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ABSTRACT

Structural vibrations induced by human activities, such as walking, have become a significant
concern from a design perspective, especially due to modern structures featuring low natural
frequencies. A key aspect of this field in dynamics is the Human-Structure Interaction (HSI)
phenomenon, which refers to the feedback loop between occupants and pedestrian structures,
such as footbridges and floors. In this context, human walking models designed to simulate HSI
have gained interest for civil engineering applications. Focusing on walking in the vertical
direction, so-called biodynamic models have been introduced to represent pedestrians, with
approaches ranging from mathematical assumptions to kinematic representations of the body.
Among the simplest biodynamic models, two approaches stand out in HSI investigations: the
single-degree-of-freedom (SDOF) spring-mass-damper (SMD) model and the damped bipedal
inverted pendulum (DBIP) model. While the SMD model approximates the ground reaction
force (GRF) transmitted to the structure as a coupled moving force acting at a single contact
point, the DBIP model calculates GRFs based on selected parameters and the model’s motion,
transmitting them to the ground while accounting for the relative position of both feet during
walking. Despite both models being capable of reproducing interaction forces, DBIP models,
unlike SMD models, have the potential to capture changes in walking patterns due to surface
vibrations. This is because, in DBIP models, the step frequency is not an input parameter but
rather a consequence of the model’s motion. In this context, this study aimed to evaluate both
models for civil engineering applications based on walking tests. The performance of SMD and
DBIP models was initially analysed by applying an HSI formulation using experimental
structural acceleration time-history data from two lively footbridges. While SMD models
performed well, DBIP models tended to overestimate the structural response due to the high
values of dynamic load factors (DLFs) produced, even while accurately reproducing the
walking speed and step frequency pairs. Further investigations of DBIP models were conducted
using kinetic and kinematic data from experimental walking tests performed on a moving
platform equipped with force plates. In rigid surface scenarios, results from three test subjects
confirmed that DBIP models tend to overestimate DLFs while simultaneously reproducing
experimental walking speeds and step frequencies. However, these models could qualitatively
predict trends in variations of applied forces due to surface vibrations — something not possible
with SMD models, as their GRFs are predefined inputs. Additionally, experimental insights
from moving surface scenarios highlighted that significant changes in applied forces can occur,
depending on the surface’s vertical displacement levels and its vertical position at the moment
of foot contact — factors neglected by existing guidelines and standards adopted for the design
of structures.

Keywords: Structural vibrations; Human-structure Interaction; Biodynamic Models.



RESUMO

As vibragdes estruturais provocadas por atividades humanas, como a caminhada, tornaram-se
uma preocupacao relevante no projeto estrutural, especialmente devido as baixas frequéncias
naturais das estruturas modernas. Um aspecto central da dindmica estrutural ¢ a Interagao
Humano-Estrutura (IHS), que descreve os efeitos mutuos entre ocupantes e estruturas para
pedestres, como passarelas e lajes. Nesse cendrio, modelos de caminhada foram desenvolvidos
para simular a IHS, atraindo interesse na Engenharia Civil. Focando no movimento vertical,
surgiram os chamados modelos biodindmicos para representar pedestres, variando de
formulagdes matematicas a representacdes cinematicas do corpo. Entre os mais simples,
destacam-se dois na investiga¢do da IHS: o modelo de mola-massa-amortecedor (SMD) de um
grau de liberdade (SDOF) e o modelo de péndulo invertido bipede amortecido (DBIP). O
modelo SMD representa a forga de reagdo de piso (FRP) como uma for¢a mével acoplada em
um unico ponto de contato, enquanto o modelo DBIP calcula as FRPs a partir de parametros
especificos e do movimento do modelo, considerando a posicdo relativa dos pés. Apesar de
ambos reproduzirem forcas de interacdo, os modelos DBIP, diferentemente dos modelos SMD,
conseguem captar alteragdes no padrio da marcha induzidas por vibragdes da superficie. Isso
ocorre porque, nos modelos DBIP, a frequéncia de passo emerge do movimento, € ndo como
dado de entrada. Nesse contexto, este estudo buscou avaliar ambos os modelos em aplicagdes
na Engenharia Civil com base em testes de caminhada. A performance dos modelos SMD e
DBIP foi inicialmente analisada por meio de uma formulacio de IHS aplicada a dados
experimentais de aceleragdo estrutural de duas passarelas flexiveis. Enquanto os modelos SMD
apresentaram um bom desempenho, os modelos DBIP tenderam a superestimar a resposta
estrutural devido aos altos valores dos fatores dinamicos de carga (DLFs), mesmo reproduzindo
corretamente velocidades e frequéncias dos passos. Estudos adicionais com os modelos DBIP
foram conduzidos com dados cinéticos e cinematicos obtidos em testes de caminhada sobre
uma plataforma moével com placas de forca. Em superficies rigidas, os resultados de trés
participantes confirmaram que os modelos DBIP superestimam os DLFs, ainda que
representem bem as velocidades e frequéncias experimentais. Contudo, esses modelos
conseguem prever variacdes nas forgas aplicadas em funcdo das vibragdes — o que ndo ocorre
nos modelos SMD, pois suas FRPs sdo definidas previamente. Além disso, analises
experimentais em superficie movel mostraram que alteragdes significativas nas forcas aplicadas
podem ocorrer, dependendo dos niveis de deslocamento vertical e da posi¢do da superficie no
instante do contato do pé — fatores ignorados por normas e diretrizes atuais de projeto estrutural.

Palavras-chave: Vibragoes Estruturais; Interagdo Humano-Estrutura; Modelos Biodinamicos.
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1 INTRODUCTION

1.1 Context and questions

The advances in technology, contemporary trends in architecture, and material science
have led to the conception of structures using high-strength lightweight materials, featuring
long-span and slender structures. These modern structures have low frequencies and low
damping, which makes them more susceptible to vibrate excessively (Shahabpoor et al., 2016a).
Consequently, loads that usually did not cause problems in the past have been a target of studies,

even if their magnitude is not significant, for example, human loads (Gongalves et al., 2019).

As a consequence, the last decades gather the main problems regarding excessive
vibrations in structures. Hence, studies of the dynamic behaviour of such structures and their
excitation sources have been extensively developed aiming to understand the phenomenon and

present solutions to improve their performance (Caprani & Ahmadi, 2016).

Walking, running, and jumping are examples of human-induced loads that can cause
excessive vibrations in civil structures, such as building floors (Pavic & Reynolds, 2002a),
footbridges (Zivanovi¢ et al., 2005a), stairs (Kerr & Bishop, 2001), and grandstands (Brito &
Pimentel, 2009), and can disturb the users leading to psychological fear or panic (Zhou et al.,

2015).

Besides some reports in the literature regarding safety problems due to excessive
vibrations induced by human loads (Zivanovi¢ et al., 2005a), unacceptable vibration levels are
more a matter of serviceability issue (Racic et al., 2009; Caprani & Ahmadi, 2016; Shahabpoor
et al., 2016a). In this context, vibration serviceability has become the governing design criteria
of civil structures, in which annoyance to occupants and equipment dysfunction are examples

of the non-attendance of this limit state (Muhammad et al., 2018).

Among the induced loads from human activities, walking motion is the most common
scenario in civil structures. Regarding this subject, applying a pulsating moving force over the
structure to model this action has been shown to not be sufficient to represent the behaviour of
the human-structure system in some cases (Caprani & Ahmadi, 2016; Caprani et al., 2011),
since this approach ignores the interaction between the human body and the supporting structure

(Zivanovié, 2015).
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Since the human body has its own dynamic properties, i.e., stiffness, mass and damping,
do not consider it as a contribution to the coupled system can present inaccurate dynamic
responses, and sometimes overestimate them, as shown by Caprani & Ahmadi (2016) and

Caprani et al. (2011).

The coupled pedestrian-structure system, if well modelled, can express the dynamic
interaction between the occupants and the structure (Shahabpoor et al., 2016a; Ahmadi et al.,
2019). Such an interaction, called human-structure interaction (HSI), occurs because the
presence of individuals on a structure can change its dynamic properties (Zivanovié¢ et al.,
2005b; Zivanovi¢ et al., 2009) featuring what is called human-to-structure-interaction (H2SI).
Additionally, the vibrations of the structure’s surface can provoke variations of the gait
parameters of pedestrians (i.e., step frequency, step length, walking speed, etc.), changing the
response of the structure over time (Bachmann & Ammann, 1987; Zivanovié et al., 2005b), as

part of the structure-to-human-interaction (S2HI).

Numerical simulations and approaches to account for HSI by investigating the
reciprocal effects of the coupled system is an important issue regarding excessive vibrations
and it is generally accepted by researchers to be essential in the vibration assessment of
structures under human loads (Sachse ef al., 2003; Zivanovi¢ et al., 2005a; Shahabpoor et al.,

2016a; Ahmadi et al., 2019).

Nevertheless, most of the guidelines and standards (e.g.: Sétra, 2006; Hivoss, 2008; UK
NA to BS, 2008; SCI P354, 2009; CCIP, 2006) adopt Moving Force (MF) models in an attempt
to prevent excessive vibrations due to dynamic loads induced by humans walking (as a ground
reaction force - GRF), represented through a Fourier Series (Bachmann & Ammann, 1987).
Meanwhile, Sétra (2006) and Hivoss (2008) guidelines try to include the influence of
pedestrians in the system by considering them not only as loads but adding a part of their mass

to calculate the natural frequency of footbridges.

In this matter, human walking models, widely investigated in the biomechanical field
(Zivanovié, 2015; Dang, 2014), have become an object of interest for civil engineering purposes
(Shahabpoor, et al. 2016a), as human-induced loads can cause excessive vibrations in
pedestrian structures (Pimentel, 1997). These so-called biodynamic models are capable of

simulating the HSI phenomenon.
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When focusing on vertical walking dynamics, biodynamic models have been developed
to represent a pedestrian behaviour, featuring a variety of approaches that differ in their
mathematical formulations and kinematic representations of the human body (Caprani &

Ahmadi, 2016; Shahabpoor ef al., 2016a).

However, it is important to recognize that a comprehensive understanding of all the
complexities involved in human walking is beyond the scope of civil engineering. The primary
interest lies in understanding how these forces influence the dynamic response of civil
structures, with the aim of developing reliable and practical tools for predicting structural
behaviour (Barker, 2002). This highlights the importance of deepen the investigation of simple

biodynamic models.

Among the most commonly used human walking models in HSI studies are two
simplified approaches: the single-degree-of-freedom (SDOF) Spring-Mass-Damper (SMD)
model (Caprani et al., 2011; Pfeil et al., 2014; Venuti et al., 2016; Shahabpoor et al., 2016b)
and the Inverted Pendulum (IP) models family (Bocian et al., 2011; Qin et al., 2013; Lin et al.,
2020; Ruiz et al., 2022; Zivanovié et al., 2022), including the so-called Bipedal Models (BMs).

The primary distinction between these two modelling approaches lies in how they
represent the ground reaction force (GRF): while the SMD model — considered as the simplest
biodynamic model — simplifies the GRF as a moving coupled force applied at a single contact
point, IP models — a more complex biodynamic model — computes GRFs based on the system’s

motion and predefined parameters.

While numerous studies have employed SMD models to represent the pedestrian body
in HSI simulations (e.g., Caprani et al., 2011; Pfeil et al., 2014; Venuti et al., 2016; Shahabpoor
et al., 2016b) — primarily to evaluate the interaction effects on structural response — this
modelling approach neglects the bipedal nature of walking. As a result, it limits the ability to
investigate, in depth, how vibrations affect the walking gait patterns and the corresponding

induced forces — the S2HI effects.

Such effects can be incorporated in the simulations when the pedestrian is modelled as
a bipedal model (Lin et al., 2020; Zivanovié et al., 2022). Although it is potentially a reliable
tool for predicting structural behaviour, there are still few studies validating the use of bipedal

models for applications in the field of Civil Engineering.
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When investigating the two simplest models from the IP family (not considering body
damping) based on experimental data, Zivanovi¢ et al. (2022) concluded that further research
on more complex bipedal models is necessary, as no realistic simulation of the kinematic and
kinetic features of walking was achieved. According to Lin et al. (2023), within the IP model
family, the Damped Bipedal Inverted Pendulum (DBIP) model stands out due to its ability to
provide a more realistic simulation of human gait compared to the simplified versions of the IP

model.

To the best of the authors’ knowledge, the work of Ruiz ef al. (2022) was the first to
correlate experimental results with numerical simulations using the DBIP model. In their study,
the authors adopted a simplified version of the DBIP model introduced by Qin et al. (2013),
reducing it to a single-degree-of-freedom (SDOF), and used the characteristic ‘M-shape’ of the

footfall force as a reference for parameter calibration.

In contrast, Lin et al. (2023) retained the model as a two-degree-of-freedom (2DOF)
system; in addition, their goal was to achieve the experimental step frequency and the dynamic

load factor of the first harmonic (DLF;) of the GRFs.

In the studies of Ruiz ef al. (2022) and Lin et al. (2023), despite adopting bipedal models
differently adapted from Qin et al. (2013), the numerical simulations were unable to
simultaneously and accurately predict the three gait parameters crucial for investigating the

dynamic behaviour of civil structures: walking speed, step frequency, and DLFs.

It is important to note that, in both approaches (Ruiz et al., 2022; Lin et al., 2023),
parameter calibration and performance evaluation were conducted solely based on
measurements taken on rigid surfaces. Hence, aspects related to structure-to-human interaction
(S2HI) were not investigated in these studies, as they only analysed rigid surfaces or scenarios

with very low structural accelerations.

While proposing parameter sets for varying vibration levels is not practical, it remains
essential to assess whether IP models can accurately perform under conditions involving high
vibration levels. As mentioned by Zivanovié et al. (2022), “unfortunately, the verification of
these models, especially on lively structures, lags behind the theoretical developments™. This

highlights the importance of evaluating the performance of such models in HSI studies.

Additionally, despite the theoretical analysis (Qin et al., 2013; Lin et al., 2020) and
experimental validations (Ruiz et al., 2022; Lin et al., 2023) of DBIP models in the literature,
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it is clear that significant gaps remain in this field. In particular, the accuracy of these models
in predicting key gait parameters — walking speed, step frequency, and DLFs — remains
uncertain, especially under excessive vibration conditions. Furthermore, the implications of
simplifying DBIP model to an SDOF system require further investigation to determine its

accuracy in capturing S2HI effects.

In general, despite several studies that have been developed to understand the
phenomenon of excessive vibrations and improve the structures’ design in terms of dynamic
behaviour under human walking loads, there are various questions to be clarified, chiefly in
terms of mathematical and experimental validation of such simple biodynamic models. Bearing
in mind that this remains a challenge, it is crucial to further investigate this issue, offering
detailed insights into the functioning and reliability of simple models when compared to

experimental results on both rigid and lively surfaces.

1.2 Objective

Based on the context presented, this study aims to investigate the interaction between
pedestrians and structures by evaluating simple biodynamic models to represent pedestrians,
using experimental measurements obtained from two lively test structures and a controlled
platform. This approach enables the assessment of how varying vibration levels influence
pedestrian-induced actions during walking, with a focus on applications to low-frequency

structures.
The specific objectives of this study are:

e To investigate some biodynamic models found in the literature by:

o Presenting a comparative review of chosen biodynamic models.

o Applying these models in numerical simulations and comparing the
outcomes with real experimental data obtained from previous works to
assess their performance.

e To carry out a series of pedestrian walking experiments that consider gait
characteristics and varying vibration levels, in order to account for:

o Different walking conditions: slow, normal, fast, and free walking.

o Multiple vibration levels.
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o Test logistics, such as the influence of metronome beats for monitoring
purposes.

o Synchronized collection of kinetic and kinematic data.

e Bringing together experimental data and simulations, to investigate:

o The experimental-numerical correlation for a selected biodynamic
model.

o Mathematical assumptions regarding human—structure interaction (HSI)
found in the literature.

o The influence of structural vibration levels on the walking behaviour of
pedestrians, by comparing walking on low-frequency structures versus
rigid surfaces.

e To propose parameter adjustments for a selected biodynamic model and:
o Evaluate its efficiency by comparing numerical simulation results with

experimental findings.

1.3 Justificative and Significance

Predicting structural response becomes particularly challenging when considering the
Human-Structure Interaction (HSI) phenomenon, as it involves a wide range of interdependent
factors — including pedestrian biomechanics, walking (inter- and intra-subject) variability,
structural dynamics, and the feedback mechanisms between humans and vibrating surfaces.
Accurately capturing of such mechanisms requires advanced modelling approaches and

detailed experimental data, which are often difficult to obtain or validate.

Despite essentially different structures, footbridges and floors are conceived and
consequently projected for the conveyance and accommodation of pedestrians, respectively. As
a common load case scenario regarding such structures, a simple walking activity can input
high levels of vibration causing discomfort to the users, as well as influence structural failures
(Racic et al., 2009). For this reason, it is of great importance to understand and avoid these
problems at the early stages of the design by improving methodologies and approaches to deal

with the prediction of dynamic responses and mitigate unacceptable vibration levels.

Another aspect worthy of attention is the design criterion of vibration assessment of

footbridges and floors induced by walking excitation. Although it is generally accepted that the
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human body should be modelled as a dynamic system to simulate HSI precisely, most
guidelines and standards still treat the pedestrian merely as an external force acting on the
structure. Thus, one of the consequences of disregarding such interaction is an expensive
overestimation of the dynamic response from numerical simulations when compared to

experimental measurements (Muhammad et al., 2018; Shahabpoor ef al., 2017).

Therefore, ignoring this phenomenon of interaction between pedestrians and structure
may lead to a significant overestimation of the vibratory response and, consequently, the design
can fail in the serviceability verification, when, in fact, it could be within the normative limits

(Zivanovié et al., 2005b; Caprani et al., 2011).

The adoption of biodynamic models in Civil Engineering aims to address this gap by
improving practical tools for everyday structural design applications. However, despite the
existence of several proposals in the literature to model the human body, many of these
approaches still lack comprehensive experimental validation, which is essential for their

broader adoption in practical engineering contexts.

It is important to emphasize that even with the advancement of more accurate
biodynamic models, their complexity hampers for guidelines and standards to accept it as a
practical tool for designing such structures. Thus, the improvement of simple biodynamic

models is a great contribution to the design of civil structures.

Special emphasis is made on the limitation of the biodynamic models developed so far.
Conventionally, most walking biodynamic models’ studies have been conducted with low-
frequency structures aiming to reproduce resonance conditions in the experiments since it is
applicable to structures with this dynamic characteristic, such as footbridges (Shahabpoor ef
al.,2016a). However, even for such applications, it is interesting to present a biodynamic model
able to represent the HSI covering a large range of frequencies. This redirects the attention for

the performance of the model and not the applicability to a certain structure.

At this point, it is worthy of attention the fact that analytical formulations to account for
HSI should be more deeply investigated, in terms of comparison against experimental results
and against each other. For example, a potential experimental correlation between ground
reaction forces on rigid (or flexible) surfaces and inertial forces due to body movement. In
addition, there is evidence that pedestrians change their behaviour under different levels of

vibration, causing a variation in the applied forces on the structure (Zivanovié et al., 2005b).
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Furthermore, it is well known that the dynamic properties of structures occupied by
pedestrians differ from their behaviour when unoccupied. This effect, which is part of the HSI
phenomenon, has been widely studied, as the development of various experimental and
numerical methods has made it practical to measure structural dynamic behaviour, facilitating
the investigation of behavioural changes in such structures under human loads (Shahabpoor et

al., 2016a; Zivanovi¢ et al. 2005a).

However, when it comes to the excitation source, there is a lack of experimental results
discussing the changes in the applied forces by humans submitted to vibrations, which in turn

feeds the HSI loop (Caloni ef al., 2025).

While human-induced loads, particularly those resulting from common activities such
as walking on rigid surfaces, have been extensively investigated in the biomechanical field
(Shahabpoor et al., 2016a), the focus of these studies differs from that of civil engineering
applications. In the biomechanical field, the primary interest is often the human body itself,
with limited emphasis on its interaction with civil structures. This distinction may contribute to
the gap in biodynamic model studies (chiefly simple models), particularly regarding the

investigation of structure-to-human interaction (S2HI) effects.

In fact, according to Caloni ef al. (2025), there is a predominant focus on HSI in the
existing literature, with insufficient attention to S2HI — even in biomechanical applications.
These authors emphasize the need for more precise studies to better understand how structural
vibrations impact pedestrians. Another aspect brought to attention by these authors is that
insights into S2HI can inform strategies for structural control and health monitoring, aiming to

enhance footbridge performance and pedestrian comfort.

Because of that, despite existing many biodynamic models (including their
investigations), the study of HSI remains in the literature as a challenge in dealing with its
mathematical modelling and chiefly validation with experimental evidence. Shahabpoor et al.
(20164a) say that “there is still no conclusive evidence on the most realistic and computationally
efficient form of the walking human model to simulate HSI”. Indeed, even after nearly a decade,
this observation remains valid. This is because, despite numerous advancements, no model has
yet been conclusively proven to incorporate the full complexity of human walking — addressing
the HSI as a whole — while also maintaining computational efficiency and practical

applicability.
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Lastly, it is important to highlight the relevance of improving the design of civil
structures to enable reliable predictions of their performance during the analysis stage.

Achieving this requires a deep understanding of the nature of the dynamic actions involved.

1.4 Thesis structure

Chapter 1 presents the context of this research, focusing on excessive vibrations and the
modelling of pedestrians. It also outlines the objective of the thesis, as well as the justification

and significance of the study.

Chapter 2 provides background information on excessive vibrations in footbridges and
discusses the guideline-based approaches used to represent human actions on structures.
Additionally, this chapter discusses the modelling of human walking. It begins with a brief
overview of human-induced loads, focusing specifically on walking. A literature review of
existing biodynamic models is then presented, followed by an in-depth discussion of two

selected models, including their formulation, functioning, and key parameters.

Chapter 3 details the methodology employed in this research. It outlines the step-by-
step approach adopted throughout the study, providing a comprehensive description of the
experimental campaign. Additionally, it presents the procedures used for data acquisition and

extraction, ensuring transparency and replicability of the research process.

Chapter 4 focuses on evaluating the performance of selected biodynamic models from
both Human-Structure Interaction (HSI) and Structure-to-Human Interaction (S2HI)
perspectives. First, the SMD and DBIP models’ performance is evaluated based on comparisons
against experimental data from two real footbridges. In the S2HI context, one- and two-DOF
versions of the DBIP model are assessed under rigid and moving surface conditions. The
chapter concludes with a reanalysis of the DBIP model for HSI applications using adjusted

parameters.

Chapter 5 presents the conclusions drawn from the research. It summarizes the main
findings, highlights the contributions to the field of human-structure interaction, and outlines

potential directions for future studies.
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2 THEORETICAL BACKGROUND

The aim of this chapter is two-fold: (1) to present a brief background survey on the issue
of excessive vibrations and the design code approaches related to low-frequency structures,
such as footbridges; and (2) to address human walking as a source of dynamic loading on such
structures. Since the investigations presented in this study focus on low-frequency structures,
which may exhibit vertical natural frequencies close to pedestrians’ step frequencies, this
chapter includes a concise description of the human walking gait (with an emphasis on the
vertical direction), followed by a critical analysis of various proposals for modelling human-
induced loads. Special attention is given to biodynamic models and their correlation with the
human-structure interaction (HSI) phenomenon. Additionally, the formulation and parameters
of two selected biodynamic models are presented, along with a discussion of their functioning

and insights related to their application in HSI interaction scenarios.

2.1 Excessive vibrations due to human loads

Over the years, structural projects have undergone noticeable changes in their limit
states criterion, driven by new studies which improved the understanding of the materials
behaviour and their application. One of its consequences is the development of bolder projects

usually featuring lighter and slender structures (Gongalves ef al., 2019).

