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Abstract. Several of the bridges belonging to the Bothnia Line, located in northern Sweden,
do not theoretically fulfil the current design limit for the vertical deck acceleration, when being
subjected to high-speed trains. Hence, it is important to find appropriate vibration mitigation
strategies that are applicable to railway bridges, in order to reduce the acceleration caused by
passing trains. One way of solving this problem is to install external viscous dampers.

A finite element solution for damper retrofit of high-speed railway bridges is proposed in
this paper. The bridge is modelled as a two-dimensional Euler-Bernoulli beam, with inclined
dashpots connected between the superstructure and the abutments. Furthermore, this paper
highlights the influence of several parameters on the effectiveness of the dampers.
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1 INTRODUCTION

The Bothnia Line is a subsection of the Swedish railway system, which stretches along the
northern coastline and includes a total of 140 bridges [1]. The tracks and bridges of the line are
designed for train speeds of up to 250 km/h. The maximum vertical bridge deck acceleration
must not exceed 3.5 m/s?, for bridges with ballasted tracks, according to the Eurocode [2].
However, theoretical results from previous studies [3] indicate that many of the steel-concrete
composite bridges along the Bothnia Line fail to fulfil this requirement.

The demands for analyses of the dynamic behavior of high-speed railway bridges are con-
stantly increasing, due to the combination of higher train speeds and loads together with the
decreasing weight of modern railway bridges [4]. One fundamental problem that must be in-
cluded in the analyses is the risk of resonance in the bridge, caused by train loading. Reso-
nance arises when the forcing frequency from the train coincides with the eigenfrequency of the
bridge, which may occur due to the periodic and repetitive action of axle loads.

Consequently, procedures for mitigating the dynamic response of structures have to be em-
ployed for both new and existing high-speed railway bridges. An efficient approach is to install
control devices, in order to reduce the response of bridges subjected to passing trains [S]. Thus,
the structural safety and serviceability of the bridge will be significantly increased.

One example of a damping device, which is a widely accepted application within civil struc-
tures, is the tuned mass damper (TMD). The TMD consists of a spring, an added mass and
a damper and can relatively easy be attached to structures, in order to efficiently mitigate the
vibrations [6]. However, the TMD is tuned to a certain frequency of the structure and will, thus,
be inefficient at other ranges of frequencies [7]. Hence, inaccurate estimates of the properties of
the bridge can lead to a detuning effect [8]. This results in increased installation and calibration
costs, in order to tune the dampers correctly and avoid estimation errors. Furthermore, the TMD
may be unsuitable for existing structures, since the structure may not be able to carry the added
mass.

The fluid viscous dampers (FVD), on the other hand, provides the robustness necessary for
applications in railway bridges. This type of control system covers a wide frequency band,
which eliminates the detuning effect. Therefore, the installation and maintenance costs are
significantly decreased. Another advantage is that the device does not consist of an added mass
and will, thus, not affect the resistance of the bridge to the same extent as a TMD. Figure 1
shows a sketch of a FVD.
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Figure 1: A sketch of a type of FVD, reproduced from [9].

Several studies include investigations of FVDs using auxiliary beams, in order to connect
the dampers to the superstructure [7, 10—13]. This retrofit method (as well as installation of
TMDs) may, however, be unsuitable for some bridges, where ground conditions or barriers in
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the surroundings limit the accessibility for heavy construction machinery. It is expensive to
restrict the traffic during the installation of the dampers, wherefore measures that have a small
impact on the rail services are desirable.

This study contains a proposal of a retrofit approach, where the FVDs are installed between
the superstructure and the abutments. Furthermore, the installation method imposes a distance
between the neutral axis of the beam and the connection point of the damper, referred to as
eccentricity in the present study. Conclusively, an investigation of some influential parameters
on the efficiency of the damping properties is conducted as well.

2 NUMERICAL CALCULATIONS

The bridge is idealized as a two-dimensional Euler-Bernoulli beam, while the FVDs are mod-
eled as dashpots and the eccentricity is obtained through constraint equations. Furthermore, the
equation of motion for the system can be described by the viscously damped, linear oscillator

Mii+Ci+ Ku=F (1)

where 1, © and u are the acceleration, velocity and displacement of the structural compo-
nents. Moreover, M, C' and K are the matrices of the mass, damping and stiffness, respectively,
and F'is the force. The damping consists of the damping contribution from the external dampers
Cq and the structural damping of the bridge Cs. Hence, the governing equation of motion for
the bridge-damper system can be expressed as

Mii+ [Ca+ Ci+ Ku=F )

The calculation of the train forces is based on a procedure that is described by Fryba [14].
The axle distances and loads determine the magnitude and position of the forces at each time
instant. These values correspond to the high-speed load model (HSLM) trains that are stated in
the Eurocode [2].

