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Abstract. Non-destructive Structural Health Monitoring techniques can be incorporated into
bridge integrity management by assessing structural conditions. This paper describes a performance
assessment of a steel truss railway bridge in Bratislava using vibration-based techniques as a further part
of maintenance in addition to standard visual inspections. To obtain the necessary data, a multipurpose
measuring system was used. Various types of data were measured, e.g. accelerations, strains, and
displacements. The advantage of the multipurpose measuring system was that the traffic over the
bridge was not restricted, even though the bridge carries only a single curved track. Two test campaigns
were conducted to assess the performance of the bridge. One campaign was devoted to measuring
ambient vibrations in order to perform the operational modal analysis, and the second was carried out
to measure strains and displacements during a train passage. The results show a successful system
identification of the structure using ambient vibrations; and a finite element model was verified and
validated by a comparison of strains and displacements, as well as by modal parameters. According to
the results obtained, the structural health of the investigated bridge was satisfactory.

Keywords: System identification, performance assessment, steel truss bridge, ambient vibration, train
passage, FEM model, curved track.

1. Introduction
Bridges represent critical components of transporta-
tion networks, whether road or railway. Therefore,
administrators of railway networks around the world
are the most responsible for ensuring the integrity of
the networks with railway bridges being an integral
part of these networks. In many countries, only visual
inspections are periodically carried out on bridges
to detect structural deviations. To illustrate on the
example of Slovakia: The Railways of the Slovak Re-
public (ŽSR) have their own rules of bridge inspection
and the standard visual inspection of every bridge is
carried out by the employees of ŽSR once every three
years, unless the bridge is in poor condition (accord-
ing to the rating index). Maintenance activities can
be prioritised accordingly. However, the results of
visual inspections depend on the skill of the inspec-
tors and can be strongly affected by human errors
and, therefore, sometimes not be reliable. In addition
to that, they are time-consuming [1]. However, an
interesting project “Methods for achieving sustain-
ability of industrial heritage steel bridges” with ID:
DG18P02OVV033 is being solved in the Czech Re-
public to check and verify the state of steel bridges,
as well as to ensure integrity of the important parts
of networks. The book [2] shows some results of that
project. Main failures are also summarised there, e.g.
fatigue cracks, corrosion (loss of material), extreme
deflections caused by various accidents, malfunction
of supports, or simple degradation during operation.
As a result of this state, additional testing techniques,

such as structural health monitoring (SHM) [3, 4]
are required. According to [5], SHM could be com-
bined with and supplement visual inspections, which,
however, cannot be omitted. According to [6], the
information obtained by SHM should also be used
in decision-making of administrators, and interdisci-
plinary cooperation is necessary. At the same time,
information must be based on thoughtful measure-
ments and analyses, and not on subjective estimates.
Besides that, the costs of experimental tests are negli-
gible as compared to bridge renovation costs [7].

In recent years, various approaches to SHM have
been established, for example, classical SHM (de-
scribed in the following paragraph) or inverse SHM
approach (with moving sensors) used mainly on rail-
way bridges [8–10]. However, researchers also study
the possibility of using low-cost sensors as station-
ary real-time systems [11]. In the research field of
vibration-based SHM methods [12–19], the system
identification is mentioned as the first step [20] to de-
termine the current health of the structure [21]. The
task involves the identification of a dynamic system,
which is described by specific stiffness, damping, and
mass parameters [22, 23]. After that, various damage
detection and localisation algorithms can be used [24].

Therefore, in this paper, the initial system iden-
tification of the observed steel truss railway bridge
(Figure 1) is described and the first results are stated
to represent a background for future measurements
and decision-making by the administrators. The pa-
per also details the preparation and the performance
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Figure 1. Steel truss railway bridge in Bratislava.

Figure 2. Location of the steel truss railway bridge
in Bratislava, from [25].

of dynamic tests (together with the quasi-static one)
carried out during the first phase of the investigation.
In this case, the fact that the track on the bridge
is curved also posed a problem. As a result of this
curvature, the overall stress distribution, especially on
the bridge deck elements, but also on the main girders,
depends not only on the weight of a particular train
but also on its speed and the corresponding horizontal
centrifugal force.

