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ABSTRACT. The text of this submitted paper is devoted to the experimental dynamic analysis of
the newly designed footbridge across the Jizera River in Mlada Boleslav. Theoretical modal analysis
has shown potential risk that some of the natural frequencies of the bridge deck will belong to the
range which is typical for pacing frequencies induced by pedestrians. The resonance behaviour of this
structure should be reduced by Tuned Mass Dampers (TMD), which would be tuned for separate
natural frequencies of this structure. Therefore, the experimental dynamic analysis was performed on
the footbridge in order to assess the effectiveness of installed TMDs. The experiment was divided into
two stages, the first one was realized at the footbridge when TMDs were not yet installed, and the
second one was carried out on the footbridge with installed and activated TMDs. Moreover, the authors
have performed an experimental modal analysis in order to verify the aptness of the computational
model and its results.
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induced vibration, vandalism.

1. INTRODUCTION

As can be seen from the number of contributions and
participants, who regularly presents their papers at
the international conferences dealing with the struc-
tural dynamics, such as EURODYN, IMAC, etc., and
in technical journals, dynamic behaviour (obtained by
either numerical predictions or in-situ experiments)
of the footbridges is still at the foreground of inter-
national researchers community interest. The newly
built structures are designed still more and more sub-
tle thanks to the advanced computational procedures
and modern materials. The effort to create more
slender and subtle structures is caused in particular
by a desire of architects to not break the view of
the surrounding landscape. The combination of slen-
derness, low value of damping, physical properties
of used materials, such as mass and stiffness, and
static system of the superstructure lead very often
to the fact, that some of the natural frequencies are
scattered very closely in the region of the pacing fre-
quencies induced by pedestrians. On the other hand,
the artistic efforts of the architects create a natural
pressure on designers (in the sense of numerical cal-
culations and choice of a correct mathematical model
of pedestrian, vandal, etc.), who must properly and
with a reasonable measure of the accuracy determine
the response of the individual members of the foot-
bridge load-bearing structure. The final maximal level
of vibration in the dimension of acceleration is used

for structural assessment with respect to pedestrians’
comfort. The maximal values are usually less suitable
for a footbridge experimental assessment since their
value can be significantly affected by sudden impulse
loading, such as stamping in the close vicinity of the
used accelerometers, etc. Therefore, some guidelines
and standards recommend RMS (Root Mean Square)
values of acceleration for assessing a comfort level of
a footbridge structure with respect to pedestrians.
In literature, one can find a lot of sources, where
authors designed TMD on existing or newly built struc-
tures. In [I], authors designed and assessed a TMD
on the cable-stayed footbridge. Ferreira et al. in [2]
proposed a design of a TMD and SATMD (semi-active
tuned mass damper) on the Infinity bridge in Stock-
ton, Great Britain, which is an arch footbridge across
River Tees. The SATMD was used as an efficient
tool to prevent the lock-in effect, which is in this case
lateral instability of the footbridge induced by a criti-
cal number of synchronous pedestrians in the lateral
direction. A numerical and experimental study of
simple structure with friction TMD was addressed by
Eliecer et al. in [3] in order to reduce the vibrations
of the floor. The bridge deck vibration of the lively
footbridge across Motlawa River (Gdansk, Poland)
was reduced by high coefficient TMD, see [4]. The
suspended footbridge Zabia ktadka in Wroctaw and
cable-stayed footbridge in Poznan, which have been
enriched by TMDs, were studied in [5]. Optimal pa-
rameters of TMDs, such as their mass, stiffness, and
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FIGURE 1. A view of the investigated footbridge in
the direction of stationing.

damping properties, can be found e.g. in [6] or [7].
Sometimes, the situation requires and permits the
usage of TLD (Tuned Liquid Damper), where the
kinetic energy of the vibrating structure is absorbed
by the inertia of moving liquid, see e.g. [§].

2. DESCRIPTION OF THE INVESTIGATED
STRUCTURE

For the purposes of the presented paper, we have cho-
sen the footbridge, which is located in Mlada Boleslav
(Czech Republic) and serves to pedestrian and cycling
traffic as a part of the cycling route Al. A view of
the structure in the direction of stationing is depicted
in Figure[T] and Figure[2] The experimentally inves-
tigated footbridge is steel trussed structure with an
orthotropic bridge deck, see Figure [3] and with two
simply-supported spans, which is mounted on two
massive abutments and a reinforced-concrete pillar.
The length of individual spans are L; = 68.40 m and
Ly = 23.68m, see Figure [d] Width of the superstruc-
ture of 4.60m is constant along the entire structure,
see Figure

The footbridge centreline is direct in the horizontal
direction and curved in the vertical plane with a radius
of R = 811.541 m, see Figure [I] and Figure

