavior of the bridge deck, the
hangers were not modified. In the remaining period, masses con-
centrated in the middle of the length of the hangers were added
to the hangers, modifying the frequencies of their vibrations. Even-
tually, this solution was abandoned, and the hangers were replaced
with new ones that allowed for adjusting the tension force. This was
done after the end of the presented monitoring of the bridge deck
behavior. Further studies and analyses related to the hanger vibra-
tions and their potential fatigue were carried out by other teams and
are the subject of a separate publication (Bleja and Zottowski
2021).

The field tests used for the calibration of the numerical model,
as well as the first 2 months of the monitoring period, were con-
ducted without the masses installed on the hangers for vibration
reduction. Both ends of the hangers were welded, preventing
any adjustment of the tension forces. The numerical model did
not include the concentrated masses that were later installed
after the numerical model calibration was completed. Numerical
analyses showed no impact of the tension force on the displace-
ment and acceleration deck due to moving loads. The beating vi-
brations also occurred after the installation of the concentrated
masses but with a slightly smaller amplitude. The beating effect
occurred both during train passages and when no train was on
the bridge.

Due to the use of an innovative system for monitoring displace-
ments and accelerations, the research presented in the paper is of a
cognitive and practical nature. The basic cognitive objective of the
presented research was to verify the possibility of bridge deck vi-
bration and deflection monitoring using a measurement system
consisting of a limited number of inertial sensors.

The basic practical objectives of the presented research included
1. verification of the feasibility of calibrating the numerical model

based on the results of the dynamic load testing and its use dur-

ing the service of the bridge; and
2. monitoring bridge deck vibrations in the presence of poorly
damped vibrations of hangers.
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Railway Arch Bridge

Description of the Structure and Its Numerical Model

The bridge consists of two separate steel arch structures, each for a
single rail track. The span of both bridge structures is 75.00 m
(Fig. 1). Each of the structures was designed for train speeds up
to 250 km/h, and after load testing, it was approved for this
speed, with the condition that additional experimental verification
would be required for train speeding above 200 km/h. However,
during the initial monitoring period, the maximum speed was
160 km/h, which was later increased to 200 km/h after 5 months.
A general view of the components included in the numerical
model for a single structure is illustrated in Fig. 1(c). The main

Fig. 1. Tested bridge: (a) side view; (b) view from the track level; and
(c) modeled structural components of the bridge: 1 =box section cross
beam; 2 =1 section cross beam; 3 =beam girder; 4 =arch girder; 5=
hanger; 6=lateral bracing; 7 =track; 8 =ballast; and 9 =concrete
slab. (Image by Piotr Olaszek.)
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steel structure consists of a pair of parallel arch girders, rigidly con-
nected using five lateral bracings and a pair of horizontal beam
girders linked to each other by means of 17 cross beams. The
arch and beam girders are connected using 13 evenly distributed
pairs of hangers modeled by the Euler—Bernoulli beam elements.
The hangers were welded to the arch and beam girders without pos-
sibly adjusting the tension force. For the numerical model pur-
poses, the hangers’ tension force values were taken from the
technical documentation of the bridge. At support zones, the arch
and beam girders were joined together.

Due to their complex closed box cross sections, all girders, side
braces, and the two extreme transverse beams were modeled using
shell elements. The model includes longitudinal and transversal in-
ternal stiffeners of the girders. The shell elements were also applied
for the remaining 15 equidistant cross I-beams linking beam girders.
A concrete slab was installed on the upper side of the cross beams
using steel bolts. The concrete slab, analogous to the railway ballast,
was modeled by hexahedral elements. The kinematic constrains cou-
ple the generalized displacements between the cross beams and the
concrete slab and between the concrete slab and railway ballast.

The railway ballast directly supports the railway track, which
consists of 121 concrete sleepers and 2 rails. The track was mod-
eled by Euler—Bernoulli beams.

Both the concrete plate (approximately 35 cm thick) and the
railway ballast (approximately 62 cm thick, with Young’s modulus
of 0.15 GPa and a density of 1,100 kg/m?) were modeled as sepa-
rate, homogenized elastic layers using brick elements. In contrast,
the railway track was implemented using Bernoulli beam elements:
sleepers (16 x 23 cm) were modeled with a rectangular cross sec-
tion, and rails (type UIC 60) were modeled with a generalized
cross section.

The model and analyses were performed using Abaqus (version
6.24) (2024) software. For the first computation purposes, the ma-
terial data were taken from the technical documentation of the
bridge. Subsequently, Young’s modulus of the concrete slab, the
density of the railway ballast, and the damping parameters were up-
dated in a two-stage process of numerical model calibration, which
is discussed in the section “Numerical Model Calibration.”

