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A B S T R A C T

The research was carried out due to the problem of vibration on the lively pedestrian drawbridge across
the Motlawa River in the city of Gdansk. In the design stage, the main span of the footbridge showed
unfavorable dynamic properties, which may create a comfort problem for pedestrians. The first vertical bending
eigenfrequency was recognized as 1.64 Hz. The original design of the footbridge was equipped with a driving
cylinder to operate opening of the drawbridge. It was installed between the abutment and the pylon (integrated
part of the span). Based on numerical calculations, it turned out that its high overdamping ratio can raise
the value of the first vertical natural frequency to the level where pedestrian action has a low influence
on the dynamic excitation of the span. It should be noted, the solution does not affect the behavior of the
structure under static loads. Therefore, it was decided to modify the existing hydraulic driving cylinder to
become a damper also. Analytical and numerical modeling was performed to establish an appropriate range of
damper constant values. Finally, this idea was implemented in the structure. The theoretically defined effects
of introducing a high ratio damper have been practically confirmed during the field test. The first vertical
natural frequency of the span was shifted from 1.64 Hz to 3.1 Hz. The paper presents the work related to the
solution of a specific case. However, the presented idea can be used in a wide spectrum of structures subjected
to dynamic excitation. In practice, an external damper enables the change of a "static scheme" of the structure
in the selected range of dynamic loads. This idea has a sense only in the case where response amplitude from
dynamic loads is smaller than from the static action.
. Introduction

In modern cities, transport needs are still increasing. Engineering
bjects like footbridges ensure a collision-free intersection of walking
ith roads, rail, and water routes. Their constructions are usually slim
nd visually light. This results from both visual trends and modern
esign possibilities. Footbridges, apart from their functional value, are
lso intended to attract attention or to become a characteristic element
f the landscape. Due to the relatively low crowd load, footbridges
o not require large, stiff cross-sections of structural elements. This is
rimarily because of the use of modern materials with high strength
nd increased capability and accuracy of design calculations, e.g., using
inite Element Method (FEM) in the design process [1–6]. This affects
he implementation of spectacular projects characterized by unconven-
ional static schemes, which happens when the designer, focusing on
he form, does not notice the risk of the incorrect dynamic behavior of
he footbridge in service. The best-known examples are the Millennium
ridge in London [7,8] and the Solferino Bridge in Paris [9,10]. It
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should be noted that excessive footbridge structure vibrations occur
mainly under service load in the range of max. 20% of the ultimate
value [11]. However, the vibration always must be reduced to the limit
values specified by recommendations and standards.

In 2016, the construction of a drawbridge over the Motlawa River
began in Gdansk. At the design stage, during the independent assess-
ment, the footbridge (with a main span of 40.5 m) was subjected to
numerical dynamic analysis. Unfortunately, natural frequencies in the
critical range occurred. Moreover, due to architectural and mechanical
reasons, there was no chance to change the span’s geometry affecting
the modal properties of the span. In this case, it was an opportunity to
adapt the span driving mechanism to solve the problem of excessive
bridge vibration. This paper shows the use of a driving hydraulic
cylinder as a damper could reduce not only the vibration amplitudes
but could also change the range of free vibrations.

Considering the equation of motion Eq. (1), the distribution of
stiffness, damping, and mass has a significant impact on the dynamic
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behavior of the structure. Thanks to numerical simulations, it is possible
to estimate the vibrations occurring in the service already at the design
stage [12]. Thus, the first basic method of reducing footbridge vibration
under pedestrian action is to modify the dynamic characteristics in
the designing stage. When designing, an attempt should be made
to shape the structure in such a way that the modal characteristics
will not allow excessive vibration under pedestrian action. There are
many cases where clever modifications of construction solutions can
reduce or eliminate the potential problem of excessive vibration [12–
14]. Of course, often available modifications to the structure do not
bring significant changes to the modal parameters. In this case, only
additional damping can solve the problem.

𝑀𝑥̈(𝑡) + 𝐶𝑥̇(𝑡) +𝐾𝑥(𝑡) = 𝐹 (𝑡) (1)

Despite the continuous development of computational methods, due
to the approximate nature of the simulation, designers often predict
the possibility of the installation of external damping devices. Usually,
the decision to install dampers depends on the results of the field
test carried out after the construction process [15,16]. The purpose of
the additional controlling devices is mainly to reduce the amplitude
of vibrations to an acceptable level. There are many types of widely
used damping devices. Due to the technology, we distinguish, among
others: tuned mass dampers (TMDs) [17], tuned liquid column dampers
(TLCDs) [18], viscous dampers [19,20], active tendons [21,22], and
others. Thanks to their easy application, TMDs are the most commonly
used and tested in many real cases [23–30]. They occur in single or
multiple variants (MTMD) [31–34]. Due to the possibility of adapting
to current conditions, the control devices are divided into passive,
active, semi-active, and hybrid. Studies on a system developed in time
involving various types of TMD devices are comprehensively presented
in [35].

Both the numerical simulations of dynamic behavior at the design
stage and the design of vibration reduction systems require knowledge
of the modal characteristics of the structural system. These are sets
of natural frequencies, forms, and damping. There are two general
methods for determining the modal characteristics of structures: analyt-
ical and experimental. The first one usually employs a modal analysis
performed on a numerical model [36–39], which can be done at the
design stage but has limitations resulting from simplifying assumptions,
mainly concerning damping, joint stiffness, and boundary conditions.
On the other hand, the experimental method comprises conducting
a field test to determine the modal characteristics of the real struc-
ture. For identification, controlled experiments are performed [40] and
most often analyzed by experimental modal analysis (EMA) [41–45]
or operational modal analysis (OMA) [46–50]. The main and obvious
disadvantage of this method is the difficulty in an effective modification
of the ready-made structure. Viscous dampers attached to the structure
can change the dynamic characteristics of the system from proportional
damping to nonproportional damping. This means that the modal
parameters cannot be determined using the generalized or the standard
eigenvalue problem implemented in commercial programs [51,52].
A clear description of this issue is presented, including an example,
in [53]. [54,55] present various methods for determining the equiv-
alent damping by adding viscous dampers. The theoretical analysis of
the impact of viscous dampers used in buildings confirmed the phe-
nomenon regarding the frequency and damping changes depending on
the properties and location of the damper. Recommendations regarding
the calculations of the impact of damper applications on the modal
characteristics of the structure were also developed. [56] proved that
viscous dampers can not only be used to dissipate energy but can also
allow controlling the frequency of natural vibrations. The change in
modal characteristics through the use of dampers is widely theoretically
studied in seismic resistance of buildings [57–60]. The change in
modal characteristics using dampers in the footbridge was mentioned
in [1]. [61] describes the modeling methodology of structural systems
2

supported by viscoelastic joints using of frequency response function
coupling technique. [62] showed differences between various models
of viscoelastic dampers used in theoretical analyzes. Viscous dampers
are also used to change the vibration of tendons [63–65] or to reduce
the amplitude of bridge span vibrations. Despite that, in the literature
is a deficit of real examples showing the positive aspects of the phe-
nomenon of changing the frequency of natural vibrations caused by
the application of a viscous damper, with defined parameters, into the
system. In the case of the described footbridge, an attempt was made
to solve unconventionally the problem of critical natural frequencies.
In the case of modern bascule bridges, driving hydraulic cylinders is a
required element. They are used to open and close the passage. When
the bridge is under pedestrian traffic, they are usually inactive.