The force matrix is assembled by assuming a linear interpolation between the nodes, in
order to find the distribution of each concentrated force to the closest vertical degree-of-freedom
(DOF) at each time step. The nodal forces at each time instant are shown in Equation (3), where
the indices ¢ and 7 + 1 correspond to the vertical DOF that the force has already passed and the
one it will pass in the immediate future, respectively.
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Figure 2: A sketch of the moving concentrated force acting on a beam element.
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The quantities in Figure 2 and Equation (3) are the axle force of the nth train axle F;,, the
train speed c, the time ¢ and the distance between the first force and the nth force d,,. d; and d;
are the positions of the two nodes of the loaded element, whereas : = 1,2,3,..., N, — 1 and N,
is the number of vertical DOFs along the beam. Furthermore, ¢, is a function that determines
whether or not the force is acting on the beam and is defined as

en(t)=HI[t —t,| — HI[t —T,] 4)

where t¢,, and 7,, are the times when the nth force enters and exits the bridge (with a total
bridge length L), respectively

t, =d,/c

T,=[L+d,]/c ©)

and H (t) is Heaviside’s function, given by

0 fort <0
H<t)_{1 fort >0

Thereafter, direct time integration using the implicit Newmark’s method is conducted, in
order to obtain the maximum bridge deck acceleration and velocity at each time instant. The
first step is to initialize the values for the force, Fy = 0, and displacement 1y = 0, as well as its

derivatives, 1o = 0 and g .
u _ FO—CUO—KUO (6)
0 M

The same applies for the Newmark’s coefficients, a;, a; and as. These depend on the mass
and the damping of the system.

_ BAE v
“=Tr T A
A _
a2=%+% ™
1-23 v —28
as = % M + 55 CAt

The constants 3 and ~y in Equation (7) are the Newmark’s average acceleration parameters,
which are 0.25 and 0.5 respectively. After the initialization, the following procedure is then
performed for each time step, At.

K:K+a1

F = Ft+1 + a1y + CLQut + agﬂt

®)

which gives the displacement, velocity and acceleration at time ¢ + 1

U1 = ﬁ/k
. g B—v. 280—7.
Ut4+1 = EAut + ﬁ U + zﬁ utAt (9)

1 1 . 1—-24

e = FRpBue = Gt~ g

Uy
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where Au; = w11 — uy. Equations (8) and (9) are then repeated for all time steps.

The values for % and i in Equation (9) are then used to derive the maximum acceleration and
calculate the damper force. The maximum acceleration is found by collecting the maximum
value of i, at any time instant, for each train speed. Furthermore, the maximum velocity in
the dampers must be determined, in order to calculate the required damper force according to
Equation (10).

fd,max - Cd|umax| (10)

The constant ¢4 in Equation (10) is the damping coefficient for the external damper. The
maximum velocity, .y, 1S Obtained by extracting the maximum velocity at the damper con-
nections, for all time steps and each train speed.

3 CASE STUDY

A case study of one of the bridges along the Bothnia Line, which theoretically fails to fulfil
the Eurocode acceleration requirement, is performed. The investigated bridge (see Figure 3)
is called the Banafjdl Bridge. It is a simply supported, single track, steel-concrete composite
girder bridge. The relevant bridge properties are shown in Table 1, where the given quantities
are: Young’s modulus F, the eccentricity e (i.e. the distance between the neutral axis of the
bridge and the connection point of the damper, see also Figure 4), the area moment of inertia 7,
the span length L, the mass of the bridge m and the damping ratio of the constituent materials
¢ (chosen according to recommendations in [2]).

Figure 3: The Banafjil Bridge.

Table 1: Properties of the Banafjil Bridge.
E e 1 L m ¢
[GPa] [m] [m'] [m] [kg/m] [%]
200 2.2 061 42 18400 0.5

Figure 4 shows the proposed retrofit, where cq4 is the damping coefficient for the external
dampers, e is the eccentricity between the bridge deck neutral axis and the connection point of
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the dampers (which is assumed to coincide with the vertical coordinate of the support point).
Furthermore, « is the inclination of the dampers and x4 is the distance between the support and
the connection point of the dampers. On this bridge, dampers could be installed using cross
beams, attached between the bottom flanges of the main girders.

— cross beam

Figure 4: The proposed retrofit method of the dampers.

Previous studies [3] have shown that the critical HSLM-train for this bridge is the HSLM-A4
(see [2]), so the following investigations are limited to this train. The speed of the train, during
the passages of the bridge, is varied from 100-300 km/h, with a speed increment of 1 km/h.

4 PARAMETRIC EVALUATION

Four different parameters are varied within the scope of this study, in order to observe the
impact on the damping properties, namely;

— the damping coefficient of the dampers
— the eccentricity between the neutral axis of the bridge and the damper connections
— the inclination of the dampers