The paper consists of several sections: Section 2 de-
scribes the bridge; Section 3 deals with the preparation
of experimental measurements, e.g. the characterisa-
tion of the FEM model and the placement of sensors;
Section 4 is devoted to the analyses of measured ac-
celerations; the strains are compared with numerical
calculations; Section 5 discusses the results. Finally,
the main conclusions are presented in Section 6.

2. Bridge description
The steel bridge is located at kilometer 6.124 of the
main connection between Bratislava and Žilina and
crosses over the four tracks of the line no. 120 (see
Figure 2). The track connects the stations Bratislava
– Vineyards and Bratislava – East on the line no. 609.
The load-bearing structure of the single span-bridge
(the total span is 56 m) consists of two main truss
girders with a lower open bridge deck. The bridge
deck consists of floor beams (with a length of 6.3 m)
and stringers (with a length of 5.6 m). The structure
has pinned supports on the side of the Bratislava –
East station (Figure 1, on the left side and Figure 3,
on the right side) and rollers towards the Bratislava –
Vineyards station.

Figure 3. Initial FEM model with curved track.

Figure 4. Detail of the FEM model with curved track.

The substructure consists of reinforced concrete
supports with sloping wing walls. The bridge carries
a single-track railway (Figure 3) (which is curved with
a radius of 400 m and is also elevated) with a speed
limit of 80 km h−1.

3. Preparation and execution of
tests

Dynamic tests were performed twice in a one-month
period. According to [26], the sensor configuration
is the key factor of the entire testing process. There-
fore, the bridge was equipped with various sensors, for
example, accelerometers, strain gauges, and thermo-
couples. IBIS-S interferometric radar was also used
to measure bridge displacements. These sensors and
devices were used to form a multipurpose measur-
ing system [27]. The measurements were preceded
by a review of available project documentation and
preparation of the initial finite element method (FEM)
model. The initial modal analysis was performed using
this FEM model to determine the optimal placement
of the accelerometers. A quasi-static analysis was also
carried out numerically to obtain expected stresses
on the stringers, where strain gauges were installed
as half-bridge completions.

3.1. FEM model
The detailed numerical model (Figure 3) of the bridge
was prepared. A special attention was paid to mod-
elling the surface bridge deck, which was guided along
a curve. To monitor stresses in detail in any place, the
load-bearing components (lower and upper chords, di-
agonal members, floor beams, stringers, and bracings)
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Figure 5. Locations of accelerometers and IBIS-S radar along the bridge.

were mostly modelled as shell elements of appropri-
ate dimensions (according to the documentation). In
addition, rails and sleepers were also modelled for
a proper load distribution (Figure 4).

The materials used are described in the following
Table 1.

Material E Poisson’s Density
[GPa] ratio [-] [ kg m3]

Steel 210 0.30 7850
Wood 13 0.40 800

Table 1. Characteristics of the materials used.

The weight of the entire structure, including rails,
sleepers, and other non-bearing parts of the struc-
ture such as sidewalks and railings, is approximately
240 tons. The non-bearing structure parts were mod-
elled as added mass.

3.2. Sensor network
The chosen positions of the accelerometers (Figure 5)
were determined from the initial modal analysis per-
formed on the FEM model described above.

The acceleration was measured in the vertical di-
rections (in the direction of Z axis) by ten sensors
to identify the vertical bending and torsional mode-
shapes. In addition, ten other sensors were positioned
in the horizontal direction. These were used to analyse
horizontal (in the direction of the Y axis) and tor-
sional mode-shapes. The last two sensors were used to
determine whether the sliding supports work properly.
In order to eliminate future environmental effects on
modal parameters, temperature sensors were placed
in proximity of the chosen accelerometers. Six con-
tact thermocouples were positioned evenly along the
bridge. The other two sensors measured air temper-
ature. Furthermore, several strain gauges (Figure 6)

Figure 6. Locations of strain gauges on the bridge.

were attached to the second stringers from the side of
the fixed supports (the station Bratislava – East).