Scope of Measurements during Load Testing and
Monitoring during Operation

During the static and dynamic load testing, measurements of verti-
cal displacements were taken at three cross sections of the span, lo-
cated at 1/4, 1/2, and 3/4 of the span. During load testing, the
highway traffic under the bridge was partly limited, which allowed
the application of inductive gauges located under the bridge. Wires
were attached at one end to the girder at the measurement location
points and at the other end to springs fixed to the ground. Sensors
(inductive gauges) were attached to the wires. During the dynamic
tests, the acceleration of vibrations on girders and selected hangers
was also measured. An innovative system for determining displace-
ments indirectly using inertial sensors (inclinometers and acceler-
ometers) was used for monitoring. Inclinometers were installed in
one line on a bridge span, and an accelerometer was installed at
the point of displacement examination. Signals from inclinometers
were used to determine the so-called quasi-static component of the
displacement, while signals from the accelerometer were used to
determine the dynamic component. Details of the sensors and algo-
rithms used for signal processing and indirect displacement deter-
mination are presented in Olaszek et al. (2020). For testing
purposes, a limited number of sensors were applied. Extreme dis-
placement values were determined and compared with numerically
determined values, whereas extreme amplitudes of vibration
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acceleration in specific frequency ranges were compared with per-
missible or numerically determined values. A diagram of the loca-
tion of measurement points is presented in Fig. 2.

Bridge Load Testing and Numerical Model Calibration

Specific Behavior of the Hangers

Before the static tests of the first span began, the presence of intense
(visible to the unaided eye) undamped vibrations of some hangers
in the horizontal direction transverse to the track axis was noticed.
The accelerations of the vibrations of one of the hangers (No.
8HR), recorded at 1/4 length, are presented in Fig. 3.

The double vibration amplitude of the hangers was determined by
double integration of the recorded acceleration fragment. The double
integration error was reduced by removing any linear trends to obtain
symmetric vibrations about the zero position. The determined dis-
placement history was also verified by the double integral of the trig-
onometric function with known frequency and amplitude. The
obtained value of the double amplitude of displacement was approx-
imately 4 mm at 1/4 of the length of the hanger, which, due to the
shape of the modal vibrations, indicates that a double amplitude of
displacement (at 1/2 of the hanger length) was about 8 mm. There
were two similar frequencies in the spectrum of measured vibration
accelerations (5.078 and 5.099 Hz). A very small difference in the
natural frequencies of only about 0.02 Hz was the reason for the
beating phenomenon, i.e., the overlapping of vibrations leading to
oscillations with very large amplitudes. Beating is an internal reso-
nance in which slight external excitations, such as vibrations caused
by the road traffic under the bridge or gusts of wind, can cause very
large amplitudes of vibrations. It was also observed that high-
amplitude vibrations were transmitted from one hanger to another,
both within one arch and to the adjacent arch, and there was signifi-
cant excitation of vibrations of hangers during the passage of trains.

The hangers are bars made of Y1880 steel with Young’s mod-
ulus of 195 GPa and a circular cross section with a diameter of
80 mm. The considered hanger (No. 8) has a length of 11.003 m
and a designed tension force of 255.4 kN. This yields a uniform
stress level of 50.8 MPa in the bar and a computed first natural fre-
quency of 4.97 Hz. The relationship between the calculated natural
frequency of the hanger (No. 8) and the tension force, expressed by
uniaxial stress level, was determined. The estimated stress level for
the measured dominant natural frequency of 5.099 Hz was equal to
55.15MPa, which implies a slightly higher tension force
(277.2 kN) than the designed one, an increase of 8.5%.

On both sides of the bridge, the ends of each hanger were
welded to the horizontal girder and the arch. As a consequence
of the characteristics of welded joints, fatigue failures appear in
welded structures mostly at the welds rather than in the base
metal, even if the latter contains notches such as openings or re-
entrant corners (Fricke 2003). An example of a threat is the study
of a railway bridge by Klinger et al. (2014), which shows a fatigue
crack near a butt weld of a hanger. Moreover, the evaluation of
welded joints is complicated, especially with fillet welds that are
more sensitive to fatigue stresses. Also, it is recommended to
carry out additional ultrasonic tests (Berthellemy 2018).

Due to the adverse nature of the problem in the case of the rail-
way arch bridge presented here, the attenuation of ambient-induced
hanger vibrations was also handled by a separate team (Bleja and
Z6towski 2021). Negative dynamic behavior of the hangers in a
tie arch bridge may result locally from insufficient tension under
dead load. Such a situation may occur because of objective assem-
bly imperfections. The results of measurements under static and
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(LT)

8HR
7HR
6HR

/ N

3L, 7L, 1L 3R, 8R, 11R
(b)

1L, 3-4L, 6L

6HL

N

Fig. 2. Diagram of measuring points’ location in (a) isometric; and (b) cross-sectional views. LT =load testing; 3L, 3R, 7L, 8R, 11L, and 11R=
points of deck vertical displacement measurement and deck vibration acceleration measurement; 6HR, 7HR, and 8RH = points of hanger vibration
acceleration measurement; MO =monitoring; 1L, 3—4L, and 6L = points of deck inclination measurement; 3—4L = point of deck vibration acceler-
ation measurement and deck vertical displacement monitoring; 6HL = point of hanger vibration acceleration measurement. The numbering of points
is consistent with the numbering of hangers; L and R stand for the left and right sides of the viaduct, respectively.

