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Abstract. Understanding how pedestrians interact with the footbridge, in partic-
ular studying dynamic actions caused by pedestrian loads on footbridges, engi-
neers can address any design deficiencies, such as excessive deflection, reso-
nance, or discomfort experienced by pedestrians during bridge usage. For this,
the paper consists in two main parts: In the first part, we extensively examine
various factors essential for accurately modeling the dynamic actions induced by
individual pedestrians or groups of pedestrians on footbridges. Our focus in-
cludes an analysis of relevant experimental studies conducted abroad, specifi-
cally regarding the closure of the Millennium Bridge. This section extensively
discusses the identified issues and explores different mathematical models, par-
ticularly those capable of simulating dynamic forces resulting from walking, jog-
ging, or jumping, whether by an individual or a group of walkers.

The second part of the study centers around utilizing Finite Element Method
(FEM) models to analyze a specific footbridge located in Carbonia. This foot-
bridge was inaugurated in November 2001 but had to be closed within a year.
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1 Introduction

Various physical phenomena contribute to vibrations in civil and industrial buildings,
which can be categorized into two types: vibrations generated within the building's
interior and vibrations originating from external sources. Notably, footbridges differ
from other buildings due to their exceptionally low fundamental frequencies,
comparable to those produced by pedestrian footsteps or running. Consequently, when
footbridges experience high pedestrian loads (e.g., numerous pedestrians crossing
simultaneously), the resulting oscillations can reach levels that not only inconvenience
pedestrians but also lead to cyclic phenomena that may cause structural damage.
Different examples highlighting this issue include the Millennium Bridge in London
and the Solférino Bridge in Paris.
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2 Mathematical models for dynamic actions

2.1  Action induced by pedestrians.

Various measurements have been conducted to quantify the vertical loads exerted by
pedestrians on structures. These measurements consistently show that the vertical force
produced by a single step closely resembles the shape depicted in Figure 1.

Numerous studies have focused on quantifying pedestrian walking forces, with a
greater emphasis on the vertical component of the dynamic force rather than the hori-
zontal one. Dallard's research in 2001 investigated the forces generated by pedestrian
steps and identified three main directions: vertical, longitudinal, and lateral (or trans-
versal) forces [1]. These force components are influenced by various factors, including
pedestrian walking speed, step frequency, and step length.

In general approximately 40% of a pedestrian's weight contributes to the vertical force,
while the lateral component accounts for only around 4%, and the longitudinal compo-
nent comprises the remaining 56%. For instance, based on this estimation, a pedestrian
weighing 75 kg (approximately 750 N) would exert a vertical force of 300 N, a longi-
tudinal force of 420 N, and a lateral force of 30 N on the structure or scaffold.
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Fig.1. Time trend of vertical force produced by a step.

By observing a pedestrian's continuous walk, we generated the diagram depicted in
Figure 2, illustrating the time trend of the vertical component. The diagram reveals a
recurring pattern with an average period that corresponds to the inverse of the average
frequency of a single step.
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Fig. 2. Time trend of the vertical component for continuous walk

The lateral movement exerted by pedestrians walking on a supporting structure arises
from the oscillation of their body's center of mass. This oscillation is a consequence of
the stepping action, where each foot is alternately placed (Fig. 3). These oscillations



have a magnitude of approximately 1-2 cm.
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Fig. 3. Oscillation of the center of body mass during the movement

The frequency of the lateral component corresponds to half the frequency of a pedes-
trian's steps, ranging from 0.7 to 1.4 Hz. By examining a continuous walk, we generated
the diagram presented in Figure 4, showcasing the temporal variation of the lateral
component. Similarly, we observe a time trend in this case with an average period equal
to twice the inverse of the average frequency per step.
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Fig. 4. Time trend of the lateral component for continuous walk

One of the most common load model for the study of very flexible structures is the one
that considers the force induced by a single pedestrian as a periodical force.

