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Abstract 
 
This paper presents the results of two dynamic identification research programmes, 
carried out before and after the installation of a tuned mass damper on the Varesine-
Garibaldi footbridge, with the aim of assessing the effectiveness of the intervention. 
This footbridge is a two-span simply supported steel footbridge sited in close 
proximity to the Milano Garibaldi railway station.  The equipment includes fifteen 
uni-axial accelerometers, with seventeen channels data acquisition system. Response 
measurements made on ambient excited-structure were firstly analysed; then, 
harmonic forced vibration tests with vertical, transversal and longitudinal direction 
of the excitation were carried out. In addition, free vibrations of the footbridge when 
subject to different pedestrian loads (pedestrians marching in time or crowd random 
walking) were processed. The identification procedure is based on modal analysis.  

System identification was performed using three different techniques in the 
frequency domain: frequency domain decomposition, enhanced frequency domain 
decomposition and poly-reference least square complex frequency domain.  

The results show that the proposed control system mitigates vibrations, sensibly 
reducing the response amplitude during the forced phase. Concerning the comfort 
and safety of the footbridge, the tuned mass damper system increases the in-service 
lifetime of the analysed structure and improves the dynamic behaviour of the whole 
footbridge.  
 
Keywords: bridge, steel, structural identification, dynamic tests, modal analysis, 
tuned mass damper.  

 
1 The Varesine-Garibaldi footbridge 
 
The Varesine-Garibaldi footbridge is a two-span steel footbridge sited close to 
Milano Garibaldi railway station. This structure represents the link between Brera, 
Isola and Repubblica neighborhoods, contributing to the development of a 
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160000m2 pedestrian area in Milan (Figure 1). This important suburb, having lots of 
residential buildings, offices and commercial activities, extends from the Milano 
Garibaldi railway station to Republic Square in East-West direction. The entire 
development of the Milano Porta Nuova district was inserted in an area vacated by 
the railway lines in the early decades of the twentieth century, enclosed by the 
Spanish walls and the metropolitan area built in the late nineteenth century.  

The Varesine-Garibaldi footbridge is a two-span steel box continuous deck bridge 
characterized by a deck 5.4m wide and spans length of 45.8m and 21.8m for a total 
length of 67.6m (Figure 2). The girder is supported by a cantilever steel beam 6.5m 
high. The deck is made by a single box girder with variable height in the transversal 
cross section, from 0.8m at the edges to 1.5m in correspondence of the longitudinal 
deck axis (Figure 3a). The steel box deck, realized by welded jointed steel plates, is 
reinforced with 4 vertical steel plates 15mm thick, welded in parallel on the bottom 
steel plate, made by a shaped steel plate 30mm thick (Figure 3b). The parapet is 
composed by a series of coupled stainless steel struts 2.2m high, 20mm thick and 
steel cables every 8.5cm, having a diameter of 6mm. 

 

 
 
Figure 1:  Milano Porta Nuova district (a) and the Varesine-Garibaldi footbridge (b) 

(contractor: Hines Italia srl). 

 

 
 

Figure 2:  Longitudinal section (a) and plant view (b) of the Varesine-Garibaldi 
pedestrian bridge, by OMBA Impianti&Engineering spa. 
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Figure 3:  Steel box deck transversal section (a) and internal view of the box and the 
upper steel plates (b), by OMBA Impianti&Engineering spa. 

 
The two main deck macro-segments were built at the OMBA plants and 

subsequently transported and assembled in situ (Figure 4). The design of the 
assembly phases was carefully studied given the significant dimensions of the two 
macro-segments. Before being assembled in situ, the macro-segments were firstly 
sandblasted, then painted with an epoxy primer for 70m and finally a two-
component polyurethane acrylic layer of 50m was applied. 

The footbridge pavement was realised with an application of resin mixed with 
stone and quartz aggregates. 

 

 
 
Figure 4:  The second deck macro-segment lift (a) and the junction of the two 

macro-elements (b), by OMBA Impianti&Engineering spa. 

 
2 Dynamic investigation of the footbridge and tests 

setups 
 
The natural frequency analysis of the footbridge highlighted that the first vertical 
mode is within the frequency range of walking groups and crowd (Figure 5), 
according to relevant international codes and design guidance [1-2]. The installation 
of a TMD device was chosen as the most suitable solution in order to maximise the 
comfort.  
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Figure 5:  First vertical mode shape of the footbridge: 1.89Hz and 122.9t of modal 
mass (by Arup Italia srl). 