Such trend brought a new study target: human loads would no longer be treated as forces
only; their dynamic interaction with the structure should be considered in the design stage since
many structures have become more susceptible to vibrations when subjected to dynamic loads,
even with low magnitudes (Pavic & Reynolds, 2002a; Silva, 2011). This is explained by the
cyclical character common to human activities such as walking, running, jumping etc

(Bachmann & Ammann, 1987).

Walking activity is a common load case scenario on floor and footbridge structures.
Such human movement, among others, can produce resonant, near resonant or impulsive
structural vibrations (Muhammad ef al., 2018). The features of walking are such that pedestrians

can cause vibrations in the lateral (more specific to footbridges) or vertical direction.

According to Thomson (1973), if the frequency of the excitation into a system is equal

to its natural frequency f,, the phenomenon called resonance occurs. When this happens, the
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vibration amplitude increases abruptly and strongly, which can lead to system collapse of
structures, such as buildings and bridges. However, a common scenario related to excessive

vibrations is the significant annoyance to occupants featuring a serviceability subject.

Zhou et al. (2015) cited the importance to consider vibration serviceability as a part of
structural design once exorbitant vibrations can cause psychological fear and discomfort to the
users. Pretlove & Rainer (1995) said that “Human sensitivity to vibration is very acute. The

human body can sense vibration displacement amplitudes as low as 0.001 mm”.

Muhammad ef al. (2018) say that a simple walking activity can produce excessive
structural vibrations (resonant or impulsive). With more details in the review presented by these
authors, in many cases, such dynamic instabilities make the environment uncomfortable or even
intolerable, which can generate fear or panic, as well as affect the performance of more sensitive

equipment (for instance, in floors).

The effect of human loads became more expressive over the years leading to a growing
problem of excessive vibrations. Hence, the last two decades has concentrated an increased
number of studies that aim to investigate the dynamic behaviour of structures under these

dynamic loads (Shahabpoor et al., 2016a). However,

Since these important aspects of walking forces have not been adequately researched
in the past, the corresponding lack of knowledge has reflected badly on the quality of
their Mathematical models used in vibration assessments of pedestrian structures such
as footbridges, staircases and floors. (Racic et al., 2009)

Regarding footbridges, there are several reported cases of excessive vibrations. The
literature presents two benchmarks of excessive vibration cases in footbridges that intensified
the investigations of dynamic problems due to pedestrians: the case of Millennium Bridge in
London (Dallard et al., 2001) and the case of The Solferino Bridge in Paris (Danbon & Grillaud,
2005) (Figure 1). In both events, the lateral movement of the pedestrians while walking matched

with the lateral natural frequency of the structures, leading to a resonance condition.

As Pimentel (1997) stated, a factor that contributes to explain vibrations with large
amplitudes in the lateral direction of footbridges (valid for bridges), is the fact that these
structures are designed to support dead and live loads in the vertical direction and, therefore,
less stiffness is required to counteract lateral loads. As emphasized by Silva (2011), pedestrians
and wind action are the major live loads to footbridges. Table 1 gather some case studies of

excessive vibrations of footbridges under human loads.
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Figure 1 — (a) Millenium Bridge, London, UK (Geograph, 2025); and (b) Solferino Bridge, Paris,
France (Wikipedia, 2025).

Table 1 — Case studies of excessive vibrations of footbridges induced by walking.

Study Lateral Vertical

Matsumoto (1978) )
Eyre & Cullington (1985) o
Bachmann & Ammann (1987) ° )
Fujino et al. (1993) °

Brownjohn (1997) °

Pimentel (1997)

Dallard et al. (2001) °

Danbon & Grillaud (2005) °

Pospisil et al. (2013) °

Hawryszkow et al. (2017)

Currently, it is generally agreed among researchers that the excessive vibrations on
structures are a matter of serviceability rather than safety problems. This line of reasoning is
explained by the high human sensitivity to vibration levels, and then, this limit state tends to
fail before any risk of structural damage (Racic et al., 2009; Pavic & Reynolds, 2002a;
Mohammed et al., 2018; Muhammad et al., 2018).

Consequently, most guidelines and standards treat this dynamic problem as a
Serviceability Limit State (SLS), involving aspects such as structural dynamic properties and
how to model human loads. Given this, excessive vibrations are now a critical design aspect of
modern civil engineering structures. According to Mohammed et al. (2018), while modern
structures usually meet the Ultimate Limit State (ULS) requirements, SLS criteria is

increasingly govern the design aspect.
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Next section brings a brief discussion regarding guidelines and standards approach to

deal with vibration assessment of footbridges under walking excitation in the vertical direction.

2.2 Guideline’s approach

Bearing in mind that excessive vibrations can entail structural reinforcements, it has
been a target of design documents for footbridges on how to avoid this serviceability limit state
problem due to human loads. In this context, the approach by standards and guidelines is
twofold: (a) determine the dynamic properties of the structure and (b) how to apply pedestrian

loads in the analysis.

Table 2 presents the guidelines and standards discussed herein. It is important to
emphasize the need to refer to these normative documents for a comprehensive dynamic
analysis involving human loads, as they address the problem in its entirety. However, this study
focuses solely on the modelling of pedestrian walking in the vertical direction. Additionally,
the focus of these documents is on the design stage, with no mention of structural

reinforcements.

Table 2 — Guidelines and standards for assessment of footbridges.

Guideline Description

Hivoss (2008) e Human Induced Vibration of Steel Structures: Background Document for
Design of Footbridges

Sétra (2006) e Assessment of vibrational behaviour of footbridges under pedestrian loading

UK NA to BS (2008) e UK National Annex to Eurocode 1: Actions on structures - Part 2: Traffic loads
on bridges

NBR 7188 (2024) Road and pedestrian live load on bridges, viaducts, footbridges and other

structures

NBR 8800 (2024)

Design of steel and composite structures for buildings

NBR 6118 (2023)

Design of concrete structures — Procedure

One of the recommendations is to minimize the probability to present excessive
vibrations by designing structures with natural frequencies out of critical ranges (related to
human loads). This line of reasoning aims to prevent resonance conditions. These values can
be calculated by several ways, as suggested by guidelines (Hivoss, 2008; Sétra, 2006; UK NA
to BS, 2008). Ranging from Finite Element (FE) Method to hand formulas, such procedures are
useful in a day-by-day design.
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According to Hivoss (2008), the dominant contribution of the first harmonic of the

pedestrian load leads to the following critical range for natural frequencies ferisic, as follows:

125Hz < f,

ritic < 2.3 Hz (1)
This range might be extended to 4.6 Hz if natural frequencies (f;) lie in an interval

susceptible of excitation by the 2" harmonic of pedestrian excitation.

By gathering information from several studies and standards, Sétra (2006) presents, for
vertical direction, four frequency ranges correlated with a decreasing risk of resonance, as
shown in Figure 2. It should be highlighted that a previous critical range of natural frequencies

defined by Hivoss (2008) is within the values defined by Sétra (2006).

Otherwise, in UK NA to BS (2008), critical ranges of natural frequency for bridges, in
general, are defined based on span length of such structures. However, a range of 1.0 to 3.0 Hz
is suggested by Eurocode 1 (2003) to evaluate resonance condition due to pedestrian walking

loads for footbridges.

Frequency (Hz) 2> 0 1 1.7 21 26 5
Range 1: Maximum risk of resonance .
Range 2: risk of resonance

Low risk of resonance for
standard loading situations

Range 4: Negligible risk of resonance -

Figure 2 - Frequency ranges (Hz) of the vertical vibrations and associated risk of resonance level
(After Sétra, 2006).

Range 3:

The NBR 6118 (2023) is highly conservative and deal with resonance risk by setting a
minimum value for critical frequencies depending on the structure usage. For footbridges, the
structure natural frequency cannot be lower than 1.2 times 4.5Hz. Conventionally, if this
condition is not attended, some other standard must be used since there is no specific national

standard to deal with vibration assessment for footbridges.

It is noteworthy that despite national standards for designing footbridges pay attention

to serviceability failure due to human loads, such documents do not make clear how to include
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the pedestrian’s action in the analysis or any deepen evaluation of structural dynamic behaviour
(as in NBR 6118:2023). For example, NBR 7188 (2024) recommends a static distributed force
of 5.0kN/m? to be applied on the unfavourable position of the structure. However, this standard
document only mentions a need to further dynamic stability proof to special structures (light
and slender, such as steel structures or suspension bridges) and no further recommendations or

references are indicated.

Regarding steel structures, NBR 8800 (2024) takes into account excessive vibrations to
floors but no reference to footbridges is given. In the point of view of Silva (2011), the absence
of such national standards approaches to design footbridges can be explained by the low number

of bolder projects when comparing to Asia, Europe, and North America.

At this point, concerning to footbridges’ project, it is important to highlight factors that
affect its design. According to Hivoss (2008) (Table 3), UK NA to BS (2008) (Table 4), and
Sétra (2006) (Table 5), such structures might be categorized into bridge classes, in terms of
usage and traffic density. This primary stage allows to determine group sizes or crowd densities
to be considered in the analysis. It could be seen from Table 3, Table 4 and Table 5 that similar

footbridges’ classification by these guidelines lie in different values for crowd densities.

The serviceability limit state criterion is based on natural frequency limitation but also
it should be proved that the peak vertical deck accelerations determined for these human actions
are less than the limit values. Since excessive vibrations can lead to emotional reactions of
pedestrians, the comfort level associated with this limitation is a matter of bridge usage but also

is a criterion required by the owner.

Table 3 — Traffic class according to Hivoss (2008).

Trafic Description Characteristics Crowd Dens;ty
Class (persons/m?)
TC1 Very weak traffic Groups of N pedestrians free to walk in an area 4 N/A
TC2 Weak traffic Comfor‘Fable and free? walking. Overtaking is possible. 02

Single pedestrians can freely choose pace
TC3 Dense traffic Still unrestricted walking. Overtaking can 05

intermittently be inhibited.

TC4 Very dense traffic Freedorp of moveme?nt is restricted. Obstmcted 1.0
walking. Overtaking is no longer possible

Exceptionally dense Unpleasant walking. Crowding begins. One can no

TGS traffic longer freely choose pace

1.5
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Table 4 — Bridge classification and recommended crowd densities (walking) according to UK NA to

BS (2008).

Bridge . . Crowd density
Class Bridge Usage Group Size (persons/m?)

A Rural locations seldom used and in sparsely populated N=2 0

areas.
Suburban location likely to experience slight variations in -~
B . . . . X N=4 0.4
pedestrian loading intensity on an occasional basis.
Urban routes subject to significant variation in daily usage _
C . N=28 0.8
(e.g., structures serving access to offices or schools).
D Primary access to major public assembly facilities such as N=16 15
sports stadia or major public transportation facilities. ‘
Table 5 — Footbridges’ classification according to Sétra (2006).
Class Usage Traffic characteristics Crowd density
(persons/m?)
Urban footbridge linking up .
I high pedestrian density arcas Subjected to very heavy traffic. 1.0
. o Subjected to heavy traffic and that may
I Urban footbridge linking up occasionally be loaded throughout its bearing 0.8
populated areas
area.
That may occasionally be crossed by large
I Footbridge for standard use groups of people but that will never be loaded 0.5
throughout its bearing area.
Built to link sparsely populated areas or to

v

Seldom used footbridge ensure continuity of the pedestrian footpath in
motorway or express lane areas.

Not mentioned

Whilst Hivoss (2008) and Sétra (2006) guidelines recommend serviceability range

acceleration limits for use in design of footbridges based on the required comfort level (Table

6), UK NA to BS (2008) presents an expression (Eq.(2)) to determine the limit value as a

function of bridge usage (factor 4;), route redundancy (factor k>), and height of structure (factor

k3). In Eq.(2) k4 “is an exposure factor which is to be taken as 1.0 unless determined otherwise

for the individual project”.!

Agimic = 1.0k ky k3 by (m/s?)

! More details in UK NA to BS (2008)

)
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0.5 <ajp;; £2.0 (m/s?)

Table 6 — Recommended acceleration limit ranges for footbridges under human loads (After Sétra,
2006; and Hivoss, 2008).

Comfort level

Description Vertical aiimit
Hivoss (2008) Sétra (2006)
CL1 . Accelerations undergone by the structure are practically )
(Maximum) Maximum imperceptible to the users. <0.5m/s
CL2 Accelerations undergone by the structure are merely )
(Medium) Average perceptible to the users. 0.5 - 1.0 m’s
CL3 .. Accelerations undergone by the structure are perceived )
(Minimum) Minimum by the users, but do not become intolerable. 1.0-2.5 m/s
(Uncoglltj:)‘ rtable) Uncomfortable Acceleration levels that are not acceptable. > 2.5 m/s?

Table 7 — Recommended values for the site usage factor k; (UK NA to BS, 2008).

Bridge function k1
Primary route for hospitals or other high sensitivity routes 0.6
Primary route for school 0.8
Primary routes for sports stadia or other high usage routes 0.8
Major urban centres 1.0
Suburban crossings 1.3
Rural environments 1.6

Table 8 — Recommended values for the route redundancy factor k> (UK NA to BS, 2008).

Route redundancy k>
Sole means of access 0.7
Primary route 1.0
Alternative routes readily available 1.3

Table 9 — Recommended values for the structure height factor &3 (UK NA to BS, 2008).

Bridge height k3
Greater than 8 m 0.7
4mto8m 1.0
Less than 4 m 1.1

It is worthy to note that UK NA to BS (2008) is more conservative since the maximum
accepted acceleration asimi: do not exceed 2.0m/s? rather than a maximum value accepted by the

others.
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As previously mentioned, most of the guidelines adopt Moving Force (MF) models to
reproduce the pedestrian walking across the structure, including or not a consideration of the
number of pedestrians in the analysis. Due to the periodic nature of walking, the induced force
by pedestrians can be approximated by a Fourier series (ISO 10137:2007; Sétra, 2006). Also
called as ground reaction force (GRF), this time (t) varying force F{(t), given in Eq.(3), is the

sum of all single harmonic contribution and returns the total effect of the cyclical action.
F(ty= W+ W, sin 2af t) + z W, sinQnif t — 6,) 3)
: i :

Where W is the weight of the pedestrian (W = myg, in which my, is the pedestrian total mass,
and g is the acceleration due to gravity), f; is the step frequency, and 6; is the phase angle of the
i™ harmonic in relation to the first one (usually 6> = 05 = n/2). The harmonic amplitudes, given
by Wi, are usually taken as a fraction of the static force /. To Sétra (2006), the mean value of

700 N may be taken for W, and:

W] = 04W

4)
W, = W3 =~ 0.1W

The Fourier’s coefficient of the /" harmonic, 0.4 and 0.1 in Eq.(4), called as Dynamic
Load Factor (DLF), have been a target of researchers in an attempt to quantify such values. By
measuring continuous single-person force from walking (and also running), Rainer et al. (1988)
provided a greater work proving a strongly dependence of DLFs to step frequency (graphics
are available in the reference). Other authors also proved this finding but suggesting expressions
to determine such values. Table 10 gathers some proposals found on the literature to determine

DLFs to 1% and 2" harmonics.

Some authors, such as Rainer et al. (1988) and Pernica (1990), also provide values for

DLFs depending on step frequency fs, but no expressions are proposed by these authors.

Considering only the first harmonic, as this usually suffices for analyses of typical

footbridges in resonance condition, and considering:
W;= DLF -W (5)
Eq.(3) can be rewritten as follows:

F()=W(1 +DLF - sin(2n f; t)) (6)



43

Table 10 — Some proposals to determine the Dynamic Load Factor (DLF).

Dynamic load factor (DLF)

Reference . .

15 harmonic 2" harmonic
Sétra (2006) 0.4 0.1
ISO 10137 (2007) 0.37(f; - 1.0) 0.1
Blanchard et al. (1977) 0.257 Not provided
Kerr & Bishop (2001) -0.26491 + 1.3206f* - 1.7597f;+0.7613  0.07
Bachmann & Ammann (1987) 0.25f;- 0.1 0.1
Young (2001) 0.41(f; - 0.95) 0.069 + 0.0056f;
Brownjohn (2004) 0.37f;- 0.42 0.053
Butz et al. (2008) 0.0115f2 + 0.2803 £, — 0.2902 0.06691> + 0.1067f; — 0.0417
Dang & Zivanovié (2015) - 0.0542f* + 0.6493/,— 0.7165 Not provided

Depending on the Traffic Class (see Table 3), the load model proposed by Hivoss (2008)
to consider the pedestrians action also consists in applying a pulsating force but distributed over

the loaded area (in N/m?), as given in Eq.(7) to vertical direction.
pO)=W;-cos2nft) n"¥ 7)

Where 7’ is the equivalent number of pedestrians on the loaded surface, and ¥ is the reduction
coefficient based on probability of the step frequency approaches the critical range of natural

frequencies (1% and 2™ harmonics) under consideration (Figure 3).

With a different approach, UK NA to BS (2008) recommend calculating the maximum
vertical acceleration of the structure analysed under human loads (single pedestrian or groups),
by applying a pulsating force F(N) over time (function of N pedestrians) moving with a constant

walking speed v (1.7m/s for walking) across the span, given in Eq.(8).

F(N)=Fy - k({f) 1 +y(N-1)-sinQQzf 1) (8)

For walking activity, reference load Fois assumed as 280N. The combined factor .(fy)
considers the effects of a more realistic pedestrian population, harmonic responses, and human
sensitivity to vibrations. This factor is determined depending on the human activity and the

mode frequency f, of interest (Figure 4).
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Figure 3 - Reduction coefficient ¥ (After Hivoss, 2008).
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Figure 4 - Graphic to determine Combined Factor k(f,) (After UK NA to BS, 2008).

The desynchronization of pedestrians in a group is considered by the reduction factor y,
which is a function of structural damping 6 and effective span Se (in all cases it is conservative

to assume Sz as the actual bridge span)?, determined by Figure 5.

It is observed in Eq.(8) that the moving force applied over the structure does not consider
the pacing rate of the pedestrians but the natural frequency of the structure, featuring a
resonance condition. Hivoss (2008) also enrol the same approach by assuming the pacing rate

equal to the footbridge natural frequency under consideration.

2 More details in UK NA to BS (2008)
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Figure 5 - Reduction factor, 7, to allow for the unsynchronized combination of pedestrian actions
within groups and crowds (each curve represent effective span S.) (After UK NA to BS, 2008).

2.3 Human Induced Loads

Human-induced loads refer to the forces exerted by human activities — such as walking,
running, or jumping — on structures like floors, footbridges, staircases, and grandstands.
Understanding these loads is crucial in civil engineering to ensure structural integrity and
occupant comfort, as meeting serviceability criteria has been more challenging due to the trend

in modern buildings (Racic et al., 2009).

Although this study does not aim to provide an extensive discussion on human-induced

loads, it is important to highlight some aspects of walking gait, as it is the focus here.

From definitions in biomechanics (Pirker & Katzenschlager, 2017; Dong et al., 2024;
Carl et al., 1994), walking is a cyclic movement that involves the alternating support and

movement of the legs to propel the body forward while maintaining balance.

As mentioned by Racic et al. (2009), some authors refer to "gait" as the walking process

itself. However, it is important to clarify that gait refers more to the manner of walking. It can
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be characterized by parameters such as step frequency, walking speed, step length, and even

the forces induced during movement.

A gait cycle can be defined as the interval between two successive events of the same
foot. There is no strict definition in the literature for the beginning of the cycle, as any event
can be considered as such. Within the gait cycle, there are two step cycles, defined as the
interval between successive events of opposite feet. In turn, a stride corresponds to a full gait

cycle.

For a better understanding of walking induced forces, Figure 6 depicts the gait cycle and

respective phases aligned with the typical footfall forces from each foot.
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Figure 6 — Representation of a gait cycle with respective typical GRFs for each footfall (After Pirker
& Katzenschlager, 2017; and Ruiz, 2021)

It is important to emphasize that within a gait cycle, there are two different phase
categories. The first refers to the phases of a single foot within the cycle, which are the stance
and swing phases. The former, accounting for around 60% of the gait cycle, occurs when the
foot is in contact with the ground, while the latter, around 40% of the cycle, begins when the
foot lifts off the ground and starts moving forward to reposition itself ahead of the body until

the next ground contact.
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As observed from Figure 6, the stance phase consists of four primary subphases:

e Loading response: also called initial support, this subphase begins at what is referred
as heel-strike event, or (and from now on), as the touch-down (TD) event. In this
phase the vertical GRF increases to the maximum first peak. Importantly, this phase
occurs quickly after the TD.

e Mid-stance: the body ‘oscillates’ over the supporting foot and the other foot in
swinging towards the next impact point. During mid-stance, the body’s centre of
mass (CoM) is at its highest vertical point, and the entire body weight is balanced
over a single foot. At this moment, there is less vertical acceleration of the body
compared to the initial contact (when the body is decelerating) and lift-off (when the
body is accelerating upward and forward). As a result, the vertical GRF decreases,
forming what is known as the mid-stance valley in the footfall force curve.

e Terminal stance: the heel lifts as the weight shifts to the front of the foot while the
body begins to transfer its weight to the opposite foot. It is during this phase that the
vertical GRF begins to rise again, reaching the second peak in the footfall force, just
before losing contact with the ground — thus forming the characteristic ‘M-shape’
footfall force pattern (Kerr & Bishop, 2001).

e Pre-swing: the toes lift off the ground, initiating the swing phase. At this exact
moment there are zero contact forces between the foot and the ground. From now on

this event will be called touch-off (TO).

The beginning of the swing phase is marked by the TO event, and this phase can be

divided into three main parts:

e Initial Swing (Acceleration): the foot leaves the ground and starts moving forward.
e Mid-Swing: the foot reaches its highest position, clearing the ground.

e Terminal Swing (Deceleration): the foot prepares to land for the next step.

The second phase category refers to the type of support within a step cycle. If both feet
support the body weight, it is called the double support phase (around 10 to 12% of the step
cycle), meaning that the stance phases of both feet overlap. The single support phase, when

only one foot supports the body weight, coincides with the swing phase of the opposite foot.

As will be seen in the next subsection, some mathematical models used to represent

human walking may or may not account for the gait features explained here.
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2.4 Human Structure Interaction and human walking models

It is known that induced loads by pedestrians over structures have become an important
serviceability design criterion since a simple walking activity can cause vibrational disturbances
(Zivanovié et al., 2005a). Thus, as a part of the studies that aimed to understand the phenomena
related to excessive vibrations in structures, it is required to understand how people would be

inserted into the context of numerical modelling.

To deal with this, for design purposes, several ways of applying these loads to the
structure have been presented (Caprani & Ahmadi, 2016). Focusing on the vertical direction
and walking movement, the simplest model consists of applying a moving periodic force (MF)
over the structure (Figure 7), mathematically expressed by a Fourier series (Bachmann &

Ammann, 1987), as in Eq.(6).
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Figure 7 — Representation of MF model applied on a structure (After Caprani & Ahmadi, 2016).

There is in the literature an improved MF model with an inertial mass coupled to the
moving pulsating force (Figure 8). O'Sullivan et al. (2012) present details about the formulation

and particularities of this model.
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Figure 8 — Representation of MF model coupled with inertial mass applied on a structure (After
Caprani & Ahmadi, 2016).
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Several studies corroborate the differences in walking behaviour among different
pedestrians, and even for the same pedestrian (Shahabpoor et al., 2016a). In fact, inter and

intrasubject variability of people arise from the complexity of the human body.

Inter-subject variability is expressive regarding step frequency, which stand among the
dynamic parameters used to analyse structures under human loads, even in the simplest
pedestrian model (it could be seen in Eq.(6)). Table 11 shows some values for step frequencies
proposed in the literature. This variation observed for this parameter can be explained by
etiological factors, such as environment, cultural behaviour, physical characteristics and even

footwear type.

Table 11 — Some values for pacing rate proposed in the literature in walking activity.