This paper proposes a novelty use of a viscous damper to change a
‘‘static scheme’’ under dynamic load and reduce the excessive excitation
of a footbridge. It was assumed that the use of the high damping unit
will not only improve damping but also modify other modal character-
istics to avoid critical natural frequencies. However, the solution does
not affect the behavior of the structure under static loads. The required
damping parameters were developed based on numerical calculations
using FEM. Due to the nonproportional damping, the modal identifica-
tion method was used to identify the equivalent modal characteristics.
Finally, the solution was applied to the footbridge structure. The hy-
draulic system of the driving cylinder was modified to be a damper
when the footbridge is opened to traffic. After construction, a field
test was carried out to check the effectiveness of the solution and to
evaluate the theoretical results. The paper is arranged as follows. In
Section 2, the footbridge structure and the created numerical FEM mod-
els are described. Additionally, the theoretical basis of the system with
the applied viscous damper, dynamic analysis, and modal analysis are
presented. Then, Section 3 shows the validation of the simplified model
developed for dynamic analysis, as well as the influence of the viscous
damper on the footbridge’s natural frequencies and accelerations. A
field test conducted on the realized footbridge, consisting of modal
identification, acceleration measurements, and testing of the move of
the hydraulic cylinder, is described in Section 4. Subsequently, the
results from the numerical analysis and the field test are compared and
discussed in Section 5. Finally, conclusions are presented in Section 6.

2. Materials and methods

2.1. The simple theoretical model of the dynamic system with external
damping

The analysis presented below does not correspond directly to the
case study described in Section 2.2 but shows the phenomena of the
developed idea. The general idea of the developed damping system
is presented in Fig. 1, where 𝑘1, 𝑘2 denote internal stiffnesses, 𝑐1 is
internal damping, 𝑐2 is external damping (driving cylinder) and 𝑚 is a
point mass. This simplified model shows how an external damper can
change the basic dynamic properties of the system. The crucial element
is a damper 𝑐2. The system with assumed extreme values 𝑐2 is presented
in Fig. 2. If 𝑐2 is very low (𝑐2 converges to zero), spring 𝑘2 cannot act
and the system is a standard one degree of freedom problem, where the
stiffness equals:

𝑘𝑚𝑖𝑛 = 𝑘1 (2)

In turn, when 𝑐2 is high (𝑐2 converges to infinity) displacement 𝑦2
is quasi blocked and the system is again the standard one degree of
freedom problem, where:

𝑘𝑚𝑎𝑥 = 𝑘1 + 𝑘2 (3)

This means that the natural frequency of the system can be changed
by modifying the 𝑐2 value. General differential equations of motion
for the system shown in Fig. 1 are given in Eq. (4). The solution of
Eq. (4) was reached by numerical integration by using the Implicit

Runge–Kutta method of the Radau IIA family of order 5, implemented
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Fig. 1. Theoretical scheme of a considered dynamic system.
Fig. 2. Extreme cases of the theoretical system: (a), (b) 𝑐2 converges to zero; (c), (d) 𝑐2 converges to infinity.
able 1
onstant and variable values of the system parameters used in the example solution
Fig. 3).
Symbol 𝑚 𝑘1 𝑘2 𝑐1 𝑐2
Unit [kg] [N/m] [N/m] [Ns/m] [Ns/m]

Value 1000 142,517 369,123 119 101 − 107

in the SciPy v1.4.1 Python package [66]. The resulting frequencies and
logarithmic decrements of the signal 𝑦1 for various 𝑐2 are presented in
Fig. 3. In an example solution, the constant values 𝑚, 𝑘1, 𝑘2, and 𝑐1 and
the variable 𝑐2 were used. These values are gathered and exhibited in
Table 1. The frequency 𝑓 and logarithmic decrement 𝛿 were determined
by analysis of the signal peaks. The verification of the numeric calcu-
lation of Eq. (4) was done by determining the limit frequencies, using
the related stiffness 𝑘𝑚𝑖𝑛 and 𝑘𝑚𝑎𝑥 described by Eqs. (2) and (3). Based
on the example stiffness values 𝑘𝑚𝑖𝑛 and 𝑘𝑚𝑎𝑥, the limit frequencies
equal 𝑓𝑚𝑖𝑛 = 1.900Hz and 𝑓𝑚𝑎𝑥 = 3.600Hz, respectively. The limit
frequencies are denoted as frequency asymptotes and marked in Fig. 3
by a horizontal dash–dot lines. Fig. 4 shows the natural response of
the system (Fig. 1) excited by the initial displacement 𝑦1 = 1 for three
various values of damping 𝑐2.
{

𝑚𝑦̈1 + 𝑐1𝑦̇1 + 𝑘1𝑦1 + 𝑘2(𝑦1 − 𝑦2) = 0
𝑐2𝑦̇2 + 𝑘2(𝑦2 − 𝑦1) = 0

(4)

Summarizing the analysis presented above, particularly Fig. 3, we
can formulate a simplified conclusion: changing a damping ratio 𝑐2
from a small value to a critical range we can increase damping in sys-
tem without significant change of natural frequency. Further increasing
value of 𝑐2 to ‘‘overcritical ratio’’ changes the stiffness of the system
3

and changes the first natural frequency. This effect is accompanied by
decreasing damping because 𝑐2 does not act anymore as a damper in
the vibrating system.