3.3. Interferometric radar IBIS-S
The IBIS-S interferometric radar represents a device
suitable for measuring displacements of several points
along the structure. The radar transmits microwave
frequencies in short pulses and, based on the time dif-
ference between the transmitted and received signals,
the displacements of multiple points of the structure
are determined [28]. Depending on the intensity of the
reflected signal, a measurement accuracy of 0.1 mm
can be easily achieved. The use of radar interferom-
etry is, therefore, highly suitable for measuring the
response of bridges without traffic restrictions.

Although it is possible to measure at several loca-
tions at the same time, in this case, for the sake of
simplicity, attention was paid to measuring displace-
ments in one location only. The interferometric radar
was oriented toward the upper joint of the main truss
girder. The exact measured point (Figure 7) is located
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Figure 7. Exact point of the bridge structure moni-
tored by IBIS-S radar.

Figure 8. Projection of the measured displacement dR.

on the main girder of the bridge, in the middle of the
span.

The radar measures displacements (changes in dis-
tance) in the radial direction dR (Figure 8). The radial
displacement dR can be projected into the direction
of the effective displacement d (in this case in the
vertical direction) according to (1).

d = dR

sin α
= dR

R

h
(1)

The position of the radar is marked with an orange
dot in Figure 5. The orange arrow shows the radial
distance R between the measured point and the radar.
In this case, R was approximately 18.2 m.

3.4. Performance of the dynamic tests
As mentioned above, measurements were performed
over two days, one month apart. The temperature
reached 5 °C at the time of the first observation and
10 °C on the second day of the test.

One campaign was devoted to measuring ambient
vibrations in order to perform the operational modal
analysis, and the second to measuring strains and
displacements during train passages. In the course of
the measurements, the IBIS-S radar was located near
the abutment with fixed supports (Figure 5).

The displacement measurements were performed
in a dynamic mode with a sampling frequency of
200 Hz and a resolution of the measured points equal
to 0.75 m.

The traffic on the bridge is usually not very heavy;
therefore, many records of ambient vibrations were

Figure 9. The second identified natural frequency a)
vertical displacements caused by the train passage b)
mode-shape from the measured accelerations, and c)
mode-shape obtained by the FEM model.

logged using the multichannel data acquisition (DAQ)
system. Hence, dynamic properties could be extracted
from the ambient data. Additionally, the passages of
locomotives and cargo trains were recorded during the
second campaign. The stiffness parameter of the FEM
model was verified by a quasi-static test of the passing
train. The behaviour of the bridge deck, mainly of the
most loaded stringers, was compared to the calculated
stresses.

4. Bridge performance assessment
4.1. Analyses of measured data
Ambient vibration data were prepared using the codes
for pre-processing and processing (using stochastic
subspace identification – SSI), as mentioned in [29].
The data were then used similarly in the ModalVIEW
software as in [30]. The discrete-time Fourier trans-
form (DTFT; described in [31]) was used to identify
natural frequencies from the measured displacements
in order to compare them to those identified from the
measured accelerations.

As can be seen in Figure 9 a), the displacements
were extracted after the train (the single locomotive
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Mode-shape no. Description Calculated freq. [Hz] Measured freq. [Hz] Cross-MAC [-]

1 in Y direction 2.48 2.56 0.99
2 in Z direction 4.25 4.33 0.99
3 in Y direction 4.50 4.78 0.98
4 in Y direction 6.16 6.48 0.99
5 around X axis 7.11 7.42 1.00
6 in Y direction 8.33 8.85 0.96
7 in X direction 9.39 – –
8 in Z direction 11.31 11.09 0.95
9 in Y direction 11.37 11.91 0.92

Table 2. Comparison of identified mode-shapes and corresponding natural frequencies, as well as Cross-MAC values.

Figure 10. Locomotive type 240 with axle loadings
and spacings.

240 – Figure 10) left the bridge, that is, between 24–
27 s. The train speed during this passage (in the first
campaign) was approximately 40 km/h. This is also
described in Section 4.3 in more detail.

4.2. System Identification
Natural frequencies and damping were identified using
the SSI method. It can be seen in Table 2 that the cal-
culated and obtained natural frequencies are in good
agreement. Furthermore, Cross-MAC values were cal-
culated similarly as in [32], and the values obtained
ensured that a model update of the initial FEM was
unnecessary. This can prove that the bearing structure
has not shown any critical damage (malfunction of
the supports or extreme deflections of members) since
it was opened in 1976. Moreover, the real structure
shows slightly greater parameters of stiffness. Identi-
fied damping ratios (Table 3) are valuable information
for a future part of the study, when the remaining
fatigue life will be calculated.