The main beams have been constructed from two
trussed beams made of S355J2+N and S355J2H cate-
gory steel. Top and bottom box-sectional chords with
outer dimensions of 250 x 200 mm are welded to an
arc. The thickness of the flanges and webs at the
bottom chord is 15 mm. The top chord has a thick-
ness of webs 15 mm and flanges of 15 mm, 20 mm and
25mm. Both truss beams are rigidly connected by
horizontal box-sectional bracing with dimensions of
250 x 200 mm. The height of the main beams is vari-
able with respect to the longitudinal axis. The webs
of the trussed beams are a combination of rigid tubes,
box-sectional rods, providing the shape stability of
the top chords, and pair of prestressed rectifiable rods.

The bridge deck was designed from a 10 mm plate
reinforced with a system of longitudinal and transver-
sal stiffeners with plate profiles and inverted T pro-
files. The profiles were added to the places with the
premised locations of Tuned Mass Dampers (TMDs).

FIGURE 2. A view of the bridge deck in the direction
of stationing.
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FIGURE 3. A cross-section of the investigated foot-
bridge structure — support [10].

Generally, 8 TMDs were designed in the theoretical
dynamic analysis, see [9]. The distance between sepa-
rate cross-girders with inverted T profiles is 3000 mm
and the mutual spacing of longitudinal plate stiffeners
is 360 mm. The distance between inverted T profiles
and plate stiffeners at the places, where the inverted
T profiles were added, is 270 mm.

3. EXPERIMENT

The in-situ experiment was divided into two phases.
While the first stage was focused on the determina-
tion of the natural frequencies, relevant mode shapes
of the superstructure (experimental modal analysis,
informative dynamic test), and the response of the
superstructure without installed TMDs, the second
stage was primarily aimed at verification of the effec-
tiveness of the Tuned Mass Dampers (TMDs) after
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FIGURE 5. A view at sensor placement.

FIGURE 6. A view at sensor placement in a longitudinal section.

their installation and activation for a purpose of de-
creasing a level of vibration of the bridge deck. The
dynamic forces were produced by diversely formed
groups of pedestrians. The groups of pedestrians used
in the second stage corresponded to the groups from
the first stage. Thus the results from both stages were
mutually comparable and we were able to determine
the effect of activated TMDs.

Response of the structure was observed in the pres-
elected mesh of points by accelerometers, which were
adjusted by steel weights and placed in the correct
position. These used accelerometers were piezoelectric
seismic sensors of type 8344 (Briiel&Kjeaer). The sen-
sors were adjusted to the top chord and on the steel
weights directly by neodymium magnets, see Figure
Sensitivity of the accelerometers is 2500 mV g~! with
a frequency range of 0.2 Hz—3 kHz.

Eight-channel vibration control stations SIRIUS
6ACC — 2ACC+H and SIRIUS 8ACC have been used
to collect seismic sensor data.

3.1. EXPERIMENTAL MODAL ANALYSIS

Experimental modal analysis (dynamic informative
test within the meaning of standard CSN 73 6209 [11])
was focused on the determination of natural vibration
characteristics of the empty structure. The logarith-

mic decrement, dominant natural frequencies, and cor-
responding global mode shapes belong among these
characteristics. The structure was excited by regularly
jumping person — Ambient Vibration Test (AVT) in
a predefined spot to excite all desired mode shapes.
The dash-and-dot line, depicted in Figure |5} rep-
resents the approximate spot of the jumping person.
The eccentricity of this spot permitted the excitation
of potential torsion mode shapes. Figure [f] represents
the placement of individual measured sections in the
longitudinal direction. Reference sensors were placed
in points 62 and 102 (measurement in y and z direc-
tions) throughout the experimental modal analysis.
Besides this, the next reference sensor was placed in
point 104 (measurement in the y direction). Dur-
ing the experimental modal analysis of the second
span, the reference sensors were located in point 222
(measurement in the y and the z directions).
Experimentally obtained data of the time behaviour
of the oscillating bridge deck were stored on the hard
drive and subsequently processed by Fast Fourier
Transform (FFT), which transforms the original signal
from the time domain to the frequency domain, and
natural frequencies are depicted as local peaks. The
width of the peak at a specific height is related to
the damping connected with this natural frequency.
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FIGURE 7. The example of Complex Mode Indicator Function (the black line — evaluated across all measured points
in x,y, and z directions, the green curve in the x direction, the red line in the y direction, and the blue curve for the

z direction).