2.2. Structural overview

The footbridge in Old Town harbor in Gdansk, Poland, connects the
Main Town with Olowianka Island (Fig. 5). It provides easier access
to cultural objects in this part of the city, including the Baltic Philhar-
monic. It was decided to build a drawbridge because the Motlawa canal
is navigable. The footbridge was built in 2017 and due to its location,
in summer, the footbridge is opened every 30 min. The assumption for
the footbridge design was that its height had to be relatively small and
that it should not dominate the surroundings. Furthermore, it should
not overwhelm the view of Old Town, but harmoniously inscribe in
the historic landscape. The Slovenian company Ponting Inzynierski Biro
developed the concept of the footbridge as part of an international
competition. The final design was done by Mosty Gdansk. Modifications
consisting in the introduction of additional damping were developed
as part of the consulting work for the city by the team of Gdańsk
University of Technology. The footbridge consists of a fixed part and
a drawbridge. Fig. 6 shows the basic sections and a side view with
the major dimensions and axes. The fixed part is a classical reinforced
concrete 13.4-m-long span. The drawbridge part made of steel has a
length of 40.5 m. The span has a variable geometry and consists of the
main box girder in the middle of the cross-section and two 2.5 m car-
riageways. The deck was constructed as an orthotropic plate based on
the cross-beams fixed to the main box girder (Fig. 6). The steel part was
designed from structural steel S460N and S355N, while the reinforced
superstructure from C30/37 concrete and the reinforcing steel A-III-N.
On the bank of Olowianka Island, an abutment is integrated with the
bridge’s control room, where the hydraulic driving system, the control

devices, and the service device are located. The span is lifted in the

http://mostwiedzy.pl


Engineering Structures 254 (2022) 113781K. Zoltowski et al.

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

Fig. 3. The variation of natural frequency and the logarithmic decrement related to damper constant 𝑐2, based on numerical solution of Eq. (4).
Fig. 4. Free response 𝑦1 and 𝑦2 of the system presented in Fig. 1 for (a) 𝑐2 = 10Ns/m; (b) 𝑐2 = 12, 589Ns/m; (c) 𝑐2 = 12, 589, 254Ns/m. The values (a), (b), (c) are denoted in
Fig. 3 with vertical color lines: green, orange and magenta respectively.
Fig. 5. (a) Side view on the fully opened footbridge with its surroundings; (b) Side view of the footbridge from Olowianka Island; (c) Front view of the footbridge from the Main
Town side.
range from 0◦ to 65◦ from the level by two hydraulic cylinders and
then locked in the open position with a special locking device. When
the bridge is in the closed position, the cylinders are inactive and the
span is a simply supported beam (Fig. 7).

To apply the phenomena described in Section 2.1, Bosch Rexroth
company, responsible for supplying the hydraulic system, was asked
4

to implement an additional element in their design. This was a bypass
between the working spaces of the double-acting hydraulic cylinder.
The bypass was equipped with an electric valve and a manual reducer
(Fig. 8). The bypass is closed by the electric valve during bridge rising
operations (Fig. 7b) and it is opened when the bridge is used by
pedestrians (Fig. 7a). The adjustment of manual reducer is permanent

http://mostwiedzy.pl
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Fig. 6. Longitudinal view of the footbridge, the basic cross-sections, and the dimensions [m].
Fig. 7. Scheme of the footbridge with a driving cylinder: (a) in the closed position; (b) in the opened position.
Fig. 8. A driving hydraulic cylinder: (a) a sketch of the hydraulic cylinder modification; (b) a real view of the driving hydraulic cylinders applied in the bascule bridge.
and was evaluated by Bosch Rexroth to fulfill designed damping re-
quirements. As a result, hydraulic oil can flow between the working
spaces of the cylinder when the drawbridge is lowered (Fig. 7a), thus
the cylinder works as a damper. With added bypass, the hydraulic
cylinder can be considered as a high ratio damper. This damper works
only when the dynamic loads occur on the bridge. In the theoretical
analysis, the linear damping law was assumed. The original design did
not provide oil pressure in cylinder when the bridge is lowered.
5

2.3. Finite element model

At the design stage, the footbridge was subjected to numerical
dynamic analysis. Because it is a time-consuming process, a FEM model
should be simplified as much as possible, but should still be good
enough to simulate a realistic dynamic response of the structure in the
range interesting for a designer. In our case, two numerical models
were made. The first one was composed of shell and beam finite

http://mostwiedzy.pl
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Fig. 9. Finite Element Method models: (a) the first one—shell and beam model; (b) the second one—beam model.
Fig. 10. The considered static schemes of the numerical models under operation.
elements (Fig. 9a). Shell elements are two-dimensional Timoshenko–
Reissner-type quad-4 elements. These elements have an enriched state
of deformation in the surface and reduction of the blocking effect. They
also consider the shear effect and the different position of the coating
reference surface (eccentricity). Beam elements are one-dimensional,
two-node spatial finite elements of Timoshenko type. They take into
account the shear effect and the eccentric beam axis. Most of the struc-
ture was modeled entirely from shell elements. Only the longitudinal
ribs strengthening the main girder and the deck were modeled with
beam elements. The second model was a beam model. In this variant,
the model consisted of the main beam with variable cross-sections and
additional beams that formed the triangular shape of the structure
(Fig. 9b). The numerical models were made using commercial FEM
SOFiSTiK software. In each model, the mesh convergence analysis was
established in a few steps. At each step, the element size was reduced
twice and the change in the structure’s deformation was analyzed.
When the change was not over 3%, the mesh convergence process was
finished.

The complex and more precise first model was used to check the
ultimate and serviceability limit states. The eigenforms and natural fre-
quencies were also determined. The second beam model was validated
by matching the dynamic modal characteristics and the static deflec-
tions under the test load to the shell–beam model. The structural mass
(factor 1.03) and Young’s modulus (factor 0.99) of the beam model
were modified to obtain the same eigenforms, natural frequencies in the
range up to 10 Hz, and static deflections. To investigate the potential
effect of a supplementary viscous damper on the dynamic behavior of
the footbridge, a beam (second) model was considered in the following
three variants (Fig. 10):

• M-01F (Free model): The numerical model does not have any
support point in the place of the driving cylinders.