Study lljeudlzsbti;a(r)lfs Test condition :z«tailzlil:;equency for walking
Matsumoto et al. (1972) 505 Groups Mean 1.99 Hz (SD of 0.178 Hz)
Bachmann et al. (1995) - - Range of 1.6 — 2.4 Hz*

Kerr & Bishop (2001) 40 Individual Mean 1.9 Hz

Zivanovié et al. (2005a) 1976 Groups Mean 1.87 Hz (SD of 0.186)
Sahnaci & Kasperski (2005) 251 Individual Mean 1.82 Hz

* Also adopted by Sétra (2006).

Currently included in most standards and guidelines (e.g.: Sétra, 2006; Hivoss, 2008;
UK NA to BS, 2008; SCI P354, 2009; CCIP, 2006), the MF model cannot precisely estimate
the dynamic properties of the system under human action, chiefly due to the effects of the
dynamics of the human body. Thus, pedestrians cannot be realistically represented as a

deterministic load (Ahmadi ef al., 2019).

A compromise of the effect regarding the presence of pedestriansnot only as loads is
considered by the Sétra (2006) and Hivoss (2008) guidelines, in which a fraction of the

mass of the pedestrians is added when calculating the natural frequency of the structure.

Bearing in mind that pedestrians’ bodies have their own dynamic properties, including
such parameters on the analysis can improve the reliability of numerical simulations, as it has
been evidenced in various studies. Caprani & Ahmadi (2016) presents a brief survey of several
studies involving the modelling of pedestrians walking, in crowd situations or alone, as well as

the type of modelling adopted for the structure.
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Barker (2002) states that “pedestrians can effectively input energy into a vibrating
bridge even if their walking frequencies are far from the frequency of the vibrating structure.”
Hence, not only resonance conditions can provoke accelerations out of the accepted limits since

pedestrians can mobilize higher vibrating modes.

Regarding structural behaviour and its dynamic properties, one of the outcomes from
the literature over the years is the change in the capacity to absorb the vibration energy when
such structures are occupied by pedestrians (stationary or moving). Zivanovié et al. (2009),
Zhang et al. (2015), Van Nimmen et al. (2015), and Salyards and Hua (2015) concluded that
pedestrians added damping to the structures analysed as well as they modified its natural
frequency a little. By analysing a timber floor, the same result was observed by Ohlsson (1982);

however, the modal mass of the structure was also increased.?

Bishop et al. (1993) and Pimentel & Waldron (1996) investigated structures under
human loads (staircases and footbridge, respectively) and showed that moving human
occupants add damping to structures they occupy. Furthermore, Shahabpoor et al. (2015) and
Shahabpoor et al. (2016b) evidenced that the greater is the number of pedestrians over the

structure the more significant is the effective changes in the modal parameters.

Those effects relate to what is called in the literature of Human-Structure-Interaction
(HSI). In this regard, according to Shahabpoor ef al. (2016a), the core understanding of the HSI
is based on the concept of mutual simultaneous effects between the dynamic systems involved
in the interaction: the reciprocal processes of human-to-structure interaction (H2SI) and

structure-to-human interaction (S2HI).

Once the structure enters a vibratory state due to excitation caused by periodic human
activities, such as walking, its dynamic properties tend to change as a consequence of human-
to-structure interaction (H2SI) (Zivanovié et al., 2009). Simultaneously, when perceiving
vibrations, pedestrians may adjust their walking gait and related ground reaction forces (GRFs),
thereby influencing the structural response through structure-to-human interaction (S2HI),
mitigating or amplifying vibrations (Zivanovi¢ et al., 2005b). For scenarios featuring high
levels of vibration, the HSI effects become more pronounced (Hawryszkow et al., 2021),

requiring mathematical frameworks capable of simulating this aforementioned feedback loop.

3 An extensive literature review can be found in Shahabpoor et al. (2016a).
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It is now generally accepted that the HSI is one of the keys to understand the behaviour
of structures under human loads (Shahabpoor et al., 2016a; Ahmadi et al., 2019). This condition
has been corroborated through the development of various theoretical and experimental studies

(more details in Caprani & Ahmadi, 2016).

Literature pays attention to the fact that the dynamic properties of the pedestrian-
structure system are not the same if it does not consider the dynamic contribution of the
individuals in the analysis, and generally it could not reproduce accurate system responses,

resulting, sometimes, in overestimated ones (Caprani et al., 2011).

The target in HSI investigation is the reciprocal dynamic effects between the subject
(single or crowd) and structure, and its representation through an analytical model and
numerical framework. Among the relevant issues within the HSI, there is the action of a
pedestrian walking on structures. Hence, modelling a pedestrian as a part of the system, not
only as loads, is highly crucial to obtain reliable results (Sachse et al., 2003; Zivanovié et al.,

2005a; Shahabpoor et al., 2016a; Ahmadi et al., 2019).

Aiming to improve the results obtained by applying the MF model, Archbold (2004)
introduced the dynamic body parameters by coupling a single degree-of-freedom (SDOF)
oscillator with mass, stiffness and damping to the GRF. Also applied by other authors (Fanning
et al., 2005; Silva et al., 2013), this procedure does not account for an analytical formulation.
Subsequently, analytical frameworks were introduced, and what is referred to as the biodynamic
models has appeared in the literature with various formulations, differing in both mathematical

assumptions and body kinematics (Caprani & Ahmadi, 2016; Shahabpoor ef al., 2016a).

The simplest biodynamic model is a single degree of freedom spring-mass-damper
(SMD model), as shown in Figure 9. However, even among the SMD models, there are
significant differences in the formulations, ranging from the absence of an analytical
formulation (Archbold, 2004; Fanning et al., 2005; Silva et al., 2013) to the adoption of
additional energy input that generates the pedestrian up and down movement by different means
(e.g., actuators [Zhang et al., 2016; Toso & Gomes, 2018; Dang & Zivanovi¢, 2013], heel
movement [Pfeil et al., 2014], additional velocity term [Gomez et al., 2018]), or else none of

these additions [Caprani ef al., 2011; Venuti ef al., 2016; Shahabpoor et al., 2016b]).
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Figure 9 — SMD biodynamic model (After Caprani et al., 2011).

Besides the (aforementioned) variations of the biodynamic models, some of them also
differ from each other in the number of degrees of freedom to model the pedestrians walking.
According to research in academic databases, the first biodynamic model for walking
pedestrians proposed was disclosed in the work of Miyamori ef al. (2001), with three degrees
of freedom (3DOF), as seen in Figure 10. Special emphasis is that there is still no evidence of
experimental validation of the model, despite it being calibrated from real experimental test

data, adopting an optimization algorithm based on genetics.
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Figure 10 — 3DOF biodynamic model (Miyamori ef al., 2001).

Variations in the number of degrees of freedom are seen in several studies, such as in
Kim et al. (2008). In that study, a two degree of freedom (2DOF) model provided by ISO 5982

(1981) to represent the dynamic behaviour of an individual walking was used (Figure 11a).
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However, this study adopted the same normative document parameters that were established
for stationary people, which proved to be inconsistent with people in walking motion
(Shahabpoor et al., 2016a). In addition, more complex models with 9 and 34 degrees of freedom
were developed by Maca & Valasek (2011), shown in Figure 11b and c, respectively.

(@) (b) (©

Figure 11 — Biodynamics models with (a) 2DOF (After ISO 5982, 1981), (b) 9DOF and (c) 34DOF
(Maca & Valasek, 2011).

Afterwards, these models were studied with some variations, e.g., introducing actuators
(Zhang et al., 2016; Toso & Gomes, 2018; Dang & Zivanovié, 2013), or considering non-
vibrating mass added in the model (Jiménez-Alonso & Saez, 2014). The former is a matter of
a more substantial conceptual modification of the SMD model: an actuator was introduced in

parallel with the spring and damper, called here SMDA model (Figure 12).

One of the first works found in the literature that bring this concept was developed by
Alexander (2006). The author introduced the actuator as the sole primary source of the
pedestrian up and down movement. The interaction force between pedestrian and structure
occurs through the actuator, spring, and damper forces. Crowd action is also investigated by the

author.

Dang & Zivanovi¢ (2013) adapted Alexander (2006) formulation for the case of a single
pedestrian and brought back the use of GRF from walking on a rigid surface into the

formulation. Zhang et al. (2016) and Toso & Gomes (2018) also employed SMDA models.
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However, in Zhang et al. (2016) the aim was just to propose values for the SMDA parameters

and walking on rigid surfaces was the only condition explored.
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Figure 12 - SMDA biodynamic model (Toso & Gomes, 2018).

The key to understand the effect of the actuator is the condition of walking on a rigid
surface, and it is important to explain that this is a conceptual strategy: the actuator can generate
forces, whereas spring, damper and mass cannot (Toso & Gomes, 2018). Herein, the interaction

forces are then named biomechanical forces.

Conceptually, the simplest biodynamic models, such as MF, SMD and SMDA models,
disregard the features of walking by simplifying the kinematics of the body when suppressing
the legs' movement from the model's concept and equations. Therefore, the reaction forces
resulting from the two feet over time by these models are an approximation for the 'M'
characteristic shape observed from experiments (Kerr & Bishop, 2001), and the HSI is assumed

to occur through one contact point only at a time.

The development of studies related to the modelling of people walking was also due to
considerations about the kinematics of the moving body. With a different treatment of the
pedestrian gait, models considering the pedestrian legs were proposed to investigate the walking

process more accurately.

Bocian et al. (2011) treated the pedestrian as a biomechanical model (without stiffness
and damper) as an Inverted Pendulum (IP) in the analysis of the interaction between pedestrian
and structure (Figure 13a). This is because studies of biodynamic models that could predict the

bidirectional effects of the walking process (vertical and lateral) were deficient. Initially, the IP



model application aimed to analyse the details of the gait, being an interesting model to insert
temporal and spatial walking parameters.
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Figure 13 — Inverted pendulum biodynamic models with (a) mass concentrated on rigid legs; (b) mass
and legs’ stiffness; (c) mass, legs’ stiffness, and damping; (d) mass, legs’ stiffness, and damping with
roller feet. (After Shahabpoor et al., 2016b)

Besides, one of the targets of IP models is to reproduce the Ground Reaction Force
(GRF) with more accuracy (Lin et al., 2023; Zivanovi¢ et al., 2022). Among these models, as

an improvement of the IP Model, Bipedal Models (BM) (as seen in Figure 13b, ¢ and d) can
simulate all phases of human walking and get a smoother trajectory of Centre of Mass (CoM)
by considering each leg's movement and contact with the ground (Qin et a/, 2013). The basic
concept of a BM consists of a lumped mass concentrated at the body CoM (at the waist level)
and attached to two symmetrical massless legs. Some of these models can even consider the

leg's stiffness and damper, and additionally, more complex features such as roller feet and
actuators (Shahabpoor et al, 2016a; Zivanovié et al., 2022).

The model seen in Figure 13b considering leg stiffness can be seen in Geyer (2005),
while the consideration of leg damping (Figure 13c¢) is available in the work presented by Qin

et al. (2013). Introduced by Whittington & Thelen (2009), the insertion of roller feet helps
simulate realistically different phases of foot-ground contact during the gait (Figure 13d).

Bipedal models can evaluate the influence of force transferring from one foot to the

other on walking (statistically measured in Racic & Brownjohn, 2011). It is worth mentioning

that bipedal models can (Qin et al., 2013; Qin et al., 2014) or not (Mulas et al., 2018) include

55
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the attack angle of the leg. The latter considers the position of the centre of mass (CoM) in the

body kinematics, as shown in Figure 14.
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Figure 14 — Bipedal model without attack angle of the feet (After Mulas et al., 2018).

Although significant progress has been made in the field of structural dynamics, with
continued efforts to improve biodynamic models through both analytical and experimental
approaches, the statement by Shahabpoor ef al. (2016a) remains highly relevant: “There is an
urgent need for a detailed and extensive experimental and analytical research on the underlying
mechanisms of the HSI during walking.” This need persists, particularly in light of the
complexity and variability still observed in experimental findings related to human-structure

interaction.

All conceptual differences among human walking models presented in the literature,
along with their respective advantages, are beyond the scope of the present study. However,
two biodynamic models stand out among the proposals in the literature due to their practical
applications in the field of Civil Engineering: the SMD models and Bipedal Models (from the
IP family). These two biodynamic models were chosen for further investigation and correlation
with experimental results. In the following, a discussion about their formulation and parameters

is presented.

2.4.1 SMD models

2.4.1.1 Concepts and formulation

The first model known to the authors that proposed the modelling of a moving pedestrian

as a dynamic system when calculating footbridge vibrations was proposed in Archbold (2004),
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see also Fanning et al. (2005). Being called later on in the literature as a Moving Oscillator, this
model consists of applying a ground reaction force F(t) (Eq. (6)) produced from walking on a
rigid surface, simultaneously with an SMD model, the latter representing the dynamics of the

pedestrian body.

It should be noted that there is no specific analytic formulation presented in Archbold
(2004) and Fanning et al. (2005) to represent the interaction between pedestrian and footbridge.
This proposal is, thus, just a procedure to include the dynamics of pedestrian. This same

procedure was adopted by Silva et al. (2013).

A first analytical formulation to account explicitly for the interaction between pedestrian
and footbridge can be found in the work of Caprani e al. (2011). It is considered that the ground
reaction force produced by the pedestrian is the sum of elastic spring and dissipative forces,
that is, the force is transmitted to the mass of the pedestrian through the spring and damper,

while walking on a rigid or on a flexible surface.

The outcome of this formulation is that the ground reaction force is equal to the
respective inertia force in each case, as will be shown later. Venuti et al. (2016) adopted the
formulation of Caprani et al. (2011), but with a difference that the former opted to express the
interaction force as the sum of the elastic spring and damping forces instead of the inertia force,
which led to a different arrangement of terms in the formulation. Shahabpoor ez al. (2016b) also
adopted this formulation, for investigating the action of a pedestrian flow, which was assumed

as continuous and stationary.

This formulation was employed with some modifications by Pfeil ef al. (2014). First, a
function was introduced to represent the up and down movement of the heels. One can think of
this function as a conceptual cause of the up and down movement of the pedestrian. However,
in the development of the formulation, it can be inferred that this function could be suppressed

without affecting the equations of motion.

This way, by omitting this function for the sake of clarity, the model adopted by Pfeil et
al. (2014) can be seen in Figure 15: a walking person represented as a SMD model, with
respective modal mass (m,), damping (c,) and stiffness (k,). By considering the equilibrium at
the pedestrian’s centre of mass (COM) and at contact point, the equation of motion of the
pedestrian can be expressed in Egs. (9) and (10), while walking on rigid and flexible surfaces,

respectively.
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Figure 15 — The SMD model (a) on a rigid surface and (b) on a flexible surface (After Pfeil et al.,
2014).

In Egs. (9) and (10), upr is the vertical displacement of the pedestrian’s CoM while
walking on a rigid surface; u, is the vertical displacement while walking on flexible surface
which takes into account the pedestrian-structure interaction; and us is the vertical displacement
of the structure at the contact point. It should be noted, as indicated in Figure 15, that the forces
F(t) and Fiu(t) represented in these equations act on the pedestrian. Equal and opposite forces

are acting on the structure.

Considering all this, Pfeil et al. (2014) explicitly showed that the ground reaction force
from the rigid surface F(t) could be introduced into the expression of the interaction force Fiu(t)
while walking on a flexible surface. This is directly obtained by manipulating Egs. (9) and (10).
Then, by turning around F(t) and Fi.(t), in order to apply them at the structure, Eq. (11) is

obtained:

Find®) = ¢, (i, — it) + k, (u, — u) + F(t) (11)

The introduction into the formulation of the interaction displacement u, as a part of the
total displacement of the pedestrian’s COM while walking on flexible surfaces, led to a

difference in this formulation when compared to the ones adopted by the aforementioned
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authors (Caprani et al., 2011; Venuti et al., 2016; Shahabpoor et al., 2016b). Adoption of u, is
necessary if the ground reaction force from walking on the rigid surface is to be employed into
the formulation of walking on the flexible surface. The outcome is that the total displacement
of the COM of the pedestrian while walking on a flexible surface (1, + u,) differs from that
adopted by Caprani et al. (2011).

The equation of motion of the pedestrian body, in terms of the interaction displacement

up, can be obtained by combining Eqgs. (9) and (10):
my iy, + ¢, (i, — i) + k, (4, — u)=0 (12)
Now, by using the concept of modal superposition, a coupled system (pedestrian-
structure) with two degrees of freedom is formulated. For this purpose, the structure
displacement (us) at the contact point, assuming a single mode structural response, can be

expressed as:
ug(x) = ¢,(x)y, (13)

where y; is the general coordinate corresponding to the i” mode with the respective mode shape

#i(x), and x stands for the pedestrian position at the structure.
Reminding that modal superposition equation is given by:
my. t ¢y +ky =P (14)

where m;, ¢; and k; are the modal mass, damping and stiffness of the i mode of the structure,

and P; is the generalized force, given by:
Py = ¢,(x) Fip(t) (15)

The equation of motion of the joint pedestrian-structure system (unknowns y; and up)
can be expressed by Eq. (16), obtained by substituting Eq. (15) into (14), and considering Eqgs.
(11) and (13).

mij’i+(ci+¢,~ch)j’i + (ki+¢i2kp)yi = pcpuy, — i kyu, =9, FQ) (16)

The coupled pedestrian-structure system can be also written in a matrix form, as stated

by Pfeil et al. (2014):
MU+ CU+KU-=F (17)

where,



60

m; 0 ¢ + ¢ich - ¢[ Cp ki + ¢i2 kp - ¢[ kp
M = [ 5 C = s K = >
0 m, -9, p -4k ky

¢. F(y) Vi
F{ ] and U:{}
0 Uy

Note that the equations are similar to the ones presented by Venuti et al. (2016).
However, the variable representing the displacement of the pedestrian’s COM herein consists
only of the interaction displacement u, of the COM while walking on a flexible surface. It is
worth mentioning that the time varying force F(t) in this formulation consider the first harmonic
only, as this usually suffices for analyses of typical footbridges in resonance condition. This
study does not aim the investigation of crowd loads. For this end the reader is referred to the

work of Venuti ef al. (2016).

A slight modification of this formulation was introduced by Jiménez-Alonso & Saez
(2014) by placing a small part of the pedestrian mass at feet level and in permanent contact with
the structure. By doing this, the interaction force Fj.(t) differs from the expression present in
Eq. (10). Nonetheless, bearing in mind that the fraction of the total mass M of the pedestrian
that is included in the SMD model (as a modal mass m,) varies among proposals found in the
literature (values will be discussed later), the modification introduced by Jiménez-Alonso &

Saez (2014) did not differ much from the previous formulations.

Finally, Gomez et al. (2016) conceived the source of external energy that caused the
pedestrian up and down movement as an initial velocity condition applied to the SMD model
when the heel hits the ground. By comparing their formulation with the one from Pfeil et al.
(2014), this initial velocity condition replaced the use of the ground reaction force F(t) (applied

on a rigid surface) when formulating the equations for walking on flexible surfaces.

However, this is more a matter of choice about using or not the ground reaction force
from walking on a rigid surface into the formulation. It should be noted that using F(t) has
advantages since expressions for it are very deeply studied in the literature (Caprani & Ahmadi,

2016; Shahabpoor et al., 2016a).

The formulation from Pfeil et al. (2014) slightly modified by the suppression of the
function representing the heel movement was, thus, considered as a basic one for SDOF SMD

models in this study.
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2.4.1.2 SMD parameters

Another aspect regarding the SMD models are the values adopted for the parameters
mass, stiffness and damping, and several proposals can be found, in which such values were
obtained in different ways. However, comparisons of performance of SMD models and
associated parameters among each other and against the same experimental data are scarce or

even non-existent.

There are studies that proposed values for the SMD parameters based on experimental
tests with walking subjects. One of the first studies was conducted by Silva & Pimentel (2011).
Values were determined based on tests with twenty subjects walking on a rigid surface, in which
acceleration was measured at waist level only. Regression expressions were then proposed for
the modal mass, stiffness, and damping, as a function of the total mass and pacing rate of the
pedestrian. In a subsequent work, Silva ef al. (2013) presented additional linear expressions to

obtain stiffness and damping.

The study of Toso et al. (2016) also obtained SMD parameters from walking subjects.
In this case, the ground reaction force from a rigid surface was measured simultaneously with
the body acceleration for thirty-five subjects and used as an input to determine a set of

regression expressions for the SMD parameters.

The main feature for obtaining the SMD parameters in these three studies was a
formulation in which the equation of motion of the pedestrian assumed that all forces were

applied at the pedestrian’s COM, including the ground reaction force.

Gomez et al. (2016) applied the same test setup as Silva & Pimentel (2011) but enrolling
only three subjects and employing a different formulation for the equation of motion (see
Section 2.4.1), which led to values for stiffness and damping for each test subject. In addition,

they also considered the modal mass as the respective total mass of the test subject.

In all these aforementioned works, the SMD parameters were determined directly from
measurements on each individual, walking alone. However, a different approach is reported in
other studies, where the values of the SMD parameters were obtained indirectly through
measurements of the structural response. This line of reasoning was presented by Jiménez-

Alonso & Séez (2014), and they obtained values for the SMD parameters based on experimental
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results carried out by Geogarkis & Jorgensen (2013), in which test subjects walked in group (in

varied density scenarios) across a simply supported beam.

By using a genetic algorithm, average values for the SMD parameters for each scenario
were obtained, and Jiménez-Alonso & Séaez (2014) concluded that there was no significant
variability in the sprung mass, equivalent damping ratio and body natural frequency for

different scenarios.

Shahabpoor et al. (2016b) also employed tests with group of pedestrians. They assumed
that the modal mass was the total mass of the pedestrian and identified a range of values for the

body natural frequency and damping.

A synthesis of all these findings is presented in Table 12 and Table 13 where &, and fy

are respectively damping ratio and natural frequency of the pedestrian body.

Table 12 — Proposed expressions for the SMD parameters.

Silva & Pimentel (2011) Silva et al. (2013)
my(M, f) 97.082 + 0.275 M - 37.52 f (kg) 97.082 + 0.275 M - 37.52f, (kg)
cp(my) 29.041 mpo'883 (N.s/m) 107.455 + 16.208 m, (N.s/m)
ky(c,) 30351.744 - 50.261 ¢, + 0.035 cf, (N/m) 5758.441 + 11.103 ¢, (N/m)
Toso et al. (2016)
m,(M, f.) -231.34 + 3.69 M + 154.06 f, - 1.97 M f, + 0.005 M - 152572 (kg)
(M, m,) -1115.69 + 92.56 M - 108.94m, + 2.91 M m, - 1.33 M - 1.30 my,>  (N.s/m)
kp(pr) 75601.45 - 1295.32 M - 33786.75 f + 506.44 M f_ + 3.59 Mo+ 539.39 /2 (N/m)

Table 13 — Proposed values for the SMD parameters.

Jiménez Alonso & Saez

2014) Gomez et al. (2016) Shahabpoor ef al. (2016b)
myp (kg) 83.97% of total mass total mass total mass
& (%) 47.18 12 -18 27.5-30
S (Hz) 2.76 2.29-2.52 2.75-3.00

2.4.2 Damped Bipedal Models

The interaction between pedestrians and civil structures using Inverted Pendulum (IP)
models has been widely studied. However, the majority of these studies has primarily focused
on lateral HSI (Macdonald, 2009). The use of an IP model to represent a pedestrian's body in
vertical HSI investigations was explored by Bocian et al. (2011) and Bocian ef al. (2013), as
promising results had already been reported in the field of biomechanics (Hof et al, 2010). In
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its simplest form, the pedestrian’s body is represented as a single concentrated mass at the
centre-of-mass (CoM), attached to a massless, rigid leg (Bocian et al., 2011). In this basic
version of the IP model, interaction forces are transmitted to the ground through a single point,
around which the CoM oscillates. Additionally, body weight transfer from one leg to the other
occurs instantaneously. Because of that, an impulse force must be applied to take into account
the superposition of footfall forces at the double-support phase, during which both feet are in
contact with the ground (Lin et al., 2023).