Thanks to the fact, that the force of excitation was
produced by a jumping person, Frequency Response
Spectra in individual points on the bridge deck have
been used for the determination of Operating Deflec-
tion Shapes Frequency Response Functions (ODSFRF
or ODSHyr(if)). ODSHr(if) is generally a complex
function consisting of real and imaginary part. Since
the individual points have been fitted by sensors at
different times and therefore the level of excitation
force was not constant, the transmissibility functions
Trr(if) were determined as well. Transmissibility
functions permit precise evaluation of the mode shapes.
These functions were determined by the equation:

wy (i f)
wr(if)’ @

Trr =

where
¢ means an imaginary unit,

wy(if) stands for the response (acceleration) of the
structure in point k£ in the frequency domain,

wg(if) denotes the response (acceleration) of the
structure in reference point R in the frequency do-
main.

The natural frequencies and mode shapes were eval-
uated in the software ME’scope VES. The example
of evaluated Complex Mode Indicator Function with
depicted natural frequencies is presented in Figure

3.2. DYNAMIC LOAD TEST

According to the standard CSN 73 6209 [I1], we have
tested such an arrangement of pedestrians, which was
in accordance with the requirements of this standard.
An ordinary traffic is usually simulated by:

e Random footbridge crossing with a pedestrian flow
density of the same order as the density during
standard use of the structure,

e excitation of torsional or bending vibration; two
synchronized pedestrians stepping on the same foot
at the same time; pacing frequency according to
natural frequencies of empty structure,

e excitation of lateral vibration; two synchronized
pedestrians stepping on the same foot at the same
time; pacing frequency according to natural frequen-
cies of empty structure.

In addition to the ordinary traffic, other form of pedes-
trian excitation of the footbridge (for example running
joggers, swaying and bobbing vandals) were also in-
vestigated. The walking pedestrians, running joggers
and swaying/bobbing vandals have been synchronized
by digital metronome.

3.2.1. THE FIRST STAGE — INACTIVATED TMD

On the basis of the previous experimental modal anal-
ysis, we have chosen the following pacing frequencies,
which were the same as some of the natural frequen-
cies:

The first span L; = 68.40 m

® f2) = 2.15Hz — the first shape of vertical bending
vibration; f, = 2.15Hz, f, = 2.15Hz,

fa) = 2.58 Hz — the first shape of torsional vibra-
tion; f, = 2.58 Hz,
f(5) = 3.44Hz — the third shape of lateral bending

vibration (top chords of main beams); f, = 1.73 Hz,
fp=344Hz f, = 1.72Hz, f, = 3.44Hz,

f6) = 3.94Hz — the shape of lateral bending vibra-
tion; f, = 1.97Hz, f, = 1.97Hz, f, = 1.95 Hz,

f(ry = 4.16 Hz — the second shape of vertical bending
vibration (top chords of main beams); f, = 2.08 Hz,
f, = 2.08 Hz.

The following compositions of loading groups have
been used:
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15 span f(;, [Hz]

274 span f;, [Hz]

1.16
2.15
2.27
2.58
3.45
3.94
4.15
4.68
6.04
6.11
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5.27
5.92
7.31
8.42
11.46
11.92
13.87
15.59
17.21

TABLE 1. Natural frequencies of the first and the second spans during the first stage (inactivated TMD).

e Simulation of an ordinary traffic: 4 pedestrians
(random crossing),

e synchronized walking/running: 2 pedestrians side
by side,

e vandalism: 4 qualified vandals.

The second span L, = 23.68 m

* f(1) = 5.28 Hz — the first shape of vertical bending
vibration; f, = 1.76 Hz, f, = 2.64Hz, f, = 1.76 Hz,
fo = 2.64Hz.

The following compositions of loading groups have
been used:

e Simulation of ordinary traffic: 5 pedestrians (ran-
dom crossing),

e synchronized walking/running: 2 pedestrians side
by side,

e vandalism: 4 qualified vandals.

In the previous list, f() denotes k-th natural fre-
quency, fp, stands for exciting frequency produced by
pedestrians, and finally, f, means exciting frequency
produced by vandals.

3.2.2. THE SECOND STAGE — ACTIVATED TMD
The first span L; = 68.40m

f2) = 2.15Hz — the first shape of vertical bending
vibration; f, = 2.15Hz, f, = 2.15 Hz,

* fa) = 2.47Hz — the first shape of torsional vibra-
tion; f, = 2.47 Hz,

* f(5) = 3.42Hz — the third shape of lateral bending
vibration (top chords of main beams); f, = 1.71 Hz,
fo =342Hz f, = 1.71Hz, f, = 3.42Hz,

* fey = 3.94Hz — the shape of lateral bending vi-
bration; f, = 1.95Hz, f, = 1.98Hz, f, = 1.95Hz,
fo = 1.98 Hz,

* f(7) = 4.16 Hz - the second shape of vertical bending
vibration (top chords of main beams); f, = 2.08 Hz,
£, = 2.08 Ha.

