
ABSTRACT: In this paper, a semi-active control system for vibration mitigation of railway bridges is presented. The real time 
frequency response is estimated using a short-time Fourier transform, employing curve fitting to relevant peaks for increased 
accuracy. A control algorithm developed in MATLAB® is linked to a commercial FE-software, facilitating application on
arbitrary structures. A numerical study of an existing tied arch railway bridge is presented. From earlier field measurements and 
numerical analysis, resonance of several hangers during train passage was observed. This was shown to significantly reduce the 
fatigue service life of the hangers and for the most critical section about 50% of the cumulative damage was related to free 
vibrations. A system of passive dampers was later installed and the increase in resulting damping was measured. Within the 
present study, the previous results are reanalysed and compared with a semi-active approach. The natural frequencies of the 
hangers vary as a result of the variation in axial force. A semi-active control system has the potential to improve the vibration 
response of the structure when compared to the installed passive system.
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1 INTRODUCTION
There is a constant demand on the railway authorities to 
increase both the allowable axle loads and the allowable speed 
on existing railway lines. An increased utilization of bridges 
can sometimes be justified based on refined capacity assess-
ments and field measurements.

In design of railway bridges, dynamic effects are most often 
accounted for by dynamic amplification factors (DAF) of the 
static response. This does not account for resonant behaviour
and for bridges on high-speed lines separate dynamic calcu-
lations are required.

A refined dynamic assessment of a tied arch railway bridge 
is presented. The project was initiated since excessive 
vibrations of several hangers were detected. Based on  field 
measurements and numerical simulations, the remaining 
fatigue service life of the hangers was estimated, as presented 
in [1],[7]. An existing stabilizing system was later replaced 
with passive dampers, mounted on the longer hangers, [5],[6].

In this paper, some of the previous field measurement have 
been reanalysed and employed in updating a simplified 2D 
finite element model of the bridge. The model is used for
estimating the effect of increased damping measured by [5]
after installation of the passive dampers. Further, a semi-
active damping system is proposed and its potential 
performance is compared with the passive system, based on 
numerical simulations.

1.1 The Bridge
The bridge was built in 1959 and is designed as a single span 
tied arch railway bridge. A photo of the bridge is presented in 
Figure 1. The mid-support is a remnant from the previous 
bridge and is not utilized.

Figure 1. View of the Ljungan railway bridge.

The deck is designed as an unballasted steel grillage 
consisting of main beams, cross beams and stringers. Wooden
sleepers are supported directly by the stringers. A cross-
section of the deck is illustrated in Figure 2. The distance 
between the cross beams is 3.75 m, which is the same for the 
hangers. The hangers consists of solid steel rods with a 
diameter of 80 mm at the threaded section. The arch has a
circular shape with a radius of 31.9 m and a height of 8.9 m, 
measured from the top of the main beam to the arch centre 
line.
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Figure 2. Cross-section of the grillage deck.

Due to excessive vibration of the hangers, a system of 
diagonal RHS-beams was installed in the 1980’s as an attempt 
to stabilize the hangers. These beams can be seen in Figure 1.
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2 FIELD MEASUREMENTS

2.1 Instrumentation
Field measurements were carried out in June 2003, 
comprising 16 strain gauges and 12 accelerometers, mounted 
on hangers 2 to 5. During the measurements, the stabilizing 
system of RHS-beams was removed. The position of the 
gauges and details of the hangers are presented in Figure 3.
The total length Lh and distance La to the accelerometers are 
given by Table 1. At each position, three accelerometers are 
mounted together, measuring in xyz-directions. Also, four 
strain gauges are instrumented at the distance z1 = 100 mm 
above the threaded section, spaced 90° apart along the 
perimeter of the hanger.
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Figure 3. Detail of the hangers, a) section across the bridge, 

b) section along the bridge, c) photo of the turn buckle.

