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This paper investigates and compares the performances of two simulation models to predict the footbridge re-
sponse to vertical pedestrian dynamic actions. For this purpose, a rational procedure based on experimental
tests, identification, model-updating and simulation is addressed. The object of study is the Pasternak footbridge,
a curved cable-stayed footbridge prone to human-induced vibrations. The footbridge dynamic behaviour is in-
vestigated thanks to an experimental campaign. Accelerations due to ambient vibrations are recorded and the
modal parameters of the structure are identified. The dynamic response to pedestrian actions is investigated
performing several experimental tests with different-sized groups of pedestrians. To simulate the dynamic re-
sponse to pedestrian actions, a Finite Element (FE) model of the footbridge is developed and calibrated so that
the numerical dynamic properties match the experimental ones. The structural response to human loads is eval-
uated through two advanced simulation methods. The first one is based on a periodic walking force and is
employed to perform dynamic analyses with the FE model. In the second one, a multi-harmonic force model,
which considers the variability of the walking force, is adopted and the dynamic response is evaluated via
modal decomposition. Finally, numerical and experimental results are compared with each other.
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1. Introduction

Over the last decades, cable-stayed footbridges have reached great
importance and popularity thanks to the ease of construction, the eco-
nomical convenience and the reduction of the deck bending moments
due to the benefit of cables [1]. However, due to the upcoming of ad-
vanced designmethods and high strengthmaterials, footbridges in gen-
eral are increasingly slender structures. Consequently, they are more
and more sensitive to dynamic vibrations induced by pedestrians that
can compromise the comfort serviceability conditions [2, 3, 4]. There-
fore, the full assessment of the footbridge dynamic behaviour with ref-
erence to pedestrian actions is a topical issue in the vibration
serviceability analysis [5, 6, 7].

To simulate pedestrian dynamic effects on footbridges, dynamic
analyses are to be performed considering suitable pedestrian load
models. The reliability of the predicted structural response depends on
the capability of a numerical model to represent the structural behav-
iour aswell as on the loadmodel adopted to simulate the pedestrian ac-
tion. For this purpose, a rational procedure based on identification,
model updating and simulation is addressed.

Modelling of human-induced dynamic forces is not straightforward
as they depend on many parameters as well as on the pedestrian num-
ber and their degree of correlation. In addition, different pedestrians

will never produce the samewalking force and even a single pedestrian
induces a walking force that differs with each step.

Several pedestrian load models, characterized by different level of
complexity and refinement, are proposed in literature, such as [8, 9].
Generally, the computational effort and the number of parameters to
be defined increase with the model accuracy. Furthermore, pedestrian
load models are rarely compared to each other in significant case stud-
ies. It is undeniable that models based on different approaches and ap-
proximations can produce significant differences when they are
applied to complex and comprehensive real case studies.

This paper investigates and compares the performances of two sim-
ulation models to predict the response of the Pasternak footbridge to
vertical pedestrian dynamic actions. The Pasternak footbridge is a
curved cable-stayed footbridge prone to human-induced vibrations. It
is about 270 m long and crosses an important freeway in Modena
(Italy). Due to its curved shape, the footbridge is significantlymore sen-
sitive to vertical vibrations rather than horizontal. To simulate the dy-
namic effect of a single pedestrian or a stream of pedestrians moving
across the footbridge, two advanced simulation approaches are
adopted, which are based on different pedestrian load models in the
time domain. These models are the single step load model proposed
by Li et al. [10] and the multi-harmonic force model proposed by
Živanović et al. [11], selected for their specific features. The first one is
one of the few models proposed in literature that defines the force
exerted by a single footstep. The second model has the advantage of
representing the variability of the walking force induced by a single pe-
destrian. With the first simulation approach, the footbridge response to
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pedestrian excitation is evaluated performing dynamic analyses with a
Finite Element (FE) model of the structure. The second method relies
on the solution of the equation of motion via modal decomposition,
based on the experimentally identified mode shapes and frequencies.
Dynamic analyses are performed simulating different dynamic loading
conditions. Numerical accelerations obtained from the two simulation
models are compared with each other and with the experimental ones.

2. Analysis overview

The complex shape of some footbridges and the challenging task of
modelling the human-induced vibrations increase difficulties in
obtaining an accurate and reliable prediction of the structural dynamic
response.

This section presents an overview of the procedure to evaluate the
footbridge dynamic behaviour under pedestrian loads through a ratio-
nal process of modelling, simulation and validation. The procedure in-
cludes experimental investigations to identify the footbridge dynamic
behaviour and to measure human-induced vibrations, the calibration
of structural numerical models and the adoption of pedestrian load
models.

The prediction of the structural response to pedestrian actions starts
from the characterization of the structural dynamic behaviour. The de-
scription of the structural dynamic behaviour is affected by a large num-
ber of uncertainties regarding the geometrical and mechanical
properties, non-structural masses and effective constraint stiffness
values. Because of this, the structural dynamic properties are to be eval-
uated and characterized based on experimental data. The dynamic be-
haviour of the footbridge is thus investigated thanks to an
experimental campaign performed by means of an advanced MEMS-
based measurement system [12]. Starting from the accelerations re-
corded in operational conditions, the modal properties (frequencies,
mode shapes and damping ratios) of the footbridge are identified. In
the present study, the classic Enhanced Frequency Domain Decomposi-
tion (EFDD)method is adopted [13, 14]. To evaluate the actual dynamic
behaviour of the footbridge subjected to pedestrian loads, several ex-
perimental tests are performed with different-sized groups of pedes-
trians crossing the footbridge running and walking freely or in a
synchronized manner with different pacing frequencies. The actual re-
sponse to human-induced loading is assumed as the basis for compari-
son with the numerical results to evaluate the reliability of the
simulated response.