4.3. Quasi-static test
The above-mentioned fact that the stiffness was
slightly greater was also confirmed by the measure-
ment of displacement. For example, the measured

Mode-shape Description Identified
no. damping [% ]

1 in Y direction 1.32
2 in Z direction 2.34
3 in Y direction 0.76
4 in Y direction 1.43
5 around X axis 1.39
6 in Y direction 0.85

Table 3. Identified damping ratios for individual
mode-shapes.

displacement during train passages (quasi-static part
of the displacement in the middle of the bridge, on the
side of the outer curve of the railway) reached approxi-
mately 6.3 mm representing approximately 95 % of the
quasi-static displacement calculated using influence
lines.

The eccentricity of the vertical load (uneven dis-
tribution of the vertical load on the individual rails)
must also be taken into consideration in the calcu-
lations due to the centrifugal force Qh, which arises
because the railway track is curved. The eccentricity
of the vertical load e was calculated according to the
geometry in Figure 11:

e = u

s
hC , (2)

where hC is the value of the centrifugal forces above
the top plane of the rails and u is the value of the
height difference between two rails. According to [33],
the height hC is 1.8 m. The parameter s is the track
gauge and, in most cases in Slovakia, has a value equal
to 1.435 m. The magnitude of the centrifugal forces
depends on the speed of the train [33] and is given as:

QH = Mv2

r
, (3)
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Figure 11. Scheme of quasi-static axle forces.

where M is the mass per axle, v is the speed of the
passing train, and r is the radius of the track curve.
Vertical forces QV,centrifugal were calculated according
to:

QV,centrifugal = QHhc

s
. (4)

The redistribution of the total vertical axle force QV

was determined according to the following equation:

QV 1 =
QV ( s

2 − e)
s

(5)

QV 2 =
QV ( s

2 + e)
s

, (6)

where QV 1 is the vertical axle force for the inner curve
of the track (rail with a smaller radius), and QV 2 is
the vertical axle force for the outer curve. Due to
the geometry of the track (Figure 11), the rail in
the inner curve would be subjected to a load higher
by 46 % higher under static action or at extremely
low speeds [33]. However, the size of the load on
individual rails is significantly affected by the value
of centrifugal forces. The load on the rail on the
outer curve increases with increasing speed. Unlike
bridges with straight rails, the expected response of
the structure may be different on the side closer to the
outer curve and on the side closer to the inner curve.
The railway locomotive – type no. 240 is 16 m long,
and Figure 10 shows the axle load and axle spacing
of the locomotive used for the quasi-static test. The
total weight is 85 tons.

Figure 12. Strain gauges (T03, T04, T07 and T08)
attached to the second stringers a) outer b) inner.

4.4. Comparison of the strain on the
stringers

The same locomotive was used to calculate the strain
on the stringers. The influence lines calculated by the
numerical model were utilised to perform the quasi-
static analysis. It can be seen in Figure 12 that the
strain gauges were installed on the bottom flange of
the second stringers in the middle of the span.

Figs. 13 and 14 show the comparison between cal-
culated and measured stresses during the train passage.
The outer stringer (Figure 13) shows a better agree-
ment between the calculation and the measurement.
As a result, there is no evidence that the investigated
part of the bridge deck is damaged (e.g., by corro-
sion). In the case of the inner stringer (Figure 14),
the difference is up to 25 % . It can be seen that the
measured stresses are smaller than the calculated ones.
This is due to the fact that some non-structural parts
(rails, sleepers) also carry a part of the load and it
is likely that the thickness of the steel elements is
slightly greater than assumed in the analysis – the
geometry in FEM analysis was taken from the design
values. Other possible reasons should be investigated
in more detail in the future. We generally consider
the agreement between the measured and calculated
stresses to be very good. The difference in the accu-
racy of the agreement of the results between Figs. 13
and 14 may be caused by an inaccurate determination
of the train speed, which influences the distribution
of the load between the outer and inner stringer. This
can be seen in small differences when the minimum
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Figure 13. Comparison of normal stresses on the
outer stringer – strain gauges: T07 (top) and T08
(bottom).

values occur. At a time of about 35.25 s, there is a
good agreement, and at a time of 36.75 s, the mea-
sured minimum of stresses occurs a little earlier. This
result points to the importance of considering multiple
details in structural health monitoring.