dynamic loads and numerical analyses did not indicate a decrease
in the load capacity of the structure due to the hangers’ behavior
described previously. Based on the numerical model of the isolated
hanger (No. 6) and the assessment of the amplitude of beating vi-
bration of the hanger (approximately 4 mm at 1/4 of the length of
the hanger), the resulting stress from vibration and tension (von
Mises—Rao 2017) at its ends was evaluated at the level of
60 MPa. This value is much lower than the ultimate strength of
the hangers (1,880 MPa) and connectors (>490 MPa). However,
due to the risk of fatigue, remedial work was undertaken to reduce
vibrations. In the first stage, mass weights were installed on the
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hangers to change the inertia of the system. However, the
ambient-induced vibration levels were still present with only a re-
duction in amplitude. For this reason, the railway authorities soon
decided to replace the hangers with ones having adjustable tension.
After replacing the hangers, the vibrations generated by environ-
mental factors were eliminated.

Numerical Model Calibration

The bridge is a relatively new structure, and its numerical model
was developed based on the design documentation. The numerical
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Fig. 3. Accelerations of vibrations of one of the hangers (No. 8HR) recorded at 1/4 length before starting the static tests (with 10-Hz low-pass fil-
tering): (a) nonstopping vibrations recorded for over 25 min; (b) 5-s fragment of vibrations from about 20 min of recording; and (c) spectral analysis

of vibrations with additional fragment magnification of about 5.090 Hz.

model was calibrated using the results of tests conducted during
load testing of the bridge. Load testing involved the operation of
a test train, comprising two ES64U4 locomotives and four passen-
ger cars of Type 154A, traveling at speeds of 10 km/h (quasi-static
speed) and 200 km/h (maximum allowed speed).

The recorded displacement and acceleration profiles were used
for the calibration of the numerical model of the structure. Model
calibration was carried out in two stages.
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1. Calibration with quasi-static load testing at a train speed of
10 km/h, aimed at determining the Young’s modulus of the con-
crete slab.

2. Calibration with dynamic load testing at a train speed of

200 km/h, aimed at determining Rayleigh damping parameters
and the modeled mass of the viaduct—in this case, it was ad-
justed by altering the density of the railway ballast preserving
its design volume.
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Table 1. Parameters for the calibration and discretization of the numerical model and the estimated values

Parameter Range Step Estimated value Calibration type
Young’s modulus (concrete) (GPa) 32-36 1 35 Static
Density (railway ballast) (kg/m®) 700-1,500 200 1,100 Dynamic
Rayleigh damping parameter o 0.2-0.5 0.05 0.35 Dynamic
Rayleigh damping parameter 3 0.002-0.005 0.0005 0.004 Dynamic

The calibration of the numerical model was performed by com-
paring the measured displacements with computed displacements
at the 1/4, 1/2, and 3/4 span lengths (Locations 3L, 7L, 8R, 11L,
Fig. 2) for a predetermined range of the parameter under investiga-
tion. In the first stage of calibration, all cross sections were taken
into account, and in the subsequent ones, due to relatively small
displacement values, the central cross section was omitted. For
each parameter value (i.e., concrete slab Young’s modulus for
quasi-static load testing) and set of parameter values (i.e., railway
ballast density and Rayleigh damping parameters for dynamic
load testing), the structural responses were recalculated. The
value of the parameter for which the smallest sum of absolute dif-
ferences between the computed and measured displacements was
obtained was considered established and used for further calcula-
tions. For the calibration with quasi-static loading, a passage of
the test train at a speed of 10 km/h was used, where the stiffness
of the structure predominantly affects the deflection. As a result
of the numerical calculations, Young’s modulus value of 35 GPa
for the concrete slab was obtained. The ranges of the considered pa-
rameters for the numerical model calibration, their discretization,
and the estimated values are summarized in Table 1.

The results and comparison of the numerical modal analysis and
the spectral analysis of the measured displacements and accelera-
tions regarding the free vibrations are presented in Table 2. The
conformity of the calculated and measured two lowest eigen fre-
quencies for lateral vibrations was 104% and for vertical vibrations
103%. In the case of modal shapes corresponding to higher natural
frequencies, these discrepancies are slightly larger, ranging from
91% to 111%.

The damping of free vibrations was defined by determining the
logarithmic damping decrement (LDD) on the basis of the displace-
ment waveforms. Due to the presence of one dominant vibration
frequency, it was possible to determine it directly without using
band-pass filtering or other methods to utilize knowledge of ampli-
tude beat presence (Nakutis and Kaskonas 2011). The LDD deter-
mined on the basis of measurements was in the range of 0.1798—
0.2050 (equivalent to the damping ratio £ within the range of

0.0286-0.0326), while in the numerical model, it was assumed as
£=0.0369. This corresponds to the compliance of the numerical
model with the measurement results within the range of 113%-—
129%.