The following compositions of loading pedestrian
groups have been used:

¢ Simulation of ordinary traffic: 8-9 pedestrians (ran-
dom crossing),

e synchronized walking/running: 2 pedestrians side
by side,

e vandalism: 4 qualified vandals.

The second span L, = 23.68 m

® f(1) = 5.27Hz — the first shape of vertical bending
vibration; f, = 1.76 Hz, f, = 2.64Hz, f, = 1.76 Hz,
fo = 2.64Hz,

* f2) = 5.92Hz — the first shape of vertical bending
vibration; f, = 1.98Hz, f, = 2.97Hz, f, = 1.98Hz,
fo =2.97Hz,

e f, =230Hz, f, =2.30Hz.

The following compositions of loading groups have
been used:

e Simulation of ordinary traffic: 4 pedestrians (ran-
dom crossing),

e synchronized walking/running: 2 pedestrians side
by side,

e vandalism: 3 qualified vandals.

4. RESULTS

This text summarizes obtained and evaluated results
from the in-situ experiment, which was focused on
experimental modal analysis and forced vibration (dy-
namic load test). The Table [1] and Table [2] present
evaluated natural frequencies of the footbridge during
the first stage.

An example of the second mode shape of the first
span is graphically depicted in Figure

Table [3] summarizes the important values of damp-
ing. These values were determined for the first vertical
bending frequency at the first span and for the first
vertical bending frequency at the second span.

The following tables (Table 4, Table present
the results of maximal RMS values of acceleration at
the first span because dominant values of measured
dynamic response were observed right there.
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j 15t span 27d span

1 Lateral bending — top chords  Vertical bending — bridge deck
2 Vertical bending — bridge deck  Lateral bending — top chords
3 Lateral bending — top chords Torsional — bridge deck

4 Torsional — bridge deck Torsional — bridge deck

5 Lateral bending — top chords Lateral bending — top chords
6  Lateral bending — bridge deck  Vertical bending — bridge deck
7  Vertical bending — bridge deck  Lateral bending — top chords
8  Lateral bending — top chords  Vertical bending — bridge deck
9  Lateral bending — top chords Torsional — bridge deck

10 Vertical bending — bridge deck -

TABLE 2. Description of the individual evaluated mode shapes (inactivated TMD).

E Description IEEQZ? Spot Max [ms™?]
i Ordinary traffic - 102-Z 0.170
W . Syn. ped. 1.73 102-Z 0.089
H 3 ot Syn. ped. 1.97  102-Z 0.123
Syn. ped. 208 1027 0.258
Syn. ped. 2.15 102-7Z 0.245
g . Syn. ped. 2.58 102-7Z 0.250
Syn. ped. 344 1027 0.572
Vandals 1.72 102-Z 0.117
b ok Vandals 1.95  102-Z 2.123
FIGURE 8. The second mode shape f(2) = 2.15 [Hz] — Vandals 197 102-Z 1.376
The first span (inactivated TMD). Vandals 2.08 102-Z 0.340
Vandals 2.15 102-7Z 0.491
Vandals 3.44 102-Z 0.205

Span f [Hz] J[] ¢ [%]

18t 2.15 0.031 0.49
ond 527  0.061 0.97

TABLE 4. Maximal RMS values for individual exciting
frequencies — the first stage (inactivated TMD).

TABLE 3. Values of logarithmic damping decrement .

Description :l[];ez? Spot Max [ms™?]
5. CONCLUSION Ordinary traffic - 102-7 0.111
Syn. ped. 1.71 102-Z 0.062
The submitted paper presents the results of the exper- Syn. ped. 1.79 102-7, 0.078
imental dynamic analysis of the newly built footbridge Syn. ped. 1.95 102-7, 0.086
across the Jizera River in Mladé Boleslav. The cal- Syn. ped. 1.98 102-7 0.072
culations, in the design phase, have shown that the Syn. ped. 2.08 102-7 0.085
structure must be supplemented by TMDs to decrease Syn. ped. 2.15 102-7, 0.111
vibrations induced by pedestrians. The experiment Syn. ped. 2.47 102-7 0.158
should prove whether the installed absorbers are effec- Syn. ped. 3.49 102-7, 0.276
tive or not. As can be seen from Table [ and Table Vandals 1.71 102-7 0.141
the absorbers helped significantly to decrease the level Vandals 1.79 102-7, 0.270
of vibration, which is the most noticeably evident for Vandals 1.95 102-Z 0.193
vandalism at a frequency of 1.95 Hz and synchronized Vandals 1.98 102-Z 0.153
running pedestrians at a frequency of 3.44 Hz. Vandals 2.08 102-Z 0.114
Vandals 2.15 102-7Z 0.143
Vandals 2.47 102-Z 0.211
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