An improvement to the IP model introduced by Qin et al. (2013) and shown in Figure
16a was chosen to represent a walking pedestrian in this study. Also referred to in the literature
as a Bipedal Model (BM), this IP walking model with damped compliant legs is capable of
simulating all phases of walking, including the simultaneous stance phase of both legs. This
feature enables the simulation of the gradual transfer of force from one leg to the other during
walking, making it possible to isolate the force of each footfall, resulting in the ‘M-shape’
pattern of the vertical GRF generated by each leg, as widely observed experimentally (Ruiz et
al, 2022; Kerr & Bishop, 2001).

This study does not focus on the detailed discussion of the concepts and formulation of
the adopted IP model. For this end, the reader can find an in-depth exploration of the nuances
of this Damped Bipedal Inverted Pendulum (DBIP) model in Qin et al., (2013), Lin et al.,
(2020) and Ruiz et al. (2022). Thus, only key insights into the model's functioning and

formulation are described below for further reference in this study.

Additionally, as later discussed in Chapter 3, the experimental data for vibrating
scenarios were obtained from predefined periodic base movements, which do not accurately
represent the actual behaviour of structures under human loads. Therefore, since this study also
focuses solely on the S2HI effects, the formulation briefly outlined below is derived from rigid
surface scenarios (Ruiz et al., 2022). A procedure to add base movement to this formulation is
then presented in Section 2.4.2.2. A model parameters’ discussion is presented in Section
2.4.2.3, followed by the HSI formulation adopting DBIP models in Section 2.4.2.4 (from Qin
etal., 2013).
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2.4.2.1 Concepts and formulation

In principle, the model features two-degrees-of-freedom (2DOF) at the sagittal plane (x
and z, as shown in Figure 16a), with the mass (m) concentrated at the centre-of-mass (CoM) —
usually at waist level. Each leg is modelled using a massless linear spring and a time-varying
damper connected in parallel. The model overlooks potential locomotion impairments by
assuming symmetrical legs, which leads to identical stiffness (ko) and damping coefficients
(cieq) for both legs. Moreover, the progression of the centre of pressure during stance phase —
which can be simulated by adopting a roller foot (Whittington & Thelen, 2009) — is neglected
in this model, for which each leg assumes a single point (henceforth referred to as the Foot

Point, or FP — see Figure 16a) in contact with the ground.

(a) DBIP model (b)

Double support Single support

Complete step cycle

Foot point

n, ngt+1

Figure 16 — Human walking model (a) as a Damped Bipedal Inverted Pendulum, and (b) respective
phases of walk (DBIP Model after Qin et al., 2013).

Despite the intra-variability of walking (Zivanovié et al., 2005a) and its complexity,
these models simplify the walking motion by considering a periodic movement and featuring
the same initial conditions for every gait cycle, which is achieved every time the same gait event

for opposite feet is achieved.

A step cycle, defined as the interval between successive heel-strikes, can be divided into
two main stages (Figure 16b): the double support (DS) phase, when both feet are in contact
with the ground (resulting in the superposition of each leg’s GRFs), and the single support (SS)
phase, when one leg — often referred to as leading leg — supports the body weight, while the
other leg — trailing leg — swings moving toward the next point of impact positioned ahead the

CoM.
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The model can simulate the back-and-forth transition between the DS and SS phases (as
illustrated in Figure 16b), based on the concept of the pendulum leg’s length, L,, also known as
resting length, and the attack angle, 8y, which represents the leading leg orientation at the touch

down (TD) event.

Once L, mathematically represents the trailing leg’s length during the swinging phase,
the TD occurs when the virtual leg’s length — or more precisely, the distance from the CoM to
the next impact point (discussed later) — decreases to L, after the vertical leg orientation (VLO)
event (when the longitudinal position of the CoM equals that of the FP in the SS phase). This
condition marks the beginning of the DS phase illustrated in Figure 1b, as expressed in Eq. (18).

z=L,sin6, (18)

The transition from the DS to the SS phase occurs when the trailing leg’s GRF decreases
to zero, meaning the leg touches off (TO) the ground. Mathematically this happens when the

trailing leg’s length, L, reaches or exceeds the maximum leg extension, L.

As reported by Lin et al. (2023) and Qin et al. (2013), by incorporating leg damping
into the model, a periodic human walking behaviour can be generated, exhibiting typical step
frequencies and DLFs. In this matter, Qin ez al. (2013) made it clear that a time-variant damper
should be considered to ensure zero forces at the time the foot touches the ground. These authors
presented a hypothesis that the sum of both legs damping (¢; and ¢, for leading and trailing leg,
respectively) should be ¢ at any time, even at the DS phase. To ensure that, ¢; and ¢, in Egs.
(19) are expressed in terms of the damping transition coefficient a(t) given in Eq. (21) at any

time instant (t).

= a(t)cleg (19)
¢ =(1— a(D)e,,
Lt(t) — Ly

a(t) = I, Lo (20)

Cleg :2§ ’ klegmh (2 1 )
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Where Ly is the trailing leg’s length at the beginning of the DS phase, & is the damping
ratio, and subscriptions ¢ and / refer to trailing and leading leg, respectively. A different
approach can be seen in Lin ef al. (2023) (adopted in Lin et al., 2020), where these authors
adopt a time-varying damper as a function of elastic forces. For the present study, the damping

transition from one leg to the other at the DS phase is computed through Eqgs. (18) and (19).

The pedestrian’s equation of motion can be derived from the force balance at the CoM

(with adjustments from Ruiz et al., 2022) and is expressed in its matrix form in Eq. (22).

my, 0 z crt+ o Cqy —C3 z kl,z + kt,z 0 Z -mpg
5] [ ) e
0 my] (s C4 —C3 Clg—C1 —C2]|; 0 kl,x - kl,x X 0
Where myg is the pedestrian total weight. The damping and stiffness terms of the
respective matrices are given by Egs. (23) and (24).
1= ¢ sin? 91
cy= ¢, sin?6, (23)
c3=c;sinf;cos 6,

c4= ¢;sin @, cos b,

LP
kl,z: kleg (1 - m)

L ) (24)

kt,Z: kleg (1 - m

k= K (1 . %) % _ 1)

k= kieg (1 B %) (1 B ?%)

Where 6 is the leg orientation. The legs’ length L,(t) and L(t) are computed through Eq.
(25) as a function of the CoM’s position (x(t) and z(t)) and the feet positions, x; and x; (discussed

later).
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um=J@rwmy+zm2
(25)

%®=J@®—%V+Z®2

Eq. (22) describes the pedestrian's vertical and longitudinal motion based on the balance
of inertial, elastic, and dissipative forces at the CoM. In turn, the GRFs are transmitted to the
ground through the spring and damper of each leg. Considering the legs’ orientation  during

the DS phase, the GRF vertical component of each leg is given by Eq. (26) (Ruiz et al., 2022).
GRF, = (Fs,l + Fd,l) sin 6, (26)

Where the elastic forces, F,; and Fy,, and the dissipative forces, Fy; and Fg4;, are given

by:
Fs,l = kleg(Ll(t) - Lp)

Fs,t = kleg(Lt(t) - Lp)
27)
Fy = a(t)cieqvs

Fd,t = (1 - 0L(t))clegvt
The axial velocities v; and v, in Eq. (28) are obtained by deriving Eq. (25) with respect
to time, and given by:

v; = —x(t)cos 0, + z(t) sin §,

(23)
v, =x(t)cos 6, + z(t)sin b,

It is important to note that all equations from Eq. (22) to Eq. (28) were assembled
considering the DS phase. For the SS phase, these equations can still be applied by setting all

variables related to the trailing leg to zero, except for a(t), which remains equal to 1.

The 2DOF mathematical model described above is capable of reproducing a gait cycle.
However, after a few cycles, the model begins to dissipate energy due to the damping system,
hindering the simulation of a periodic gait. Hence, a feedback mechanism to compensate such
energy loss, and prevent the model to fall or move backwards, must be applied to maintain a

stable gait (Qin ef al., 2013; Lin et al., 2020).
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In the literature (Qin et al., 2013; Lin et al., 2020), the compensation for energy loss in
2DOF DBIP models is based on the energy differential AE given by Eq. (29).

AE = E(t) — E, (29)

At any given time instant (t), the total energy E(t) in Eq. (29) is composed of the kinetic
energy and gravitational potential energy of the CoM, along with the elastic potential energy

stored in the leg springs, as can be seen in Eq. (30). Eo is the initial energy input.
1
E() = 5 (my2(0? + myi()? + kiegAL 4 kiogAL,?) + mygz(t) (30)

Provided a reasonably small-time increment At is considered, it can be assumed that the
quantity E(t) remains constant within the integration step. However, at the start of each time
step, it is necessary to reassess the system's energy and implement a feedback mechanism to
compensate for energy loss when AE is negative. To ensure that the total energy remains
constant and preventing the system from slowing down or collapsing due to energy dissipation,
one possible approach (Qin et al., 2013) is to apply one hypothetical longitudinal impulse force
acting on the CoM. This so-called control force, F.ss, can be calculated through Eq. (31), based
on the assumption that the external work applied in the horizontal direction is equal to the

energy lost in the system over time.

poooAE
" (1)
In Eq. (31), Ax is the horizontal displacement increment of CoM at the time t. When Fys
1s included in the pedestrian’s equation of motion, the force vector on the right-hand side of Eq.
(22) 1s rewritten to incorporate the feedback mechanism in the longitudinal degree of freedom.
It is important to emphasize that F.,. is not a force constantly acting on the model's CoM, nor
does it govern the pedestrian's motion resulting from the balance of forces expressed in Eq.
(22). Rather, it is a maneuver designed to reproduce a stable gait and should be reassessed at

the end of every time step in simulations.

It should be noted that, in addition to the aforementioned parameters — body mass my,
leg stiffness ki, damping coefficient ci, resting length L,, and attack angle 6y — the energy
input Eg also plays a crucial role in determining the walking gait of the DBIP model (Qin et al.,
2013; Lin et al., 2020). Unlike biodynamic models that incorporate an approximation of GRFs
through a Fourier series (Pfeil et al., 2014; Pfeil et al., 2022), bipedal models generate a stable
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gait by properly combining these parameters. The pedestrian’s longitudinal speed v, step
frequency f; and GRFs are inherently determined by the interplay of these parameters that shape
the dynamics of the pedestrian gait. Parametric approaches to investigating how the
combination of these parameters affects those gait characteristics, such as step frequency and
GRFs (Qin et al., 2013; Ruiz et al., 2017), or even to identifying parameter ranges that result
in a stable gait (Lin ef al., 2020), can be found in the literature.

A simplified approach of the DBIP model can also be found in the literature (Gao et al.,
2017; Ruiz et al., 2022), where, by assuming a constant longitudinal speed x during walking,
there is no need for a feedback mechanism to compensate for energy loss due to the dissipative
nature of the formulation. This simplification results in a single-degree-of-freedom (SDOF)
DBIP model, self-excited in the vertical direction. As a result, the pedestrian’s equation of
motion from Eq. (22) can be reduced to Eq. (32), thereby eliminating the need to set the Eo

input parameter.
miZ + (e + ezt (ki + k)2 = —mig + (e — ek (32)

For the sake of conciseness and further reference in this study, the SDOF DBIP model
will be referred to as Bipedal Model 1 (BM), and the 2DOF DBIP model will be referred to as
Bipedal Model 2 (BM>).

Furthermore, and equally important, two aspects related to the functioning of these
bipedal models still need to be addressed. They are: (1) how to initiate the model's motion, and
(2) how to determine the position of the next point of impact. To trigger the models’ movement
demands setting the so-called initial conditions, which refer to the position (x(0) and z(0)) and
velocity (x(0) and Z(0)) of the CoM at the beginning of the first step cycle (t = 0). Therefore, it

1s necessary to define which gait event is considered as the start of the step cycle.

As seen in Eq. (18), the vertical position of the CoM at the TD is directly related to two
input parameters of BMs: L, and 6¢. This relationship may justify the choice of some
approaches in the literature that consider the beginning of the DS phase as the starting point of
the step cycle (Qin et al., 2013; Gao et al., 2017; Ruiz et al., 2022). However, in the study by
Lin et al. (2020) (also used in Lin et al., 2023)), a different approach is adopted, where the step
cycle begins at the VLO event, making it unnecessary to define the first step length. It is
important to emphasize that the choice of the gait event that defines the beginning of the

walking cycle is a methodological decision, and this does not affect the conceptual assumptions
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of the model. This definition influences only the mathematical — and possibly experimental —
approach used to determine the initial conditions of the step cycle. In this present study, the TD

event was chosen as the start point of the step cycle.

Still regarding the selection of initial conditions, another aspect should be briefly
mentioned. As previously emphasized, the gait features and induced forces generated by bipedal
models result from the choice of the model’s parameters. For each combination of parameters
in a bipedal model (five for BM; or six for BM;) that leads to a stable gait, there is only one
specific set of initial conditions that defines the beginning of each step after the model
converges. If such a set is not adopted, a few unstable steps will occur before stabilization, as
can be seen in Figure 17. This highlights the importance of properly setting the initial conditions
so that model convergence is achieved after just a few cycles, bearing in mind that not any

values of initial conditions lead to a stable gait.

1500 1 I Adopting estimated initial conditions |
- |— Adopting initial conditions from model convergence

£ 1000 | E) \ ]
3
(a4
O : H B E. -

500 Vi VW

0 2 4 6 8 10

Time (s)

Figure 17 - Typical GRFs generated by BMs from two set of initial conditions: adopting estimated
initial conditions, and adopting initial conditions obtained from step cycles after model convergence

Unlike the selection of initial conditions to set bipedal models into motion, which
mainly affects the model convergence, the mathematical definition of the next impact point (x,),
which directly affects the transition to the next step s, can have implications both on model

convergence and on gait parameters.

In this regard, as observed in Figure 18a, defining x, requires setting one of the gait
parameters: step length ds or attack angle 6o. In the case of setting ds as equal to the first step
length dso (Figure 18b), — meaning the distance from x, to leading leg’s foot point (x;) position

is dso — the attack angle after model convergence tends to differ from the initial input . This
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approach may not be suitable for moving surface scenarios, as x, is determined solely by dso,
disregarding the CoM trajectory during the SS phase. In this scenario, the positions of both feet,

x; and x;, in every step number 7, can be computed by:

X = nsdso
(33)
Xy = (ns - l)dso
VLO event Setting d, = d; at the TD Setting attack angle to 6, at the TD

x(1) ()

Next
Impact

X; & dy X < d.

«— .\'J,,*.\'Iri-rf_\n — € X >
(a) (b) ()

Figure 18 — Next impact point x, definition (a) as a function of d; and 6, (b) predicting x, by setting d
= dy, and (c) predicting x, by setting the attack angle at the TD as 6.

The opposite occurs when the attack angle o is chosen to remain constant for every step
cycle. In this case, x, is continuously updated from the VLO event until the TD. It is computed
as the x-intercept of the linear projection of the trailing leg with a fixed angle (6o) and the
surface (rigid or moving surface), as illustrated in Figure 18c. In this case, the feet positions
should be updated when the next step begins (at the TD). Conversely, the step length dj, initially
set as dyo 1n the initial conditions — including x; and x; for the first step — tends to converge to a

(different) stable value.

In both cases, convergence occurs because the model adapts its gait to repeat the same
initial conditions in every step cycle, thereby achieving a stable gait. The extent to which the
choice of the parameter (either the attack angle or the step length) governing the definition of
the next impact point affects the model, as well as its implications, will be discussed in Chapter

4.
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2.4.2.2 Procedure to simulate moving surface scenarios

HSI formulations presented in the literature can incorporate the reciprocal effects of the
coupled system through the mutual influence between the occupant (or crowds as in Venuti et
al., 2016) and the structure. This is achieved by coupling these two (or more, in the case of
crowds) dynamic systems involved and investigating the effects that such an interaction loop
has on the human-structure system behaviour. While the presence of the pedestrian on the
structure can alter its dynamic properties (H2SI), conversely, the surface vibrations affect the

kinetics and kinematics of the pedestrian's body (S2HI).

The procedure described here does not result in a formulation for a HSI system adopting
DBIP models. For this purpose, the reader is referred to the Section 2.4.2.4. The approach
presented in this subsection focuses on incorporating periodic base displacements into the
pedestrian mathematical model to investigate the effects of vibrations on gait features and

induced forces, thereby investigating only the S2HI effects.

While the kinetics resulting from the pedestrian model's movement depend solely on the
CoM motion for analyses on rigid surface (Lin ef al., 2020; Ruiz et al., 2022), in cases where
surface vibrations are present, the combined kinematics of the CoM and, in the context of this
study, the vertical displacement of the surface must be taken into account. Therefore, in the
analysis of S2HI effects, both the relative vertical position of the feet during the stance phase
must be incorporated into the formulation, and the vertical base displacement must be

considered to compute the next impact point.
The moving surface scenario depicted in Figure 19 is simulated by incorporating a
sinusoidal periodic signal for the vertical displacement y(t) of the surface described in Eq. (34).
30 = dygsin ft+) (34)

Where dpax is the maximum amplitude surface displacement, calculated from a
predefined pair of acceleration amax and surface frequency f, as described in Eq. (35). ¢ is the

phase angle.

amax

(2rf)? (35)

dm ax =
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Figure 19 — Moving surface scenario for a given instant t during DS phase

Importantly, differing from HSI formulations adopting DBIP models (discussed in the
Section 2.4.2.4), the vertical displacement y is constant for every point of the moving surface
in any given instant. This means that both feet have the same vertical position during the DS
phase. As observed from Figure 19, to incorporate such base motion into the pedestrian’s model

formulation, the calculation of the legs’ length must be rewritten as given by Eq. (36).

Li(t) =/ G, — x(0)2 + (=(t) — 1(1))?
(36)

Li(t) = (x(t) — x)2 + (2(t) — 1(1))?

Therefore, the axial velocities in Eq. (28) and the coefficients for the vertical degree of
freedom in the stiffness matrices in Eq.(22) for BM2, and in Eq. (32) for BMi, should be

rewritten as:

v = —(t)cos O + (3(t) — j(t))sin 6, (37)

v, = x(t)cos 0, + (z(t) — p(t))sin 6,

ki 2= Kieg (1 B ]%) (1 _JZ%)

ki 2= Kieg (1 - Lf&) (1 _JZ%)

Where j(t) is the vertical surface velocity, obtained by differentiating y(t) with respect

(38)

to time. Moreover, the computation of sines and cosines for the legs’ orientation over time

should align with the configuration shown in Figure 19.
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It should be noted that Egs. (36) to (38) account for the surface movement and its effects
on the pedestrian model motion, thus simulating S2HI effects. While similar expressions appear
in HSI formulations adopting DBIP models, as explained further in the Section 2.4.2.4, the ones
presented here differ slightly, as they do not take into account the deflection and velocity of the
structure at each foot’s position based on the mode shape of the respective investigated

structural modes (Qin et al., 2013; Gao et al., 2017; Ruiz et al., 2017).

2.4.2.3 DBIP models’ parameters

Ruiz et al. (2022) appears to be the first work to experimentally validate a DBIP model,
to the best of the authors' knowledge. Their work proposed regression expressions for the model
parameters based on the correlation between kinematic and kinetic data extracted from
controlled test experiments conducted on a purpose-built platform. Ruiz et al. (2017) had
previously concluded that, for the investigated acceleration levels (around 0.16 m/s?), there
were no significant differences between the results obtained on a rigid surface and those on

flexible surfaces when applying a HSI formulation adopting bipedal models.

Bearing this in mind, the experimental calibration of the adopted bipedal model was
based on measurements taken on a rigid surface (with very low acceleration levels). It is worth
mentioning that in their work kinematic data were limited to acceleration measurements at the
test subjects’ waist level. The lack of additional pedestrian body measurements and low

vibration levels hindered a more profound investigation of the S2HI.

Ruiz et al. (2021) had previously proposed different parameters expressions, and a better
statistical approach provided better regression expressions in Ruiz et al. (2023). Table 14 and
Table 15 gathers those expressions for the DBIP model parameters and initial conditions
introduced by these authors. Additionally, some ranges for bipedal models compiled by the
same authors and also considered in the present study are presented in Table 14. It is worth
noting that the independent parameters are pedestrian’s body mass my, height 4, and walking

speed v (as x 1s constant once those authors adopted the BM).

The ranges of parameters for bipedal models presented in Table 14 were proposed or
from identification from experimental tests (Whittington & Thellen, 2009; Kim & Park, 2011;
Liet al., 2019) or from a parametric study approach (Qin et al. (2013), and Lin et al., 2020).
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Table 14 — Expressions and Ranges for DBIP model parameters found in the literature from Ruiz et al.
(2021) and Ruiz et al. (2022).

Parameters Expressions () Ranges for bipedal models
Ruiz et al. (2022) Ruiz et al. (2021)

/s (Hz) - - 1.42 -2.42

X (m/s) - - 0.80-2.20

L,(m) =0.24+0.37h +0.21x =0.52+0.112 +0.34x 0.98-1.26

ds (m) =0.13+0.28% + 0.22x =—0.16 + 0.28h + 0.27x Depends on f;and x

ke N.m')  =222.7my + 5531 =233my + 2989 13000 — 34000

Creq (%0) =2.98 +0.05m; + 0.01x =—0.27 +0.02m; + 4.98x 3-13

Zo (m/s) =-0.13x—-0.05 =-0.16x—0.06 No range informed

0o (°) =71.3 +2.66L,—2.74% =63.1+9.67L,—3.19x 68 - 74

® h stands for the pedestrian height.
¢ For 55kg < my< 95kg, 1.60m < h < 1.75m, and 0.90m/s < x < 1.40m/s

Table 15 - Expressions for DBIP model parameters found in the literature from Ruiz et al. (2023).

Parameters Expressions
Ruiz et al. (2023)

L, (m) =48.69 — 51.8h — 51.79x + 14.16h* + 51.39h% + 7.85x% — 12.99h2% — 3.40hx* — 0.59x

ds(m) ™ = 0,64+ 0.03% +0.07% — 0.0014" — 0.007A% — 0.005% — 0.001%°% — 0.008%%" — 0.014%°

kieg ("N.m™)  =-384.142.051m,+938.6x — 0.017m; — 2.024m;% — 756.8x+ 0.017mox + 0.114m,%+ 211.65
Cleg (%) =-512.6 + 15.13m,+ 464.25-0.121m? — 11.58myx — 71.08x%*+ 0.06m2x + 1.3m;%*+ 0.0002m,,*
Zo (m/s) =0.4486x — 0.1457

60 (°) =114.7 — 49.53L, — 34.86x% — 14.94L +78.03L % — 23.27#

® h stands for the pedestrian height.
¢ For 55kg < m;< 95kg, 1.60m < h < 1.75m, and 0.90m/s < x < 1.40m/s
%) T h—1.671 — x—1.195
p= o T
0.178

, X

0.078

Lin et al. (2023) also proposed regression expressions based on the experimental
calibration of the bipedal model adapted in Lin et al. (2020). Although only rigid surface
scenarios were investigated with pedestrians walking on a treadmill, a more complex
experimental setup enabled a richer collection of synchronized kinematic and kinetic data
providing promising results for rigid surface scenarios. These authors focus on a different
approach from that of Ruiz ef al. (2022) when, in addition to m;, v, and A, the step frequency f;

and DLF; are the independent parameters. These expressions are presented in Table 16.