The presented analysis also focused on the selection of a moving
load model. The load from a passing train was modeled using two
approaches: the moving concentrated forces model (MCFM),
which assumes the same axle load in a specific section of the rail
vehicle, evenly distributed over two rails, and the moving inertial
mass model (MIMM), which considers the interaction between
the rail and the vehicle (mass element sliding on the rail), account-
ing for inertial effects on structural vibrations. In the case of cali-
bration with dynamic load testing, a passage of a test train at a
speed of 200 km/h was used.

In the MCFM approach, each axle load is modeled using a pair
of concentrated forces, with one force acting on each rail and pro-
portionally distributed among the adjacent rail nodes. In contrast,
the MIMM method utilizes contact phenomena to describe the
load transfer to the rails. Both of these load scenarios, depending
on the train speed, have been implemented as batch files.

For both the MCFM and MIMM models, a railway ballast den-
sity of 1,100 kg/m® was obtained (assuming a constant design vol-
ume of railway ballast). Following the described procedure, the
Rayleigh damping parameters were determined (a¢=0.35, =
0.004).

The comparison of measured and calculated (with the use of
MCFM and MIMM) vertical displacement of the beam girder
near Hanger no. 3 (extreme displacement section) during a test
train passage with a speed of about 200 km/h is presented in
Fig. 4(a). Analogous comparison of measured and calculated verti-
cal acceleration of beam girder vibration near Hanger no. 8 (section
of high-level hanger vibrations) during a test train passage with a
speed of about 200 km/h is presented in Fig. 4(b). The low-pass fil-
ter of 30 Hz was applied to all the calculated and measured time
histories of acceleration. In the case of bridge deck vibrations,
the 30 Hz filtration limit frequency results from the ballast stability
conditions (Calgaro et al. 2010). Fig. 4(c) shows the acceleration

Table 2. Results and comparison of the theoretical modal analysis and spectral analysis of the measured displacements and accelerations of free vibrations

Calculated Measured
Conformity

Mode Modal frequency Bridge Frequency Calculated/measured
no. Characteristics of mode shape (Hz) element Direction (Hz) (%)
Ist Symmetric lateral bending of the arch (D) and torsion 0.94 Arch Lateral 0.90 104
of the deck Deck Lateral 0.92 102
2nd Antisymmetric vertical bending of the full bridge 1.87 Deck Vertical 1.82 103
3rd Antisymmetric torsion of the full bridge 2.17 Deck Vertical 1.95 111
Arch Lateral 2.16 100
4th Antisymmetric vertical bending of the full bridge 2.60 Deck Vertical 2.86 91
17th Symmetric vertical bending of the full bridge 3.24 Deck Vertical 3.03 107
35th Symmetric vertical bending of the full bridge 5.26 — — — —

Notes: The terms antisymmetric or symmetric refer to the direction along the bridge. Dominant vibrations are marked (D). Selected mode shapes are presented,
hanger vibrations (local modes) dominate in Modes 5-16 and 18-34.
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frequency spectra of the measured and calculated bridge deck vi-
bration. In the signals recorded by measurement sensors, two fre-
quencies (3.0 and 6.2 Hz) dominate, while the frequency
contributions in numerically modeled responses are mainly dis-
persed across lower frequencies; also, bridge vibrations modeled
under inertial loading are observed in the frequency range above
6.2 Hz.

The comparison of the calculated displacements of forced vibra-
tions with the measured one was carried out using two parameters.
The first parameter, which is commonly used, is the mean absolute
percentage deviation (MAPD) of the peak values (negative or pos-
itive) of the calculated and measured displacements as determined
by the following equation:

100 &
MAPD=7Z

i=1

Dcal i Dmeai

1
Dmeai ( )

where i =ith bridge measurement point; D, = peak of calculated
values; Dy, =peak of measured values; and # =number of com-
pared pairs of calculated and measured values.

Due to the symmetry of the bridge with respect to the vertical
plane passing through the track axis and the planned limitations
of the bridge monitoring to the left girder, points on the left side
were selected for analyses. Because of the small values of the de-
flections, Midpoints 7L and 8R were not taken into account. Due
to the structural characteristics involving deflections both down-
ward (caused by direct load) and upward (resulting from indirect
load—on the other part of the bridge), negative and positive
peaks were calculated separately when determining the MAPD.

Following Aloisio et al. (2022), to estimate the degree of simi-
larity between calculated and measured forced vibration time dis-
placement histories (without the part regarding free vibrations),
the second parameter, called correlation coefficient (CC), was
used. The CC p(dcal, dmea) Was calculated as follows (Stuart and
Ord 1995):

1 N dcal i — Heal dmea i~ Mmea
P(dcal is dmea i) = N =1 Z( 1) ( ) (2)

=1 Ocal Omea

where i = ith measured or calculated value; g, and o, = mean and
standard deviation of calculated values; t,c, and oy, = mean and
standard deviation of measured values, respectively; and N =num-
ber of observations.