 
Two in-situ dynamic test campaigns were performed on the footbridge to identify 

modes of vibration accurately. The first test campaign was carried out before the 
TMD installation in order to design the device. External forces to identify structural 
frequencies and mode shapes came from 3 different inputs: ambient vibrations 
(wind, traffic, etc.), vibrodyne and walking group. The input coming from ambient 
vibrations is considered as white noise, which equally covers a wide frequency range 
and it allows to identify the structure only from its response. Ambient vibrations are 
not usually felt by human beings, but they can be recorded by accelerometers. 
Concerning the above-mentioned vibrodyne, it is a device having masses jointed on 
a steel plate which rotates by a driveshaft and an electric motor: it generates 
different forces depending on masses and rotating frequency by the following 
formula: 
            |F| ൌ m · e · ሺ2 · π · fሻଶ         (1) 

 
where F is the magnitude of the generated force, m is the mass, e is the eccentricity 
of the mass from the centre of rotation and f is the frequency. In this work a mass of 
4.878kg was used, with an eccentricity of 18cm. Table 1 shows obtained forces 
relative to different frequencies. 
 

Frequency [Hz] |F| [N] 
1.0741 39.99 
2.2701 178.63 
4.8116 802.51 
5.5591 1071.23 
6.606 1512.51 
7.503 1951.18 
9.446 3092.99 

 

Table 1: Forces generated by the vibrodyne for different frequencies. 
 

The input from walking people is mainly set on a specific step frequency (steps or 
beats per minute, bpm) coming from the previous data acquisitions and it is 
performed as follows: after having calculated the bpm relative to the first (vertical) 
frequency, the step frequency is held by 1 pedestrian, 3 pedestrians and 5 pedestrians 
in different tests. After that, crowd input (10 pedestrians) is considered in which 1 
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pedestrian holds the main step frequency and other pedestrians do not have any step 
imposition [1-2]. 

15 accelerometers were used to record data and they were placed in particular 
points of the deck corresponding to maximum amplitude points of the principal 
mode shapes coming from the natural frequency analysis: accelerometers and 
vibrodyne dispositions are shown in Figure 6 and Figure 7. Moreover, two different 
setups were considered for vibrodyne to give horizontal and vertical solicitations 
(Figure 8): the vibrodyne was bolted jointed on the footbridge deck. 

 
 

 
 

Figure 6: Accelerometers and vibrodyne setup (dimensions in metre). 

 

 
Figure 7:  Example of accelerometers disposition: biaxial (b) and vertical monoaxial 

setup (b). 

 

 
Figure 8: Vibrodyne setups to give vertical (a) and horizontal (b) solicitations. 
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The second test campaign was carried out after the TMD installation in order to 
verify the influence of the device and to tune it, in case. External forces to identify 
structural frequencies and mode shapes came from 2 different inputs: ambient 
vibrations (wind, traffic, etc.) and walking group. In this case no vibrodyne test was 
carried out. The dynamic tests were performed as in the first test campaign, but 
considering 2 different TMD configurations: TMD-OFF, when the device is not 
operative, and TMD-ON, when the device works. The 15 accelerometers were 
placed as shown in Figure 6 in order to compare the results from the two different 
test campaigns. 

 

3 Basis concepts 
 
3.1 Tuned Mass Damper 
 
Tuned mass dampers, or TMDs, are resonant devices used to suppress or absorb 
vibration. When installed properly on a structure, they draw away vibrational energy 
from the structure and dissipate it internally, reducing the motion of the 
construction. A TMD is a device consisting of a mass, a spring and a damper (Figure 
9). The frequency of the damper is tuned to a particular structural frequency, so that, 
when that frequency is excited, the damper will resonate out of phase with the 
structural motion. Energy is dissipated by the damper inertia force acting on the 
structure. TMDs are most effective where the structure's motion is caused by one or 
more resonant modes of the original structure. In particular, the TMD extracts 
vibration energy (i.e., adds damping) to the structural mode it is "tuned" to and the 
result is that the structure feels much more stiff than its original configuration.  

 
 
Figure 9: Operating principle of a TMD (a) and top view of the installed TMD (b). 

