
1 INTRODUCTION 

There is a constant demand on the railway authori-
ties to increase both the allowable axle loads and the 
allowable speed on existing railway lines. An in-
creased utilization of the bridges can sometimes be 
justified based on refined capacity assessments 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 behavior. Only for bridges on 
high-speed lines (defined as an allowable speed 
more than 200 km/h), separate dynamic calculations 
are required. 

A refined dynamic assessment of a tied arch rail-
way bridge is presented. The project was initiated 
since excessive vibrations of the hangers were de-
tected. Based on field measurements and numerical 
simulations, the remaining fatigue service life of the 
hangers was estimated, further presented in Anders-
son & Malm (2004) and Malm & Andersson (2006). 
An existing stabilizing system was later replaced 
with passive dampers, mounted on the longer hang-
ers, Hortmanns & Schäfer (2005) and Hortmanns 
(2005). 

In this paper, some of the previous field meas-
urements have been reanalyzed and used for updat-
ing a simplified 2D finite element model of the 
bridge. Also, the effect of increased damping meas-
ured by Hortmanns & Schäfer (2005) after installa-
tion of the passive dampers are analyzed. 

2 THE BRIDGE 

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

 
Figure 1. View of the Ljungan railway bridge. 

The deck is designed as an unballasted steel gril-
lage consisting of main beams, cross beams and 
stringers. The wooden sleepers are supported di-
rectly by the stringers. A cross-section of the deck is 
illustrated in Figure 2. The distance between the 
cross-beams is 3.75 m, same as for the hangers. The 
hangers consists of solid steel rods with a diameter 
of 80 mm at the threaded section. The arch has a cir-
cular 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. More details regarding the ge-
ometry can be found in Andersson & Malm (2004). 
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Figure 2. Cross-section of the grillage deck. 

Already in the early 1980’s, excessive vibration 
of the hangers was noticed. A system of diagonal 
RHS-beams (Rectangular Hollow Section) was in-
stalled to stabilize the hangers. These beams can be 
seen in Figure 1. In 2005, the RHS-beams were re-
placed with passive dampers on hangers no. 3 – 9 on 
each side of the bridge. The hangers are numbered 1 
to 11 where 1 is the shortest and 6 the longest. 

3 FIELD MEASUREMENTS 

3.1 Instrumentation 

Field measurements were carried out in June 2003, 
comprising 16 strain gauges and 12 accelerometers, 
mounted on hanger 2 to 5. During the measure-
ments, 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 the position of the accelerometers La 
are given in Table 1. At each position, three acceler-
ometers are mounted together, measuring in xyz-
directions. 
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Figure 3. Detail of the hangers, a) section across the bridge, b) 
section along the bridge, c) detail of the turn buckle connec-
tion. 

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
L h (m): 1.30 3.54 5.20 6.30 6.95 7.15

L a (m): - 1.55 1.90 2.15 2.30 -  

Four strain gauges were instrumented at each of 
the studied hangers, positioned z1 = 100 mm above 
the threaded section and spaced 90° apart along the 
perimeter of the hanger. The notation of the strain 
gauges follows Figure 4. Gauge e1, e5, e9, e13 are 
closest to the track. 
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Figure 4. Numbering of the strain gauges on hanger 2 to 5. 

Two different data acquisition systems were used, 
HBM MGCPlus for the strain gauges and a Sony 
PC216AX with an UNO-MWL006 amplifier for the 
accelerometers. The sampling frequency was set to 
2 kHz for the strain gauges and 6 kHz for the accel-
erometers. To avoid overloading, an analogue 20 Hz 
low-pass filter (PCP-848) was used for the acceler-
ometers. To synchronize the signals from the two 
systems, strain gauge no. 1, 2, 15, 16 were con-
nected to both systems. 

A total of six train passages were recorded, four 
freight trains and two passenger trains. In addition, 
free vibration tests were performed to determine the 
natural frequencies of the hangers without distur-
bance from passing trains. 