The determined parameters (MAPD and CC) for the passage of
the test train at speeds from 10 to over 200 km/h (exactly 205 km/h)
are shown in Fig. 5. In the case of MAPD, n=2 (number of com-
pared pairs of calculated and measured values), and in the case of
CC, N varies from 2,030 to 35,250 (number of observations—de-
pending on the cycle duration and sampling rate). Up to the test
train speed of about 130 km/h, both MAPD (<5% for MIMM
and <7% for MCFM) and CC (>0.99 for MCFM and MIMM) in-
dicate a high agreement between the calculated and measured dis-
placements. From a speed of 180 km/h, the calculated values are no
longer as consistent with the measured results. The greatest discrep-
ancies occur at a speed of approximately 205 km/h. In the case
of the MIMM, there is also a significant discrepancy at about
180 km/h. Due to smaller deviations of peak values at most speeds
of'the test train passage and good waveform conformance described
by CC, MIMM was adopted for further analysis. The numerical
models of the moving load included both concentrated forces and
sliding mass over the rails with contact but without the suspension
of the train. This may result in different responses for trains at
higher speeds.
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Analysis of Bridge Deck Vibrations

A detailed analysis of numerical results for bridge deck vibrations
during a train passage with a speed of 205 km/h was conducted.
Time histories of accelerations were determined at all points spaced
every 0.25m (acceleration control points) on the beam girder
(along the middle line of the bottom and upper surfaces) and con-
crete slab (along the middle line of the bottom surface). After ap-
plying 30-Hz low-pass filtering, for each acceleration control
point, extreme values from all waveforms were determined and
are marked on the graphs presented in Fig. 6. Comparison of the
calculated and measured values was carried out at four points of
the girders (dot markers in Fig. 6). Extreme acceleration values oc-
curred at control points of the concrete slab located in the zone be-
tween Hanger nos. 3 and 4 and at the end of the slab (looking in the
direction of the traveling train). All extreme values were well below
the limit value of 3.5 m/s®, which is a limit of creating the risk of
destabilizing the ballast (Calgaro et al. 2010).

Results of Monitoring and Numerical Analyses

In addition to data from inclinometers and accelerometers and the
displacements determined on their basis, the monitoring system
also used external data about train passages: type of train
(multiple-unit passenger trains or a separate locomotive with
cars), gross weight, and the length of the train. The data were pro-
vided by the Railway Traffic Management Centre in an off-line and
semiautomatic mode. On the basis of these data from the railway
timetable, supplemented with the catalog data of rolling stock man-
ufacturers and determined on the basis of measurements of travel
speed, theoretical courses of displacements and acceleration were
determined using MIMM at the displacement monitoring point,
i.e., at 3—4L. Over the first 8 months of monitoring, on average
once a month, the reference sensor (inductive transducer based
on the adjacent structure) was installed at the 3—4L point for
short comparison tests (Olaszek et al. 2020). Examples of the de-
flection and bridge deck and hanger acceleration time histories re-
corded during such tests are shown in Figs. 7 and 8.

The selected examples concern trains with significantly different
axle load distributions. Fig. 7 shows the results of bridge behavior dur-
ing the passage of a locomotive with 14 passenger cars traveling at a
speed of about 150 km/h, while Fig. 8 illustrates bridge behavior dur-
ing the passage of a multiple-unit passenger train moving at a speed of
about 200 km/h. The following comparison parameters (presented in
the section “Numerical Model Calibration”) for the displacement of
forced vibrations were obtained and are presented in Table 3.

The determined parameters comparing the calculated and
measured values using the reference method [except for the
MAPD,sitive Value from Fig. 7(a)] are similar to the analogous pa-
rameters determined during dynamic load testing (Fig. 4). The de-
termined parameters comparing the measured values from the
inertial method and the reference method confirm the high accuracy
of the inertial method for the indirect determination of displace-
ments. This is especially noticeable in the case of negative values
where the MAPD is equal to or less than 2.3%.

In a similar way, as shown in Fig. 6, the extreme values from the
calculated time histories of vibration accelerations at the control
points of the girders and concrete slab were determined and are pre-
sented in Figs. 9(a and b). The computations were performed for
the train speeds of 150 km/h [responses presented in Fig. 7(b)]
and 200 km/h [responses presented in Fig. 8(b)], respectively. In
both ca2ses, all extreme values were well below the limit value of
3.5m/s".
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Fig. 4. Comparison of measured and calculated (with MCFM and MIMM) values during the passage of a test train at a speed of about 200 km/h: (a)
vertical displacement of the beam girder near Hanger no. 3: time history of measured displacement, Line dy,e, 31; time history of calculated displace-
ment, Lines dyicrvm 31 and dvmvam 31; (b) vertical acceleration of beam girder vibration near Hanger no. 8 (applying the low-pass filter of 30 Hz):
time history of measured acceleration, Line ay,e, gr; time history of calculated acceleration, Lines aycrwm sr and anvivim sr; and (c) acceleration fre-
quency spectra of the measured and calculated bridge deck vibrations.
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calculated separately at Points 3L and 11L for both moving load models (MCFM and MIMM).
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Fig. 6. Numerical analysis (MIMM) of acceleration of beam girder (bottom and upper surfaces) and concrete slab vibrations along the span length
during the passage of a test train at a speed of about 205 km/h; graphs present the calculated extremal amplitudes of vibration acceleration along the
span during train passage; a low-pass filter of 30 Hz was applied. Dots marked points of comparison (during model calibration) of calculated and
measured values.
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Fig. 7. Example of the recorded behavior of the bridge during the passage of a locomotive with 14 passenger cars at a speed of about 150 km/h:
(a) time history of the displacement of the beam girder between Hanger nos. 3 and 4—measured with the reference sensor (dy.r 3_41.), measured in-
directly using inertial sensors (dine; 3-41), and calculated (dyivm 3-41); (b) time history of the acceleration of beam girder vibrations between Hanger
nos. 3 and 4—measured with the accelerometer (Line @y,e, 3_41) and calculated (Line ac, vinviv 3-41) Using a low-pass filter of 30 Hz, along with the
frequency spectra; (c) time history of the acceleration of Hanger no. 6—measured and low-pass-filtered 30 Hz (Line @yen ¢ur 3012) and 12 Hz