Table 16 — Regression Expressions proposed by Lin et al. (2023)

Parameter Expression ©

kieg (N/m) =14073.014 + 213.814my;, + 21414.521f;, — 20183.358v
L, (m) =0.394 + 0.507h

Eo (J) =ag fs+ br

6o (°) =ag fs+ bo

ar (J/Hz) =7.339 — 74.799DLF; + 0.290m,, + 21.064v — 9.869f,
be(J) — _87.926+ 13.579my,

ap(deg/Hz) =11.624 +24.274DLF; — 4.932f; - 2.971v

by (deg) = 47.147 — 58.499DLF, + 16.091,

™ For 52kg < ms< 87kg, 1.60m < 4 < 1.83m, and 1.04m/s <v < 1.33m/s
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2.4.2.4 HSI formulation

The formulation presented in Sections 2.4.2.1 and 2.4.2.2 focus solely on the pedestrian
modelling, including or not periodic surface movement. In this subsection the coupled human-
structure system formulation is presented, considering both DBIP model versions (BM; and

BM>).

The equation of motion governing the interaction between pedestrian and structure can
be obtained through the Lagrangian Equation at the double support (DS) phase depicted in
Figure 20 (Qin et al., 2013). Based on the modal superposition, for the 2DOF DBIP model
(BM>), the system’s equation of motion can be expressed by Eq. (39).

X; > surface

Figure 20 - Representation of the DBIP model interacting with a flexible surface (after Qin et al.,
2013)
MU+ CU+KU-=F (39)

Where the mass, stiffness and damping matrices, and displacement and force vector,

considering ‘n’ modes of the structure are given by:

my, 0 - 0 0
0 m - 0 0
M =
0 0 m, 0
0 0 0 m,

“(0+2)x(n+2)
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- Cl.1 Clp ' Cin+l Cln+2
€21 Cro 't Contl Cont+2
C =
Cntl,l Cnrlp 7 LG €4 €3
c c v 04— C3 Clg—Cl—C
[Cni2,1  Cni22 45 Meg — "1 B2 1y (n+2)
-kl O - kl,z¢1 (xl) - kt,z¢1(xl) O
0 kZ - kl,z¢2(xl) - kt,Z¢2(xl) O
K =
0 0 - ki + ki 0
[0 0 - 0 ki = kil (n+2)x (n+2)

F=[0,0,,=mg, 0], U = [¥1. Y5, ¥, 2, ]
And the additional variables expressed above are:
cii=c¢+ cl¢l.,l.(x1) + czqﬁl.)l.(xt) i=12,...,n),
¢ij = ¢t g () T e x) (@Fj<n),
Cintl = Cni1y = —C19,(x) — 2P (x;)  (=1.2,....,n),

Ci,n+2 = Cn+2,i = C3¢l‘(xl) - C4¢i(xt) (l = 1529 ceeesy n)a

o= K (1 - %) % - 1) = kg (1 - L];é)) (1 - %) .

Where: c1, ¢2, ¢3 and ¢4 are calculated through Eq. (23), ki = w*m; and ¢;; = ¢; 2. m;, &i, wi, ¢; and
Y; are the structure respective modal mass, damping coefficient, angular frequency, mode
coordinate and mode shape of the i mode of the structure. myg is the pedestrian total weight,
y(x7) and y(x;) are the structure displacements at the contact point for leading and trailing leg’s

position x; and x; (see Figure 20), respectively.

The leg’s length equations should be rewritten to consider that each foot will interact

with the structure in different positions. Given that, L,(t) and Lt) in Eq. (39) are:
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Li(t) = J G — x(®)? + (2(t) — Y(Xz))z
(40)

Li(t) = (x(t) — x)? + (2(t) — y(x,)?

As for the rigid surface formulation, the vertical GRF component of each foot can be
calculated though Eq. (26). However, the axial velocities v; and v; should be obtained by
deriving Eq. (40) with respect to time (which leads to a slight variation from Eq. (37)), as given
by:

v, = —x(t)cos 8, + (z(t) — y(x;))sin b, (41)
v, = x(t)cos 8, + (z(t) — ¥(x,))sinb,

For the human-structure coupled system, all discussions in terms of the DBIP models’
functioning from Section 2.4.2.1 prevails. However, it is important to emphasize one aspect of
the 2DOF formulation: the feedback mechanism for energy compensation. The pedestrian’s
body energy should be reassessed at the end of every integration step through Egs. (29) to (31),
so the force vector in Eq. (39) should be updated to Eq. (42) when AE is negative.

F = [0909'“: - mhg:Fclrl]g+2 (42)

Similarly to the rigid surface scenario, the DBIP model can be reduced to a single-
degree-of-freedom by assuming a constant longitudinal velocity x. Thus, in the equation of
motion for the BM| model, it is sufficient to remove the 'n + 2' row and column from Eq. (39),
which corresponds to the horizontal degree-of-freedom of the model (Ruiz ef al., 2017). The

force vector should then be rewritten as:

E= [f]'fz’ oo, —(myg + x(cy — 6’3))]:+1

(43)
fl: = _x(c3¢i(xl) - c4¢i(xt))5 (l =12, ...,1’1)

2.5 Concluding remarks

In summary, excessive vibrations in footbridges remain a relevant concern in structural
design, particularly for lightweight and slender systems with natural frequencies close to typical

pedestrian step frequencies. While current guidelines provide valuable recommendations and
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simplified criteria to assess serviceability and user comfort, they largely rely on predefined load

models that do not explicitly account for the dynamics of the human body.

The absence of a more detailed representation of human-structure interaction (HSI) in
these approaches highlights the need for further developments. Incorporating biodynamic
aspects into design frameworks could contribute to more accurate predictions of structural
responses under human loads and, ultimately, to safer and more efficient designs — particularly
for structures prone to high vibration levels, as currently permitted by such normative

documents.

There are many proposals for biodynamic models in the literature, particularly in the
field of biomechanics, which aims to study the mechanisms of body function in daily activities.
Although structural failures in service have driven the interest of the civil engineering field in
adopting more complex human body models over the last decades — not merely a deterministic
force model — the investigation and refinement of simplified models that incorporate the
necessary elements for a realistic simulation of human-structure interaction remain a challenge

for practical structural design applications.

Bearing in mind a practical application, two biodynamic models were chosen to
represent a human walking for further investigation: a SDOF Spring-Mass-Damper (SMD)
model (HSI formulation), and a Damped Bipedal Inverted Pendulum (DBIP) model (or Bipedal
Model - BM). A major difference between DBIP and SMD models is that the later assumes a

coupled moving force as an approximation of the GRF.

Additionally, BMs do not explicitly incorporate dynamic load factors (DLFs) usually
present in GRF analytical expressions, nor the step frequency in their formulation; rather, the
GRFs emerge as a result of the model's motion and the chosen model parameters and initial
conditions (Silva, et al., 2024). As a consequence, while interacting with the structure, the
intrinsic forces of the BM may be altered due to the surface movement, potentially reflecting
actual changes in walking patterns, such as variations in speed and step frequency (Zivanovi¢

et al., 2005b).

SMD models may be able to simulate changes in interaction forces (Pfeil et al., 2014;
Pfeil et al., 2022). However, since this model explicitly define the pedestrian's step frequency
and simplify the contact with the structure to a single point, they cannot naturally capture

potential changes in walking patterns caused by the movement of flexible surfaces.
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In fact, Cai et al. (2019) highlight the importance of human walking models capable of
simulating what they refer to as a footfall overlap of forces — in other words, accounting for the
double support phase — even for floors, which are typically affected by higher harmonics
(Gongalves et al., 2019).

The next chapter will focus on the methodology adopted in this study for deepen
investigations of the chosen biodynamic models, followed by the results and discussions from

those analyses in Chapter 4.
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3 MATERIAL AND METHODS

As mentioned before, even with the development and introduction of several

biodynamic models, the literature lacks mathematical validation with experimental results

about this subject. Bearing this in mind, after a literature review, experimental results with

pedestrians walking (from previous works and carried out during and for this study) have the

purpose to evaluate two biodynamic models. Table 17 presents a summary of the stages herein

proposed and the following sections present a detailed description.

Table 17 — Steps of the methods for the research development

Steps

Activity

Description

Literature review

An initial narrative literature review was conducted to provide the
theoretical foundation for the development of this study. This review
followed a continuous and iterative process, being updated throughout
the research to incorporate the most recent and relevant publications in
the field:

o A brief discussion on excessive structural vibrations and the
current guideline approaches for footbridges was presented.

o Furthermore, the literature on biodynamic models was
reviewed, along with a discussion on the dynamic body
parameters of pedestrians, as presented in recent studies.

o In addition, a critical discussion was carried out regarding the
formulation and functioning of two chosen biodynamic
models, highlighting their assumptions, limitations, and
applicability within the context of the HSI.

2

Biodynamic model’s
application from the
HSI perspective

Numerical simulations with two biodynamic models found in the
literature against experimental results obtained in previous works
(Pimentel, 1997; Hawryszkow et al., 2017) aiming to analyse their
performance.

This stage is twofold: simulations with simplest biodynamic models
and their respective dynamic parameters (SMD model); simulations
with more complex biodynamic models and their respective parameters
from the literature (DBIP models).

Set of experimental
tests

An experimental campaign with walking tests aimed to collect new and
extensive results to evaluate and validate the DBIP models previous
investigated, chiefly from the S2HI perspective.

This stage provided experimental results from different levels of
vibration and walking speeds, which made it possible to analyse the
performance of the DBIP models in the vertical direction and their
applicability over structures, such as footbridges.

4

Evaluation of DBIP
models from walking
tests

This stage concerns the applicability of the DBIP models in comparison
to the experimental results obtained in the previous stage, with a
particular focus on the S2HI. This analysis allowed for the assessment
of response accuracy, the validation of these models, and the proposal
of parameter adjustments where necessary.

Subsequently, the performance of the DBIP models was re-evaluated
from the HSI perspective, based on the findings from the earlier
analysis.
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3.1 Investigation of the human walking models

With the previous investigation of SMD models, it was possible to compare the
differences and similarities between the simplest biodynamic model disposed on the literature.
The formulation from Pfeil ez al. (2014), slightly modified by the suppression of the function
representing the heel movement, was, thus, selected as a basic one in this study, and was initially

adopted for the analysis for some purposes:

e Analysis of the SMD parameters values proposed in the literature.
e Analysis of the SMD model performance against MF model and experimental results in

scenario of single crossings.

It is worth mentioning that Eq.(17) was adapted to analyse the modelling of the
pedestrians as force-only (MF model) by setting the pedestrian body parameters to null
values. Another aspect worthy to pay attention to is that this modelling approach was
preferred in comparison with a full finite element analysis because it takes into account the
interaction between pedestrians and the structure, also considers vibrations in a single mode

without loss of accuracy, but with a much quicker execution time.

Moreover, the discussions surrounding the DBIP model raised a few questions regarding
its functioning and the simplified approaches presented in the literature. Aspects such as the
reduction of the model to a single-degree-of-freedom system, as well as the choice of the
parameter governing the prediction of the next impact point, are gaps yet to be addressed and

were explored in this study.

3.2 Biodynamic models application from a HSI perspective

This stage of the research has the focus on investigating the application of existent
biodynamic models and their parameters. In a previous investigation (Section 2.4.1), SMD
models of the literature were critically analysed, and a basic analytical formulation was
identified and adopted for further comparison against experimental data. When it comes to
bipedal models, in the literature (Shahabpoor et al., 2016a; Lin et al., 2023), it is clear that the
Damped Bipedal Inverted Pendulum (DBIP) model stands out among the Inverted Pendulum

(IP) models, as it can reproduce more realistic walking parameters and induced forces.
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As aforementioned, it was possible to select a basic formulation for the SMD model to
account for HSI and carry out numerical simulations against experimental results from previous

works. For this purpose, the formulation was implemented through an algorithm developed in

the Math Tool MATLAB Platform® (2024).

Moreover, as discussed in the previous section, the SDOF DBIP model (BM1) does not
require an energy compensation mechanism due to the dissipative nature of the 2DOF
formulation. Additionally, as discussed in the Chapter 4, although not explicitly included in the
formulation, the step frequency can be imposed by considering a fixed step length for BM;.
Due to this practicality of BMj, its performance was initially evaluated from the HSI
perspective and compared to the SMD model. The computational procedure to solve the

nonlinear equations is presented in Figure 21.

l | t < end time
Determine the Assemble the ) Calculate the Make Phase = SS;
BM parameters system Calculate displacement Calculate the distance Compute the
and structure’s J\ matrices for each foot’s velocity and ’ between 1h§ CoM and system Code
modal timet = 0; Q position; |j> acceleration Ly = Ly | the next point of Avakriab]es and |Lzend end!
properties; ‘/ Determine the Assemble for the time impact. If it is equal or Ground time Output
Set the initial initial the system increment: smaller than L, make: reaction forces variables.
conditions and z_l'cceleration matrices. (‘Omputei c ng =ng+ 1 >
time variables. U. ) t * Phase = DS
| J
Ly <Ly

Figure 21 - Computational procedure for the HSI formulation adopting DBIP models (BM1 or BM2)
implementation.

For the simulation of the HSI system, the selected test structures comply with some
requirements to investigate both biodynamic models. First of all, since resonance conditions
enhance the differences between models and feature the worst serviceability situation of
structures under human loads, one of their vertical modes of vibration presents natural
frequencies within the normal range of pedestrians walking. In addition, it is worth mentioning

that the structures are in a quiet environment, which enabled the experimental campaigns.

With more details in the following subsections, two structures were chosen: Aberfeldy
Footbridge (Pimentel, 1997) and Zilotnicka Footbridge (Hawryszkéw et al., 2017). The
experimental results carried out in both structures were used to investigate a single pedestrian
crossing the structure. However, the differences between their levels of vibration made it

possible to compare the models' reliability in terms of HSI effects.
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3.2.1 Aberfeldy Footbridge

The first structure analysed in this study to investigate the HSI is the Aberfeldy glass-
reinforced plastic cable-stayed footbridge, in Scotland (Figure 22). The same structure was also
investigated by Pimentel (1997)*, Cadei & Stratford (2002), Dang & Zivanovié¢ & (2013) and
Pfeil et al. (2014). Relevant characteristics of the footbridge constructed in 1990 (Harvey, 1993)

arc:

e [t is a three-span structure, having a main span of 63m and two side spans of
approximately 25m each.

e The height of the structure is not constant but vary to no more than 8m.

e Present a design of the towers in A-shaped frames.

e The cables are divided into two groups of 20 that connect the 2.12m wide deck to each

tower.

Figure 22 - Aberfeldy Cable Stayed Footbridge (Pimentel, 1997).

A set of experimental tests was carried out by Pimentel (1997) aiming to analyse the
vibrational performance of footbridges due to human-induced loads. Herein, the test result of
interest is the filtered vertical acceleration response at mid-span due to the crossing of a single
pedestrian walking in resonance with the first vertical mode of the structure, in which the

maximum acceleration (amax) and root mean square acceleration (a-ms) was respectively 2.14

4 More details about this test structure can be found elsewhere.
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m/s? and 0.89 m/s%.. The whole measured time response signal was available for comparison

with the numerical predictions.

Also investigated by Pfeil ef al. (2014), it was observed by the authors that even with
the control of the pedestrian gait with a help of a metronome, the strong deck vibrations led to
a pace losing, causing disturbances in the response signal. This was also taken into account in

this study.

On the other hand, by analysing the experimental mode shape in Figure 22, it is clear
that the relevant response occurs while walking between the towers, then in order to be used in
Eq.(17), a mathematical expression for unity scaled @:(i = 1) given in Eq.(44) was fit to the

experimental mode shape.

1845.64
4n(x-31.881)2+513.413n

¢,(x)=0.11867 - (44)

South Tower North Tower

Elevation

Mode V1
(1.59 Hz)

Figure 23 — Aberfeldy footbridge elevation and experimental 1% mode shape (After Pimentel, 1997)

Finally, the absence of some information from the experimental side led to a need of
adopting values from the literature. The step length of the pedestrian was assumed as 0.90 m
(Dang & Zivanovié, 2013). The DLFs of the pedestrian were not experimentally determined;
and an initial value of 0.25 for DLF; was defined based on Young (2001) and adjusted in the
analysis, as will be shown later on (Section 4.1.1.1). All information gathered for the analysis

is presented in Table 18.
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Table 18 — First mode dynamic parameters of the structure and pedestrian characteristics, based on
experimental data except where indicated.

Test structure (15 mode) Test Pedestrian
Modal mass (m) (calculated) 2547 kg Total mass (M) 80 kg
Damping ratio (&) 0.84 % Pacing rate (f;) Average of 1.56 Hz
Natural frequency (f,) 1.59 Hz Step length (assumed) 0.90 m

3.2.2 Ztotnicka Footbridge

The second structure selected was a 68.0m long two-span cable-stayed footbridge
named Ztotnicka after its location in Ztotnicki Park in Wroclaw, Poland. It has central pylons
to support the deck and to which the stays are attached (Figure 24 and Figure 25)°. As mentioned
before, the selection of the structure adhered to both technical and logistical requirements. From
the technical point of view, the structure had a natural frequency in the vertical direction within
the range of the pacing rates of pedestrians and presented perceptible vibrations when crossed
by them. In terms of logistics, it was in a quiet environment with sparse use, enabling a

controlled test program to be carried out.

The structure was the subject of previous investigations, and detailed information
regarding its geometry and finite element (FE) modelling can be found elsewhere (Hawryszkow
et al., 2017). Herein, the focus is on the properties of interest for the purposes of this study
(Table 19):

e A measured natural frequency of 2.07 Hz was identified, corresponding to the first
vertical antisymmetric mode of vibration, with a node at the central support. Relevant
mode shapes are shown in Figure 26 from the calibrated FE model.

e The modal mass related to this mode was also calculated from the calibrated FE model
and had a value of 22,205.8 kg.

e By employing the natural frequency and the modal mass, the modal stiffness was
calculated using the expression of the natural frequency of a single-degree-of-freedom
system. This modal mass was scaled by considering a unity value for the maximum

ordinate of the modal shape of the first mode.

5> More details about the structure can be found elsewhere (Hawryszkow et al., 2017).
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Regarding damping, the value was obtained from the tail end of the pedestrian tests and

Figure 24 — Panoramic view of the footbridge (Image previous used in Hawryszkéw et al., 2021).
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Figure 25 — Technical drawing of the structure (side view, cross-section and top view), with

relevant dimensions. Selected measurement point on the left span, 16.0 m from the support (Image

previous used in Hawryszkow ef al., 2021).
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Table 19 — First mode dynamic parameters of the structure and relevant dimensions.

Test structure (15 mode)

Modal mass (m) 22,205.8 kg
Damping ratio (&) Variable*
Natural frequency (f,) 2.07 Hz
Test structure (Dimensions)
Span 68m (two 34m spans)
Height Variable (No more than 8m)

N . L
— B
g e T
Mode 1: 2.06728 Hz Mode 2: 3.16657 Hz
—— —_— I EE—
0.0 0.5 1.0 0.0 0.5 1.0

Figure 26 — Vertical mode shapes of the structure (Image previous used in Hawryszkow et al., 2021).

Also, for Ztotnicka footbridge, a mathematical expression for unity scaled ¢:(i=1) given
in Eq. (45) was fit to the experimental mode shape in order to be used in Eq.(17) for single

crossing since this is the mode of interest (see Figure 26).

¢,(x) =2.96e 2+ 1.32e "'x +3.79 x> — 1.24e7x +
(45)

..+ 641ex* — 1.48e °x°+1.60e 3x0 — 6.54e x7 — 1.37e14x8

One test subject volunteered to take part in the experimental campaign (Figure 27).
A metronome was employed during the crossings, and the reason for this was twofold:
excitation in the resonance condition is the target of the codes of practice for designing
footbridges against vibration serviceability, and the level of excitation should be as high as
possible for the interest of this investigation. Therefore, the beating of the metronome was set
to help the test subject to walk with a constant step frequency in order to excite the first mode
of vibration in the resonance condition. It is worth mentioning that the experimental campaign
also included group loading (Hawryszkow et al., 2021), which is not addressed in this study as

it was not the focus here.
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The test subject was carrying the metronome and instrumented with an HBM GmbH
(type B12/200) accelerometer attached to their waist (Figure 27a), whereas the other
accelerometers remained near the antinode of the first mode shape (see Figure 24 and Figure
25). The mass of the test subject is 48kg and was employed in the numerical simulations. A
total of 10 tests were conducted for the crossings of this individual (Figure 27b), to account for

the expected variability among the crossings, even in controlled situations.

(b)
Figure 27 — Pedestrian tests: (a) Example of instrumented leading pedestrian; (b) single
crossing; (Image previous used in Hawryszkéw et al., 2021).

3.3 Experimental Campaign — VSimulator

This section presents the details of the experimental campaign designed and conducted
at the VSimulator facilities at the University of Exeter, UK, as part of the development of the
present study. It presents a detailed description of the test program (equipment and test
logistics), and data processing. In addition, it describes the methodology adopted for data
extraction, which was used either as input for the DBIP model parameters or as a reference for

experimental-numerical correlations.

3.3.1 Test program

A series of experimental tests was conducted at the VSimulators facility (2025) at the
Engineering Research Centre of the University of Exeter. This facility comprises a4 m x 4 m
platform driven by electric actuators, capable of providing motion along all six degrees of

freedom: three translational and three rotational axes (Figure 28a). VSimulator is optimized for
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motion in the frequency range of 0.5-35 Hz. Additionally, it features nine multi-axis AMTI
force plates for measuring ground reaction forces, as well as a human motion capture system

employing both optical and inertial technologies (Optitrack Motion Capture System®, 2025).

(b)
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Figure 28 — (a) Walking test subject wearing mocap suit in VSimulators facility, and (b) test’s scheme
depicting designated path.

Additionally, to track the motion of the human body, the optical system equipped with
strategically positioned cameras within the VSimulator room required participants to stay
within the defined limits of visibility depicted in Figure 28b. For a deeper understanding of
VSimulator's facilities and features, the reader is referred to (Brownjohn & Darby, 2018;
Brownjohn et al., 2019). This facility allows for the generation of vibration conditions across a
relevant range of parameters, including vibration frequency, amplitude, and duration, and is

capable of simulating visual scenes pertinent to the study of pedestrian structures.

To meet the University of Exeter Ethics Committee requirements, all test subjects (TSs)
were chosen from volunteers at the university (staff or students). To ensure the integrity of the
study and data reliability, all volunteers were asked to sign consent forms and answer questions
regarding their health conditions, to be accepted as participants. Questions addressing their age
(adults only), gender, weight (under 100 kg), history of mobility disability (such as walking
impairments), and motion sickness were included. For the experimental campaign reported
here, three healthy test subjects were selected to participate in the experiments. To ensure
confidentiality in the participation of the experiments, each participant was assigned a number,
and their physical characteristics, such as age, weight, height, and leg length, were registered,

as presented in Table 20.
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Table 20 — Test subjects physical characteristics and age

Test subject Gender Age (years) Weight (kg) Height (¢cm) Leg’s length (cm)

TS1 Female 36 71.7 176 105
TS2 Female 28 76.3 182 108
TS3 Male 30 69.2 180 99

The experimental campaign consisted of a single visit to ensure the complete collection
of data for a given test subject. During this visit, each participant was asked to wear a mocap
suit, with 39 reflective markers carefully attached to their body (see Figure 28a for reference).
Proper marker placement at anatomical landmarks is crucial for accurately tracking body
trajectory (Optitrack, 2025). Participants were strongly encouraged to wear comfortable shoes
and tight-fitting clothing under the special suit. Additionally, four extra markers were placed

on the moving platform to track the vibration scenarios (seen as white spots in Figure 28a).

The experimental campaign entailed recording 3D body motion trajectories and footfall
forces over time while crossing the platform under various vibration scenarios. The study
focused on structure-to-human interaction (S2HI) in the vertical direction, considering both
resonance (as explained later) and rigid surface conditions. Base movements were defined by
pairs of acceleration and frequency values, which were used to generate a drive file as input for
the platform. Notably, although recorded at different sampling rates (100 Hz for marker
trajectories and 1000 Hz for ground reaction forces), all raw data streams were synchronized to

ensure accuracy.