Table 1. Length of the hangers Lh (according to original draw-
ings) and position of accelerometers La, rounded to 5 cm.

Hanger: 1 2 3 4 5 6

Lh (m): 1.30 3.54 5.20 6.30 6.95 7.15
La (m): - 1.55 1.90 2.15 2.30 -

2.2 Natural frequencies and damping
The natural frequencies and damping ratios of the hangers 
were estimated based on free vibration tests. Each hanger was 
exited by a swift knock in each direction. Based on a 
Maximum Likelihood estimate of the free decay of motion, 
the results in Table 2 and Table 3 were obtained. The results 
show good agreement with similar measurements in [5].

Table 2. Estimated natural frequencies, 
based on free vibration measurements.

Hanger: f1,x (Hz) f2,x (Hz) f1,y (Hz) f2,y (Hz)
2 16.0 44.9 10.9 34.0
3 7.9 23.1 6.1 18.9
4 7.2 19.2 6.0 16.5
5 4.3 13.5 3.6 11.4

The average difference on estimated frequency was about 
0.1%. The difference of individual damping ratio scatters 
significantly, but the average for all hangers is 0.2%, both 
from [5] and Table 3.

Table 3. Estimated damping ratios, 
based on free vibration measurements.

Hanger: �1,x (%) �2,x (%) �1,y (%) �2,y (%)
2 0.33 0.18 0.14 0.46
3 0.16 0.22 0.42 0.16
4 0.09 0.08 0.14 0.19
5 0.15 0.05 0.30 0.24

3 FINITE ELEMENT ANALYSIS

3.1 2D model
A 2D FE-model of the bridge is created using the commercial 
FE-software SOLVIA03. Half of the bridge is included, 
comprising one arch, one main beam, one stringer and all 
hangers on one side. All components are modelled using 
Euler-Bernoulli beam elements, except the cross beams that 
are modelled as vertical springs. The spring stiffness is 
calculated to produce the same vertical displacement as a 
simply supported beam subjected to two point loads. The 
model is illustrated in Figure 4. The detailed connections of 
the model are shown in Figure 5. All elements are modelled 
along their centre line. To obtain the correct length of the 
hangers, the connection with the main beam is extended using 
a rigid link, and is considered as fully clamped. The 
connection with the arch is however considered hinged. This 
is accomplished by releasing the rotational degree of freedom 
belonging to the end node of each hanger.
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Figure 4. Elevation of the FE-model.
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Figure 5. Details of the FE-model.

3.2 Natural frequencies
An Eigen-value analysis is performed to calculate the 
frequencies of the structure. The permanent load is applied 
prior to the Eigen-value analysis, to account for the axial 
stress in of the hangers. The results are presented in Table 4.
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Table 4. Natural frequencies of the hangers, predicted by the 
2D FE-model and a comparison with measured results.

FEM FEM / measured
Hanger: f1,x (Hz) f2,x (Hz) f1,x (-) f2,x (-)

2 16.1 50.5 0.99 0.89
3 7.8 23.8 1.00 0.97
4 7.4 19.8 0.97 0.97
5 4.5 13.4 0.95 1.01
6 4.3 12.7 - -

Initially, the frequencies for hanger 4 was f1x = 5.4 Hz and 
f2x = 16.3 Hz, in poor agreement with the measured data. The 
model was modified at this location, assuming the arch-to-
hanger connection as fully clamped, with the result in Table 4.

For the sake of comparison, this assumption is used in 
further analysis. Since the hangers are relatively independent 
on each other, the corresponding hanger 8 is still assumed 
hinged. The two lowest global modes of the bridge are 
illustrated in Figure 6. The global modes generally excite all 
hangers, especially if the arch and the main beam are out of 
phase.
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z f1 = 6.7 Hz

f2 = 9.2 Hz

Figure 6. The two lowest global modes of vibration.

