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Abstract: Vibrations are an issue of increasing importance in current footbridge design practice.
More sophisticated footbridges with increasing spans and more effective construction materials
result in lightweight structures and a high ratio of live load to dead load. As a result of this trend,
many footbridges have become more susceptible to vibrations when subjected to dynamic loads.
The most common dynamic loads on footbridges, other than wind loading, are pedestrian-induced
footfall forces due to the movement of people. This paper concerns the experimental and numerical
dynamic characterization of a newly built steel and wooden cable-stayed footbridge. The footbridge
was dynamically tested in situ under ambient vibration, and the results allowed the real dynamic
behavior of the footbridge to be captured. The dynamic response under pedestrian dynamic loads
was also investigated and compared with the limitations provided by the main international codes
and guidelines for footbridge serviceability assessment. A numerical model of the footbridge was
also developed and updated based on the experimental outcomes. Then, the calibrated model was
used to numerically assess the footbridge’s serviceability following the guideline prescriptions for
pedestrian load simulation, and the design accuracy was also validated. This paper aims to increase
the state-of-the-art knowledge about footbridge dynamic testing so as to support the design of new
and futuristic structures as well as prove the effectiveness of using the requirements of codes and
guidelines for footbridge serviceability assessment by adopting a calibrated numerical model.

Keywords: steel and wooden footbridge; dynamic testing; human-induced vibrations; serviceability
assessment; model updating; numerical analyses

1. Introduction

The combination of advanced computational methods and high-performance con-
struction materials has led to the achievement of highly essential and light structures [1].
Although providing important advantages, lightness and slenderness also constitute two
of the main concerns regarding the serviceability of footbridges [2,3]. Indeed, structures
of this type are often vulnerable to dynamic loads, such as those due to the movement of
pedestrians. For example, significant lateral and vertical vibrations are frequently associ-
ated with slender footbridges under the movement of pedestrians [4]. It is well-known that
vibrations in structures induce a sense of insecurity in people, even though this does not
mean that the structure is unsafe [5–7]. Moreover, it is also well-known that people induce
vibrations in structures themselves. For these reasons, in the design phase, it is crucial to
ensure that a structure will provide enough comfort to the users, since vibration problems
can be difficult and very expensive to solve after construction [8].

Many authors from across the world investigated the problem of the serviceability
assessment of footbridges, performing experimental tests and numerical analyses. Many of
them used sensors over the deck to measure the response of footbridges under dynamic
loads and to evaluate the relevant comfort in their usage. For instance, Tadeu et al. [9] inves-
tigated vibrations induced by wind and humans in the 516 Arouca suspended footbridge
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(Portugal), the world’s longest footbridge span, in 2020 (516 m). Kexin et al. [10] performed
a comprehensive experimental campaign regarding the newly built Dongxing Temple
suspension footbridge in China to investigate both the dynamic and static behaviors of the
structure. Salgado et al. [11] tested a timber half-through arch footbridge under walking,
running, and jumping forces of people, during which they recorded the accelerations over
the deck to assess the structural serviceability. Al-Smadi et al. [12] conducted work in
which the evaluation of the vibration serviceability and comfort criteria of a curved foot-
bridge located in Jordan was performed, since several pedestrians felt a level of discomfort
when passing over it. Other authors tested more than one footbridge to reach a general
conclusion about the comfort assessment. For example, Feng et al. [13] recorded accelera-
tions on 21 pedestrian bridges in Beijing, China, under different service conditions, and
questionnaire surveys on pedestrian comfort were conducted. Rodriguez-Suesca et al. [14]
assessed the vibration performance of eight steel or concrete footbridges whose structures
were deteriorated due to aging effects, whilst Cuevas et al. [15] dynamically tested two
footbridges to assess their lateral vibration serviceability. Additionally, Bayat et al. [16]
investigated serviceability in the usage of a historical suspended footbridge located in Italy.
Many other works are available in the literature focusing on the dynamic investigation and
the serviceability assessment of footbridges built with innovative and high-performance
materials (such as glass-fiber-reinforced polymers—GFRP [17–19] and glass [20]), which
are generally more slender and lighter. Of course, in addition to the use of sensors deployed
on the footbridge, other recent innovative techniques can be adopted to investigate the
dynamic behavior of the structure, such as the video magnification of camera-recorded
video [21] and 3D laser vibrometry [22].

Many other works have addressed experimental tests and numerical analyses per-
formed to support the design procedures [23,24], the construction phases [25], and the
design of retrofitting works in existing structures [26,27]. Concerning the latter topic, it is
well-known that if are comfort concerns regarding a slender footbridge due to the high
vibrations under pedestrian use, the most feasible solution to adopt is that of increasing
the damping properties of the structure through the installation of passive inertial control
devices [28–30]. As pedestrian movement over the deck is unpredictable, some works are
available in the scientific and technical literature that aim to support the task of modelling
the pedestrian dynamic load so as to support the design of the structure and the dynamic
proof test [31–34]. Indeed, some recommendations are provided by international guidelines
(as will be addressed further in the next section), but this topic is far from being considered
to be concluded.