• M-02D (Damping model): The numerical model has damping
constraints in place and a direction consistent with the cylinders.
Damper coefficient was initially set as 𝑐 = 3E4 kN s m−1

• M-03R (Rigid model): The numerical model has rigid constraints
in place and a direction consistent with the cylinders.
6

2.4. Dynamic numerical analysis

The first four eigenvalues (natural frequencies) were calculated for
models M-01F and M-03R using the direct Lanczos method. The algo-
rithm does not consider damping in the calculation of eigenvalues [54].
Thus, in the case of model M-02D, the determination of the natural
frequencies was carried out by modal analysis of the free response
of the structure. Free vibrations were computed as a response after
the impulse forced near to the middle of the span. The Newmark
direct integration method was applied for solving Eq. (1) based on
Eq. (5) [67–69]:

𝐱̇𝑖+1 = 𝐱̇𝑖 + [(1 − 𝛾)𝛥𝑡]𝐱̈𝑖 + (𝛾𝛥𝑡)𝐱̈𝑖+1
𝐱𝑖+1 = 𝐱𝑖 + (𝛥𝑡)𝐱̇𝑖 + [(0.5 − 𝛽)(𝛥𝑡)2]𝐱̈𝑖 + [𝛽(𝛥𝑡)2]𝐱̈𝑖+1

(5)

where 𝑖 is a step number; the integration step was established as
𝛥𝑡 = 0.01 s; and the control parameters of the method 𝛾 and 𝛽 were
established according to the original Newmark method as 𝛾 = 1∕2
and 𝛽 = 1∕4. This ensures a calculation without additional numerical
damping. The free response was tested at several points of the model,
and then a Fast Fourier Transform (FFT) was performed on the obtained
vibration signals to identify the natural frequencies. Compared to the
eigenvalues, these frequencies consider the influence of a high dumping
element in the system. Based on these, a preliminary assessment of
the pedestrian bridge’s sensitivity to dynamic loads can be made.
When the natural frequency is about 2.0 Hz, a comprehensive dynamic
analysis must be performed [11,13,23]. For a further detailed analysis
of the dynamic response of the footbridge, the three numerical models
described above (Fig. 10) were carried out under the following loads
defined in [12]:

• L-01Part—the pedestrian stream partially synchronized.
• L-02Full—the pedestrian stream fully synchronized.
• L-03V—squats performed by a group of people (vandalistic load).

In all load models, the excitation frequency was adjusted to the first
natural frequency, which is different in the three considered numerical
models. Fig. 11 shows an exemplary excitation with an amplitude
frequency of 2.0 Hz.

The first load (L-01Part) is a load case representing pedestrians
walking on the footbridge. Studies carried out by [71] and confirmed
by [12] indicate that statistically, the number of synchronized pedes-
trians is equal to the square root of the number of all pedestrians. The
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Fig. 11. Example models of pedestrian load developed in [12,70]: (a) single pedestrian walking; (b) squats of single pedestrian.
load from a single pedestrian (Fig. 11a.) was multiplied by the number
of synchronized pedestrians. The second load case (L-02Full) is similar
to L-01Part; however, in this load, all pedestrians are synchronized.
The last load (L-03V) is a vandalistic load case. It comprises purposeful
squatting on the footbridge, which is supposed to cause big vibrations.
In this case, the load frequency is fully synchronized with the natural
frequency of the bridge. The impact of squatting by a single pedestrian
(Fig. 11b.) was, in this case, multiplied by the number of squatting
pedestrians. It was assumed that the squats would be performed by
a group of 20 people. Analysis of the dynamic response of the load
cases was performed using the Newmark time step method with clas-
sical proportional structural damping applied according to Rayleigh
(Eq. (6)) [68].

𝐂 = 𝛼1𝐌 + 𝛼2𝐊 (6)

Proportionality coefficients 𝛼1 and 𝛼2 were selected to provide a log-
rithmic decrement of about 2.4% [15]. For determination of the
oefficients, Eq. (7) was used. In the formula, it is assumed that for
oth modes 𝜔𝑖 and 𝜔𝑗 , the same damping ratio 𝜉 is adopted, which is
easonable based on experience and experimental data.

1 = 𝜉
2𝜔𝑖𝜔𝑗

𝜔𝑖 + 𝜔𝑗
𝛼2 = 𝜉 2

𝜔𝑖 + 𝜔𝑗
(7)

.5. Modal analysis

Modal analysis is a method used to identify the dynamic properties
f the structure. One can distinguish methods based on the measur-
ng and processing of input and output data, or output data only.
mong the methods based on output data only, it is the simplest use
f a free vibration signal. In a numerical and field dynamic test of
footbridge, there is usually no problem in exciting free vibrations

nd measuring time-domain free-decay displacements or accelerations.
here exist numerous techniques for identifying the modal parameters
rom free vibration signals [72,73]. In this case, the ERA (Eigensystem
ealization Algorithm) was adopted [74–77], which is an efficient
nd popular time-domain method of modal parameter identification,
onfirmed in many civil engineering applications. The ERA is related to
ontrol theory and utilizes state-space representation of a discrete-time,
inear, time-invariant system in the form of Eq. (8):

(𝑘 + 1) = 𝐀𝐱(𝑘) + 𝐁𝐮(𝑘)
𝐲(𝑘) = 𝐂𝐱(𝑘) + 𝐃𝐮(𝑘)

(8)

here 𝐱(𝑘) is the vector of the states; 𝐮(𝑘) is the vector of the system
nputs; 𝐲(𝑘) is the vector of the system outputs at the 𝑘th step; 𝐀,𝐁,𝐂,𝐃

are the discrete-time state-space matrices; and the order of the model is
the number of components of the state vector 𝐱. The ERA is a method
7

based on Markov parameters (i.e., free-decay vibrations). In the first
step, the Hankel matrix is formulated from the Markov parameters. The
second step is a factorization of the Hankel matrix using Singular Value
Decomposition (SVD). Due to the existence of noise in the acquired
data, a minimal realization is obtained by eliminating relatively small
singular values in the matrices resulting from the SVD. Subsequently,
the estimated system matrices that are minimal realization can be
calculated. After that, the eigenvectors and the eigenvalues can be
found by solving the eigenvalue problem using the obtained estimated
system matrices. Before calculation of the modal parameters, a discrete-
time system must be transformed to the corresponding continuous-time
system. The modal damping rates and the damped natural frequencies
can be obtained from the real and imaginary parts of the eigen-
value matrix. In turn, the mode shapes can be calculated using the
eigenvector matrix.

In the ERA, assuming the model order is a crucial aspect. Thus, to
evaluate the assumed model order, a stabilization diagram is created.
To determine the diagram, the identification process is repeated with
different (increasing) model orders. If the modes are stable, they should
remain constant in most iterations. Additionally, a filtered version
of the stabilization diagram can be generated [78], which is created
using the criteria of the evaluation of the solution modes. In presented
work, MAC (Modal Assurance Criterion [79]) and MPC (Modal Phase
Collinearity [80]) were employed.