3.3 Dynamic analysis of passing trains
The 2D FE-model has been used for dynamic analysis of 
passing trains. The train is modelled as vertical point loads 
only, travelling along the stringer beam. Since the model only 
comprises half of the bridge, half of the axle load is applied. 
The pre-stress of the hangers due to permanent load is 
accounted for, as well as increased load during train passage. 
Hence the analysis is considered nonlinear. For this reason, a
direct time integration scheme is employed instead of modal 
superposition. One drawback of the direct time integration is 
that constant modal damping can not be used. Instead, a 
frequency dependent material damping according to 
Equation (1) is used, often denoted as Rayleigh damping. It 
consists of two components, � for mass proportional damping 
and � for stiffness proportional damping, Equation (2). For the 
present case, a critical damping ratio � = 0.2% is used, fitted 
by the frequencies fm = 4 Hz and fn = 20 Hz.
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The train set is composed of one locomotive and 19 
wagons. Both the locomotive and the wagons consists of two 
bogies with two axels in each bogie. For the locomotive 
(Swedish Rc4), the axle distance is 2.7 m, the bogie distance 
7.7 m, the total length 15.5 m and the load 195 kN/axle. 
Standardized freight train wagons are assumed according to 
load class D2. This corresponds to an axle distance 1.8 m, 
bogie distance 9.2 m, length 14.0 m and the load 225 kN/axle. 
The train speed is varied between 60 to 140 km/h in 
increments of 10 km/h. Time history data is extracted in 
positions corresponding to the field measurements.

3.4 Increased hanger damping
To attenuate the resonant behaviour and resulting bending 
stresses of the hangers, passive dampers were installed on 
hanger 3 to 9 on each side of the bridge. The installation of 
the dampers and additional measurements is reported in [6].
The dampers consists of cylindrical shells, each containing 
four pendulums partly surrounded by a silicone oil. The 
diameter of the dampers is 310 mm and the height 350 mm. 
Based on free vibration tests, the damping ratio was estimated 
for each hanger. In average, the damping in the longitudinal 
direction ranged between 1.8 – 6.4%, with an average of 
3.6%. The 2D FE-model has been updated to account for the 
increased hanger damping. Since the resulting damping is 
available, an increased Rayleigh damping using � = 3.5% for 
all hangers is assumed. The additional mass of the dampers is 
neglected.

3.5 Influence of axial force
It may be noted that all the estimates presented above of 
natural frequencies and damping is based on free vibrations of 
the unloaded bridge. During train passage, increased tensile 
force in the hangers will result in increased frequency. For an 
Euler-Bernoulli beam, the relation between natural frequency 
fn, flexural rigidity EI and axial force N follows Equation (3). 
For the bi-pinned case, μn = n�� For the pinned-clamped case, 
μ1 ��1.25������	��

��������	�������������������������������	��
Based on the 2D FE-model, the axial force in hanger 5 is 
estimated as 20 kN due to permanent load and additional 
120 kN due to vertical train load type D2. This results in an 
increase in natural frequency from 4.5 Hz to about 7 Hz using 
Equation (3) [4].

2
n

n 4 2 2
n2�

EI Nf
mL mL

�
�

� � (3)

The existing passive damping system is tuned based on free 
vibrations and its properties during train passage are not 
readily known. Approximating this behaviour with an 
increased material damping may overestimate its damping 
characteristics outside of the tuned frequency range.

4 PASSIVE AND SEMI-ACTIVE CONTROL
In the field of external damping for dynamic mitigation, the 
tuned mass damper (TMD) is one of the most common
systems. In its simplest form, it consists of a sprung mass
tuned to the frequency of the structure it is mounted on.
Regarding the structure as a single degree of freedom (SDOF)
system, the combined response with the TMD can be regarded 
as a 2DOF system, as illustrated in Figure 7.
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A passive TMD has fixed properties that can not be altered. 
It often has a narrow efficient bandwidth and may be highly
inefficient outside that range, e.g. due to changed frequency of 
either the structure, the forced vibrations or the TMD itself. 
This may partially be overcome using a semi-active system,
that has the ability to change in either stiffness or viscous 
damping due to a control input, usually voltage. Analyses of a 
semi-active tuned mass damper (SATMD) is performed based 
on a variable stiffness kd(�). The control input � is assumed 
proportional to the stiffness kd. Damping is introduced to the 
systems by dashpots c and cd with constant values.

k
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kd(�)

md

F(t)
x

Figure 7. 2DOF model of a TMD/SATMD.