In addition to free walking, the test subjects were asked to walk at three specific step
frequencies: slow (1.6 Hz), normal (1.85 Hz), and fast walking (2.2 Hz). For all four walking
gait cases, four surface vibration cases were investigated, resulting in 16 scenarios for each test
subject (see Table 21). Complementary to rigid surface scenarios, sinusoidal excitation was
employed with a frequency equal to the predefined walking rate, for three distinct acceleration
peak levels (0.5, 1.0, and 1.5 m/s*). These vibrating scenarios (henceforth designated as
resonance conditions) represent actual conditions for structure-to-human interaction (S2HI)
effects, as civil structures are typically subjected to human-forced vibrations and tend to
oscillate at pedestrian walking frequencies. To maintain test integrity, all scenarios were
separated into sets of experiments, allowing for rest periods between them so as to avoid

tiredness of the test subjects.
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Table 21 — Scenarios investigated for each frequency of the test platform

Displacement

Walking  Surface Frequency Acceleration Amplitudes

Scenario Scenario (Hz) peaks (m/s?) (cm)

Slow Rigid - e e
Resonance 1.60 0.5 0.49
Resonance 1.60 1.0 0.99
Resonance 1.60 1.5 1.48

Normal Rigid - e
Resonance 1.85 0.5 0.37
Resonance 1.85 1.0 0.74
Resonance 1.85 1.5 1.11

Free Rigid - e e
Resonance 1.85 0.5 0.37
Resonance 1.85 1.0 0.74
Resonance 1.85 1.5 1.11

Fast Rigid - e e
Resonance 2.20 0.5 0.26
Resonance 2.20 1.0 0.52
Resonance 2.20 1.5 0.79

When necessary, a metronome sound synchronized with the drive file of the moving
platform was used to ensure the desired walking rate (Hz). The 'pulstran’ MATLAB® (2024)
function was used to generate a metronome audio file for each set of scenarios. Each audio file
included an extended beep to alert signal scenario changes within each set of experiments,
aiding in test monitoring. Before each set, test subjects could listen to the metronome beats to

familiarize themselves with the predefined step frequency (except for free walking gaits).

The test subjects were initially provided with instructions on how to walk over the
platform guided by metronome beats, as needed. To ensure that the force-time history for each
foot was recorded separately during the experiments, and to gather the maximum number of
footfall forces for each scenario, each test subject was instructed to follow a designated path.
Figure 28D illustrates the testing layout and the path itself, starting from the marked position on
the diagram. The path was marked with both red and yellow tapes in the X-direction, as shown
in Figure 28b. Each tape (red for the outbound journey and yellow for the return journey to the
initial position) was placed along the border between the force plates, aligned with the desired

walking path. A cycle was completed each time the test subject returned to the initial position.

In order to collect a good sample of footfall forces for each specified vibration scenario,
each test subject was asked to complete at least 3 cycles for rigid surface conditions and at least

5 cycles for resonance conditions. To ensure that the required number of cycles would be
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completed for each scenario, preliminary tests were conducted to determine the required signal

duration. Table 22 presents the signal duration for each respective type of scenario.

Table 22 — Signal duration for the scenarios (in seconds)

Walking case Resonance Rigid surface
Slow 90 60
Normal and free walk 85 55
Fast 80 50

Participants were also instructed to avoid stepping directly on the tapes to ensure precise
data collection. This precaution was necessary because when a foot contacts two side-by-side
force plates (such as FP1 and FP2 in Figure 28b), it can interfere with the accurate tracking of
the foot force history for each step, making it more difficult to identify the force contribution
of each foot during the DS phase. Therefore, it was necessary to verify these possible
interferences and exclude such measurements from future analyses, as seen in step 13 in Figure
29. Standing over two force plates aligned in the walking direction (such as FP1 and FP4 in

Figure 28b) does not affect the determination of footfall forces.
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Figure 29 — Example of GRF time-history of both feet for TS1, rigid surface and slow walking
scenario

At the end of each scenario, the test subjects were asked to respond to qualitative
questions regarding their perception of vibrations. They were required to indicate whether they
could perceive the vibrations and rate, on a scale of 1 to 5, the extent to which the vibrations

interfered with their walking patterns, as described in Table 23.
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Table 23 — Rating scale for the TS’s vibrations perception

Rating Scale Description

Vibrations did not interfere with walking
Vibrations caused minimal interference
Vibrations caused a on walking
Vibrations significantly affected walking
Vibrations strongly interfered with walking

DB W

There were more limitations in conducting the test experiments, primarily due to the
features of the platform and the logistics involved. The test subjects were asked to maintain a
continuous walking flow, meaning no pauses between crossing cycles. The goal of this
approach was to achieve a walking pattern that closely resembled a continuous flow in straight-
line walking, despite the limitation imposed by the size of the platform and room. However,
some measurements for each foot — particularly the first and last steps on the platform can
exhibited erratic behaviour. Therefore, some steps were excluded, as discussed in the next

subsection.

3.3.2 Data Processing

This subsection describes the procedures for extracting the experimental parameters of
the TS's body and walking gait features, which are later used either as BM’s input parameters
or as a reference for the experimental-numerical comparisons. Figures showing examples of the
data extraction process are included here for illustrative purposes only, as the methodology

section describes solely the procedures adopted, not the extracted data itself.

3.3.2.1 Pre-processing

For each walking scenario, the raw marker data were initially analysed using the
Qualisys Track Manager (QTM) Software® (2025) — in C3D format — to verify that the markers
were correctly assigned to the body points of interest (Figure 30). Any gaps in the markers'
trajectory tracking were filled using a polynomial method. This process ensured data
consistency before generating the final file, which contained the unprocessed 3D trajectories of

both the platform and the pedestrian’s body.
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® Platform Markers
® Body Markers
@ Feet and hips Markers

Figure 30 — 3D model constructed in QTM Software® (2025).

Both unprocessed kinetic (recovered force data from forceplates) and kinematic (3D
body trajectories) data were analysed using MATLAB® (2024). The kinetic data of interest
included the forces within the sagittal plane of the human body, specifically in the vertical (Z)
and longitudinal (X) directions. To remove noise from data acquisition without altering the
well-known ‘M-shape’ of footfall forces (Kerr & Bishop, 2001), these ground reaction forces
(GRFs) were filtered using a MATLAB® low-pass, fourth-order Butterworth filter with a cut-
off frequency of 24 Hz, which cover the harmonic components of interest (Shahabpoor et al.,
2018). The filtered data were subsequently downsampled to 100 Hz to align with the markers'

data sampling rate.

According to the path scheme depicted in Figure 28b, force data from all nine force
plates were analysed. GRFs from sequential force plates in the walking direction (e.g., FP1,
FP4, and FP7) were summed to consider when a TS’s foot partially overlapped the border
between any pair of these force plates. This approach ensured a complete time-force history for
each foot. Additionally, force data from specific forceplates were adjusted in the following way:
for measurements on rigid floor scenarios, the forces were shifted to start from zero; in
vibrating scenarios, the force data were centred to oscillate around zero values, and forces due
to platform vertical movement were then subtracted from the total force signal to isolate the

GRF component, as illustrated in Figure 31.
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Figure 31 — Example of recovered force signal in vibrating scenarios for TS1, slow walk and
resonance conditions

From the total of 39 markers, only the kinematic data for the feet and hips were used in
this investigation (see yellow markers in Figure 30). Although the process of recording the 3D
body trajectory by attaching markers to a special suit facilitated the execution of the tests, it still
comes with some limitations (Smith et al., 2024). During walking, as the suit's fabric deformed
with movement, the markers could slightly shift from their original attachment points, with this
effect becoming more pronounced at higher speeds. However, even if the markers were attached
directly to the skin, achieving a perfect match between the marker position and the underlying
bone structure is not guaranteed. This is due to the softness and movement of the tissues, which

can introduce slight errors in the measurement and produce signal noise (Winter et al., 1974).

These disturbances were mitigated by applying a second-order Butterworth filter in
MATLAB® (2024) with a cut-off frequency of 6 Hz (Winter et al., 1974). The centre of mass
(CoM) trajectory over time was estimated by assuming that the body mass was concentrated 10
cm above the mean position of the four hip-level markers (anterior and posterior superior iliac

spines, as shown in Figure 30) (Winter et al., 1974; Geyer, 2005).

The CoM acceleration time-history was computed by differentiating its trajectory twice
and subsequently compared to accelerations derived from force data. The latter was calculated
by subtracting the body weight of the respective test subject from the total GRFs so as to isolate
the dynamic force components, which were then divided by the body mass. As shown in Figure

32a, the synchronization of the data acquisition process was validated, and its quality
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confirmed. However, notable discrepancies were observed during the DS phase in some fast-
walking cases (see Figure 32b). These differences can be attributed to the fact that the markers

were not directly attached to the TS’s body.
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Figure 32 — Example of experimental accelerations for TS1, rigid surface scenarios for: (a) slow walk;
and (b) fast walk

Moreover, an approach presented in Lipfert et al. (2012) (also seen in Lin et al., 2023)
was adopted in this study to verify the reliability of measured kinetic versus kinematic data,
despite those authors adopted treadmills for data collection. This approach consists of plotting
the actual leg force (in the sagittal plane and along the leg axis) as a function of leg length
(Figure 33), the latter being considered as the distance from the CoM to the foot point. It is
expected a near linear relationship between both variables for slow to normal speeds (Lipfert et
al., 2012), as elastic forces can prevail during walking. In the present study, a minimum
acceptable R? (r-square) value of 0.77 for the linear adjusted leg force-length curve was adopted
as an exclusion criterion for slow to normal step frequencies only, based on Lipfert et al. (2012).
It should be noted that a linear curve fit is calculated to determine some model parameters, as

discussed in the next section.

When it comes to fast walking scenarios, it was evident for most steps that the leg force-
length curve fitting was greatly influenced by the segment between the peaks of the leg's axial
force, which did not show a linear behaviour, as observed in Figure 33c. A similar pattern in
the leg force-length curve at higher speeds was reported by Lipfert ef al. (2012). This can be
explained by the discrepancies in the DS phase between the kinetic and kinematic data
illustrated in Figure 32b. In this matter, the exclusion criteria for fast walking scenarios differed,

adopting a lower minimum acceptable R? values of 0.55. Additionally, a different approach for
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parameter extraction from leg force-length curve for fast walking scenarios is presented in the

next subsection.
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Figure 33 — Example of leg force-length curves and respective curve-fit and R? values for TS1 walking
in rigid surface scenarios at a step frequency of (a) 1.64Hz (slow walk), (b) 1.84Hz (normal walk), and
(c) 2.03Hz (fast walk). In addition, (d) an example of data exclusion criteria from the free walking
scenario. Leg force is normalized by body weight and leg length is normalized to the leg length values
obtained at the TD.

3.3.2.2 Model experimental parameters

Henceforth, for the sake of clarity, in order to differentiate the parameters extracted from
the experiments from those set as input in the simulations, the subscript ‘exp’ will be included
in the respective variables related to the former. Experimental gait events (TDs and TOs), gait
parameters (walking speed vexp, step frequency fsexp, step length ds ey, and DLFs), and model
parameters (leg stiffness kiegexp, leg resting length L, ..y, attack angle 6o, and Energy input
Eo.eyp), that characterize the pedestrian gait were identified or calculated based on the

observation and correlation of kinetic and kinematic data.

Gait events, such as touch-downs (TDs) and touch-offs (TOs), were identified by
tracking the trajectories of the heels and toes and then cross-referencing these events with the

force data for any adjustments (Figure 10). Footfall forces at the sagittal plane for each foot



99

were then isolated and interpolated to determine the corresponding zero-value time for each

step.
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Figure 34 — Example of cross-referencing heel and toe’s vertical movement and force data for each leg

Gait parameters for each crossing (when a test subject entered and left the platform)
were calculated based on those TD instants. The respective walking speed vey, per crossing was
determined by the time and distance between the first and last TD over the platform, while the
step lengths ds.., were calculated as the longitudinal distance between successive TDs (X-
direction in Figure 30). The dynamic load factors (DLFs) were derived from the frequency
spectrum of total GRFs using the Fast Fourier Transform (FFT). For each crossing, the
corresponding DLFs were computed as the ratio of the respective harmonic amplitude to the
static component (TS’s body weight). To determine the actual DLFs from the force time history,
the force signal was repeated at least 100 times to eliminate any leakage when applying the FFT
(Figure 35). Only the first harmonic of the FFT is of interest for this study, from which the two
remaining gait parameters were derived: step frequency f;ex and the associated DLF, referred

to from now on as DLF;.
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Figure 35 — Example of recovered filtered GRFs from TS1 slow walking for rigid surface scenario in
(a) the time domain and (b) the frequency domain (Red dots highlight the expected harmonics of
vertical forces in human gait)

Considering the exclusion criteria previously mentioned, for each valid footfall force in
slow to normal walking speeds cases, the associated leg force-length curve (for example Figure
9a and b) was used to determine two model parameters (Lipfert et al., 2012; Lin et al., 2023):
the experimental leg stiffness (kieg exp), Which was determined as the modulus of the slope of the
best linear fit to the curve, and the experimental leg resting length (L eyp), which was defined
as the x-axis intercept of the linear fit. As shown in Figure 36, for each scenario, these pairs of
variables (Kiegexp and Lpexp) were plotted, revealing a linear relationship. A linear fit curve
modelled kieg exp as a function of L, exp, which was then used to determine the model leg stiffness
kieg for each crossing, based on the mean respective leg resting length value in the crossing, in

turn used as the model resting length L,.

2 8 T T T T T T T

26t O — Linear fit: k, =-280.97 L -+ 34539
—_ 2 =0.8898 leg L

1.14 1.145 1.15 1.155 1.16 1.165 1.17 1.175
Ly ey (m)

Figure 36 — Example of correlation of kieg ey and Ly, e, along with the respective curve fit for TS1 in
the slow walking scenario on a rigid surface.

The approach adopted in this study to estimate the experimental value of leg stiffness in

fast walking scenarios consisted of determining kjegexp and Ly erp from curve fitting of the leg
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force-length relationship while excluding the segments between the peaks of the leg’s axial

force.

The two remaining BM input parameters, Goep and Eo ey, were calculated at the TD
event for each step, with average values for each crossing adopted as reference for subsequent
numerical simulations. The model’s leg orientation 6 ., at the TD event was calculated from
the kinematic data, and Eo.y, was computed through Eq. (30) and the initial conditions

identified at the beginning of every step cycle.

Following the methodology outlined in this section, sets of parameters that either
characterize the walking gait (v, f; and DLF1) or are reference for BM’s input parameters (kieq,
Ly, 6o, and Eo) were extracted from the experimental data for each crossing within a given

scenario, since the tests logistics hindered a continuous kinetic versus kinematic data collection.

It is important to note that, among the BM's input parameters, the damping coefficient
Cleg 18 challenging to determine experimentally. However, parametric studies (Ruiz et al., 2017)
have assessed its influence on walking characteristics and GRFs, revealing that the numerical
response shows little variation for a specific range of cieq, chiefly when compared to leg stiffness
kieg and walking speed v. Therefore, considering the limitations in the experimental
determination of this parameter, this study adopted ci., values within the numerical ranges
reported in the literature (see Section 2.4.2.3) for the simulations discussed in the following

chapter.

3.4 Evaluation of DBIP models

The data extracted from the experiments described in the previous section were used to
evaluate the DBIP models in terms of gait parameter predictions for both rigid surface and

(what will be referred to as) moving surface scenarios.

The focus is on three gait parameters that characterize walking for applications
involving low-frequency structures, such as footbridges: step frequency (f;), walking speed (v),

and the dynamic load factor for the first harmonic of the ground reaction forces (DLF).

For this end, the pedestrian’s equation of motion was implemented in MATLAB®

software (2025), and the Runge-Kutta 4™ order method was adopted to solve the nonlinear
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equations. The computational procedure depicted in Figure 37 is valid for both models, BM;

and BM.

MODEL INPUT
Select the model’s input parameters: my, Kieg, Cieg: Lp, 80, and, for BM; only, Ep, as well
as the initial conditions: x(0), z(0), xf ), and Z(0). If BM;, X is constant.
Define time parameters: At and simulation duration.

'

Choose the variable to have a constant value: d; or 8.
Set the feet positions x; and x, for n; = 1 based on ds

Isa ]
No . Yes Select amay, fand ¢.
Make y(0) = 0 moving surface Compu?gxy{()) .slm?l5
scenario? (0).

Compute the initial acceleration in z and x directions from Eq.(22) for BM,, or in z
direction from Eq.(32) for BMy, at the time t = 0.

{

Assemble mass, damping, and stiffness matrices from: Eq.(22) for BM; or Eq.(32) for |

T

Apply Runge Kutta 4% order method to solve the equation of motion.
Compute the displacement and velocities at the end of the time step

{

[ Compute acceleration of the human body at the end of the time step. ]
[ Compute GRFs for both legs from Eq.(26). J

!

No Is L; greater

than Lp?

Yes

If after VLO, compute the distance from CoM to the next assumed impact point x;,.
If this distance is equal or smaller than Ly, make ng;=ns + 1

[ Update Ly, Ly, xj, x; for the next step ng ]
—>[ Update y(t) at the end of time increment (y(t) = 0 if rigid surface scenario). J

v

‘ If BM,, revise force vector through Eq.(29) to (31) ’

If AE <0, include Fyin Eq.(22)

Ist>end No
time?
MODEL OUTPUT
GRFs, displacement, velocity and acceleration of pedestrian body

Figure 37 — Computational procedure to implement DBIP models in MATLAB® (2024)
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It is worth mentioning that the main objective regarding HSI is to investigate the
structural dynamic behaviour. However, since the sensitivity to vibration response is a matter
of the pedestrian, comparisons will also be made of the vibration observed in the pedestrian

body (that is, the pedestrian DOF).

3.4.1 Procedure for parameters calibration

After analysing the results from rigid surface scenarios, there was a need to proceed
with a parameter adjustment to conduct the analyses considering the moving surface scenarios.
For this purpose, Monte Carlo simulations were carried out following the calibration process
depicted in Figure 38. Results in which the DLF for the second harmonic (or higher) was greater
than DLF1, or where the mid-stance footfall force peak was negative, were not considered to be

a valid gait (referred as stable in Figure 38).

The strategy adopted in this study was to analyse the simulations results to select the set
of parameters that best matched the gait parameters target (considering two decimal cases).
After an initial analysis, it was concluded that five to ten thousand interactions, respectively for

BM: and BM>, were sufficient to achieve the target values for each crossing.

‘
Randomly Simulate Compute DLF;.
selﬁect valuﬁi for tllf:la Store gait and
the variables walking PL model
that are free to —»| gaitas Sta_bl?e initial parameters, Yes Og:ggT
vary within indicated gait: conditions? and optimal
specified in Figure initial
ranges. 38. conditions

L Update initial conditions from
post-convergence step cycles

Figure 38 — Computational procedure to calibrate the DBIP models adopting the Monte Carlo
simulation method
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4 RESULTS AND DISCUSSIONS

The aim of this section is twofold: (1) evaluate the performance of the two previously
selected biodynamic models from the Human-Structure-Interaction (HSI) perspective; and (2)
evaluate the performance of DBIP models in predicting gait parameters and induced forces for

rigid and moving surface scenarios from a Structure-to-Human-Interaction (S2HI) perspective.

First, the selected SMD model is analysed by comparing the numerical results against
experimental data from tests carried out on the Aberfeldy Footbridge (Section 3.2.1) and
Ztotnicka Footbridge (Section 3.2.2). Subsequently, still within the context of applying
biodynamic models for HSI simulation, both the SMD and BM| models were used to investigate
the influence of the HSI contribution on structural response prediction when analysing both test

structures.

To deepen the investigation into the functioning and performance of bipedal models,
two versions of the DBIP model (single- and two-degrees-of-freedom) were evaluated based
on results from an experimental campaign conducted on a controlled platform — initially on
rigid surfaces, and subsequently under moving surface scenarios simulated in a vibrating

platform environment to examine the effects of Structure-to-Human Interaction (S2HI).

Finally, based on the experimental-numerical correlation between the experimental
results and numerical simulations adopting bipedal models, as well as the findings and insights
obtained from this analysis, the DBIP models (BM; and BM>) are reassessed from the
perspective of human-structure interaction (HSI), incorporating adjusted parameters from the

literature and the observations made in this study.

4.1 Performance of biodynamic models from a HSI perspective

Bearing in mind practical applications, this subsection focuses on the performance of
both the SMD model and the SDOF DBIP model (BM1), using as reference the experimental

results obtained from the two test structures adopted in this study.



105

4.1.1 SMD models

The SMD basic formulation is adopted in this section to account for HSI and investigate
the performance of the model against the MF model widely used by standards and guidelines
nowadays. Experimental results obtained from previous works serve as a reference for
comparisons. First, the formulation and parameters are analysed using the Aberfeldy Footbridge
as a test structure, by investigating a single pedestrian crossing the footbridge in resonance.
Then, the formulation and reliable parameters are adopted to analyse scenarios with Ztotnicka

Footbridge testing featuring lower acceleration levels.

4.1.1.1 Aberfeldy Footbridge

When it comes to the classification of this test structure according to the criteria defined
in the normative documents, it is important to mention that the structure serves as the sole means
route, but the access for the footbridge is very restricted since it is a private structure localised
at the Aberfeldy Golf Club (Pimentel, 1997). According to the current design situations
disposed on the normative documents (Section 2.2), the footbridge is classified as follows: with
very weak traffic, the Hivoss (2008) classify the footbridge as a Traffic Class TC1, which
complies to a minimum degree of comfort (Class CL3); Besides Sétra (2006) appoints the
structure as a seldom usage (private structure), which corresponds to a Traffic Class IV, the
minimum degree of comfort is still required; In the UK NA to BS (2008), considering the
structure is in a rural environment (weaker traffic according to the guideline) and its respective
height above ground, it was possible to determine the limit acceleration. Table 24 present the

limit peak accelerations related to the guidelines’ classification.

Table 24 — Aberfeldy footbridge classification according to currently guidelines and limit peak

accelerations.
Guideline Traffic Comfort Class Limit of Verti.cal peak
accelerations
Hivoss (2008) TCI (very weak  CL3 (minimum degree of g o1 0 and 2.50 m/s?
traffic) comfort)
Sétra (2006) Traffic Class IV Minimum Comfort Between 1.0 and 2.50 m/s?
UK NA to BS (2008) Rural Crossing Not mentioned* 1.12m/s**

*This vibration limit is compatible with the aforementioned range proposed for the other guidelines.
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It is worth mentioning that the measured peak acceleration of 2.14 m/s* was far above
the limit recommended by the UK NA to BS (2008) of 1.12 m/s? resulting from the application
of Eq. (2). However, the value is below the limit stated by Hivoss (2008) and Sétra (2006)

Guidelines.

The performance of the SMD parameters was investigated by comparing numerical
results obtained adopting the interaction model of Pfeil ef al. (2014) against the experimental
result (see Table 25). The results were compared in terms of the maximum (@ax) and root mean
square (arms) acceleration, as well as the fit to the experimentally measured acceleration

response time history (see Figure 39 and Figure 40).

For conciseness, only the best results obtained for each of the formulations are shown
in Figure 39 and Figure 40. However, Table 25 contains the whole range of results obtained for
all formulations. It can be noted that a range of values was proposed in some formulations for
the pedestrian parameters in Gomez et al. (2016) and Shahabpoor et al. (2016b), and this is the
reason why some combinations of these values (in particular, damping and natural frequency
of the pedestrian body) were performed (see sets (1) to (4) in Table 25). On the other hand, for
the formulations in which regression expressions or average values were proposed (Silva &
Pimentel, 2011; Silva et al., 2013; Toso et al., 2016), the body parameters were obtained by
employing the body parameters of the test subject.