3. Numerical results

3.1. The dynamic characteristics and beam model validation

An eigenvalue analysis was performed for the numerical shell–
beam model. The first four forms of natural vibration were determined
together with the corresponding vibration frequencies. The results of
the eigenproblem are presented in Fig. 12a–d, which shows that the
footbridge is characterized by a low frequency of vertical natural
vibrations (1.64 Hz) in the critical range below 2 Hz. The beam model
was validated by matching the dynamic characteristics and stiffness
with the shell–beam model. The achieved forms and frequencies of the
beam model are alike those of the shell–beam model (Fig. 12e–h). The
diagrams shown in Fig. 12 do not include additional support in place of
the hydraulic cylinders. The first natural frequency is exactly 1.64 Hz
for both the shell and beam model. The validated beam model was used
for further numerical dynamic analysis.

Table 2 shows a comparison of the determined natural frequencies
for the beam models M-01F, M-02D, and M-03R (Fig. 10). The analysis
of the free response of the structure after an impulse forced in the
middle of the span was performed with the Newmark time-step method.
Fig. 13 presents the received signals and their FFT analysis results are
presented in Fig. 14. The dominant vibration frequencies determined

−1
for model M-02D with the damper coefficient 𝑐 = 3E4 kN s m are
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Fig. 12. Comparison of first four eigenforms and eigenfrequencies: (a–d) Shell-beam FEM model; (e–h) beam FEM model.
Fig. 13. Comparison of the free response accelerations for the numerical models: (a) M-01F, (b) M-02D (𝑐 = 3E4 kN s m−1), and (c) M-03R.
Table 2
Comparison of the natural frequencies for the different variants of the FEM beam model
(Fig. 10).

Eigenform Natural frequencies [Hz]

M-01F M-02D M-03R

First bending form 1.64 3.13 3.38
First torsion form 4.86 4.86 4.86
Second bending form 5.73 5.85 5.89
Second torsion form 6.79 6.79 6.79

close to the natural frequency obtained for the model M-03R (Table 2).
This means that cylinders with such high damping are ‘‘almost’’ rigid
support for the span, and the first dominant natural frequency goes
beyond the area critical for footbridges. It should be noted that this
rigid support effect is only achieved for dynamic loads. For static and
quasi-static (long-term) loads, there is no force in the damper, and the
static diagram for long-term loads is a freely supported beam, as in
the M-01F model. Despite such satisfactory natural frequencies for the
model M-02D, it was conducted a detailed analysis of the dynamic
response of the footbridge for all three variants of the numerical
models.

3.2. Influence of the viscous damper on the footbridge

Based on the phenomenon presented in Section 2.1, the influence
of the defined viscous damper (driving hydraulic cylinders) on the dy-
namic behavior of the designed footbridge was studied. The simplified
model M-02D was used in the calculation. Initially, a small damper
constant was considered and dynamic analysis was performed to get the
free response of the footbridge. A small damper constant ensures, in the
8

first iteration, no significant effect on the frequency and damping of the
structure. The obtained signal was analyzed using the ERA algorithm.
The natural frequencies and modal damping were identified for the
first four modes. Subsequently, the damper constant was increased and
dynamic and modal analyzes were performed. Increasing the damper
constant, these steps were repeated to get the frequency and modal
damping relationship shown in Fig. 15. The results are presented for
vertical bending forms 1 and 3 (Fig. 12) only. No effect on torsional
forms 2 and 4 (Fig. 12) was observed. This is due to the location
of the hydraulic cylinder and the lack of its influence on torsional
vibrations. The frequency asymptotes for each mode are marked with
horizontal lines on the charts, and they show the natural frequencies
obtained using the M-01F (lower) and M-02R (upper) models. It can
be seen that the damper constant changes the natural frequency values
in the range of borderline cases, from free to rigid support. Analyzing
the relationship between modal damping and the frequency, it can be
seen that the maximum damping occurs near to the frequency curve’s
inflexion point. At the design stage of the footbridge, the principal
objective was to raise the frequency of natural vibrations as far from the
critical range as possible. Hence, the minimum damper constant 𝑐 was
chosen, where the frequency is close to the upper asymptote with the
minimum value of 𝑐 simultaneously. This value, 𝑐𝑒 = 3E4 kN s m−1, is
marked in Fig. 15 by a vertical black line. It is assumed that any value of
the damper constant greater than 𝑐𝑒 is considered as acceptable if the
accelerations from the pedestrian loads meet the comfort conditions.
The results of the dynamic analysis are presented in Section 3.3; the
condition is met and the determined value of 𝑐𝑒 was delivered to
the contractor of the hydraulic cylinders, with an indication that the
resulting damper constant of the modified hydraulic cylinders cannot
be smaller than the value of 𝑐 .
𝑒
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Fig. 14. Fast Fourier Transform (FFT) analysis of the free response accelerations calculated by the FEM beam models.
Fig. 15. The modal damping and natural frequency vs. the damper constant for the numerical model M-02D: (a) 1st mod, (b) 3rd mod.
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.3. Pedestrian loadings

The response of the footbridge under pedestrian action was esti-
ated using the time-step method with the Newmark algorithm in

OFiSTiK software. The structural responses under loads L-01Part, L-
1Full, and L-03V were calculated. Fig. 16 presents graphs comparing
he obtained vertical accelerations in the middle of the bridge span
epending on the model variant got for a partially synchronized pedes-
rian stream (load L-01Part). Additionally, Fig. 17 shows the results for
he L-03V load case. Table 3 presents the results of the maximum dis-
lacements and accelerations obtained for the three numerical models
M-01F, M-02D, and M-03R) and the three load models. If the damper
s included in the analyzes (M-02D and M-03R), the amplitude of the
9

c

ibrations is much lower compared to the model without the damper
M-01F).

The comfort classes are defined in [81] and presented in Table 4.
ased on this and the results of the dynamic analysis (Table 3) for
he model M-02D under load L-01Part, it was determined that the
ootbridge with the use of hydraulic cylinders as dampers would ensure

high level of comfort (class K1). The load case L-02Full (dynamic
cting of pedestrian flow, fully synchronized, filling 100% of the deck)
s an unlikely situation. However, if it occurs, the footbridge will
rovide users with a minimum level of comfort (class K3). In the case
f vandalistic loads (L-03V), the comfort criterion is not considered
ut the load capacity criterion is. It is assumed that vandalism will
ot be disturbed by excessive vibrations of the bridge. Here, the safety
ondition of the structure must be respected. The results for this load
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Fig. 16. Graphs of vertical acceleration for a partially synchronized pedestrian stream (L-01Part) with the excitation frequency 𝑓𝑒: (a) M-01F 𝑓𝑒 = 1.64Hz; (b) M-02D 𝑓𝑒 = 3.13Hz;
nd (c) M-03R 𝑓𝑒 = 3.38Hz.
Fig. 17. Graphs of vertical acceleration for squats performed by twenty people (L-03V) with the excitation frequency 𝑓𝑒: (a) M-01F 𝑓𝑒 = 1.64Hz; (b) M-02D 𝑓𝑒 = 3.13Hz; (c) M-03R
𝑓𝑒 = 3.38Hz.
Table 3
Summary results of dynamic analysis.