(Line apmea sHL 12 H2)> @long with the frequency spectra.

During the train’s passage over the bridge, the extreme deflec-
tions occur at 1/4 of the span (usually the highest amplitude
when the train enters the bridge—it depends on the train speed)
and at 3/4 of the span, when the train leaves the bridge. The dis-
placement amplitude in the middle of the span reaches about
50% of the maximum deflection. This lower value is caused by
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the high tensile force in the horizontal girders when the train occu-
pies the entire span. The lower displacement results in a lower ac-
celeration amplitude at specific train speeds.

An analysis of recorded vibrations of the selected hanger was
also carried out, and the lowest dominant vibration frequencies
were determined. To visualize these vibrations, different low-pass
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Fig. 8. Example of the recorded behavior of the bridge during the passage of a multiple-unit passenger train at a speed of about 200 km/h: (a) time
history of the displacement of the beam girder between Hanger nos. 3 and 4—measured with the reference sensor (d,.r3_41 ), measured indirectly using
inertial sensors (diner 3-41 ), and calculated (dyvvim 3-41); (b) time history of the acceleration of beam girder vibrations between Hanger nos. 3 and
4—measured with the accelerometer (Line a., 3_41) and calculated (Line @c, minm 3-41) Using a low-pass filter of 30 Hz, along with the frequency
spectra; and (c) time history of the acceleration of Hanger no. 6—measured and low-pass-filtered 30 Hz (Line @, srr 30 112) and 5 Hz (Line @peq 6ar

5 1z), along with the frequency spectra.

filtration thresholds were used in Figs. 7(c) and 8(c) (as illustrated
by the frequency spectra). Measurements of vibration accelerations
were carried out at 1/4 of the length of the hanger, and on their
basis, the extreme values of the displacements occurring at this
point were estimated using the double integration method. The vi-
brations in Fig. 7(c) had a frequency of approximately 11.6 Hz,
which corresponded to double amplitudes of vibration
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displacement of approximately 0.37 mm, and the vibrations in
Fig. 8(c) had a frequency of approximately 4.1 Hz, corresponding
to double amplitudes of approximately 0.27 mm. Although these
vibrations had much smaller amplitudes compared to the vibrations
recorded in the first period of operation—before modifying the
hangers by adding masses—there was still weak damping present.
In Fig. 8(c), the beating phenomenon resulting from the occurrence
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Table 3. Comparison of parameters for displacement of forced vibrations during the passage of a locomotive with passenger cars and a multiple-unit

passenger train

Train type and Speed MAPDpositivc (%) MAPDncgativc (%) P
Comparison of displacements calculated and measured with the reference method
Train no. 1, 150 km/h 32.1 9.3 0.945
Train no. 2, 200 km/h 7.2 9.0 0.967
Comparison of displacements measured with inertial sensors and the reference method
Train no. 1, 150 km/h 5.4 1.4 0.959
Train no. 2, 200 km/h 5.8 2.3 0.971
Notes: Train no. 1 =a locomotive with 14 passenger cars; Train no. 2 =a multiple-unit passenger train.

of two similar vibration frequencies is still visible (4.12 and
4.21 Hz).

During the monitoring of the bridge, significant temperature
changes during the 11-month period were recorded: from —8°C
to +33°C (measurements taken around noon). A significant influ-
ence of temperature changes on static structural displacements

more detail in Olaszek et al. (2020). A challenge was to model
the real structural behavior of the bridge, mainly due to the un-
known or difficult to measure temperature distribution over the
bridge. However, some simplified temperature change scenarios
were considered as follows:

1. A uniform temperature increase of 5°C on the whole structure

was observed. Such behavior manifests in long-term and short-term caused longitudinal displacement up to 4.5 mm at the movable
periods for both longitudinal and transversal displacements. For ex- support.

ample, the recorded vertical displacement variation at 1/4 span 2. A uniform temperature increase of 5°C on the steel structure
length, measured by the total station, caused by a temperature caused a bending mode of the bridge with displacement in the
change of 28°C, reached 10 mm. This topic was discussed in middle of the span by 3.2 mm.

20 T

=1
(4]
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Hanger No.

20

Acceleration [m/52]

(W)

Hanger No.