In this paper, an experimental and numerical investigation of the dynamic character-
istics of footbridges is conducted. This work was developed considering a real steel and
wooden footbridge newly built in Italy. At the beginning of the paper, a brief summary
of the main available codes and guidelines for the dynamic design and testing of foot-
bridges is proposed. After that, the extensive experimental dynamic campaign is presented.
Dynamic tests were performed to identify the modal parameters of the footbridge under
ambient vibrations, as well as its response (in terms of accelerations) under human-induced
vibrations with the aim of assessing its comfort usage under common and extreme dynamic
excitations. The accelerations recorded during the pedestrian dynamic tests are compared
with the limit values proposed by the codes and guidelines with the aim of assessing
the serviceability of the footbridge under pedestrian dynamic loads. Furthermore, the
footbridge was numerically investigated. A Finite Element Model (FEM) of the structure
was created and updated based on the identified experimental modal parameters. The
serviceability of the footbridge was then assessed using the calibrated FEM. The latter is
crucial for this evaluation, since the relevant outcomes may be considered as more repre-
sentative of reality. The results are used to numerically assess the footbridge’s serviceability
and to provide a verification regarding the accuracy when using the guideline procedures
under human-induced excitations. Indeed, the numerical outcomes are compared with the
experimental ones. The aim of this paper is to increase the state-of-the-art knowledge about
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the dynamic testing of footbridges in order to support the design of new and futuristic
ones. Innovative content, rarely found in the scientific and technical literature, is provided
through the design simulations performed on the calibrated numerical model, which allow
for a more realistic footbridge design (or assessment) and, consequently, for the validation
of the guideline prescriptions regarding footbridge serviceability assessment.

2. A Review of Code and Guideline Prescriptions

Many international codes and guidelines address the topic of the dynamic analysis and
assessment of footbridges, especially under human-induced vibrations [35]. In the European
context, the Eurocodes provide useful prescriptions, and a comprehensive treatment of the
topic may be found in the Sètra [36] and Hivoss [37] guidelines. These guidelines divide
the topic of the dynamic analysis of footbridges into two main parts, the former about the
design procedures and the latter about the testing procedures. The Sètra is the older and more
extensive guideline and provides copious information about the design procedures, while
little information about the testing ones is included. The Hivoss is shorter and recalls many
concepts of Sètra but also provides far more indications about the testing procedures, especially
under human-induced dynamic loads. In this section, the Sètra and Hivoss prescriptions
for footbridge dynamic design and testing are discussed, together with those provided by
the Eurocodes. At the end of this section, the frequency risk intervals and the acceleration
thresholds proposed by these codes and guidelines are compared with those recommended
by other national and international codes and regulations.

2.1. Design

The design procedures defined by the Sètra and Hivoss start with the numerical evalu-
ation of the footbridge natural frequencies (of the main vibration modes) and the relevant
comparisons with the frequency risk intervals proposed by these guidelines. The numerical
vibration modes can be achieved through the use of the numerical model developed for
the structural design. If the numerical natural frequencies fall within the risk intervals,
resonance may develop during pedestrian use. In these cases, the accelerations induced
by human activities must be below the threshold values. To determine the maximum
accelerations to which the footbridge can be subjected, the guidelines propose load cases
for application to the model, in which the pedestrian activities are simulated using har-
monic dynamic loads. If the comfort criteria are not satisfied, the footbridge design may be
changed in order to improve the structural dynamic behavior under human-induced vibra-
tions. Some strategies serving either to change the natural frequencies or to dampen the
accelerations of the footbridge are suggested in both guidelines. Additionally, the EC0 [38]
provides frequency limits correlated to resonance problems and maximum acceleration
values to be used for the footbridge design. Moreover, for wooden footbridges (as in the
case study discussed in this paper), the EC5 [39] provides empirical formulae with which
to determine the maximum accelerations produced through pedestrian activities. Since the
acceleration levels are calculated as a function of the damping, both the guidelines and EC5
provide indicative damping values on the basis of the footbridge construction materials.

2.2. Testing

The experimental evaluation of the footbridge dynamic properties may be divided
into two main parts: (i) the identification of the modal parameters (namely, the frequencies,
damping ratios, and mode shapes) and (ii) the measurement of the footbridge dynamic re-
sponse under human-induced vibrations. Modal parameter identification may be achieved
by performing Ambient Vibration Tests (AVTs), even if free-vibration and forced-vibration
tests are recommended for a more reliable estimation of the damping. The identified modal
parameters may be used to calibrate the numerical model and to support the design of
possible tuning control devices. On the contrary, the measurement of the accelerations
arising due to human activities are necessary to assess the footbridge comfort criteria. For
this purpose, the footbridge is excited through human activities in an attempt to reach the
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resonance condition for the considered vibration mode. In the meantime, the accelerations
over the footbridge are measured and then compared with the same limits considered for
the design phase. Consequently, many dynamic tests are performed in order to excite the
main footbridge vibration modes. The higher mode to be investigated may be selected
based on the frequency risk intervals provided in the codes and guidelines.