Load Value FEM model acc. Fig. 9

M-01F M-02D M-03R

L-01Part dz [mm] 36.93 0.35 0.46
az [m s−2] 3.91 0.11 0.19

L-02Full dz [mm] 69.08 5.33 6.85
az [m s−2] 3.92 1.62 2.85

L-03V dz [mm] 37.38 1.44 10.43
az [m s−2] 4.04 0.91 5.03

Table 4
Comfort classes for footbridges by [81].

Comfort class Level of comfort Vertical acceleration

[m s−2]

K1 High Less than 0.5
K2 Medium 0.5÷1.0
K3 Minimal 1.0÷2.5
K4 Unacceptable More than 2.5

case indicate very small displacements of the deck—only 1.44 mm,
which is a very small value compared to the deflection from a static
load required by the standard. It is worth noting that when there
is no damper (model M-01F), the level of comfort is unacceptable.
Dynamic footbridge response analysis was also performed for a damper
constant higher than the recommended value (𝑐 > 𝑐𝑒). The maximum
accelerations obtained for the L-01Part load depending on the adopted
damper constant are shown in Fig. 18. It should be noted that the
10

comfort level is still the highest for each 𝑐 > 𝑐𝑒.
4. Field test

The footbridge tests were carried out during a test load before being
opened to service. They took place on June 17, 2017, and comprised
static and dynamic tests. The tests were carried out late in the evening
and at night to dispose of the effects of temperature changes associated
with sun operation on the obtained static results. The tests were carried
out by the Field Research Laboratory, which is part of the Department
of Railway Transportation and Bridges of the Gdansk University of
Technology.

During the static field tests, the maximal vertical displacements,
the settlement of the supports, and the vertical deformations of the
bearings were measured. As the static load, 43 water tanks with a
unit weight of 10.5 kN were used (Fig. 19). The maximum measured
elastic displacement in the middle of the span was 71.2 mm. Corre-
sponding theoretical displacements obtained for the M-01F model were
76.6 mm. The measured value is 93% of the theoretical displacements.
Differences between the theoretical and real displacements are due to
measurement errors, the value of the real test load, a real redistribution
of structure stiffness, and a disregarding of railings in the numerical
model. It should be mentioned that the theoretical model was built
on the design stage and was not calibrated, thus received error is
acceptable. On the other hand, if we assume the infinite stiffness in the
cylinder’s place (M-03R model - blocked oil pressure in the cylinder),
the static displacement would be only 16.1 mm. The static test load
confirmed that the footbridge works as a simply supported beam for
static loads.

During the dynamic tests, the platform’s accelerations were mea-
sured at eight measuring points; the vertical accelerations were mea-
sured at six points and the horizontal acceleration at two points. Verti-
cal accelerometers were located at 1/4, 1/2, and 3/4 of the span length.
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Fig. 18. The relation between the damping ratio 𝜉, the maximal acceleration of the span a, and the damper constant c under a partially-synchronized march. The results are
limited to the recommended values of c higher than 𝑐𝑒 (p. 3.2).
Fig. 19. The static load during the field test: (a) side view with the measurement point marked; (b) the water tanks during the field test.
Fig. 20. Dynamic measurement scheme.
The arrangement of the measuring points is shown in Fig. 21a. Three-
axial micro-electro-mechanical capacitive accelerometers (MEMS) of
the LIS344ALH type manufactured by STMicroelectronics (Geneva,
Switzerland) (Fig. 21b) were used to measure the structure’s vibra-
tion response. Measurement data were recorded using the QUANTUM
HBM 840a (Hottinger Baldwin Messtechnik GmbH, Darmstadt, Ger-
many) eight-channel measurement amplifier (Fig. 21b). The measuring
stand (Fig. 20) also consisted of a laptop used for data processing,
visualization, and storage of measurement results.

4.1. Dynamic tests

The main loads on the footbridge are walking and cycling people,
but due to its location in the city center, there is an incidental risk
11
of vandalistic loading of the footbridge. Therefore, it was carried out
a wide range of dynamic tests and to identify and verify the dynamic
behavior of the footbridge under various dynamic loads. The performed
tests included the following excitations: synchronous and free march,
synchronous and free running, as well as squatting of a group of twenty
pedestrians (Fig. 22). At first, to synchronize the applied pedestrian
excitation with a resonant frequency, the dynamic parameters of the
footbridge were identified by analyzing the free response. Free vibra-
tions were induced with impulsive jumping of a group of 20 people.
Based on the Fast Fourier Transform (FFT) analysis of the vertical
acceleration signal measured in the middle of the span, the natural
frequencies of the footbridge were identified in the field. The main
frequency was 3.1 Hz, which is close to the first natural frequency
developed in the numerical analysis; thus, it was assumed as the first
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Fig. 21. (a) Tri-axial micro-electro-mechanical capacitive accelerometers (MEMS)
accelerometer; (b) QUANTUM HBM 840a eight-channel measurement amplifier.

Table 5
The natural frequencies and modal damping ratios identified in the field test.

Mod 1 2 3 4

Frequency [Hz] 3.098 4.357 5.723 6.921
Damping ratio [–] 0.0343 0.0027 0.0056 0.0057

Table 6
Summary results of the maximum vertical accelerations from the field test of
human-induced vibrations.

Type of human- Free Synchronous Free Synchronous Synchronous
induced vibration march march running running squatting

Maximum acceleration 0.22 1.83 0.8 2.33 3.08
[m s−2]

bending form of the structure. Therefore, further tests were carried out
with the frequency 3.1 Hz and additionally with a frequency close to
the standard human step of 1.9 Hz. Three measurement series were
performed for each type of excitation.

The modal analysis was performed using the ERA algorithm. To
identify the modal parameters, the free response signals from six ver-
tical accelerometers were used. Before analysis, the signals were pro-
cessed. To limit the range of the resulting model poles to 15 Hz,
the signals were downsampled to 30 Hz. The method’s parameters
were established iteratively to get the stable modes occurring on the
stabilization diagrams. The nonfiltered version of the final diagram is
presented in Fig. 23a; in turn, the filtered version is shown in Fig. 23a.
As in the numerical model, four mods occurred in the range from 0 to
8 Hz. For each of them, the natural frequency, the damping ratio, and
the form of vibration were calculated. The identified frequencies and
damping ratios are concluded in Table 5. Fig. 24 presents the identified
form, where the measured points are marked with green dots; they are
also projected onto the 𝑧 = 0 plane with red dots, and the black dots
are fixed points. For the spatial presentation of the forms, a cubic spline
was drawn through the black and green dots. Generally, it can be seen
that the first four mods in comparison with the numerical modal shapes
have similar forms, which allows comparing the respective natural
frequencies between the field and numerical results.