Once the structural dynamic behaviour is characterized, pedestrian
load models are to be employed and dynamic analyses are performed
simulating different pedestrian loading conditions. This can require
the adoption of FE models which have to be calibrated with respect to
the identified dynamic properties. Alternatively, numerical dynamic
analyses can be performed through the solution of the decoupled equa-
tions of motion using the experimentally identified modal parameters.
In the first case, model updating procedures are applied to develop reli-
able models starting from the comparison between the experimentally
identified structural dynamic behaviour and the numerical model re-
sponse [15, 16]. A set of unknown structural parameters is selected
and evaluated solving an optimization problem where the objective
function is defined as the difference between experimental and numer-
ical natural frequencies andmode shapes [17, 18]. In this respect, model
updating techniques based on surrogate-assisted evolutionary strate-
gies have shown advantages in reducing the computational effort in op-
timization problems. In the present study, the so called DE-S algorithm
[19, 20] is applied.

3. Human-induced loading

A pedestrian walking on a structure causes a ground reaction force
that is due to acceleration and deceleration of the body centre of mass.
This force is a three-dimensional vector that varies in time and space

due to the forwardmovement of the person. Over the years,many stud-
ies have been performed to characterize the walking force [21]. The
most common model of perfectly periodic human-induced force in the
vertical direction is the continuous walking load model [22, 23, 24],
which represents the single pedestrian force by a sumof harmonic com-
ponents:

FðtÞ ¼ Gþ G
Xn
k¼1

αkð f sÞsin 2πkf st þΨkð Þ ð1Þ

where G [N] is the pedestrian's weight, fs [Hz] is the step frequency, k is
the number of the harmonic,Ψk [rad] and αk [–] are the phase shift and
the Fourier's coefficient, called Dynamic Loading Factor (DLF), of the kth
harmonic. Finally, n is the total number of contributing harmonics.

According to Eq. (1), the walking force is composed of n harmonics
characterized by frequencies equal to the step frequency and its integer
multiples. However, from the analysis of the force spectrum of mea-
sured walking forces, some authors [11, 25, 26] have shown that also
some sub-harmonics appear at frequencies between the main har-
monics. This is explained as a consequence of more pronounced footfall
on one side. In fact, the walking force of Eq. (1) is periodic with funda-
mental frequency equal to fs, that is with a fundamental period equal
to the time required to take one step. On the contrary, considering
that forces exerted by the right and left foot can slightly differ, the fun-
damental period of the walking force becomes the time required to
make two consecutive steps. Hence, the fundamental frequency of the
force becomes approximately two times lower than the one for a single
step.

Eq. (1) shows that the amplitude of the harmonic component de-
pends on the step frequency through the DLFs αk. These are to be quan-
tified based on the Fourier spectrum of the experimentally registered
ground reaction forces. Over the years, many studies have been con-
ducted in order to quantify the DLFs [27, 28]. Furthermore, some au-
thors have highlighted that all parameters of Eq. (1) should be
modelled from a probabilistic point of view to account for the variability
in walking forces induced by different pedestrians [11, 29]. This phe-
nomenon is the so-called inter-subject variability, meaning that differ-
ent pedestrians will never produce exactly the same walking force. For
a single person force, which is still assumed periodic, randomness in
the walking force is considered via probability-based modelling. This
is addressed defining the variables that describe the human-induced
force through their probability density function.

Moreover, thewalking force caused by a single pedestrian is affected
by the intra-subject variability. The latter means that even a single pe-
destrian induces a walking force that differs with each step. This is be-
cause some parameters, such as the step length and the pacing
frequency may vary along the path. The naturally present intra-
subject variability makes the walking force not a perfectly sinusoidal
force, but rather a considerably more complex narrow band random
process [30, 31, 32, 33].

The present work focuses on the simulation of the human-induced
forces in the vertical direction, adopting the single step loadmodel pro-
posed by Li et al. [10] and the multi-harmonic force model proposed by
Živanović et al. [11]. The single step force defined by Li et al. [10] can be
directly applied to consecutive nodes of a footbridge FE model to simu-
late a pedestrian walking. The model proposed by Živanović et al. [11]
provides the continuouswalking force, i.e. the sum of the forces exerted
by both feet, that can be adopted to define themodal force and evaluate
the dynamic structural response through modal decomposition.

The adoption of the FE model, once it has been properly calibrated,
allows describing the dynamic behaviour of the footbridge accurately.
Moreover, as foot forces are applied directly on the FEmodel, it is possi-
ble to account for the effective positions of pedestrians on the structure,
without the approximation of them walking on the bridge centreline.
Also the different positions of the right and left foot can be represented.
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