Only the Sètra and Hivoss guidelines state which kinds of tests should be performed.
Specifically, Sètra proposes four types of crowd tests, namely, (i) random walking in cir-
cles, continuously, or even from one end to the other; (ii) marching in step at the natural
frequency that needs to be excited; (iii) marching in step with a sudden halt for the mea-
surement of the damping; and (iv) running, jumping, or kneeling to test the footbridge
under extreme stresses. However, the Sètra does not provide specific indications on how
the tests must be carried out and the actual number of pedestrians that should be involved.
Contrarily, the Hivoss suggests different tests on the basis of the number of pedestrians over
the footbridge and the frequency to be investigated. Considering the pedestrian number,
three load cases should be adopted: (i) 1 pedestrian, (ii) a group of 10–15 pedestrians,
and (iii) a continuous flow of pedestrians. The type of movement is defined based on the
frequency that must be excited. More specifically:

• If the frequency to be investigated is f < 2.5 Hz, tests are carried out using walking motion;
• If the frequency to be investigated is 2 < f < 3 Hz, tests are carried out using either

walking or running motion;
• If the frequency to be investigated is f > 3 Hz, tests are carried out using running motion.

Given the random characteristics of human excitation, the Hivoss also recommends
performing multiple tests (typically around five) for each load case and considering the
highest recorded acceleration value. If the recorded accelerations exceed the threshold
values, modifications of the footbridge structure should be performed. In this regard, the
Sètra underlines that the improvement of the damping capacities may be the only type of
intervention for existing structures.

Concerning existing footbridges, the Eurocodes do not provide any further indications
about test methods and human dynamic loads; they only provide the frequency risk
intervals and acceleration thresholds already discussed for the design case.

2.3. Frequency Risk Intervals and Acceleration Limits Proposed by the Codes and Guidelines

The frequency risk intervals are defined as those intervals in which resonance prob-
lems between the bridge and the moving pedestrians can occur. If the footbridge natural
frequencies fall into these intervals, a comfort assessment for pedestrian activities should be
performed. The two guidelines and the Eurocodes provide different frequency risk intervals
for the vertical (bending and torsion) and horizontal (transverse) modes. Moreover, acceler-
ation thresholds between acceptable comfort and unacceptable discomfort are provided.
The same is true for the most important codes and standards available worldwide. Table 1
summarizes the frequency risk intervals and the relevant acceleration thresholds provided
by the main codes and guidelines implemented worldwide. In Figure 1 a flowchart that
summarizes the main steps to be followed during the design of new footbridges or the
assessment of existing ones, in order to ensure pedestrian comfort, is reported.

In general, natural frequencies beneath 5 Hz for vertical modes or below 2.5 Hz for
horizontal ones can lead to footbridge resonance. Regarding the acceleration limits, some
regulations provide constant values, while others calculate the accelerations as a function
of the fundamental frequency of the footbridge. Nevertheless, the frequency risk interval
and the acceleration limits proposed by the different codes and guidelines differ from one
another, sometimes even sensibly. This denotes a lack of a standardization and uniformity
around the world. This task could be addressed by researchers in future works in an attempt
to standardize guidance on the serviceability assessment of pedestrian footbridge vibrations.
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Table 1. Frequency risk intervals and acceleration thresholds proposed by the main international
codes and guidelines.

Code/Standard/Guideline
Frequency Risk Int. (Hz) Acceleration Limits (m/s2)

Vertical Horizontal Vertical Horizontal

SETRA [36] 1–5 0.3–2.5 <2.5 <0.8
HIVOSS [37] 1.25–4.6 0.5–1.2 <2.5 <0.8

Eurocode 0 [38] <5 <2.5 0.7 0.2 normal
0.4 crowd

Eurocode 1 [40] 1–5 --- Min
{

0.5
√

f1
0.7

Min
{

0.14
√

f1
0.15

Eurocode 2 [41] 1.6–2.4 0.8–1.2 --- ---
American Guide S. [42] <3 --- 0.5 ---

Din-Fachbericht 102 [43] 1.6–2.4, 3.5–4.5 --- 0.5
√

f1 ---

SIA 160 [44] 1.6–4.5 <1.3 trans.
<2.5 long. --- ---

BS 5400 [45] <5 --- 0.5
√

f1 ---
Japanese Footbridge

Design Code [46] 1.5–2.3 --- 1 ---

ISO 2631 [47] --- --- 1.9
√

f1 ---
ONT83 [48] --- --- 0.25

√
f 0.78
1
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3. Description of the Footbridge Case Study