Table 25 - Results obtained employing different values for the pedestrian parameters.

Gomez et al. (2016) Shahabpoor et al. (2016)
Set (1) (2) 3) (4)* (1) (2 (3) (4)*
my (kg) 80 80 80 80 80 80 80 80
& (%) 12 18 12 18 275 30 27.5 30
fop (HZ) 2.29 2.29 2.52 2.52 275 275 3.00 3.00
DLF 0.27 0.27 0.26 0.26 0.26 0.26 0.25 0.25
amax (m/s?)  2.19 2.08 2.25 2.17 2.18 2.17 2.16 2.15
ams(m/s?)  0.93 0.90 0.95 0.93 0.94 0.93 0.93 0.92
m“:(fel JE‘;;‘:ZZ (‘;g’l‘:‘s)" Pimfllllt‘:ll élon) Silva et al. (2013)** Toso et al. (2016)
my (kg) - 67.18 60.18 - 61.68 60.18 - 61.68 5271 - 54.75
& (%) ; 47.18 53.11 - 53.58 5234 -52.46 55.42 - 57.76
fop (HZ) ; 2.76 2.67-2.69 272-2.74 1.74 - 1.81
DLF 0.26 0.26 0.27 0.27 0.29
dmax (M/s?)  2.40 2.16 2.15 2.17 1.88
rms (MS?) 1.03 0.94 0.94 0.95 0.86

* Best result obtained for the range of the proposed values.

** Values from Silva et al. (2013) were close to the ones from Silva & Pimentel (2011) and were not shown
in Figure 40.

Obs.: The variation in the SMD parameters from Silva ez al. (2013), Silva & Pimentel (2011) and Toso ef al.
(2016) was due to the dependence of such parameters with the varied pacing rate throughout the crossing.
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For each case, the unknown DLF; of the test subject was adjusted to produce a best fit,

based on a trial-and-error process. However, it can be seen from Table 25 that this is not a

significant issue since the best value of the DLF; obtained for each formulation varied slightly,

around the value 0.27 stated in Pfeil et al. (2014).
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Figure 39 - Acceleration at the mid span of the footbridge - (a) Experimental x MF model; (b)
Experimental x Interaction Model using the set of parameters from Toso et al. (2016). (Previous used
in Silva et al., 2020)
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Figure 40 - Acceleration at the mid span of the footbridge - Experimental versus Interaction Model
using the set of parameters from (a) Silva & Pimentel (2011); (b) Jiménez-Alonso & Saez (2014); (c)
Gomez et al. (2016); (d) Shahabpoor et al. (2016). (Previous used in Silva et al., 2020)

Regarding the values of the SMD parameters, it is noted that despite the wide range of

values of the parameters, no great difference was identified among the results (Figure 40).
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However, some discrepancies were noted about the proposed values of the natural frequency
Jnp of the pedestrian body (see Table 27). Toso ef al. (2016) values for this parameter are below
all the other works and the results with their parameters were the least accurate among the whole
set of SMD parameters investigated (Figure 39b). This requires further studies, with a larger
sample of experimental data, to confirm or not the relevance of this parameter, since the natural

frequency f,, may not be the sole cause of the discrepancy.

In general, despite the different ways of obtaining the SMD parameters, the results were
in agreement with the experimental one and presented a much better performance against MF
model (Figure 39a), which overestimated the bridge response. The difference in peak and RMS
values between MF and biodynamic models might be small (see values in Table 25), but this
was for a single pedestrian crossing. Actual design cases consider group or streams of

pedestrians crossing the structure, which is analysed in the next section.

4.1.1.2 Zlotnicka footbridge

According to currently design situations disposed on the normative documents (section
2.2), the footbridge is classified as follows: From the Hivoss (2008), a traffic class TC1 (very
weak traffic) was considered. On the other hand, an appointed comfort class CL3 (minimum
degree of comfort) was targeted; This correspondsto Traffic Class III (footbridge for standard
use) and minimum comfort, according to the Sétra (2006); In the UK NA to BS (2008), the
accepted peak acceleration was obtained by considering the structure as a suburban crossing
and its respective height above ground. Table 26 present the limit peak accelerations related to

the guidelines’ classification.

Table 26 — Ztotnicka footbridge classification according to currently guidelines and limit peak

accelerations.
Guideline Traffic Comfort Class Limit of vertical peak
Hivoss (2008) TCI (very weak CL3 (minimum degree of Between 1.0 and 2.50 m/s?
traffic) comfort)
Sétra (2006) Traffic Class III Minimum Comfort Between 1.0 and 2.50 m/s?
UK NA to BS (2008) Suburban Crossing Not mentioned* 1.3m/s?*

*This acceleration limit is compatible with the aforementioned range proposed by the other guidelines.

Since it presented great results in the previous analysis, the parameters of the body

(modal mass m,, damping c, and stiffness k,) were obtained from regression expressions
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(Silva & Pimentel, 2011) for the test subject as a function of the total subject mass M and pacing
rate f,. Reference values of these parameters for the pedestrian are shown in Table 27 for a

pacing rate of 2.07 Hz.

Table 27 — Reference values of pedestrian dynamic parameters.

Modal Mass m, Modal Stiffness &, Modal Damping ¢,
(kg) (N/m) (Ns/m)
32.65 12,574.66 630.68

The following investigations were carried out according to this sequence of steps:
(a) obtaining the structural damping ratio (so as to use it in Eq. (17)); (b) obtaining the DLF of
the pedestrian from single crossings; (c) comparing the results for single crossings between
measurements and simulations; and (d) investigating the effect of the number of pedestrians on

the two modelling approaches (force-only and dynamic systems).

As previously mentioned, the structural damping was obtained from the tail end of the
pedestrian tests, after the test subjects (here referring to all test subjects from Hawryszkow et
al., 2021) left the structure. This was carried out by adjusting straight lines to a plot of the
logarithm of peak values of the decay versus number of cycles, as shown in Figure 41. The
slope of the straight line is the damping, in terms of logarithmicdecrement. However, it was
soon realized that damping had a strong dependence on thevibration level, which can be seen

from the variation in the slopes in Figure 41.
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Figure 41 - Obtaining damping ratios from the tail-end signal of pedestrian tests (Previous used in
Hawryszkow et al., 2021).
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This was also noted by comparing the damping ratios obtained from single and group
crossing signals, the latter presenting higher vibration levels than the former®. A collection of
damping ratios obtained from several crossings are shown in Figure 42, taking as a reference
the value of the acceleration amplitude at the beginning of the region of the decay signal

that was employed for the respective calculation.
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Figure 42 - Damping ratios for the first structural mode (Previously used in Hawryszkow ef al.,
2021).

This nonlinear behaviour adds a degree of uncertainty to the determination of the DLF
of the pedestrian since damping would in principle vary during the crossing. Another factor to
consider is the small changes in walking rhythm, in spite of using a metronome. The effect
of these changes is considered by employing the vibration signal measured at the pedestrian’s
waist to identify changes in the pedestrian pacing rate during the crossing. Such changes also
imply the adjustment of the pedestrian body parameters during the crossing (see Table 27 for

reference values), as they depend on the pacing rate.

The DLF; value were, thus, obtained by adjusting the numerical vibration signature to
the respective measured one for several crossings of the test subject. A trial-and-error strategy
was adopted according to the following rules of thumb: (a) changes in the value of the DLF;

affect only the amplitude of the response signal; and (b) changes in damping affect both the

® It is important to mention that, although the group loading is not the focus in this study, the damping ratio
discussion also include the results for group crossings. More details can be seen in Hawryszkow ef al. (2021).
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shape and the amplitude of the response signal. Damping ratios were adjusted to values of

around 1.6% in most cases (for each crossing).

However, it is important to emphasize that the simulations conducted here account for
step losings. Disregarding such gait changes during walking leads to different structural
damping ratios in the simulation so as to match the acceleration time-history between

experimental measurements and simulations (value discussed in the next section).

The selection of this value for damping was based on observed acceleration amplitudes
during the crossing and the corresponding values for the damping ratios shown in the plot of
Figure 42. A DLF; value of 0.26 was then obtained. It worth noting that such value is within

the ranges from the literature (see Table 10).

Intra-subject variability was expected, as shown in Figure 43 and Figure 44, which show
the results from two crossings of the same test subject. Another feature that can be observed
from these figures is that for the single crossings and vibration levels with peak values of
around 0.15 m/s?, no substantial changes in the vibration response are noted in either the time
response or spectrum between force-only and dynamic (interaction) models that represent the
pedestrian action. It can also be noticed from both the time domain and spectral plots that a
perfect match between measurements and simulations is not present. This is possibly related
to the nonlinear behaviour of the structure, as it was previously seen that damping is

strongly dependent on amplitude levels, which vary throughout the crossing.

0.3 T 0.07
] —i-‘orce 1'\'!{)(161\]/l » (a) 0.06 —Force model (b)
02 nteraction Mode Interaction model
% 1 ——Experimental Acceleration Peak 005 — Experimental
"VJ
g é 0.04
£ S 00
- -
b w
s 5 0.02
o w
< g 001
0 2 L L " L ' L L I L L L L - L 000 = -
0 10 20 30 40 1.50 1.70 1.90 2.10 2.30 2.50
Time (s) Frequency (Hz)

Figure 43 - Second crossing of Test Subject 2: (a) time response; (b) spectrum. (Previously used in
Hawryszkow et al., 2021)
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Figure 44 - Third crossing of Test Subject 2: (a) time response; (b) spectrum. (Previously used in
Hawryszkow et al., 2021)

An additional analysis was carried out to investigate the correlation between the
number of pedestrians (and intrinsic vibration levels) and the adoption of interaction
models. By taking the UK NA to BS (2008) as a reference, the number of pedestriansto be
considered in a group can vary from 2 (seldomly used, rurally located footbridges)to 16
(footbridges that serve as primary access to assembly facilities). Then, bearing in mind the
differences previously observed in the modelling effect between force models and dynamic
systems in terms of vibration response, it isworth investigating the effect that the number of
pedestrians may present in terms of thedifference between the (code) approach of modelling

the action of pedestrians as force-only and as dynamic systems interacting with the structure.

For this end, a DLF; of 0.273 (from the group of test subjects in Hawryszkéw et al.,
2021), an individual total mass of 72.3 kg and a crossing speed of 1.51 m/s, were adopted
for this investigation. The pedestrians were considered fully synchronized, as
synchronization would affect both modelling strategies. Consider that the effect of
pedestrians as dynamic systems is dependent on the level of vibration. In this analysis, peak
accelerations changed from 0.29 m/s? for the case of a group of 2 pedestrians to 2.32 m/s? for
the case of 16 pedestrians in the group. The results obtained are shown in Figure 45 in terms

of the peak and RMS acceleration.

Many significant changes occurred between the modelling strategies for the case of
16 pedestrians in the group and for peak values, the latter metric being the one adoptedin
UK NA to BS (2008) to define comfort levels. In that case, a reduction of 25% occurred in the

peak values (maximum acceleration) when pedestrians were modelled as dynamic systems. On
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the other hand, for the small groups, the difference was not significant. It should be noted that
all these values and comments are applicable to this case study only, since this depends on
the footbridge geometry and the level of accelerations produced. However, modelling
pedestrians as dynamic systems was shown to be more realistic from the previous analysis and

led to reductions in the calculated values.
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Figure 45 — Peak and RMS accelerations for models analysed. (Previous used in Hawryszkéw et al.,
2021)

4.1.2 SDOF DBIP model versus SMD model

In this section, the SDOF DBIP model (BM1) performance is analysed for scenarios of
low and high vibration levels, to investigate the model reliability regarding HSI predictions.
For the sake of comparison, results using the selected SMD model (Section 2.4.1) adopting
parameters introduced by Silva & Pimentel (2011) were adopted since promising results were
previously obtained. An initial analysis discusses some of the model limitations concerning the
selection of BM; parameters. For a better visualization of the test’s details, Table 28 gather the

important information from both test structures for the analysis.
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Table 28 — Details of the experimental results of interest for this study and SMD model parameters

Test Structure Zlotnicka Footbridge Aberfeldy Footbridge
Structure Modal mass (1% mode) 22205.8 kg 2547 kg
Damping ratio (&) Variable 0.84 %
Natural frequency (7,) 2.067 Hz 1.59 Hz
Mode shape (¢) From Finite Element Model Experimentally obtained
Accelerometer Position 16m from the bridge edge Mid-span
Maximum Acceleration* 0.14 m/s? 2.14 m/s?
Pedestrian Pedestrian Identification®* TS-P1 TS-P2
Pedestrian total mass 48 kg 80 kg
Pacing rate (f;) Average of 2.07 Hz Average of 1.56 Hz
Longitudinal Speed (x) 1.588 m/s 1.404 m/s (assumed
SMD model Modal Mass (m) 32.62 kg 60.55 kg
param. (Silva &  Stiffness (k) 12578 N.m'! 17100 N.m™!
Pimental, 2013)  Damping (c) 630.11N.s/m 1088 N.s/m

* From filtered signal.
** From now on each test subject will be referred as TS-P1 and TS-P2 for the sake of conciseness.

4.1.2.1 Initial analysis

This study does not focus on discussing each BM; parameter's influence on the gait
stability and GRFs. However, an initial analysis was carried out to select a set of parameters
and initial conditions that reproduce a stable gait on a rigid ground for the upcoming HSI
analysis. It is worth mentioning that no measurements were taken for the contact forces for both
experimental campaigns. The absence of this information leads us to apply the following
approaches to calibrate the GRFs for the simulations: (1) compare their DLFs to values
presented in the literature, (2) verify whether the pedestrian body natural frequency is within

the range appointed in the literature, and (3) reproduce a stable gait.

The analysis carried out in this section disregards the HSI term from the system’s
formulation by considering a null structural mode shape. Except for the step length that should
be calculated based on the step frequency and walking speed to match the experimental results,
BM parameters were initially selected from the expressions from Ruiz et al. (2022) and taken

as a reference despite the absence of the pedestrian height information.

Regarding the GRF simulation, the MF model is based on an approximation for the
experimental GRFs, being calculated as a Fourier Series (Shahabpoor et al., 2016a; Zivanovi¢
et al., 2005; Caprani et al., 2011). It should be noted that this modelling strategy is also an
explicit part of the formulation of SMD biodynamic models so as to reproduce the contact
forces (see Section 2.4.1). In the MF model, Dynamic load factors (DLFs) were introduced to

quantify the contribution of each harmonic component on the total force, and several studies
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presented design values or expressions for such factors (Kerr & Bishop, 2001; Rainer ef al.,

1988; Pernica, 1990; Young, 2001; Butz et al., 2008).

However, it should be emphasized that for all proposed DLFs in Kerr & Bishop (2001),
Rainer et al. (1988), Pernica (1990), Young (2001) and Butz et al. (2008), the step frequency
appears as the only variable. Therefore, these proposals disregard the influence of pedestrian
speed or step length on such parameters. Another noteworthy aspect is that the step length d
can be independent of the step frequency f;, as mentioned by Zivanovié¢ et al. (2022). Hence, a
pedestrian walking with a low step frequency can still have a considerably high speed, bearing
in mind the correlation between speed, step length, and step frequency (v = dyf;). When it comes
to the pedestrian speed influence on the DLFs, and consequently on the GRFs magnitude, some
experimental results (Ruiz et al., 2022) showed that higher speeds for the same step frequency
resulted in a higher DLF for the first harmonic. In turn, BMs do not present any explicit DLFs
on its formulation; instead, the GRFs are a consequence of the model’s movement and the

selection of the gait parameters.

Bearing this in mind, for the investigation of the actual related DLFs resulting from the
BM,, Figure 46a shows DLFs obtained from calculated GRFs due to a BM walking on rigid
ground for TS-P2, adopting the parameters presented in Table 29, and compared them with the
DLFs proposed by the aforementioned studies. It should be noted that a lower speed was
assumed for the BM; (see Set 2), which falls within the range 0.98 — 1.03m/s, applicable to a
step rate of 1.56Hz, according to some studies (Butz et al., 2008; SCI, 2007; ASCE, 1982;
Yoneda, 2002).

As evidenced in Figure 46a, the results achieved using Set 1 of parameters were
significantly higher when compared to the 1% and 2" DLFs from the literature (grey ranges in
Figure 46a). In contrast, by adopting Set 2 of parameters resulted in values closer to the
literature proposals except for Butz ef al. (2008). When the correlation between speed and step
frequency aligns with what is expected from the literature, the DLFs obtained from the BM;
simulations can fall within the range of the literature's proposals. However, when walking at a
higher speed for the same step frequency, pedestrians tend to naturally apply more force to the
ground, implying higher DLFs. BMs might be able to capture this feature in such cases.
Nevertheless, only additional investigations could confirm this line of reasoning as further

explored in this study.
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Figure 46 - (a) DLFs for the first four harmonics and (b) GRF obtained by adopting Set 1 of BM;
parameters including step losing effects (f;= 1.57Hz for 22s <t < 24s)

Table 29 — Set of BM| parameters and initial conditions for the TS-P2.

Set  x(m/s) f5(Hz) mu(kg) Ly(m) kieg(RN/m___ &1ee(%0) o (°) 2o (m/s)
1 1.404 1.56 80 1.14 19.0 13 63.76 -0.307
2 1.000 1.56 80 1.14 19.0 13 70.04 -0.207

In addition, one BM| limitation could be observed, regarding the inclusion of step losing
effects in the model, i.e., a slight variation in the step frequency. It should be noted that the BM;
formulation does not present the step frequency as an input parameter. Any changes in step
frequency (fs) can be introduced by either a change on longitudinal speed (x) or step length (d;).
However, any d; variation led to the model's instability for several step cycles (Figure 46b).
Even more, any adjustments on longitudinal speed for achieving the aimed new f resulted in
insignificant changes in the applied forces. Because of that, any step losing was disregarded in

this section.
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4.1.2.2 SDOF DBIP Model (BM)) reliability

The interaction model (Section 2.4.2.4) intrinsically simulating the bipedal nature of the
walk is adopted to investigate its reliability against experimental data from two lively
footbridges and the influence of the DLFs produced by the BM; on the structural response. The

BM; parameters were chosen based on the discussion presented in the previous section.

The analysis was initially conducted on the test structure with low vibration levels, the
Ztotnicka Footbridge, in order to first examine other aspects of BMi's performance. Some
investigations were carried out for this test structure previously (more details in Hawryszkow
etal.,2017; Hawryszkow et al., 2021). One important finding has a correlation with its possible
high degree of non-linearity. This is because changes in its damping coefficient due to different
vibration levels were identified. It could be observed that only a modal damping (&) adjustment
for the numerical simulations could make the numerical results to follow the measured ones.
With that in mind, for this analysis, a damping coefficient of 2.5% is assumed for the 1% vertical
mode of vibration (disregarding step losings). Furthermore, since this test structure features low
vibration levels (see peak acceleration in Table 28), the HSI has minor influence on the system

response (see Section 4.1.1.2), which enabled other aspects of modelling to be investigated.

In Figure 47a, accelerations obtained from the BM;| numerical simulation due to TS-P1
crossing are compared to the experimental filtered acceleration at the node of interest (see Table
28), and to results obtained by alternatively applying the SMD model. Initially, a DLF; value
of 0.434 (mean value obtained from the literature proposals) was adopted for the SMD model.
It is noteworthy that differences between both simulations (BM; and SMD model) and
experimental data at the descending segment of the curves while TS-P1 crosses the first span
are significant. Nonlinear effects or else a lack of accuracy on the identification of the actual
mode shape could explain these differences, for which the FEM model (Hawryszkéw et al.,

2017) employed for the modal analysis could not predict.

Besides, the BM; overestimated the structure's response compared to the SMD model's
performance, which provided more accurate results. In this matter, to investigate the influence
of the intrinsic DLFs from BM; on the structural response, additional comparisons with the
SMD model are depicted in Figure 46b. When a DLF; of 0.737, which was obtained from the
GRFs of the BM1, was adopted for the SMD model, no great differences were observed between
the model's results. This finding reaffirms that an overestimation of DLFs by the BM; could be
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an issue for a structure's behaviour analysis using such a model even for cases of minor HSI

effects.

Moreover, despite the DLF; from BM is out of the normal range of the literature, only
GRF measurements could confirm its reliability. The lack of this information leads us to believe
that the BM; can overestimate the DLF for the first harmonic, as also concluded by Ruiz ef al.

(2022).

It should be noted that it is still necessary to evaluate whether the overestimation of
DLFs is a consequence of assuming that the longitudinal speed x is constant and equal to the

walking speed v (investigated in Section 4.2).
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Figure 47 - Acceleration at the node of interest for the TS-P1 single crossing adopting BM; (L, =
1.30m, kiee = 18kN.m, &= 13%, 6p = 63.76° and zZ = — 0.307) and compared (a) against experimental
filtered acceleration and SMD model, and (b) against SMD model adopting two different DLFs for the
first harmonic (in red, the peak values obtained by the BM)

The experimental results obtained from the Aberfeldy Footbridge allow the
investigation of the BM’s performance in predicting the HSI effects due to high vibration levels
observed at this structure. The BM; reliability is analysed by comparing its results to the SMD

model simulations and measured accelerations. As for the previous structure, a similar approach
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was considered: adopting a DLF; related to the BM; for the SMD model numerical simulation.
Following this line of reasoning, it is possible to investigate the influence of the DLF;
predictions, and consequently, the GRF predictions, on the pedestrian-structure’s response.

Figure 48 depicts the results.
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Figure 48 - (a) Acceleration at the node of interest for TS-P2 single crossing adopting BM; (L, =
1.30m, kieg = 18KN.m™, &ee= 13%, 0o = 72.65° and z = -0.307) compared against the experimental
filtered acceleration, and the SMD model adopting DLF; from the BM, simulation; (b) GRF generated
from the BM; along with to the respective simulated peak accelerations’ progression of the structure.

As seen in Figure 48a, significant differences between the BM; numerical simulations
and the experimental data were obtained. It should be noted that the DLF value of 0.583 related
to the BM; is considerably higher than the literature proposals (see Figure 46a for the literature
range). In an attempt to investigate whether the lack of accuracy when using the BM; is caused
by an overestimation of DLFs solely, the BM; results were compared to the SMD model
adopting such DLFi, and no great differences were observed between these models’ results.

Therefore, the observed inaccuracy when using the BM; model can be attributed to the
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overestimation of the DLF; value. It's worth mentioning that previously, the SMD model

performed well when adopting a DLF; from the literature and accounting for step-losing effects.

Regarding the changes in the walking pattern due to the HSI, while walking on flexible
surfaces, particularly in resonance conditions, individuals can perceive the vibrations and
attempt to adjust their walking pattern to the structure’s movement. However, how these
changes occur depends on factors that require further investigation. The influence of
acceleration levels is one such factor. This effect is illustrated in Figure 48b. It’s worth noting
that after a certain acceleration level (around 1.2m/s?), the growth of the GRF become more

prominent.

4.1.3 Concluding Remarks

A discussion of SDOF SMD models proposed in the literature to model pedestrians in
HSI studies was presented. It was shown that the formulations proposed to account for HSI
were based on the same concept that the ground reaction force, either on a rigid or on a flexible
surface, is equal to the inertia force of the pedestrian body. In general, this led to an analytical

formulation to represent the coupled pedestrian-structure system.

The formulation presented by Pfeil et al. (2014) made it clear that the ground reaction
force obtained from rigid surfaces (widely used in the literature) can be inserted into the

equations that consider the deformability of the structure.

With a slight modification, this interaction model adopting an SDOF SMD model for
the pedestrian (Pfeil et al., 2014) was adopted to compare the performance of various SMD
parameters proposed in the literature and obtained through experimental measurements with
walking subjects, even though each set of parameters was obtained in different and independent

ways.