3.2 Natural frequencies and damping 

The natural frequencies and damping ratios of the 
hangers were estimated based on free vibration tests. 
Each hanger was excited by a swift knock in each 
direction. Based on a Maximum Likelihood estimate 
of the free decay of motion, the results in Table 2 
Table 3 are obtained. Similar measurements reported 
by Hortmanns & Schäfer (2005) generally show 
very good agreement. The average difference in es-
timated frequency was about 0.1 %. The difference 
of individual damping ratio scatters significantly, but 
the average for all hangers is 0.2 %, both from Hort-
manns & Schäfer (2005) and in Table 3. 

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

Hanger f 1,x (Hz) f 2,x (Hz) f 1,y (Hz) f 2,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  

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

Hanger ζ 1,x (%) ζ 2,x (%) ζ 1,y (%) ζ 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  



3.3 Plane stress components 

The total stress in the hangers is due to the combina-
tion of axial forces and bending moments in two di-
rections. Since four strain gauges are available at 
each section, the system is over-determined. This fa-
cilitates including the torsion component, resulting 
in Equation (1). The torsion is however found to 
give small contribution in stresses and mainly serves 
as indication that no torsion is present. The stresses 
due to axial force and bending moments are similar 
for either including torsion or using any given com-
bination of three strain gauges. 
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During train passage, resonant behavior of several 
hangers was obtained. Due to very low damping, 
this results in significant increase of both stress 
range and number of stress cycles. The stress com-
ponents of hanger 5 during passage of a freight train 
are presented in Figure 5. The train consists of one 
locomotive and 19 wagons, transporting steel ingot. 
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Figure 5. Stress components in hanger 5 during passage of a 
freight train. 

During the train passage, the main stress contribu-
tion is due to the axial force. For the following free 
vibrations however, bending stresses longitudinal to 
the track is of the same amplitude. The hanger is 
mainly oscillating with its first natural frequency at 
4.3 Hz, causing a significant amount of stress cycles. 

3.4 Cumulative fatigue damage 

The most fatigue critical part of the hangers is the 
threaded section at the turn buckle, illustrated in 
Figure 3. According to Eurocode 3 (CEN, 2005), 
threaded bolts are assigned a detail category C = 50. 
This corresponds to a fatigue service life of 2 million 
stress cycles at a constant stress range of 50 MPa. 
Due to size effects, a correction factor ks shall be ac-
counted for, if the diameter is larger than 30 mm. for 
the present case ks = 0.8, resulting in C = 40. Similar 
results are obtained using the Swedish design code 
BSK 07, Boverket (2007). 

Palmgren-Miners cumulative damage rule (Palm-
gren, 1924 and Miner, 1945) is used according to 
Equation (2), where nEi is the number of stress cy-
cles with a stress range ΔσRi and NRi is the maximum 
number of stress cycles until failure for a constant 
stress range. The fatigue strength is governed by 
Equation (3). The stress range shall be multiplied 
with a safety factor γMf = 1.35. The effective area in 
the threaded section is 74 mm compared to the gross 
diameter of 80 mm at the position of the strain 
gauges. Since most of the fatigue-induced stresses 
are due to bending, the measured strains are multi-
plied with the factor (80/74)3 = 1.26. 
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The stress collective is calculated using a Rain-
flow counting algorithm according to Rychlik 
(1987) and the measured response of the freight train 
in Figure 5. The theoretical fatigue service life is ob-
tained when Dd = 1 and the corresponding number of 
train passages is presented in Table 4. Two cases are 
studied, γMf = 1.35 and γMf = 1.0. The fatigue ser-
vice life is proportional to γMf

m, for the present case 
corresponding to an average reduction factor of 3. A 
parametric study of the influence of the safety factor 
on the fatigue service life is shown in Leander et al. 
(2010). Assuming 2 similar trains per day, results in 
a total service life of merely 20 years for hanger 5, 
provided that no other trains contribute to fatigue. If 
instead using γMf = 1.0, the corresponding service 
life would be 50 years. The fatigue damage due to 
free vibrations was negligible for hanger 2 and 3. 
For hanger 4 and 5 however, it constituted 10 % and 
60 % respectively. No knowledge of hanger 6 is 
available since it was not instrumented. 