The present work was developed considering a newly built cable-stayed wooden
and steel footbridge located in Central Italy as a case study (Figure 2). The footbridge is
233 m long and serves as a walking and cycling link between two municipalities divided
by a river. The deck is 4 m wide and is built with wooden planking supported by steel
transverse beams and steel truss cables, the latter working as a bracing system. The whole
deck is supported by two lateral wooden beams which also have the additional function
of parapets. The footbridge is composed of five spans. The external spans, with a length
of approximately 25.5 m, are simply supported on the abutments and on piers; the three
internal spans, with lengths of 52 m, 78 m, and 52 m, are supported by stays and by
transverse steel beams located in parallel to the two steel portals and the two piers. The
portals are approximately 23 m high and made of “Corten” steel profiles. The connection
between the deck and stays is assured by steel beams bolted to the wooden beams on the
bottom side of the deck. A geometric scheme of the footbridge, with the main dimensions,
is provided in Figure 2c.
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4. Experimental Campaign

According to the indications provided by the Hivoss and Sètra, the experimental
campaign consisted of the identification of the footbridge modal parameters through AVTs
and the evaluation of the dynamic response under human-induced loads. During the
tests, the accelerations were recorded using a measurement system with the following
characteristics [49]:

• Twenty-two uniaxial piezoelectric accelerometers with 10,000 mV/g of nominal sensibil-
ity, a range of measurement of +/−0.5 g pk, range of frequency of (±10%) 0.07 ÷ 300 Hz,
and broadband resolution 1 µg (RMS);

• Eight acquisition modules, NI 9230, with a resolution of 24 bit, acquisition range of
+/−30 V, and maximum sampling rate of 12.8 kS/s/ch;

• Three chassis (four slots), NI cDAQ-9185 TSN-enabled;
• One chassis (eight slots), NI cRIO-9045 TSN-enabled, with a 1.30 GHz Dual-Core CPU,

2 GB of RAM, 4 GB of storage, range of −20 ◦C to 55 ◦C, Kintex-7 70T FPGA;
• Coaxial cables;
• Ethernet cables, Cat.6 shielded S/TFP;
• One notebook.

4.1. Identification of the Footbridge Modal Parameters

Modal parameters, such as natural frequencies, damping ratios, and modal shapes,
are identified using the ambient noise as a source of excitation for the whole footbridge [50].



Infrastructures 2023, 8, 100 7 of 20

The advantage of this methodology (AVT) is that the dynamic properties of the structure
can be defined quickly and non-intrusively. Following the Hivoss and Sètra prescriptions,
the footbridge was closed to pedestrian traffic during the AVTs.

The footbridge was divided into 21 instrumented sections to capture the global dy-
namic behavior of the structure, namely, its bending, longitudinal, transverse, and torsional
vibration modes. In total, 20 measurement sections were instrumented with three accelerom-
eters (Figure 3), two measuring in the vertical direction and one in the transverse direction,
while 1 measurement section (n. 11) was instrumented with four accelerometers, two in the
vertical, one in the transverse, and one in the longitudinal direction. The accelerometers
were positioned close to the wooden beams to record the maximum torsional accelerations.
Moreover, given the technical difficulties involved in fully instrumenting the bridge at the
same time, four consecutive AVTs were performed with the same sampling rate of 1024 Hz
and the same time length of 40 min. From the first (AV1) to the last test (AV4), the sensors
were moved along different measurement sections to cover all the footbridge, as described
in Figure 4. Only sections n. 10 and n. 11 (highlighted in orange in Figure 4) were never
moved during the tests; thus, they were used as a reference for the reconstruction of the
global mode shapes. To reconstruct the mode shapes from the dataset recorded during
each test, the PoSER (Post-Separate Estimation Re-Scaling) procedure was employed [51].
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Before identifying the modal parameters, acceleration signals were filtered with a band-
pass filter (to avoid high-frequency contributions and aliasing phenomena) and resampled
at a lower frequency equal of 102.4 Hz in order to reduce the amount of data.

Then, dynamic identification was performed adopting the well-known Stochastic
Subspace Identification Principal Component (SSI-PC) technique [52], implemented in a
Matlab routine reorganized and supplemented by the authors. For illustrative purposes,
only the results obtained from AV4 are shown in Figure 5, since all the identifications
led to almost the same results, as expected. The first diagram (the so-called stabilization
diagram—Figure 5a) illustrates the mode identification in a visual manner: the yellow
dots represent all the identified modes, while the black ones are the stable modes, selected
through the use of an agglomerative hierarchical clustering algorithm, the latter applied for
the differences in frequencies and mode shapes between modes. In this diagram, the first
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singular value (SV) is also shown to highlight the frequency content of the footbridge. The
green horizontal line represents the lower model order through which the dynamic model
enables the identification of all 17 vibration modes. In Figure 5b, the frequency-damping
diagram that supports the individuation of the stable modes is also shown. As can be
seen from the aforementioned diagrams, a high number of vibration modes (17 modes)
were identified in a very short frequency range of 1–5.5 Hz, indicating the high flexibility
of the footbridge, as well as the high accuracy of the dynamic measurements and the
identification procedures.
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damping diagram.