 
The TMD damping level is selected to optimise the energy dissipation over the 

effective bandwidth of the TMD. The TMD mass is selected to provide the desired 
level of vibration mitigation. It is reasonable to expect the TMDs to provide about a 
70% reduction in the vibration. If any one of the parameters (mass, stiffness, or 
damping) is changed, the other two must be adjusted to maintain the tuning 
(performance). Designing a tuned-mass damper is a multi-step process. First, 
structural dynamics analyses of the structure are performed to determine the TMD 
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characteristics required to achieve the desired level of vibration mitigation. The next 
step is to convert these properties into a physical form appropriate to the site (e.g., 
size, shape, site). Finally, the TMDs are manufactured and delivered for installation.  

In this study, a vertical acting TMD was applied. As shown in Figure 10, a 
vertical acting TMD is made of three essential components: effective mass, support 
springs and damping devices.  

 
 

Figure 10: Vertical TMD applied (a) and tuning springs (b). 

These components define the parameters that characterize a TMD device 
according to the required specifications. In order to provide a certain tuning range, 
tuning springs are used to increase the stiffness of the TMD system to achieve a 
higher tuning frequency, in addition trim steel plates are used to enable a fine tuning 
as requested. Since the effective mass of the TMD is defined within the 
specification, the elastic support springs and the damping device need to be chosen 
accordingly.  The resulting vertical frequency of the TMD is a function of the 
effective mass m, the stiffness of the support springs cs and the dynamic stiffness of 
the damping devices cd : 

 

          fTMD ൌ
ଵ

ଶ஠
ට
ୡ౩ାୡౚ
୫

           (2) 

 
The Varesine-Garibaldi TMD specifications are listed in Table 2. 
 

Effective TMD mass 2500kg 
Max TMD travel +/- 60mm 
TMD damping coefficient 7kNs/m 
TMD tuning frequency 2.17Hz (+/- 0.05Hz) – (1.9 – 2.4Hz) 
Min. TMD operating amplitude +/- 2mm. 

 
Table 2: TMD properties. 

 
To verify the damping coefficient of the examined damping units, shaking table 

tests were performed to obtain a displacement-force diagram (Figure 11). The TMD 
is located in the footbridge deck as shown in Figure 12. 
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Figure 11: Displacement-force diagrams. 

 
 

Figure 12: Varesine footbridge TMD position. 

 

3.2 Experimental identification of modal parameters 
 
The importance of dynamic testing lies in the fact that it permits to measure 
experimentally parameters related to the global structural behaviour of structures. 

 The first approach to the experimental identification of modal parameters 
involved the execution of Forced Vibration Tests (FVT) in which special devices 
(e.g. vibrodyne, Electric mass shaker, Impulse/Impact hammers) produce controlled 
inputs and response transducers (e.g. accelerometers) measure the outputs. The 
comparison between inputs and outputs permits to calculate the modal parameters 
(natural frequencies, mode shapes and damping ratio) estimating the Frequency 
Response Function (FRF) or the Impulse Response Function (IRF), in frequency or 
time domain respectively. This approach is also known as Experimental Modal 
Analysis (EMA). 
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Given the technical problems and limitations in the application of controlled and 
measurable dynamic excitations to large civil engineering structures under 
operational conditions (e.g. dams, bridges, buildings), significant research interests 
have been recently increased to the execution of Ambient Vibration Tests (AVT). 
These techniques, also known as Operational Modal Analysis (OMA) or output-only 
modal analysis, are based on the dynamic response measurements of a system under 
ambient or operational conditions and the assumption that the unknown inputs are a 
realization of a stochastic process (white noise).  

In this work, system identification, both from EMA and OMA, was performed 
using three different techniques in frequency domain: Frequency Domain 
Decomposition (FDD), Enhanced Frequency Domain Decomposition (EFDD) and 
poly-reference Least Square Complex Frequency domain (p-LSCF). The Frequency 
Domain Decomposition (FDD) technique can be considered as an evolution and 
extension of the Peak Picking (PP) technique [3]. 