4.5. Comparison of displacements
Figure 15 shows a comparison of the measured and
calculated displacements of the monitored point of the
structure (Figure 7). In this case, the resulting values
arise due to the passage of a train consisting of only
two connected locomotives (both no. 240, Figure 10).
During the second measuring campaign, the locomo-
tives moved at a speed of approximately 4.6 km/h.
Due to the fact that the bridge was not closed, the
trains’ speeds were random. However, the slow pas-
sage was very useful, allowing a comparison of the
measured data with the quasi-static analysis. The
difference between the test and analysis values is only
4 % , which is a very satisfactory result. Because the
speed and geometry of the track is known, it is possible
to estimate the displacement on the opposite side of
the bridge cross-section. This consideration concerns
only the estimation of the maximum displacement
on the bridge. In this case, the value at this point
should be 11 % higher than at the measured point
(Figure 16).

This value could be verified, e.g. by synchronized
measurement with two radars on both sides of the
structure or by a radar on one side and another mea-

Figure 14. Comparison of normal stresses on the
inner stringer – strain gauges: T03 (top) and T04
(bottom).

Figure 15. Comparison of measured and calculated
displacement.

suring device on the other side of the bridge. These
results show that we can relatively accurately deter-
mine the deflections of any load that occur during
the measurement on the bridge using this method of
measurement and a subsequent analysis. The results
show that an agreement between the measured and
calculated values can be achieved up to a level of ±5 % .
The presented results proved the above-mentioned re-
sults from the operational modal analysis. Any larger
difference between the measured and calculated values
can lead to the acquisition of important data on the
incorrect response of the bridge, and, consequently,
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Figure 16. Comparison of maximum displacements
on both sides of the cross-section.

such a result can serve as an impulse for the respon-
sible authorities that something is wrong with the
bridge and it needs due attention.

5. Discussion
The results obtained confirm that the system iden-
tification was successful thanks to the satisfactory
measurements performed as well as an accurate FEM
model. Damping ratios represent highly valuable in-
formation. The remaining fatigue life can be evaluated
in the future using the values obtained. It is necessary
to state that the FEM model was prepared in more
detail (rails were also modelled), and the documen-
tation was, fortunately, sufficient. Due to this, the
results of the initial FEM model were comparable to
those of the measurements. The results can also be
used to estimate possible deviations of the variance
between the measurement results and numerical anal-
ysis, which, in our case, reaches 5 % for displacements
and about 15–25 % for stresses. The possible reasons
of differences in strains should be investigated in more
detail in the future. It is also highly valuable that
a good agreement of the results was achieved, even
though it was a complicated case where the track is
led over a bridge in a curve. As previously mentioned,
measurements with radars on both sides of the struc-
ture can be carried out in the future to verify uneven
displacements also experimentally. IBIS-S radars have
the possibility to synchronize two or more radars.

6. Conclusions
In this study, a performance assessment of a curved
track steel rail bridge was performed. In order to
do that, a FEM model had to be created. Then, all
measurements were performed without interruptions
to the traffic over and under the bridge. This fact
can prove to be an added value (performed in the
presented way) for administrators of the infrastruc-
ture, as it allows for obtaining complementary infor-
mation (in addition to the visual inspection) about

the structure without any disruptions. The data ac-
quired and analysed show that it is not necessary to
update the FEM model. All comparisons show an
exact agreement between the real behaviour and the
state modelled according to the available documen-
tation and visual inspections. Because of that, the
verified and validated FEM model can be used for a
prediction analysis in the future. Consequently, it can
be stated that there is no indication of any serious
damage to the investigated structure after almost 50
years of operation (at the time of the tests). These
results can also be used as a comparative base for
future repetitions and as an additional information
for the decision makers at ŽSR.
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