For the sake of brevity and for reasons linked to the pedestrian-induced load tests
(as will be addressed further below), only the modal parameters of the first nine vibration
modes are reported. Table 2 collects the identified resonance frequencies and damping ratios,
together with a mode explanation; the frequencies and damping ratios are calculated as the
average between the values obtained from the four identifications performed. Figure 6 shows
the relevant mode shapes. Here, the footbridge geometry is distorted to render the modal
deformations simpler and understandable. Figure 7 depicts the AutoMAC matrix; the very
low values off the diagonal demonstrate that the identified modes are almost completely
decoupled, confirming the accuracy of the adopted measurement configurations, as well as
the quality of the measurements and the adopted identification procedures.

Table 2. Description of the first 9 vibration modes of the footbridge with the relevant values of the
resonance frequencies and damping ratios.

Mode Mode Type ƒ (Hz) ξ (%)

1 Bending 1.16 0.81
2 Transverse/Torsional 1.36 0.39
3 Transverse/Torsional 1.72 0.34
4 Bending 1.79 0.87
5 Transverse/Torsional 1.95 0.55
6 Transverse/Torsional 2.23 1.19
7 Transverse/Torsional 2.51 0.87
8 Bending 2.63 0.71
9 Bending 3.46 0.78
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4.2. Footbridge Dynamic Response Due to Human-Induced Loads

Pedestrian-induced excitation may be considered as the primary source of vibrations
in footbridges. People provide these vibrations by walking, running, jumping, and lateral
body swaying. The relatively high maximum vibration amplitudes induced by these events
cause discomfort when using the footbridge, i.e., free walking or standing is severely
disturbed, and running is difficult.

To understand if a footbridge is affected by problems related to pedestrian-induced
vibrations, the resonance frequencies of the structure must be compared with the frequency
risk intervals proposed by the codes and guidelines. Many of the identified modes in this
case study have frequencies within the risk ranges proposed by the Hivoss, Sètra, and EC0
guidelines (Figure 8). For this reason, dynamic tests were also conducted to assess the
response of the footbridge under human-induced excitations.
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torsional) modes, (b) transverse modes.

The adopted instrumentation was the same as that used for the AVTs. Furthermore,
according to the Hivoss prescriptions, the measurement sections were placed in positions
where the maximum accelerations were expected; thus, seven measurement sections were
applied, as detailed in Figure 9.
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The pedestrian load tests aimed to excite the footbridge vibration modes through
human excitation provided to the structure with the same frequency. For the sake of
completeness, the typical frequencies that can be considered for people walking and
running are listed in Table 3. Therefore, if one or more natural frequencies of the footbridge
fall within these intervals, the source of excitation should be provided through either
walking or running. For the footbridge case study, the first five modes are below 2 Hz,
and they should be excited through walking, whereas from the seventh to the ninth, they
should be excited through running, with their frequency values being higher than 2.5 Hz.
For these reasons, the first and second modes were excited through walking, while the
eighth and ninth were excited through running. Not all the vibration modes were tested
due to limited time during the test day.

Table 3. Typical frequency values associated with people walking and running (Hivoss and Sètra).

Guideline Frequency (Hz) Excitation Source

Hivoss
f < 2.5 Walking

2 < f < 3 Walking or Running
f > 3 Running

Sètra
1.6 < f < 2.4 Walking
2 < f < 3.5 Running

As can be seen from Figure 8, the frequency values of the tested modes fall within the
frequency risk intervals proposed by the guidelines and by the EC0; thus, they need to be
controlled. Moreover, further tests were performed to simulate extreme load conditions
(i.e., jumping and running on the spot), as suggested by the Sètra. Finally, free-vibration
tests were also conducted by means of having people jump to evaluate the damping ratio
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in cases of higher acceleration amplitudes with respect to those experienced during the
AVTs. As stated in Section 2, the pedestrian load tests should be performed considering
different groups of people; in this work, a limited number of people were present during
the tests, and everyone was involved. The pedestrian load tests performed, with the main
details, are listed in Table 4. In this table, the load ratio is calculated as the ratio between
the total mass of people and that of the bridge, the latter being estimated using the design
numerical model. The travel speed is calculated by measuring the time required to cross
the whole footbridge, with knowledge of the deck length.

Table 4. Summary of the pedestrian load tests performed.