E,t) =Gy +Gy-sinQm-f-t)+X,G -sin(2-m-i-f-t+¢;) Eq.l

where:

Fp(t) is the periodical force induced by a pedestrian to model;
Go is the static force represented by the vertical component;

G is the size of the fist harmonic (fundamental harmonic);

Gi are the sizes of the i-th harmonic component;

f is the step’s frequency;

@i are the initial phases of the i-th harmonic components;

n is the number of the harmonic which have been considerated;

The various sizes of the harmonic i-th Gi are given by the product of the vertical static
force Go for a coefficient ai called load factor.



Determining the dynamic behavior of a footbridge becomes more complicated when
multiple individuals simultaneously exert their actions upon it, unlike the case of a sin-
gle pedestrian. This complexity arises due to the unique characteristics of each pedes-
trian, such as weight, step frequency, and speed. Furthermore, as the number of people
on the bridge increases, the generated loads lose synchronization with both each other
and the footbridge. It is important to note that in the previous equation for a single
pedestrian, the initial phase differs for each individual due to their varied entry times
onto the footbridge and their movement speeds while on it.

Consequently, in scenarios involving crowd-induced loads, methods based on proba-
bility calculus and statistical processes have been developed to address this issue[2].
The current model we are studying in not only about the random movements of pedes-
trians with different frequencies and initial phases on a footbridge experiencing various
vibrations but also aims to estimate the equivalent number of pedestrians (Neq) uni-
formly distributed on the footbridge. These pedestrians are assumed to move in phase
and at the same frequency as the natural frequency of the footbridge, producing a sim-
ilar effect on the random pedestrians.

As a result, relations have been modelled, as follows:

N, =10,8-/NE Eq.2

where N is the number of the pedestrian who are on the footbridge (density by
superficial area) and & is the critical damping. In case of very dense crowd:

N, =185-VN Eq3

3 Case Study: A Pedestrian footbridge located in Carbonia

In 2001, construction efforts were initiated in Carbonia to enhance the conditions of a
council housing district adjacent to the Cannas River. The primary objective of these
efforts was to restructure public and private areas, including the construction of garages
for the houses in Cannas street and in Iglesias boulevard as well as the realization of a
new footbridge on Cannas replacing the old ones (Figure 6). Among the problems that



caused the quick closing, there was the presence of a 10 cm oak footsteps surface that
needed to be maintained due to its quick worsening caused by elements.

Fig. 6. The footbridge on Cannas River

4 The F.E.M. model

Various three-dimensional models of the footbridge were analyzed through Finite Ele-
ment Method (F.E.M.) modeling. These models differed significantly when comparing
their static and dynamic analyses. A precise and detailed model was created for the
static study, considering structural elements such as twisting stiffening, where a signif-
icant portion of the structure was represented using plate elements (Figure 7).

In contrast, for the dynamic analysis, a simplified and coarse model was employed [3,4]

(Figure 8).

Fig. 7. The global F.E.M. model for the static analysis



Fig. 8. The global F.E.M. model for the dinamic analysis

5 The Sétra technical guide

Due to the inadequacy of our existing regulations in addressing the impacts of pedes-
trians on footbridges, we have referred to the guidelines provided by the Technic De-
partment of the Engineers of Transportation, Roads, and Bridges (Service d'Etudes
Techniques des Routes et Autoroutes - Sétra) from the French Ministry of Infrastructure
and Transportation. This methodology aims to mitigate the vibrational risks induced by
pedestrian footsteps on the structure. However, resonance is not the sole concern to be
considered. It is crucial to note that even very lightweight footbridges may experience
vibrational phenomena.

6 The structural recovery

An initial improvement to enhance the footbridge's dynamic response to pedestrian
forces is to replace the deteriorated original wooden scaffold with a new slab made of
corrugated plate reinforced with concrete, increasing the stiffness.

Fig. 9. Transversal accelerations of the most pressurized node.



After the improvements the maximum values reached by the transversal accelerations
are quite different from the ones found before. The values reach in the initial transitory

0,1 m/s*, then, un the stationary phase they remain about 0,03/s* . In terms of displace-
ment the maximum value reaches half millimetre. As a result, this is an efficient solu-
tion for transversal oscillation problem.
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