An important aspect of the research was checking the comfort of
pedestrians moving along the footbridge. The measured acceleration
signals were used to evaluate comfort, and all recorded signals were
processed. The trend line was removed and then they were filtered. A
5th Butterworth band-pass filter was used, which allowed filtering the
components with frequencies below 0.5 Hz and above 10 Hz from the
signal, as they were outside of the area of interest. Fig. 25 presents the
example time histories of the vertical accelerations of the deck acquired
in the middle of the span. In Fig. 25a, the response under a free walk is
shown; in turn, in Fig. 25b, the accelerations under synchronized squat-
ting are demonstrated. Table 6 summarizes the maximum acceleration
values of the footbridge structure under each type of excitation.
12
Table 7
Summary results of the theoretic and measured values of natural frequencies of the
span.

Eigenform Natural frequencies FEM [Hz] Field test [Hz]

M-01F M-02D M-03R Real structure

First bending form 1.64 3.13 3.38 3.098
First torsion form 4.86 4.86 4.86 4.357
Second bending form 5.73 5.85 5.89 5.723
Second torsion form 6.79 6.79 6.79 6.921

5. Discussion

Damping ratios are one of the most important factors that influence
the prediction of footbridge dynamic behavior. However, they are one
of the most difficult parameters to estimate in the design stage. It is
important not to overestimate structural damping to ensure a conser-
vative prediction of vibration in service, especially if there is a risk of
resonance associated with humans walking on the footbridge. In this
case, it is advisable to design additional damping devices. However, the
prediction of the dynamic behavior of the footbridge with an applied
damping system is even more complicated and should be supported by
comprehensive research.

The final dynamic parameters of the footbridge were identified
based on the field test, and confirmation of the theoretical assumptions
was carried out. Table 7 presents the comparisons of the natural
frequencies obtained during the field test and the previous numerical
analyzes. Generally, the values are similar. Moreover, the eigenforms
identified in the field test for each mod have the same shape as in the
numerical model, as can be seen in the comparison of Figs. 12 and
24. However, there are differences between the natural frequencies,
which can be caused by several issues. The results presented in Table 7
compare the design stage and the state obtained after construction.
The identified first natural frequency is 3.098 Hz which is 99% of the
theoretical value. Despite the lack of final calibration, they show high
compatibility. The differences in the results are due to the same reasons
as in the static analysis (Section 4). Dynamic analysis is an even more
complex issue because of the necessity of considering the structural
mass distribution and damping. At the design stage, two important
parameters were theoretically predicted: the structural damping of the
bridge structure and a damping coefficient of a hydraulic cylinder. Con-
firmation of the structural damping of the bridge should be done under
construction when the span was not connected with driving cylinders.
Unfortunately, this moment was missed because of the construction
process. Furthermore, the identification of the real value of the external
damper coefficient was theoretically possible but also missed during
the construction process. The theoretic damping coefficient of cylinder
𝑐 = 3E4 kN s m−1 was considered in the design stage. According to the
further analysis, as shown in Fig. 15, this value can be taken as the
minimum.

However, one can consider the following case: is it possible that
such a big cylinder, with adopted such high damping coefficient, is
completely blocked and insensitive to a relatively small dynamic load.
In that case, it would work as a rigid support. To confirm the cylinder
works even under the small dynamic load, an additional test was
conducted (Fig. 26). Displacements between the cylinder tube and
the piston rod were measured under the dynamic excitation. The in-
ductive displacements’ sensor was installed between those two parts
(Fig. 26b). As a dynamic test load, a group of four people tried to
excite structure with the first natural frequency. The result of piston
movement is shown on Fig. 26a. Maximum obtained amplitude is c.a.
0.008 mm. Theoretically, with absolutely no damping in the cylinder,
the displacement in the direction of the piston under the test load
should be 0.185 mm (according to the FEM analysis - model M-01F). It
allows us to conclude that the hydraulic cylinder is acting dynamically
even under a relatively small dynamic load, but the effect of the high
damping may provide behavior close to the rigid support.
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Fig. 22. Dynamic tests performed on the footbridge: (a) synchronous march, (b) synchronous and free running, as well as (c) squatting of groups of twenty pedestrians.
Fig. 23. Stabilization diagrams of the Eigensystem Realization Algorithm (ERA) method: (a) Non-filtered version; (b) filtered version.
Fig. 24. First four eigenforms of the footbridge identified in the field test (a) 1st mod, (b) 2nd mod, (c) 3rd mod, (d) 4th mod. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)
Based on the field research and numerical calculations, the acceler-

ation time histories of the structure at selected measuring points were
13
obtained. Fig. 27 shows the representative acceleration time histories

during free walking and squatting got from the field tests and the
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Fig. 25. Representative time histories of vertical acceleration in the middle of the footbridge under (a) a free march and (b) synchronous squatting.
Fig. 26. The field test of the dynamic work of the hydraulic cylinder: (a) measured displacements between the piston rod and the cylinder tube under the dynamic load; (b) the
scheme of the sensor location; (c) the inductive sensor (not finally connected).
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Table 8
Summary results of the experimental and analytical class comfort for the footbridge.

Load Max acceleration [m s−2] Comfort class

Field test FEM model M-02D

L-01Part 0.19 0.14 K1
L-02Full 1.83 2.26 K3
L-03V 3.08 2.99 K4

numerical calculations (model M-02D). The maximum accelerations
calculated by the FEM model, measured in the field test and the
corresponding expected comfort levels are presented in Table 8. It was
found that the footbridge provides a high level of comfort under normal
exploitation conditions. The maximum acceleration values under free
walking correspond to the first comfort class and are significantly
lower than 0.5 m s−2. The maximum acceleration values under fully
ynchronized walking, with the pacing rate corresponding to the first
ertical natural frequency of the span, fulfill comfort criteria for class
hree (maximum reached acceleration was 1.83 m s−2). A different
ituation occurs during intentional pedestrian excitation at a particular
requency in the middle of the span. Here, the vibrations oscillate at the
evel of the minimum acceptable vibration level (up to 2.5 m s−2). Such
xcitation should be considered as an intentional vandalistic action,
hich cannot be treated as normal exploitation. Therefore, it is not

equired to fulfill the comfort criteria.
The presented frequencies (Table 7) and the predicted response in