Test Activity N. People Load
Ratio (%)

Duration
(s)

Pacing Freq.
(Hz)

Speed
(m/s)

PV1 Synchronized walking from one end
to the other 9 0.4 360 1.16

(1st mode) 0.65

PV2 Synchronized walking from one end
to the other 9 0.4 160 1.36

(2nd mode) 1.46

PV3 Synchronized running from one end
to the other 9 0.4 140 2.63

(8th mode) 1.67

PV4 Synchronized running from one end
to the other 7 0.31 120 3.46

(9th mode) 1.94

PV5 Synchronized jumping in the midspan
of the footbridge 5 0.22 - 1.16

(1st mode) -

PV6 Synchronized jumping in the midspan
of the footbridge 5 0.22 - 2.63

(8th mode) -

PV7 Synchronized running on the spot in
the midspan of the footbridge 5 0.22 - 2.63

(8th mode) -

PV8 One jump in the midspan of the
footbridge (free-vibration test) 5 0.22 - - -

The main codes and guidelines serve to control the recorded maximum accelerations
with the suggested limits. Therefore, the acceleration time histories measured in the vertical
and horizontal directions, together with the maximum values and the PSDs of the signals,
are reported in Figures 10 and 11 for tests PV1–PV7. For each test, only the acceleration time
histories and the relevant Power Spectral Densities (PSDs) of the sensors, with which the
maximum accelerations were recorded (vertical and horizontal), are shown. All data can
be found in the Supplementary Materials. Furthermore, for each test, the geometric scheme
of the footbridge is also reported to show the positions where the maximum accelerations
were recorded (highlighted in red). It is worth observing that some sensors (highlighted in
black) were affected by signal clipping during the tests, probably because the human input
was applied too close to them. For almost all the dynamic tests, the higher accelerations
were measured in correspondence with the mid-length of the central (and longer) span,
where the tested modes attained their maximum modal displacements. Generally, the
acceleration values for the horizontal direction are lower than those for the vertical one.

Test PV8 was performed to obtain an alternative estimation of the damping. The free-
vibration recording after the jump test is shown in Figure 12 for sensor 11Az. The signal is
obtained by band-pass filtering around the first frequency of the footbridge. The damping
is calculated as the logarithmic decrement in the acceleration time history, adopting the
following equation [53]:

ξ =
1

2π·i ln
..
u1

..
ui+1

(1)

where
..
ui is the i-th value of the acceleration peak. Many jumps were performed to obtain a

reliable dataset, and the mean value of the damping ratio associated with the first mode
of the footbridge is equal to 1.25%. As expected, this value is higher than that identified
with the AVTs and OMAs (0.81%, as reported in Table 2), and it is consistent with the
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values proposed by the Hivoss and Sètra for timber structures (approximatively between 1
and 3%).
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4.3. Experimental Assessment of the Footbridge Serviceability

It is widely recognized among almost all the codes and guidelines implemented
worldwide that comfort during a footbridge’s usage is assessed based on the maximum
accelerations recorded for the structure during pedestrian use. Clearly, determining an
absolute value of tolerable acceleration is not a simple task, as it can be perceived very
differently from one person to another. For this reason, the Hivoss and Sètra propose four
different comfort levels for footbridge use, starting from maximum comfort (very low ac-
celerations over the deck) and progressing to unacceptable discomfort (high accelerations).
Contrarily, the EC0 only provides acceleration thresholds above which the footbridge’s use
can be considered uncomfortable. Moreover, in the case of horizontal vibrations, the EC0
provides two thresholds, the lower being relevant to a normal use, while the higher applies
in cases of crowded footbridges during exceptional events.

In this study, the maximum accelerations recorded during pedestrian vibration tests
(PV1–PV7) were compared with the acceleration thresholds provided by the Hivoss, Sètra,
and EC0 (Figure 13). The thresholds proposed by the Sètra and Hivoss are identical, except
for the maximum comfort threshold for horizontal vibrations, for which the Hivoss suggests
a more stringent acceleration value; thus, for a conservative assessment, only the latter is
considered in the graphs in Figure 13. In cases of signal clipping, the next lower maximum
acceleration is reported, since it is reasonable to associate the signal clipping with a human
input applied too close to the sensor, rather than with resonance phenomena. This is also
proved by the fact that the acceleration immediately below the clipped one was almost always
measured in the same measurement section. Neglecting the signal clipping, the maximum
recorded accelerations in the vertical direction (Figure 13a) are within the comfort limits for
the Hivoss and Sètra, even if they are within the minimum comfort class in three cases, while
they are often above the EC0 comfort threshold (four cases out of seven).
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Regarding the horizontal direction (Figure 13b), only during three tests the accelera-
tions exceeded the EC0 limit for normal use, while they never exceeded that relevant to
crowd use during exceptional situations. Instead, the limits provided by the Hivoss and
Sètra were always upheld, with only one case falling within the minimum comfort class.