The success in minimizing the dynamic response of the 
main structure depends on the choice of objective function. In 
the present study, the stiffness is tuned to the frequency of 
highest energy.

4.1 Simple TMD model
The potential of dynamic mitigation of hanger 5 is studied for 
both a passive TMD and semi-active SATMD. Based on the 
natural frequencies and displacement according to Equa-
tion (4), the modal mass and stiffness is found according to 
Equation (5). A harmonic load according to Equation (6) is 
used. The steady state response can then be expressed accord-
ing to Equation (7) [3].
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(7)

For hanger 5 the modal mass is m = 135 kg. Further, using 
f1 = 4.3 Hz and � = 0.15% results in k = 100 kN/m and c =
11 Ns/m. Due to the low damping, the dynamic amplification 
factor at resonance is about 300 times the static response. 
From field measurements, the magnitude of dynamic displace-
ment was estimated as 5 mm, based on integrating the 
acceleration. The duration of the train passage was only 10 s, 
thus the time required to reach resonance is more than one 
minute. To obtain a dynamic displacement of 5 mm after 10 s, 
a harmonic load with F0 = 4.5 N is required. At steady state, 
this corresponds to a displacement of about 15 mm.

The optimal damped mass md is estimated based on a uni-
variable analysis of the steady state response. Results for 
different damping ratios are presented in Figure 8. In further 
analysis, md = 1 kg is used, resulting in kd = 0.6 kN/m.
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Figure 8. Influence of the TMD mass and damping ratio on 
the dynamic amplification of the displacement,
circles denotes maximum vibration mitigation.

The steady state response is shown in Figure 9. Introducing 
the TMD attenuates the natural frequency of the structure but 
introduces two new frequencies, governed by the 2DOF
system. For no additional damping, the new peaks are of 
similar magnitude to the case without the TMD. Due to the 
low existing damping of the present structure, even very low 
additional damping of the TMD attenuates the peaks 
significantly. However, the system is sensitive to mismatch in 
frequency and a TMD with 5% detuned frequency shows a
significant disimprovement.
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Figure 9. Steady state response for the passive TMD model.

4.2 Simple SATMD model
A simple semi-active control algorithm is developed where 
the frequency of the TMD is controlled by means of a variable 
stiffness kd(�). The algorithm is programmed in MATLAB®
and uses the solver of the same FE-software as the bridge has 
been modelled in. The variable stiffness is modelled as a truss 
element with temperature dependent stiffness properties. 
Applying a stationary variable temperature load facilitates 
direct control of the stiffness in incremental dynamic analyses.

The value of the stiffness is determined based on estimates 
of the governing frequency of the system at the present time. 
This is accomplished by studying a short part of the signal 
with duration �t prior to present time. The frequency content 
of the short time signal may be estimated using either a Short 
Time Fourier Transform (STFT) or Wavelet Transform (WT). 
In the current study, the STFT method is used. The time signal 
is multiplied with a window function before performing the 
Fast Fourier Transform available in MATLAB®. Since the 
frequency resolution is proportional to the time duration, poor 
estimates are obtained for small values of �t. This may 
partially be improved either by zero-padding the signal or 
applying a curve-fit of the dominant frequency peak.
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Recalling Equation (7), the shape of the steady state 
response is recognized as a 4th order polynomial. This has 
shown to be successful in estimating frequencies of known 
signals. Increasing �t results in less rapid estimates of 
changing frequencies but is more successful in identifying 
close modes. The rate of finding changes in frequency can 
partially be improved by overlapping the time signal. This is 
accomplished by forwarding the analysis by an increment tincr
< �t and analysing the previous �t of time.