ig. 27 confirm the compliance of the proposed FEM model with the
eal structure. The analysis of the influence of the appropriate damper
onstant allowed us to build a footbridge that fulfills the comfort
riteria. Supposedly, in the case of a footbridge not equipped with
n additional damping device, there is a risk of excessive vibration
14

o

uring the exploitation. This is shown in Table 3, which compares
he maximum accelerations for the three models: the model without
dditional support (M-01F), the model with an additional damping
evice (M-02D), and the model with rigid support (M-03R) in place of
he driving hydraulic cylinder. There is a significant reduction in the
ccelerations of the M-02D model compared to the M-01F and M-03R
odels, which can be considered, along with the high compliance with

ield tests, as a confirmation of the assumptions regarding the impact of
viscous damper on the structure. Application of the damper supported
y the conducted analysis allowed not only to reduce the value of the
cceleration but to shift primarily the natural frequency outside of the
ange directly related to walking as well. The presented results confirm
he correct selection of the damper constant and the entire process of
ynamic identification of the structure.

Fig. 28 shows the general block diagram of the proposed dynamic
nalysis procedure, which could be considered a proper way to evaluate
he influence of a viscous damper on the structure, as well as could help
o design it. The first stage of the analysis should be the development
f a complex FEM model that would describe the design structure
s accurately as possible to determine the basic dynamic parameters
uch as eigenfrequencies and eigenvectors. If the frequencies are not
n the critical range, it can be assumed that the bridge will fulfill all
ervice requirements. When the frequency is in the range up to 5 Hz,
he complex dynamic analysis should be performed [82]. Due to the
ime-consuming computations, it is recommended to create a simplified
odel. This model should be subjected to an iterative validation pro-

ess. As result, the dynamic parameters such as eigenfrequencies and
igenvectors should be close to those reached in the complex model.
fter compliance with the interesting parameters, the simplified model
hould be subjected to various human-induced loadings. Based on the
btained acceleration results, the comfort criteria can be examined; if
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Fig. 27. Comparison of the time history accelerations obtained by the numerical model M-02D and the field test: (a) Response under free march; (b) response under the squatting.
Fig. 28. Flowchart of the developed procedure allowing to estimate the damper constant required to reduce excessive vibrations and to shift the natural frequency.
the acceleration and frequency values provide comfort conditions, this
completes the analysis. The comfort criteria are often not fulfilled at
this stage of the calculation, which therefore requires modifications to
reduce the acceleration level. One of the solutions is introducing an
additional viscous damper to the structure. In the case of a drawbridge,
it can be an economical way to modify its dynamic characteristics.
This should allow the frequency of the natural vibrations to be shifted
15
from the range associated with human-induced vibration and to reduce
the acceleration of the structure. In the first stage, it is recommended
to make simplified numerical models with different boundary condi-
tions. One of the numerical models (M-02D) should have an additional
damping element, and the other model (M-03R) in place of a viscous
damper should have rigid support. The next step is to perform the it-
erative calculation procedure. Calculations with increasing the damper
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constant at each step should be performed with the M-02D numerical
model. The initial value should not induce any significant change of
the natural frequencies, as in M-01F. In each step, for model M-02D,
the analysis of the free response of the structure should be performed.
Then, the modal analysis technique should be utilized to determine the
natural frequencies, damping, and modal shapes. After conducting a
full iterative analysis, a graph of the structure’s natural frequency and
modal damping depending on the additional damper constant can be
obtained, as shown in Fig. 15. The next step is to select the minimum
damper coefficient that causes a frequency change. Then, the model
with the adopted minimum additional damping should be subjected to
the iterative procedure, which includes the determination of the maxi-
mal accelerations under human-induced loading. The damper constant
should be increased, starting from the adopted minimum value. The
range of the damper constant, where the maximal accelerations and
force in a cylinder are acceptable, should be defined; this range may
be adopted as a guideline for the damping device’s manufacturer. The
dynamic load on the cylinder comes only from the dynamic component
of the footbridge load and can be estimated at 5% of the value of the
code load.

The proposed procedure applies only to the selected types of struc-
tures. If despite the applied damping and the execution of the proposed
procedure, the footbridge still does not fulfill the comfort criteria, a
change of the geometry or the location of the damping devices should
be performed.

6. Conclusions

Dampers are usually used to increase the damping of a structure.
This paper presents a conducted comprehensive research in order to
implement the idea of the use of a viscous damper which modifies the
boundary conditions of static schema and in consequence the natural
frequency of a pedestrian drawbridge. It allowed eliminating the prob-
lem of pedestrian discomfort caused by excessive vibration. The idea
was studied using a simple mechanical model. The parametric solution
of the equation of motion confirmed the usefulness of the method. It
was demonstrated using the FEM model that, in a particular case, the
range of natural frequencies of the span can be changed by using an
additional viscous damper with a high damper coefficient. It should be
emphasized that in such a case where nonproportional damping occurs,
the modal parameters cannot be determined with the generalized or
standard eigenvalue problem commonly implemented in commercial
programs. The appropriate value of the damper constant was deter-
mined based on parametric dynamic analysis using direct integration of
the equation of motion. Finally, the first natural frequency was shifted
from 1.64 to 3.13 Hz. Based on the presented research, changes were
made to the bridge’s driving system under construction. To the best of
the authors’ knowledge, this is the first implementation of this idea in
a bridge structure. The developed procedure allowed to estimate the
damper coefficient required to reduce excessive vibrations and to shift
the natural frequency. The correctness of the assumptions was finally
confirmed by a field test. The level of pedestrian comfort was evaluated
as the first class based on the acceleration results obtained from the
numerical analysis and the field test. Nevertheless, the following activ-
ities could improve the consistency of the theoretical and field results.
First, the structural damping of the bridge could be confirmed under
construction when the span is not connected to the driving cylinders.
Second, the possibility of delivering the driving hydraulic cylinders
with a precise damper coefficient could be beneficial, because it would
allow introducing optimization in the damper coefficient’s selection
process.

The most important element of the presented solution is the fact that
the static system modified by the damper works only under the dynamic
component of the load. Thanks to this, the forces acting on the damper
components are small. Adaptation of the driving cylinder to the role
of the viscous damper, which acts in service, proved to be favorable.
16
It should be emphasized that a passive hydraulic cylinder would also
introduce damping into the system. However, the procedure presented
in this paper provides predictable results. This method is not universal
but can be an inspiration during designing new constructions. It also
allows to design economically and aesthetically, heretofore designers
have often increased cross-sections to improve the dynamic behavior
of the structure.
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