5. Numerical Investigation of the Footbridge
5.1. Description of the Footbridge Finite Element Model

The footbridge FEM was developed using the SAP2000 commercial software. The 3D
model was performed using frame elements for the two steel portals, stays, the two main
wooden girders, wooden purlins, steel transverse beams, and the steel bracings, while the
wooden planking over the deck was modeled using shell elements. Fully fixed supports
were modelled in correspondence with the abutments and piers, whereas simple supports
were modelled in correspondence with the two steel portals. All the materials were assumed
to be homogeneous and isotropic, even if the wood could be considered as an orthotropic
material; however, for the analyses to be conducted in the next stage, this assumption may
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be considered realistic. The elastic modulus and density of the steel were assumed to be the
same for all steel members and equal to E = 210,000 MPa and γ = 77 kN/m3. Similarly, all the
wooden elements were modelled with the same wood properties, namely, E = 8,000 MPa and
γ = 4 kN/m3. A view of the 3D model is shown in Figure 14.
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5.2. Finite Element Model Updating

The footbridge 3D FEM is suitably calibrated to numerically reproduce the modal
parameters experimentally obtained from the OMAs. The updating parameters are the
elastic modulus of the wood and the stays’ effective area, since the cables are formed with
steel strands. The mechanical properties of the steel elements are not included among the
updating parameters, because they can reasonably be considered as standard and fixed due
to the controlled production of the commercial steel profiles. In this work, a manual tuning
model-updating technique was adopted because of the relative simplicity of the model
and the low number of updating parameters. At the end of the model-updating process,
two elastic moduli for the wooden elements were obtained, one suitable for the two main
girders and for the purlins (E = 6500 MPa) and one used for the planking (E = 3000 MPa).
The nominal diameter of the stays was reduced from 3.6 to 2.5 cm.

The comparison between the numerical and experimental modal parameters is re-
ported in Table 5. Here, only the MAC calculated considering the mode shapes after the
updating procedure is provided, since few differences were found with those obtained
before the updating. As can be seen, good agreement is reached between the experimental
and numerical resonance frequencies and mode shapes. As for the frequencies, differences
of approximately 2–5% were found for the first five modes, while differences of approxi-
mately 10% were found for the last two. Nevertheless, three of the nine vibration modes
were not numerically observed (n. f.), probably because they mainly involve parts of the
structure other than the deck (for instance, it was found that the third experimental mode
is very similar to a numerical mode in which the higher modal displacements are those
related to the two portals).

Table 5. Comparison between the experimental and numerical modal parameters.

Mode

Frequency (Hz) MAC
Yes

UpdatingExp. Num.
No Updating

Num.
Yes Updating

Exp. vs. Num. Yes
Updating

1 1.16 1.27 1.10 5.2% 0.99
2 1.36 1.51 1.32 2.9% 0.94
3 1.72 n. f. n. f. - n. f.
4 1.79 2.00 1.76 1.7% 0.93
5 1.95 2.32 2.07 −6.2% 0.76
6 2.23 n. f. n. f. - n. f.
7 2.51 n. f. n. f. - n. f.
8 2.63 3.70 2.91 −10.6% 0.91
9 3.46 4.83 3.46 0% 0.88
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5.3. Numerical Assessment of the Footbridge Serviceability

The calibrated numerical model is adopted to numerically assess the serviceability
of the footbridge. The numerical comfort evaluation is performed following the Sètra
prescriptions for the design of new footbridges. These guidelines (as well as the others) as-
sociate the pedestrian loads with the sum of Fourier harmonic components. The pedestrian
load, which is mainly of random nature, is approximated with a deterministic, uniformly
distributed harmonic load representing an equivalent pedestrian stream. The harmonic
load can be calculated following the formulae provided by the Sètra:

q(t) = aN·cos (2π fit)·neq·Ψ
[

N/m2
]

(2)

where a is a coefficient depending on both the footbridge class and the frequency risk
intervals, neq is the equivalent number of pedestrians moving at the same frequency and in
the same phase on the loaded surface (calculated based on the pedestrian density d, the
overall deck area S, and the footbridge damping ξ), Ψ is a reduction coefficient that takes
into account the probability that the footfall frequency will approach the critical range
of natural frequencies under consideration, and fi is the pacing frequency equal to the
footbridge’s natural frequency under consideration (i.e., the natural frequencies that need
to be tested and assessed).