The developed SATMD is tested on the same model as the 
passive TMD. The influence of changing the initial TMD 
frequency fd and forced vibration frequency fF in comparison 
with the natural frequency f1 is studied according to Table 5.

Table 5. Studied configurations of frequencies.

Model: f1 (Hz) fd (Hz) fF (Hz)

a) 4.3 f1 f1

b) 4.3 f1 0.95f1

c) 4.3 0.95f1 f1

d) 4.3 0.95f1 0.95f1

Tuning the SATMD to the frequency of highest energy may 
cause it to be detuned if either of the resulting frequencies of 
the 2DOF system is higher than f1. This may partially be 
overcome by choosing a suitable time increment. For the 
current study, using �t = tincr = 4 s was found to give reliable 
results. Further, all analyses are based on md = 1 ����	���d =
1%. The forced vibration has a duration of 10 s.

A summary of peak responses from the different models are 
presented in Table 6. For the SDOF-model without TMD, a 
peak displacement of ~5 mm and acceleration of ~3.6 m/s2 is 
obtained. Using a passive TMD reduces the responses by a 
factor ~10. This extreme attenuation is a result of the low 
existing damping of the structure. Similar results are obtained 
with the SATMD. Shifting the load frequency by 5%
according to model b), the response of the passive TMD 
increases by a factor 3 while the SATMD remains relatively 
unchanged. It is noted that the passive TMD shows even 
higher response than the SDOF-model for the same load. 
Shifting the TMD frequency by 5% according to model c) 
results in an increase by a factor ~2 using the passive TMD 
and about 40% using the SATMD. A potential improvement 
of the SATMD may be possible by changing either the incre-
mental time or the objective function. In model d), both the 
load and the TMD are detuned 5% compared to the structure, 
hence the TMD is perfectly tuned to the load instead of the 
structure. For this case, the SATMD is not working optimally,
likely due to same reasons as for model c).

Table 6. Summary of peak responses of the 
primary mass from the 2DOF-model.

Displacement (mm) Acceleration (m/s2)
Model: SDOF TMD SATMD SDOF TMD SATMD

a) 4.98 0.53 0.53 3.64 0.39 0.39
b) 0.88 1.50 0.48 0.61 1.00 0.34
c) 4.98 1.13 0.75 3.64 0.84 0.55
d) 0.88 0.48 0.97 0.61 0.33 0.68

4.3 TMD and SATMD on the 2D bridge model
The SATMD algorithm is implemented on the 2D-model of 
the bridge previously presented in Figure 4. From the model 
without external damping, resonance of hanger 5 was found at 
90 km/h for train load model D2. A comparison of the 
measured response and the simple 2D-model is presented in 
Figure 10, for the case of no external damping system. The 
displacement is obtained from time integration of the 
measured acceleration, introducing some uncertainties. During 
integration, a high-pass filter is applied and only the relative 
motion of the hanger is obtained. For comparison, the same 
filtering is performed on the displacements predicted by the 
FE-model. The FE-model generally shows larger response, 
likely caused by being closer to resonance and subjected to a
passing train of equal load and axle distance. Further, no 
motion in the transverse direction is possible.
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Figure 10. Displacement of hanger 5, comparison of measured 
response (time integrated from acceleration) and 2D FE-

model without external damping.