-—-concrete slab ——girder/bottom - --girder/upper ® vibration measurement point

Fig. 9. Numerical analysis (MIMM) of the acceleration of beam girder (control points at bottom and upper surfaces) and concrete slab vibrations
along the span length during the passage of (a) a locomotive with 14 passenger cars at a speed of about 150 km/h [Fig. 7(b)]; and (b) a multiple-unit
passenger train at a speed of about 200 km/h [Fig. 8(b)]. Graphs present the calculated extremal amplitudes of vibration acceleration along the span
during the passage of all trains; a low-pass filter of 30 Hz was applied. The dot marked point indicates the vibration measurement at the girder (control
points on the upper surface) during monitoring.
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Fig. 10. Example of (a) displacement; and (b) acceleration of vibration after 30-Hz low-pass filtering of the beam girder between Hanger nos. 3 and 4
monitoring under a load of multiple-unit passenger trains for 1 month (415 passages): extreme displacement versus speed; upper dot markers, neg-
ative; lower plus markers, positive; three upper and lower lines correspond to the numerically determined extreme deflections (MIMM) from an empty
train (dotted line), the state of normal use (dashed line), and the fully loaded state foreseen by the manufacturer (solid line).

3. A temperature increase of 5°C on the outer wall of the arch-tied
girder caused twisting of the bridge; the heated girder was lifted
by 1.5 mm and defected the other girder by 0.3 mm.

Summary of Monitoring Results and Discussion

During the monitoring period (11 months), 11,259 trains passed
over the viaduct. Cumulative comparative analyses were performed
for multiple-unit passenger trains (ED250—popular name Pendo-
lino). It was the only type of train allowed to run at speeds up to
200 km/h during the monitoring period. The monitoring system re-
corded and correlated 4,692 passages of such trains with the rail-
way timetable. The remaining passenger trains were running at a
maximum speed of 160 km/h.

Fig. 10 shows the relationship between the extreme negative and
positive displacements and accelerations recorded by the system
monitoring versus train speed during the 1-month period—415 pas-
sages of the multiple-unit passenger trains ED250. This was the
month with a permissible speed of 200 km/h. It should be noted
that due to time reserves in the timetable and the proximity of
the destination station, not all trains were running at maximum
speed. Most of the trains reached the speed of 180-200 km/h.
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Fig. 10 illustrates a set of three lines (lower—upper for positive
and lower for negative values), each corresponding to the numeri-
cally determined extreme deflections [Fig. 10(a)] and accelerations
[Fig. 10(b)] from an empty train (dotted lines), the normal state of
use (dashed lines), and the fully loaded state foreseen by the man-
ufacturer (solid lines). A comparative analysis of the data from
Fig. 10 is presented in Table 4.

Average deviations and average relative deviations of measured
displacement and acceleration from the calculated values for the
fully loaded state of trains were determined, along with the average
speed of train passages. The percentage of train passages with mea-
sured displacement and acceleration exceeding the computed ones
for the fully loaded state of trains was also reported. In the case of
determining displacements, 35% of train passages exceed the val-
ues corresponding to the numerically determined fully loaded
state of the train, and the average does not exceed 0.5 mm.
Fewer than 65% of train passages (with measured values exceed-
ing) exhibit a relative deviation of <5%, while fewer than 95% of
passages had a relative deviation of <10%. Taking into account
the estimated root-mean-squared deviation of the monitoring sys-
tem with inertial sensors, which is 0.64 mm (4.8%) for negative ex-
tremes and 0.53 mm (8.2%) for positive extremes (Olaszek et al.
2020), it can be concluded that the results of displacement
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Table 4. Analysis of the 415 passages of the multiple-unit passenger trains (Fig. 10)

Deviations of the measured values from the calculated fully loaded
state

Average relative

Kind of extreme Average deviation deviation (%)

Percentage of train passages with measured
responses exceeding the computed ones (fully
loaded state) with deviation

Above 0% Below 5% Below 10%

In relation to

Average measured speed All train
of train passages

passages (%) Passages with exceeding (%)

Vertical displacements

_ (mm) _
Negative 0.48 4.4
Positive 0.37 4.7
Vertical acceleration

_ (m/sz) _
Negative 0.09 16.3
Positive 0.08 13.2

(km/h) — — —
185 35 62 88
192 27 64 95

(km/h) — — —
185 62 22 42
179 15 32 60

Note: Comparison of the measured responses of trains with unknown load status to the calculated responses for the fully loaded state of trains.

measurements and calculations are consistent. The maximum de-
flection (negative value) of the bridge deck due to the passage of
atrain is a key parameter determining the correct and safe operation
of the structure. In the case of arch structures, an upward displace-
ment of the span is also characteristic. At higher train speeds, the
values of these displacements are comparable. Excessive displace-
ments can adversely affect the comfort of train travel and may be
associated with excessive accelerations of the bridge structure,
which can detrimentally impact the stability of the railway ballast.
Therefore, it can be concluded that the bridge did not show exces-
sive displacements caused by multiple-unit passenger trains ED250
passing at different speeds. In the case of vibration acceleration
measurements, there were much greater discrepancies between
measurements and calculations; 62% of train passages exceeded
the values corresponding to the numerically determined fully
loaded state, but the average value was low and did not exceed
0.1 m/s*. Fewer than 22% of train passages (with measured values
exceeding) showed a relative deviation of <5%, while fewer than
42% of crossings exhibited a relative deviation of <10%. The high-
est recorded vibration acceleration was equal to 1.04 m/s”.