The FDD method is based on the Singular Values Decomposition (SVD) of the 
estimate of the complete output spectrum matrix, given by: 

 
෡௬௬൫ࡿ          ௝߱൯ ൌ ௝ࢁ௝ࡿ௝ࢁ

ு            (3) 
 

where ௝ܷ is a orthonormal matrix (ࢁ௝ࢁ௝
ு ൌ  ሻ that contains the singular vectors ofܫ

෡௬௬൫ࡿ ௝߱൯ and ࡿ௝ is a diagonal matrix with the singular values, positive and real 
eigenvalues of the matrix ࡿ෡௬௬൫ ௝߱൯, distributed in decreasing order. The first singular 
value corresponds for each frequency to the power spectrum of one degree of 
freedom system in accordance to the significant mode shapes that contribute for the 
response. The next step is the representation and the spectrum analysis of the 
singular values ࡿ௝ for the selection (picking) of the resonant peaks and 
corresponding mode shapes and the evaluation of the modal component of the 
measured degrees of freedom (Figure 13). 

 

 
 

Figure 13: FDD method, Peak Picking: Singular Values Decomposition (SVD) of 
Spectral Density Matrices (PSD). 
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 The FDD method previously described was improved with the Enhanced 
Frequency Domain Decomposition (EFDD) technique [4]. Concerning this method, 
the damping ratios are calculated by the application of the inverse FFT to the 
spectral bell associated at a certain mode shape. The obtained auto-correlation 
response function is like a typical response of a free-decay single degree of freedom 
dynamic system from which is possible to extract modal damping ratios and an 
enhanced estimate of the natural frequency from the time intervals between zero 
crossings of the correlation function (Figure 14). 
 
 

 
Figure 14:  EFDD method: estimation of the modal damping ratio through the 

application of the Inverse FFT. 
 
 

 The poly-reference Least Square Complex Frequency domain (p-LSCF), also 
known by its commercial name PolyMax (LMS) is a recent parametric frequency 
domain technique, firstly developed as an input-output method to perform the 
identification of modal parameters from FRFs. However, for a system excited by 
white noise, there are some similarities between the modal decomposition of a FRF 
and of the half-spectrum. Thus, the technique was extended to an output-only 
version [5].  
 Concerning signal processing phase of OMA measurements, two specific 
softwares were used, SVS ARTeMIS Extractor 4.0 [6] and MACEC 3.2 [7], using 
Frequency Domain Decomposition method (FDD), Enhanced Frequency Domain 
Decomposition method (EFDD) and poly-reference least squares complex frequency 
domain method (pLSCF) as techniques for extracting modal parameters in order to 
obtain the best identification through comparison of the different methods. The data 
series acquired at 100 SPS were processed by a decimation of 1 (Nyquist frequency 
of 50 Hz), with segment length of 1024 points and 66.67% window overlap.  
 Regarding EMA results, they were obtained with a comparison between the 
frequencies and modes identified by OMA records and with ones recorded in the 
short registers (about 10 seconds) at the structural resonance using vibrodyne. The 
MAC index indicates the correlation between mode shapes where MAC = 1 mode 
shapes are the same or multiple and MAC<0.5 indicates poor correlation between 
them (Table 3). Structural identification of the footbridge during the cadenced 
passage of pedestrians, however, was made through the control of the Fourier 
Transform of the signals recorded in the acquisition points. The passage of 
pedestrians occurred with constant lead equal to 135 bpm corresponded to the first 
vertical modal frequency of the bridge. 
 

IFFT 
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f 
EMA 
[Hz] 

2.20 2.21 2.24 2.27 4.68 4.91 4.93 5.02 5.09 5.57 7.27 7.40 7.41 7.43 7.44 7.46

Mode 
1 

OMA 
0.94 0.97 1.00 0.96 0.04 0.00 0.02 0.04 0.05 0.08 0.01 0.01 0.00 0.00 0.01 0.00

Mode 
2 

OMA 
0.00 0.01 0.01 0.01 0.94 0.99 0.99 0.95 0.92 0.29 0.01 0.03 0.01 0.00 0.01 0.01

Mode 
3 

OMA 
0.06 0.01 0.01 0.00 0.01 0.03 0.04 0.08 0.10 0.75 0.25 0.01 0.15 0.25 0.04 0.19

Mode 
4 

OMA 
0.05 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.07 0.81 0.72 0.96 0.90 0.75 0.96

 
Table 3:  MAC between vibration modes identified with OMA and modes 

identified by FVT. 

 
 

4 Results 
 
The experimental investigations carried out on the Varesine-Garibaldi footbridge 
aim to analyse the dynamic behaviour of the structure under specific external forces. 
In particular, the FEM model revealed that the first vertical mode is within the 
frequency range of walking groups and crowd, hence two in-situ dynamic 
investigations (before and after the TMD installation) were performed.  