Table 4. Number of train passages until Dd = 1. 

Hanger: γ Mf = 1.35 γ Mf = 1.0

2 281 400 831 300
3 113 000 402 200
4 33 400 105 900
5 13 400 36 300  

3.5 Accelerations and displacements 

To attenuate the vibrations of mainly the longer 
hangers, a system of passive dampers was installed 
in 2005, Hortmanns (2005). One of the design con-
ditions for the dampers was the amplitude of dis-
placement of the hangers. 

The displacement of the hangers was estimated 
based on the measured accelerations, positioned ac-
cording to Table 1, at about 0.4Lh. A Newmark time 



integration routine according to Equation (4) was 
adopted, using β = 0.25 and γ = 0.5 according to the 
trapezoidal rule. The measured acceleration had pre-
viously been subjected to an analogue low-pass filter 
at 20 Hz. To attenuate deviating trends due to time 
integration, a digital high-pass filter at 0.5 Hz was 
used. Since the lowest measured natural frequency 
of the hangers was 3.6 Hz this does not influence the 
resonant behaviour. Global displacements of the 
bridge during train passage may however not be ob-
tained. 
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An estimation of the longitudinal displacement of 
hanger 5 due to the previous freight train passage is 
presented in Figure 6. Except of a few high oscilla-
tions during the entrance of the train on the bridge, 
the peak displacement is about 3.5 mm. For all other 
instrumented hangers, the peak displacement is es-
timated during the initial free vibration phase, pre-
sented in Table 5. 

0 5 10 15 20 25
−8

−4

0

4

8

Time (s)

(m
/s

2 ),
(m

m
)

a
x
δ

x

forced vibrations free vibrations

 
Figure 6. Acceleration and estimated displacements of hanger 5 
during passage of a freight train. 

Table 5. Estimated peak displacements of the hangers during 
passage of a freight train. 

Hanger δ x (mm) δ y (mm)

2 1.6 2.9
3 2.4 4.4
4 3.5 3.6
5 8.0 2.9  

4 FINITE ELEMENT ANALYSIS 

4.1 2D-model 

The dynamic behavior of the bridge has been simu-
lated using FE-models. A detailed 3D model has 
been presented in Andersson & Malm (2004) and 
Malm & Andersson (2005). In the following, a sim-
plified 2D model is instead studied, only accounting 
for the longitudinal motions. 

The FE-model is created using the commercial 
FE-package SOLVIA03. Half of the bridge is in-
cluded, comprising one arch, one main beam, one 
stringer and all hangers on one side. All components 
are modeled using Euler-Bernoulli beam elements, 
except the cross beams that are modeled 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 il-
lustrated in Figure 7. The detailed connections of the 
model are shown in Figure 8. All elements are mod-
eled along its centre line. To obtain the correct 
length of the hangers, the connection with the main 
beam is extended using a rigid link, and is consid-
ered as fully clamped. The connection with the arch 
is however considered hinged. This is accomplished 
by releasing the rotational degree of freedom be-
longing to the end node of each hanger. 
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Figure 7. Elevation of the 2D FE-model. 
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Figure 8. Details of the FE-model. 

4.2 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 ac-
count for the axial stress in of the hangers. The re-
sults are presented in Table 6. 

Table 6. Natural frequencies of the hangers, predicted by the 
2D FE-model and a comparison with measured results. 

Hanger f 1,x (Hz) f 2,x (Hz) f 1,x (-) f 2,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 - -

FEM / measuredFEM

 



Initially, the frequencies for hanger 4 was f1x = 
5.4 Hz and f2x = 16.3 Hz, in poor agreement with the 
measured data. If instead assuming the arch-to-
hanger connection as fully clamped, the results in 
Table 6 was obtained. For 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 il-
lustrated in Figure 9. The global modes generally 
excite all hangers, especially if the arch and the main 
beam are out of phase. 
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Figure 9. The two lowest global modes of vibration. 