Taking into account the proportions in Fig. 9(b), the extreme ac-
celeration on the concrete slab can be numerically estimated at
3.35 m/s, which is below the limit value of 3.5 m/s>. Only the
point marked with a dot is related to the measurement data. In
fact, the accelerometer was installed on the girder (steel structure)
and compared with the extreme accelerations computed for the
steel girder and the concrete slab [shown in Fig. 9(b) as interpola-
tion lines]. The accelerations were obtained for uniformly distribu-
ted points on the girder (along the centerline of the upper and
bottom surfaces) and the concrete slab (along the centerline of
the bottom surface).

In addition, it should be noted that the analytically determined
extreme amplitudes of accelerations are not repetitive cyclical vi-
brations but only of a single impulse occurring when the train
leaves the bridge span. According to Zacher and BaeBler (2008),
such (impulse) vibrations are not dangerous for the stability of
the railway ballast.

While monitoring, it was determined that hanger vibrations had
no notable influence on the monitored displacements and accelera-
tions of bridge deck vibrations when trains passed at high speeds.
Supplementary numerical analyses were also conducted to assess
the influence of hanger tension and temperature changes on the
bridge vibrations. Modal analysis revealed that changes in the
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design hanger tension force had a negligible impact on natural fre-
quencies and mode shapes. By uniformly reducing the tension
force in all hangers to up to 1/3 of their designed values, a numer-
ical analysis showed no significant perturbation in the dynamic be-
havior of the structure; however, it did influence the vibrations of
the hangers themselves (local modes). This is due to significant
stiffness differences between the main girders and the hangers. A
similar result was obtained for uniform temperature changes across
the structure. However, in the case of nonuniform temperature var-
iations (e.g., an increase in the temperature of steel elements while
maintaining the temperature of the concrete slab or an increase in
the temperature of sun-exposed structural elements), the numerical
calculations demonstrated the susceptibility of the bridge to defor-
mations that could lead to changes in hanger tension and conse-
quently may cause resonance phenomenon of different hangers
for different external conditions.

Conclusions

This paper presents the results of a year-long monitoring of a steel
arch-suspended railway bridge. Structures of this type allow for sig-
nificant span lengths and are cost-effective to build, but due to po-
tential corrosion, they also require regular maintenance. The
implemented monitoring system recorded signals from installed in-
ertial sensors (inclinometers and accelerometers), which were used

to analyze the vibrations of the structure (e.g., excessive hanger vi-

brations), including the assessment of structural deflections indi-

rectly. Vibration analysis was supported by a numerical model of
the bridge, calibrated using test train passages with known axle
loads and speeds. Two variants of moving loads were considered
for numerical calculations: noninertial (modeled by a moving sys-
tem of concentrated forces) and inertial (modeled by a moving sys-
tem of masses sliding on the rails). It should be emphasized that the
numerical analysis of vibrations induced by high-speed train pas-
sages is a complex task and should be supported by experimental
studies.

From the conducted research, the following conclusions can be
drawn:

1. The monitoring results demonstrate that monitoring the bridge’s
displacements using an indirect method, utilizing data from a
limited number of inclinometers and accelerometers, is feasible.
The obtained time-dependent displacements are consistent with
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numerical results and measurements. The conducted research

also positively verified the possibility of bridge deck vibrations.

2. The developed numerical model, calibrated using both quasi-
static and high-speed testing train passages, provides additional
information about the overall structural vibrations, facilitating
the interpretation of outcomes of the monitoring system.

3. In the case of this specific structure, the monitoring system pro-
vides near real-time information about excessive bridge deck
and hanger vibrations. The measurement data were transmitted
to the data center after each train passage.

4. The monitoring system allows for long-term analysis of mea-
surement data and provides the means for early detection of po-
tential excessive vibrations or deflections in the structure that
could lead to premature failure.

5. During the monitoring, no significant impact of immoderate
hanger vibrations on the monitored displacements and acceler-
ations of the bridge deck during the passage of trains at speeds
up to 200 km/h was found.

All engineering structures, especially arch-type structures, re-
quire meticulous construction, and in the case of hanger installa-
tions, there should always be provisions for adjusting their
tension, allowing for the correction of construction imperfections
in the girders and arch, as well as inaccuracies in tension arising
during hanger installation through welding them to the bridge deck.

Data Availability Statement

The collected data, together with the train timetable and the detailed
design geometry of the bridge, have been made confidential by
PKP Polskie Linie Kolejowe S.A. (Polish Railways); however,
upon request, the skeleton batch files for computing dynamic re-
sponses used in Abaqus software can be made available.
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