 The first campaign aimed principally to verify the numerical results obtained by 
the FEM model, to allow the correct TMD design and application in the structure. 
Table 4 shows the differences between the frequencies of the main mode shapes, 
evaluated with different techniques. The shape modes associated to the first four 
natural frequencies are described in Figure 15.  
 
 

Mode OMA EMA 
1 

Pedestrian 
3 

Pedestrian 
5 

Pedestrian 
Crowd FEM 

 f [Hz] f [Hz] f [Hz] f [Hz] f [Hz] f [Hz] f [Hz] 

1 2.24 2.25 2.24 2.24 2.24 2.24 1.87 

2 4.86 4.88 4.82 4.78 4.47 4.82 4.60 

3 6.04 5.18 5.55 5.53 5.550 5.41 5.37 

4 7.40 7.42 7.47 6.69 6.65 7.42 6.80 

 
Table 4: Frequencies associated to the principal modal shapes, evaluated with 

different techniques. 
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Figure 15: First four modal shapes. 

 
 Once the natural frequencies were experimentally recognised, a vertical acting 
TMD was applied. The second in-situ experimental campaign aimed to verify the 
functionality of the TMD to reduce the amplitude of vertical displacements of the 
footbridge, improving the functionality of the structure. First, differences between 
experimentally evaluated natural frequencies (OMA) in the two campaigns were 
analysed (Table 5), without the TMD. The variation of the global mass of the 
structure determined a slight variation of the natural frequencies of the principal 
modes.  
 

Mode 
FDD EFDD pLSCF 

1st 2nd  1st 2nd  1st 2nd  

 f (Hz) f (Hz) ε (%) f (Hz) f (Hz) ε (%) f (Hz) f (Hz) ε (%) 

1 2.246 2.173 -3.25 2.240 2.173 -2.99 2.239 2.173 -2.952 

2 4.883 4.657 -4.3 4.854 4.669 -3.81 4.856 4.663 -3.994 

3 6.006 6.341 +5.59 6.032 6.321 +4.79 6.040 6.301 +4.316 

4 7.397 6.996 -5.83 7.378 6.981 -5.38 7.409 6.989 -5.674 

 
Table 5: Variation of natural frequencies in the two in-situ campaigns. 
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 The effect of TMD application on the overall dynamic response of the footbridge 
is worth noting: as an example, the maximum vertical displacement for 5 pedestrians 
cadence moved from ±4.9 mm (TMD-OFF) to ±0.8mm (TMD-ON). Table 6 
summarises the TMD effects in terms of displacement and acceleration reduction. 
The term ε expressed in % is referred to the variation of the maximum acceleration 
and displacement detected in the two campaigns. 
 

 
max acc. [m/s2] 

disp. [mm] εacc 

[%] 
εdisp 

[%] + - 
TMD OFF 

1 PEDESTRIAN 0.2857 1.40 -1.40 - - 
3 PEDESTRIANS 0.6833 3.30 -3.30 - - 
5 PEDESTRIANS 1.0092 4.90 -4.90 - - 

CROWD 0.2248 0.99 -1.00 - - 

TMD ON 
1 PEDESTRIAN 0.0666 0.30 -0.30 -76.69 -78.57 
3 PEDESTRIANS 0.1171 0.57 -0.57 -82.86 -82.73 
5 PEDESTRIANS 0.1756 0.80 -0.79 -82.90 -83.88 

CROWD 0.1895 0.88 -0.90 -15.70 -10.00 
 

Table 6: Displacement and acceleration mitigation due to TMD application. 

 

5 Conclusions 
 
In this paper the dynamic characterisation of Varesine-Garibaldi footbridge was 
carried out using in-situ experimental tests and then compared with finite element 
analysis. In particular, this work represents an interesting case study of a TMD 
application to a slender steel deck footbridge, where input actions, such as walking 
cadenced frequencies, excite the first vertical mode reducing the comfort 
requirements of the structure. The first experimental campaign aimed to correctly 
design the TMD device through both ambient vibration test and forced vibration 
tests, whereas the second one aimed to assess its effects on the overall dynamic 
response of the structure.  
 The results show a substantial improvement of the functionality of the footbridge, 
with strong reduction in acceleration and displacement recorded by the 
instrumentation. The applied TMD is able to control the vertical responses 
efficiently, improving the functionality of the whole structure. 
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