— the distance from the supports to the connection points of the dampers

Only one of the different parameters are changed within each investigation, while the re-
maining variables are held constant. The damping coefficient is changed to cq = 0,2, 3,4.5
MNs/m. Moreover, the eccentricity is altered between the following values: e = 0,2.2,2.6, 3.0
m. The first two values, e = 0 m and e = 2.2 m, correspond to the cases when the dampers
are attached directly to the neutral axis of the bridge and to the lower flanges of the girders, re-
spectively. The remaining values are the eccentricity together with two different heights of the
additional cross beam (i.e. 0.4 m and 0.8 m). The inclination of the dampers is varied between
a = 30,45,60, 75° and the distance from the support to the connection point of the dampers
is increased within an interval of x4 = 1,2, 3,4 m. A prerequisite for the evaluations of v and
x4 1s that elongation of the dampers is possible, without introducing any impairments of the
stiffness or damping properties. The results in the following sections are presented in the form
of maximum acceleration and required damper force as a function of train speed. From Figure
5, it is clear that the bridge has a resonance condition at a speed about 168 km/h.
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4.1 The damping coefficient

Figure 5 shows the result of varying the damping coefficient while keeping the eccentricity,
inclination and distance from the support constant as e = 2.2 m, o« = 45° and z4 = 1 m,
respectively. The top figure shows the acceleration levels for different values of the damping
coefficient and train speeds. The bottom figure shows the corresponding damper forces.
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Figure 5: The maximum acceleration and damper force at different train speeds and damping coefficients.

4.2 The eccentricity

Figure 6 includes the results when the height of the cross beam (and, hence, eccentricity) is
altered. The upper figure gives the amplitude of the acceleration after the damper retrofit with
varying eccentricities and a constant damping coefficient ¢4 = 4.5 MNs/m. Both the damper
inclination and the distance from the support is fixed as & = 45° and x4 = 1 m, respectively.
Moreover, the lower figure shows the required damper force, when altering the same parameter.
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Figure 6: The maximum acceleration and damper force at different train speeds and eccentricities.
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4.3 The damper inclination

The results in Figure 7 show the impact on the damping properties when changing the incli-
nation of the damper, with a constant damping coefficient cq = 4.5 MNs/m, eccentricity e = 2.2
m and distance from support x4 = 1 m. The upper and lower figures show the acceleration and
force for different inclinations and train speeds, respectively.

& o g=15
£ = a=30°
g o
b= - ' T a=45
e

< —4a=60°
<8 bSO ) r-8-6-0-0-9-08a e T Eurocode limit

100 120 140 160 180 200 220 240 260 280 300
Train speed [km/h]
400

— 300 o a=15
Z

= e =30
2 200 o
5 - " Ta=45
[

” WJAMHMM%@££ ST e

0
100 120 140 160 180 200 220 240 260 280 300
Train speed [km/h]

Figure 7: The maximum acceleration and damper force at different train speeds and damper inclinations.

4.4 The distance from the supports

Figure 8 shows the influence of the distance from the supports to the damper connections,
while the damping coefficient is ¢4 = 4.5 MNs/m, the eccentricity is ¢ = 2.2 m and the damper
inclination is @ = 45°. The figure shows the impact on the maximum acceleration and the
damper force.
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Figure 8: The maximum acceleration and damper force at different train speeds and distances from support.
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S DISCUSSION

The results from Figure 5 to Figure 8 indicate that the bridge deck vertical accelerations can
be significantly reduced, when using FVDs according to the proposed attachment method. As
expected, the dampers are most efficient for the reduction of the vibrations at resonance, which
arises at the critical train speed. The acceleration level only exceeds the design code limit at
resonance for this particular bridge, therefore the dampers are efficient for this case.

As shown in Figure 5, the damping coefficient has a major impact on the results. Theo-
retically, the acceleration can be reduced from 6.4 m/s? to 3.3 m/s? and 1.9 m/s2, when using
damper coefficients of 2.0 MNs/m and 4.5 MNs/m, respectively. However, the required damper
force increases with the damping coefficient. This is important to consider when using FVDs
as a retrofit approach for existing bridges.

The height of the cross beam affects the acceleration level, which is shown in Figure 6. Both
the acceleration and damper force are lower for a longer distance between the neutral axis and
the connection point of the dampers. Thus, an optimal eccentricity exists for each individual
bridge, which must be considered in the design of the cross beam.

The dampers are more effective when installed with an angle between 15°-30° to the horizon-
tal plane, than for steeper inclinations (see Figure 7). A reason for this is that the eccentricity
of the bridge gives a rotational contribution to the movement of the connection point of the
dampers. This results in a more prominent horizontal movement. A less steep angle is, thus,
preferred, since the damper device is only able to operate in its axial direction.

From Figure 8, it is clear that the acceleration and the damper force at resonance are further
reduced, as the distance to the midpoint of the bridge decreases. Hence, the optimal connection
point of the dampers is further out from the support. However, the effect seems to diminish, as
the distance between the support and the connection point of the dampers increases. Further-
more, the possible positions of the attachment point are limited, since a connection point further
from the support requires a longer damper. This may lead to a lower stiffness of the device and,
thereby, a reduced damping capacity.

The proposed solution can be optimized and adapted to many different bridge configurations.
However, this retrofit method may lead to problems that have to be investigated and remedied.
As seen in the results presented here, the effectiveness of the FVDs is sensitive to changes of
certain parameters. Hence, it is important that all uncertainties of the bridge-damper system are
accurately and appropriately accounted for in the analysis.
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