The Sètra prescribes the assessment of the vibration serviceability only in some cases,
depending on the frequency risk intervals and on the footbridge class, as specified in Table 5
and reported in [36]. Footbridge classes vary from class IV (for rarely used footbridges) to
class I (footbridges connecting densely populated areas). For the footbridge at hand, class
III is the most suitable (a footbridge of standard use). Nevertheless, the Sètra prescribes
that for class III, design under human-induced vibrations is not required; for this reason,
we decided to move on to class II (a footbridge in a populated area). The frequency risk
intervals are reported in Figure 8: the first mode frequency falls within the medium-risk
class, while the eighth and ninth mode frequencies are within the low-risk class. The
second mode is a torsional–transverse coupled mode; hence, it must be considered twice
for both vertical and horizontal vibrations. For the former case, this mode falls within
the medium-risk class, while for the latter, it falls within the low one. Considering that
the structure is located in a suburb area and that the footbridge class was conservatively
increased, the numerical serviceability assessment was performed only taking into account
the modes falling into the medium-risk class (i.e., the first and second, with the latter
only for vertical vibrations). Based on these considerations, two numerical analyses were
performed considering the following parameters: d = 0.8 person/m2 and neq = 33.6 persons.
The direction of the harmonic load for the two simulations was the same as that of the half-
waves characterizing the mode shapes associated with the natural frequencies considered
in the dynamic analysis. The harmonic loads assumed for the tested modes are shown in
Figure 15.
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The accelerations obtained from the harmonic analyses were evaluated in the same
positions where sensors were located during the in situ pedestrian tests (thus, the same
names are used). The higher accelerations experienced by the FEM, together with the
relevant positions, are listed in Table 6 for the two numerical analyses. Moreover, the
numerical maximum accelerations were compared with the experimental ones recorded
when the first and second modes were excited (PV1 and PV2). Although this comparison
is not truly consistent (because the number of pedestrians used during the tests was
lower than that considered in the numerical simulations and because the human–structure
dynamic interaction was neglected in the numerical model), it is interesting to observe that
the numerical accelerations (design phase) are higher than the experimental ones (testing
phase), indicating that the guideline prescriptions for footbridge dynamic design appear to
be conservative (at least for the case study at hand). Moreover, the maximum numerical
accelerations were detected in the same positions where the maximum experimental ones
were measured, providing further evidence of the calibrated model’s reliability.

Table 6. Maximum numerical accelerations for harmonic excitation and comparison with the experi-
mental ones.

Test

Numerical Experimental

Vertical Acc.
(m/s2) Position Vertical Acc.

(m/s2) Position

1 (PV1) 0.50 11Az 0.31 11Az
2 (PV2) 0.31 6Bz 0.26 6Bz

6. Conclusions

This paper discussed the experimental and numerical dynamic characterization of a
newly built steel and wooden cable-stayed footbridge located in Central Italy. Particular
attention was given to the serviceability assessment of the structure under pedestrian use,
as this topic is particularly emphasized in the major codes and guidelines concerning
footbridges worldwide. This concern is particularly important for slender structures, as in
the present footbridge case study.

An extensive experimental campaign was undertaken regarding the footbridge, perform-
ing several dynamic tests, including ambient vibration, pedestrian load, and free-vibration
tests. The former were used to identify the modal parameters of the structure in its current
situation. Adopting common identification techniques, it was possible to identify up to
17 vibration modes within a small frequency range (1–5.5 Hz). These modal parameters
(specifically the identified natural frequencies) are of paramount importance to the pedestrian
load test campaign. Indeed, this information is the basis for deciding which pedestrian tests to
perform and which pacing frequency to apply to the structure with human walking or running.
Hence, a modal identification is always the first step in the dynamic testing of footbridges.
Based on these considerations, the footbridge was tested through seven pedestrian load tests,
varying in terms of the number of people, their motion, and their pacing frequency. These
tests produced high accelerations over the deck, which were compared with the comfort limits
proposed by the codes (EC0) and guidelines (Hivoss and Sètra). As a general conclusion, the
footbridge’s serviceability was verified in all cases, even if the EC0 limits were sometimes
transgressed (especially for the vertical vibrations).

The footbridge was also numerically investigated. A Finite Element Model of the
structure was developed through the use of a commercial software, and it was then updated
to numerically reproduce the real dynamic behavior of the structure, the latter being
achieved through the experimental identification tests. Then, the calibrated model was
used to numerically assess the footbridge’s serviceability. The pedestrian loads were
simulated with harmonic, uniformly distributed loads over the deck, as prescribed by
the Sètra. Two modes were tested (the first and the second, the latter considering only
the vertical vibrations), and the numerical accelerations were detected. As a general
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conclusion, it may be asserted that the maximum numerical accelerations were lower than
the experimental ones, proving that the guidelines suggest a conservative strategy for
bridge dynamic design. Furthermore, the maximum numerical accelerations were recorded
in the same positions as the maximum experimental ones, demonstrating the reliability
and the usefulness of the calibrated model.

The present paper provided highly detailed experimental results about a steel–wooden
cable-stayed footbridge with the aims of enlarging the actual state-of-the-art knowledge
about the dynamics of this structural typology and providing insight into the design of new
footbridges and the testing of existing ones. Furthermore, the use of a calibrated model
for footbridge serviceability assessment was revealed to be of great importance, since the
obtained results can be considered more realistic and trustworthy. In addition, they were
used to prove the effectiveness of using the guideline procedures for the design of footbridges
under human-induced vibrations by comparing the available experimental outcomes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/infrastructures8060100/s1, PV1 test results, PV2 test results, PV3
test results, PV4 test results, PV5 test results, PV6 test results, PV7 test results.
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