The SATMD on the bridge model is detailed in Figure 11,
positioned at the midpoint of hanger 5. The variable spring 
stiffness is modelled similar to the previously presented 2DOF 
model. The damped mass is lumped at two nodes, connected 
with a rigid link. Both masses are constrained in the vertical 
direction to follow the motion of the connecting node of the 
hanger. In further analysis, md = 1 kg and � = 3.5% is used.
The time increment �t = tincr = 1 s was found to give reliable 
results. The same model is also used for analysis of a passive 
TMD, by setting a constant damper stiffness. Both the TMD 
and the SATMD are initially tuned to the first mode of
vibrations, f1 = 4.5 Hz.

x

z
md /2md /2

rigid link hanger 5

Figure 11. Detail of the SATMD on hanger 5.

Figure 12 presents the time history for displacement of 
hanger 5. The TMD is found efficient in attenuating the free 
vibrations, but show little reduction during forced vibrations.
The SATMD on the other hand successfully attenuates both 
the forced and free vibrations.
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Figure 12. Displacements of hanger 5 predicted by the FE-
model during train passage.

The difference of the TMD and the SATMD is further 
illustrated by studying the frequency content in Figure 13. The 
unloaded and loaded natural frequency is found at 4.5 Hz and 
6.9 Hz respectively (4.3 Hz and 6.3 Hz from the measure-
ments). Without external damping, both peaks show high 
energy content, as a result of the high magnitude in Figure 12.
The passive TMD successfully attenuates the unloaded peak, 
but is out of range to affect the loaded peak. The SATMD on
the other hand attenuates both peaks as result of the control 
algorithm.
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Figure 13. Frequency content from displacement of hanger 5 
during train passage.

5 CONCLUSIONS
In this paper, the dynamic behaviour of a tied arch railway 
bridge has been analyzed. Based on field measurements, very 
low damping of the hangers was found, on average 0.2%. As 
comparison, a damping ratio of 0.5% is often used for design 
of steel bridges [2]. Resonant behaviour of several hangers 
was observed from field measurements of passing trains. 
Similar behaviour was obtained by means of a simple 2D FE-
model.

The resonant behaviour has earlier been found to decrease 
the fatigue service life [1],[7] and a system of passive dampers 
was later installed [5],[6]. The natural frequencies of the 
hangers change as a result of increased axial force during train 
passage. Theoretical studies of a semi-active damping system 
to account for the frequency variation is presented and 
compared with a corresponding passive system. The results 
show that a passive damper is sensitive to small changes in 
frequency, causing inefficient vibration mitigation. Using a 
simple semi-active control incrementally tuned to the domi-
nant frequency is generally shown to improve the vibration 
mitigation significantly.

6 FURTHER RESEARCH
Although the current semi-active algorithm was shown to 
attenuate the dynamic response significantly, several areas for 
improvement has been identified.

Separating closely spaced modes using the Short Time 
Fourier Transform method is often a trade off between
frequency resolution and incremental response time. If instead 
wavelet transforms are employed, variable frequency reso-
lutions can be obtained by scaling, potentially improving the 
accuracy in estimated frequency and facilitate a shorter 
response time.

In the current algorithm, the damper is tuned to the 
frequency of highest energy. The choice of another objective 
function may be called for, especially if the dynamic response 
is governed by several simultaneous frequencies.

In the present study, only the stiffness of the damper is 
modified. In many applications, the viscous properties are 
instead altered, e.g. by using magnetorheological dampers.

The results for the studied bridge are based on a simple 2D-
model. From the field measurements, significant transverse
vibration of the hangers was found [1],[7]. Due to different 
boundary conditions, different natural frequencies in each 
direction was estimated, Table 2. This may be accounted for 
using a 3D-model. Introducing semi-active dampers in two 
directions may call for a modification of the current 
algorithm.

The present study mainly focus on attenuating the dynamic 
displacement of the hangers. A factor of greater importance is 
however the mitigation of stresses, to improve the fatigue 
service life. Cumulative fatigue damage is highly non-
proportional to the stress range and the choice of optimizing 
the damper for either forced or free vibration is not obvious.

Finally, verification of the developed routines by physical 
testing may be of interest, both experimentally and in-situ.
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