4.3 Dynamic analysis of passing trains 

The 2D FE-model has been used for dynamic analy-
sis of passing trains. The train is modeled 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 back draw of the direct 
time integration is that constant modal damping can 
not be used. Instead, a frequency dependent material 
damping according to Equation (5) is used, often de-
noted as Rayleigh damping. It consists of two com-
ponents, α for mass proportional damping and β for 
stiffness proportional damping, Equation (6). For the 
present case, a critical damping ratio ζ = 0.2% is 
used, fitted by the frequencies fn = 4 Hz and fm = 
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 (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. 

The most pronounced resonance is obtained at 
110 km/h. In Figure 10, the longitudinal displace-
ment of hanger 5 is presented. The results from the 
simplified 2D FE-model agrees reasonably well with 
the measurements, considering that the train loading 
is not readily known and that the time integration of 
measured acceleration may be uncertain. 
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Figure 10. Displacement of hanger 5, comparison of integration 
of measured acceleration and simulation results from the 2D 
FE-model. 

In Figure 11, the stress components of hanger 6 
are presented for the same train passage. Resonance 
of the hanger causes excessive bending stresses. In 
the simulation, all wagons are equally loaded and 
have the same axle configuration. Comparing the ax-
ial stress component of Figure 5, the train from the 
field measurement was likely unevenly loaded. 
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Figure 11. Stress components in hanger 6 during passage of a 
freight train (type D2 with 19 wagons). 

4.4 Increased hanger damping 

To attenuate the resonant behavior and resulting 
bending stresses of the hangers, passive dampers 
was installed on hanger 3 to 9 on each side of the 
bridge. The installation of the dampers and addi-
tional measurements is reported in Hortmanns 
(2005). 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 vi-
bration tests, the damping ratio was estimated for 
each hanger. In average, the damping in the longitu-
dinal direction ranged between 1.8 - 6.4 %, with an 
average of 3.6 %. 

The previous 2D FE-model has been updated to 
account for the increased hanger damping. Since the 
resulting damping is available, an increased 
Rayleigh damping using ζ = 3.5 % for all hangers is 
assumed. The additional mass of the dampers ne-
glected. 

In Figure 12, the stress components for hanger 6 
calculated with the 2D FE-model is presented, in-
cluding the updated damping. The bending stresses 
is attenuated significantly due to the increased 
damping. 
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Figure 12. Stress components in hanger 6 during passage of a 
freight train (type D2 with 19 wagons), influence of increased 
hanger damping. 

5 CONCLUSION 

In this paper, the dynamic behavior of a tied arch 
railway bridge has been analyzed by means of data 
from field measurements and a 2D FE-model. The 
measurements showed that the hangers had very low 
damping, in average 0.2 %. This can be compared to 
CEN (2003), recommending 0.5 % damping for steel 
bridges. Resonant behavior was measured, causing 
excessive increase in bending stresses. Due to the 
low damping, both the stress magnitude and number 
of stress cycles affected the fatigue service life. For 
one hanger, more than 50 % of the fatigue service 
life was found related to free vibrations. 

A 2D FE-model of the bridge was used to com-
pare measured frequencies, displacements and 
stresses of the hangers. Assuming the hangers to be 
fully clamped at the connection with the main beam 
and hinged at the connection with the arch generally 
produced the best agreement with measured data. 
For one hanger however, better agreement was 
found if assuming the upper connection as fixed. 

The displacements and stresses estimated by the 
FE-model was generally in good agreement with the 

measured data, considering that the train configura-
tion from the field measurements was not known in 
detail. 

To attenuate the resonant behavior, passive 
dampers were installed in 2005. Based on free vibra-
tion tests, the damping ratio after installation was es-
timated, reported in Hortmanns (2005). The result-
ing damping was increased to about 2 – 6 %. The 
FE-model was updated using an average damping of 
3.5 %. The result from the model showed that the 
resonant behaviour was attenuated significantly, es-
pecially for the bending stresses. 
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