Despite the different ways in obtaining the SMD parameters, the different proposals
generally resulted in satisfactory agreement with the experimental result obtained from a
pedestrian crossing a lively footbridge. However, a less accurate response was obtained from
one of the formulations, when the proposed value for the natural frequency of the pedestrian

body was lower.
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An additional simulation investigated the effect of the number of pedestrians on a
crossing group, and an expected increase in the differences between the two modelling
approaches for the pedestrians (MF model and SMD interaction model), revealed that the latter
led to reductions in the structural response, which is positive from the perspective of design.

This highlights the importance of incorporating the dynamics of the body to HSI investigations.

A discussion on the functioning of the DBIP model was also presented, focusing on two
key aspects: (a) the numerical consequences of reducing the model from a 2DOF model (BM>)
to a single-degree-of-freedom model (BM); and (b) the choice of the parameter that governs
the prediction of the next impact point: setting the step length or the attack angle as constant in

the simulations.

The decision to set a constant value to either the attack angle or the step length in
successive step cycles, directly influences the ground reaction forces (GRFs) produced and the
step frequency. It was concluded that, although step frequency is not an input parameter in
DBIP models, setting a constant step length for each step cycle in BM; can indirectly impose
the step frequency, since the longitudinal walking speed is constant in this version of the DBIP

model.

Given this practical application, an interaction formulation adopting BM; was evaluated
and compared to the SMD model performance. BM; was not successful in reproducing the
experimental response, when the pairs of step frequency and walking speed obtained from the
experiments were maintained. In both structures investigated, BM; overestimated the structural
response, and it was concluded that this issue is related to the limitation of DBIP models in
simultaneously simulating the gait parameters v, f; and DLF related to the first harmonic of the
GRFs (DLF1), and not in the interaction contribution. The DLF; values were generally higher

than those commonly reported in the literature.

This observation was further supported when the SMD model, using similar values for
the DLF1, produced similar results to the BM; simulations. Additionally, adaptations in walking
gait in response to the structure's acceleration level significantly increased GRFs, consequently

amplifying the structural response.

For the following analysis, it is important to emphasize that the investigation conducted

in the previous subsection using BM; was performed without experimental ground reaction
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forces (GRFs) for reference, as such data were not available at that stage. An overestimation of
the structural response was observed, with evidence suggesting that it was caused by an
overestimation of the DLF; values across both test structures analysed. To further investigate
the behaviour of the DBIP models and verify whether this overestimation persists, a more
comprehensive experimental dataset — including both kinetic and kinematic data — is now
considered. This extended analysis aims to assess the suitability of the DBIP models for
practical applications and to determine whether their predictive capacity is sufficient or

inherently limited.

4.2 Performance of DBIP models from the S2HI perspective

This section addresses the performance of the DBIP models in their two versions (BM;
and BM>), focusing on gait parameter prediction and their ability to reproduce structure-to-
human interaction (S2HI) effects. The assessment is based on results obtained from the
experimental campaign conducted at the VSimulators facilities (2025). Initially, rigid surface
scenarios are analysed to determine the model parameters used in the subsequent investigations

involving moving surface scenarios (see Section 3.3 for the adopted methodology).

4.2.1 Rigid surface scenarios

For rigid surface scenarios, the simulations aim to investigate the implications of
simplifying the DBIP model by assuming a constant longitudinal speed, as well as the influence
of the choice of the parameter governing the definition of the next impact point in the model's
gait — specifically, by setting ds or 6y for every step cycle. Furthermore, the analyses presented
in this section aim to evaluate the performance of the one- and two-degree-of-freedom bipedal
models (BM; and BM») in simultaneously replicating the three walking parameters (v, f; and

DLF) relevant to civil engineering applications.

Importantly, this study does not focus on a statistical analysis for an application of the
bipedal models, but rather on the performance and peculiarities of modelling the pedestrian's

body with the simplifications previously presented.
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4.2.1.1 Experimental-numerical correlation

First, it is worthwhile to evaluate the model’s ability to replicate a walking gait that
aligns with the experimental results. This preliminary investigation aims to determine whether
DBIP models (BM; and BM>), regardless of their simplifications, can simultaneously reproduce

the three gait parameters (v, f; and DLF/) that characterize the walking gait.

As the objective is to assess the models’ performance through experimental-numerical
correlations, the simulations and analyses were conducted using experimental parameters
extracted from each crossing within the ranges presented in Table 30 (see Tables A.1 to A.3 for

the parameters corresponding to each crossing).

Table 30 - Gait and model parameters extracted from experimental data for each test subject for rigid
surface scenarios

TS Walking Gait parameters DS phase Model Parameters
scenario £ (Hz)  w,,(m/s)  DLF, (seconds) g, (kN/m) L, (m) Eo.erp (1) Ooesp (°)

1 Slow 1.58-1.73 1.07-1.14 0.15-0.22 0.18-0.21 1639-1996 1.16-1.17 840.5-864.8 65.3-67.5
Normal  1.75-1.87 129-147 025-033 0.16-0.17 16.00-18.86 1.16—1.17 865.2-881.2 64.2-66.0
Free 1.71-1.79 122-136 024-031 0.17-0.19 16.14-1832 1.16-1.17 860.9-874.8 64.2—-66.3
Fast 1.98-2.13 150-1.71 035-042 0.12-0.17 20.75-2420 1.15-1.16 869.7-905.6 64.9-68.1

2 Slow 1.61-1.64 099-1.06 0.19-024 0.14-024 1643-1827 1.19-120 919.1-929.7 66.6-67.7
Normal  1.81-193 1.08-1.14 028-033 0.14-022 19.34-2298 1.17-1.18 899.3-9257 67.4-70.3
Free 1.71-1.79 1.05-1.16 022-028 0.14-023 16.47-20.88 1.18-1.20 914.9-9245 66.5—-68.7
Fast 2.10-2.16 127-140 035-039 0.14-0.19 2333-26.18 1.18-1.18 933.7-950.6 69.1-71.8

3 Slow 1.57-1.65 098-1.11 0.17-0.19 0.14-021 1891-1993 1.14-1.14 792.1-799.9 67.3-68.5
Normal  1.82-191 1.07-126 0.19-0.23 0.09-0.19 14.02-2227 1.13-1.14 792.7-806.3 67.2-69.4
Free 1.63-1.74 1.07-1.16 0.17-0.19 0.14-023 1637-1896 1.14-1.15 789.5-797.6 67.4—68.2
Fast 216-222 126-139 024-028 0.14-0.16 2887-33.66 1.12-1.12 7952-811.7 70.5-72.4

However, as expected, certain adjustments to the initial conditions were necessary to
achieve a stable gait. The reasons for these adjustments, their consequences, and specific details

about the simulations are described as follows:

e Aspreviously mentioned, the model's ability to replicate a person's walking gait depends
on predicting the next impact point x,, (for both BM; and BM»), which, in turn, relies on
the choice of a governing parameter: dsor 8. When one of these parameters is set — that
is, defined as an input parameter — the other becomes a consequence of the model's
functioning after convergence (usually by differing from the initial values for t = 0).
From this limitation, DBIP models would be unlikely to be able to simultaneously
predict both experimental values of parameters, ds and 6o. Therefore, since the initial

analyses aim to simulate the experimental gait and given the relationship v = dif;, for
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now, step length ds; was chosen to govern the definition of x,. It worth mentioning that,
if the attack angle 6y was set in the simulations using the mean experimental values as a
reference (see Table 30), it was not possible to reproduce a stable gait with the typical
‘M-shape’ for the GRFs of each foot in most simulations. This can be explained by the
fact that the attack angle is based on an assumption about the position of the CoM and
the foot-point, suggesting that adjustments to this parameter would be indeed necessary.

e For each crossing, initial simulations aimed to determine the initial conditions for t =0
from the models’ post-convergence step cycles. This involved adjusting CoM’s velocity
2(0) and x(0) (the latter for BM> only, once X is fixed for BM), and 6 (as a consequence
of fixing d) to achieve a stable gait with minimal perturbations at the beginning of the
simulation, that is, choosing optimal initial conditions.

e For BMj, although the step frequency f; is not a parameter input, when ds governs the
definition of x, and is set as ds = v/fs, this simplified DBIP model can indirectly impose
a step frequency value. On the other hand, if the attack angle is constant and equal to 6,
achieving the desired step frequency would depend on finding the appropriate 6y that
results in the corresponding step length after convergence. It should be noted that this
does not apply to BM». Since the longitudinal velocity x changes in this model, even
when d; is fixed, reproducing v and f; remains highly dependent on the energy input Eo.
Therefore, for BM>, adjusting the initial conditions of the simulations also required
adjusting Eo, as it depends on the model's initial conditions (see Eq.(30)), and this is
crucial for achieving the target values of v and f;. These insights highlight a potential
advantage of keeping the longitudinal velocity X constant, as the step frequency is the
most important gait parameter for civil engineering applications (Pedersen & Frier,
2010).

e Due to the lack of experimental reference values, ci¢ was calculated using Eq.(21) based
on & values within ranges found in the literature (Ruiz et al., 2022) and was then adjusted
in the simulations to achieve a stable gait and optimize the CoM’s vertical trajectory
(best R-square value). This adjustment was made specifically for the vertical CoM

trajectory, as cieg had little influence on the model’s intrinsic DLFs.

The numerical simulations were conducted following the considerations outlined above.
In these cases, since the pairs of gait parameters v and f; were used as references in the

simulations, the comparisons regarding the models’ performance were based on the DLF;
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values of the GRFs produced by the BM; and BM». To optimize data visualization, only the
numerical results obtained with the optimal initial conditions (2(0), x(0) and o) are presented
in the following. Table 31 presents the adjusted ranges for the attack angle 6y and Energy input

Eo, as well as some other results for further discussions.

The post-convergence attack angle values of the model differed from the experimental
reference values, mostly tending to be higher. In summary, the percentage differences for this
parameter ranged from -3.04% to 6.06%. Similarly, to achieve the desired step frequency in the
BM: simulations, adjustments to the Energy input E¢ were necessary, with percentage
differences ranging from -2.63% to 4.06%. It is worth mentioning that slight variations in the
Eo (within the outcome percentage range) can lead to significant variations in the step frequency

and DLFs (Lin et al, 2020).

Table 31 - Ranges obtained with the optimal initial conditions for rigid surface scenarios (numerical
results), and R? values for the CoM’s vertical displacement.

TS Walking BM, BM, DS phase interval (secs) CoM - R?*
Scenario g, () 00 () Eo () BM, BM, BM, BM,

1 Slow 68.54-70.24  68.56-70.52  837.1 -845.5 0.12-0.13 0.09-0.11 0.29 -0.69 -0.26 - 0.68
Normal 65.65-68.58 66.13-68.95 853.5-880.0 0.11-0.12  0.10-0.11 -0.25-0.51 -0.28 — 0.44
Free 66.88-68.70  66.92-68.94  848.0 —866.5 0.11-0.12  0.10-0.11 0.30-0.69 0.22-0.55
Fast 65.88-68.08 66.67-68.19 884.5-915.0 0.08-0.10  0.06-0.09 -1.35-0.15 -1.41-0.11

2 Slow 70.22-7130 70.23-71.23  907.5-916.3 0.14-0.17  0.13-0.15 0.92-0.97 0.91-0.96
Normal 71.30-72.66 71.09-72.51 904.0-914.5 0.12-0.13 0.11-0.13 0.91-0.97 0.92-0.97
Free 69.81 —71.65 69.82-71.61 907.0-921.0 0.12-0.15 0.11-0.14 0.89-0.99 0.91-0.98
Fast 71.09-7223  71.11-72.27 925.5-942.9 0.10-0.11 0.09-0.10 0.83 -0.99 0.80—0.98

3 Slow 69.63 -71.07  70.07-71.77  790.8 —800.5 0.12-0.13 0.10-0.11 0.64 - 0.90 0.25-0.80
Normal 68.00-7231 68.03-7237 791.6-809.5 0.10-0.14  0.09-0.13 -0.15-0.87 -0.35-0.81
Free 68.83 -70.62  69.06-70.51 792.2-804.5 0.12-0.13 0.09-0.12 0.19-0.78 0.14-0.76
Fast 71.34-73.04 71.87-73.49 801.0-814.5 0.07 -0.08 0.06 —0.07 0.08 - 0.61 -0.08 — 0.63

In general, as observed in Figure 49 and Figure 50 (see Table 30 for experimental
reference ranges, and Figure 52 to Figure 54 for examples of experimental-numerical
comparisons for each test subject), both models presented similar results and overestimated the
DLF; for most of the simulations (96% of crossings investigated). However, for a few crossings
in slow and normal walking scenarios for TS2, BM1 and BM: either accurately predicted all
three gait parameters simultaneously or underestimated DLF1, with errors ranging from -15%
to 59.5% for this test subject (see Figure 50b). The most significant errors were observed in fast
walking scenarios, and this tendency was also observed for both TS1 and TS3. Even at lower

speeds, the simulations for TS1 and TS3 significantly overestimated the DLF; values in the
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respective crossings, with some cases showing values over 100% higher than the experimental

measurements.
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Figure 49 — Comparisons of experimental and simulated DLFs for each test subject.
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Figure 50 — Correlation of longitudinal speed v and (a) step frequency f; and (b) DLF; errors for all
three test subjects. (only the results for BM;are depicted in this figure since similar results were
obtained for BM;)

An important outcome from this analysis lies on the correlation between walking speed
and the errors in predicting the DLF;. As it can be seen in Figure 50b, the DLF; errors (%)
between the values extracted from experimental measurements and the simulated ones were
proportional to the walking speed of the test subject. Bearing this in mind, a possible reason for
the more significant percentage differences for TS1 (41 to 187%) is that, for the same step

frequencies, TS1 exhibited higher walking speeds, as shown in Figure 50a, meaning a greater
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step length. It worth mentioning that the speed-frequency correlation was close to the findings

in the literature for TS1 only (Butz et al., 2008; SCI, 2007).

Importantly, those differences cannot be related to the DLF; and step frequency
correlation once, for example for TS1 and TS2, a similar linear fit for DLF; was identified, as
seen in Figure 51. It is worth noting that the DLFs values for the test subjects fall within the

range from the literature (Table 10).
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Figure 51 — Experimental measured DLFs and respective linear fits.

In this context, it was previously concluded that, when adopting the BM, the DLFs
were smaller — and fell within the ranges found in the literature — when reducing the walking
speed in the numerical simulations. This might represent a limitation for DBIP models in
representing human walking for higher speeds. For instance, in the work of Ruiz et al. (2022),
attempts to match the experimental and numerical footfall forces were difficult to achieve for
speeds falling within the 1.54+ 0.14 m/s range. Those authors brought to attention that
disregarding the geometry of the foot in DBIP models by neglecting the centre of pressure
progression, can increase the magnitude of the vertical peaks of footfall forces for higher speeds
(Whittington & Thellen, 2009). Such differences can be observed in the fast walking scenarios
shown in Figure 52 to Figure 54, where the experimental footfall forces were represented as the

mean curve of all valid footfall forces for the specific crossing.
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The absence of a roller feet (Whittington & Thellen, 2009) in DBIP models could also
account for the discrepancies observed between experimental and numerical footfall force tail
ends, as seen in Figure 52 to Figure 54. In these figures, it can be observed that while the
transition from the DS to the SS phase is more gradual and smoother in the experimental
measurements, the tail end of the footfall forces in the simulations exhibits a more linear
behaviour, with the transition between walking phases being more abrupt. As a consequence,
the foot contact time with the ground, and consequently the DS time intervals, are
underestimated in the simulations (see DS phase interval values in Table 30 and Table 31 for

comparisons), leading to an increase in the total GRFs and related DLFs (Lipfert et al., 2012).

Although the focus of the analysis is on the gait parameters of interest for civil
engineering applications, it is important to mention the experimental-numerical correlation of
the CoM’s vertical displacement. As presented in Table 31, a good agreement was achieved for
most simulations for TS2 adopting both models, with R? values ranging from 0.80 to 0.99,
calculated between the numerical and the mean measured CoM vertical displacement. In
contrast, the prediction of the CoM’s vertical movement for TS1 and TS3 did not have the same
performance. It should be noted that these results align with the models’ performance in terms
of DLF, prediction, for which the smaller errors were found for TS2 (as seen in Figure 49 and

Figure 50).

In summary, matching the three gait parameters (v, f; and DLF;) with the experimental
reference values was not successful due to inherent limitations of the models. The following
subsection presents the procedure used to calibrate the model parameters on a rigid surface, as

a basis for further investigations under moving surface scenarios.
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Figure 52 — Comparisons of experimental and simulated CoM vertical displacements and step forces
for TS1 in (a) and (b) slow walking (crossing 5), (¢) and (d) normal waking (crossing 7), (e) and (f)
free walking (crossing 4), and (g) and (h) fast walking (crossing 8) scenarios, adopting parameters
from Table A.1
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Figure 53 — Comparisons of experimental and simulated CoM vertical displacements and step forces
for TS2 in (a) and (b) slow walking (crossing 5), (¢) and (d) normal waking (crossing 4), (e) and (f)
free walking (crossing 4), and (g) and (h) fast walking (crossing 2) scenarios, adopting parameters in

Table A.2
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Figure 54 — Comparisons of experimental and simulated CoM vertical displacements and step forces
for TS3 in (a) and (b) slow walking (crossing 5), (¢) and (d) normal waking (crossing 4), (e) and (f)
free walking (crossing 4), and (g) and (h) fast walking (crossing 5) scenarios, adopting parameters in

Table A.3

4.2.1.2 Procedure for gait parameters adjustments

As highlighted by Zivanovi¢ et al. (2022), while the step frequency f; (or some integer
multiple of it) being close to a natural frequency of the structure can lead to an unsatisfactory
vibratory state in terms of serviceability performance, and DLFs influence the magnitude of

such vibrations, the walking speed v is the gait parameter that determines the duration for which
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the structure will be exposed to pedestrian-induced excitation. Therefore, walking speed has

lower priority among these three gait parameters.

Bearing this in mind, Lin et al. (2023) chose to calibrate the DBIP model (Lin et al.,
2020) based on the step frequency f; and DLF; only. Since walking speed was sacrificed in the
process, the model's walking speeds were mostly lower than the experimental measurements
for the sixteen test subjects investigated by these authors (errors ranging from -12.6% to 2%),).
However, those lower walking speeds indicate a longer exposure time to vibrations, which
would be favourable from a safety design purpose. It should be noted that the investigated

walking speeds by those authors fell within the range from slow to normal speeds (1.04 to
1.33m/s).

Indeed, prioritizing the DLF of the first harmonic over walking speed v is more
important for structural design applications. Previously, when the performance of BM; was
compared with a SMD model, it was observed that the overestimation of the structural response
when using bipedal models was intrinsically related to DLF values exceeding the expected
ranges found in the literature (Kerr & Bishop, 2001; Rainer ef al., 1988; Pernica, 1990; Young,
2001) and the ones identified in this study.

As discussed in the previous subsection, and considering the near linear relationship
between walking speed and the error in predicting DLF;, adjustments to walking speed v — as
demonstrated by Lin et al. (2023) — are adopted in order to achieve the experimental DLF;. As
these authors considered the attack angle o to be the parameter governing the prediction of the
next impact point x,, searching to match f; and DLF; led to adjustments to o and Eo. On the
other hand, when considering d; fixed (as in the analyses in this study), speed adjustments can
be made by varying this parameter for the same step frequency. It is worth mentioning that
fixing and adjusting the attack angle, 6o, or directly fixing and adjusting the step length for
different speed levels so as to keep the same step frequency, is a matter of choice in the model’s

parameters calibration process for rigid surface scenarios.

Monte Carlo simulations following the calibration process depicted in Figure 38 were
carried out bearing in mind to prioritize f; and DLF;. To this end, only adjustments to v
(intrinsically related to ds), &, and Eo (when needed) were made for each crossing. The ranges

for the simulation parameters are presented in Table 32.



Table 32 — Ranges defined for the Monte Carlo simulations

Walking Scenario v (m/s) & (%) Eo (J)
Slow, normal and free 0.80Vexy — 1.1ve, 3% —13% 0.95Eo — 1.05E¢
Fast 0.70very — 1.1 ver, 3% —13% 0.90Eo — 1.1Eq
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As observed in Figure 50b, significant adjustments in the walking speed were expected

so as to achieve the desired DLF; for higher speeds, which was confirmed by the simulations.

Table 33 summarizes’ the walking speed values that resulted in the target DLF; for the same

step frequency, along with ranges for Energy input Eo and step length d;. Figure 55 illustrates

the experimental and adjusted walking speeds for all crossings of each test subject, suppressing

the results from BM; once no great differences were observed. The walking speed adjustments

for low and normal speeds aligned with the adjustment range reported in Lin et al. (2023).

However, as expected, at higher speeds (above 1.4 m/s), the adjustments exceeded -20%.

Table 33 — Adjustments to walking speed v and Energy input Eo, along with step length d

comparisons
Test Walking speed v Energy input Eo ds (m)
Subject Range (m/s) Variation (%)* Range (J) Variation Experimental Numerical
(Yo)*

TSI 0.92-1.25 -30.0%—--9.9% 827 —852 -6.3% —-1.5%  0.65-0.81 0.56 — 0.65

TS2 0.99-1.24 -12.6%—+3.2% 828 -924 -2.9%—-+0.7% 0.57-0.67 0.56 - 0.64

TS3 0.91 -1.09 -22.7%—--71% 783 -914 -2.8% —+0.7% 0.56—0.70 0.46 — 0.58

* Compared to the experimental measurements.
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Figure 55 — Speed and step frequency correlation after parameters adjustments.
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Figure 56 to Figure 58 present the footfall force and vertical CoM displacement after

parameters calibration for the same selected crossing within each walking scenario under rigid

7 Appendix A presents tables (Tables A.4 to A.6) containing all calibrated parameters for each crossing within

the walking scenarios under rigid surface conditions.
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surface conditions, from the results shown in Figure 52 to Figure 54. Since the calibration of
parameters focused on matching the target values of step frequency (f;) and DLF;, a good
agreement between experimental and numerical footfall forces was not achieved. These results
are consistent with those reported by Lin et al. (2023), in which the footfall force peaks were
generally lower than the experimental measurements. It is important to note that those authors
used treadmills, allowing for more representative footfall measurements due to a larger number
of steps per test subject. Additionally, it was observed a better experimental-numerical

correlation of the CoM’s vertical displacement.
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Figure 56 - Comparisons of experimental and simulated CoM vertical displacements and step forces
for TS1 in (a) and (b) slow walking (crossing 5), (c) and (d) normal waking (crossing 7), (e) and (f)
free walking (crossing 4), and (g) and (h) fast walking (crossing 8) scenarios, adopting parameters in
Table A.4
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Figure 57 - Comparisons of experimental and simulated CoM vertical displacements and step forces
for TS2 in (a) and (b) slow walking (crossing 5), (c) and (d) normal waking (crossing 4), (e) and (f)
free walking (crossing 4), and (g) and (h) fast walking (crossing 2) scenarios, adopting parameters in

Table A.5
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Figure 58 - Comparisons of experimental and simulated CoM vertical displacements and step forces
for TS3 in (a) and (b) slow walking (crossing 5), (c) and (d) normal waking (crossing 4), (e) and (f)
free walking (crossing 4), and (g) and (h) fast walking (crossing 5) scenarios, adopting parameters in
Table A.6

4.2.2 Moving floor scenarios

This section presents a discussion aimed at addressing a gap related to S2HI effects: (1)

how human-induced forces during walking are affected by surface vibrations; and (2) the



138

capability of DBIP models in predicting such effects. First, insights from experimental results
are provided, followed by an analysis of how different vibration levels influence gait
characteristics and the resulting forces. These discussions are grounded in the experimental data
presented in Section 3.3. Given the limitations of SMD models in capturing gait behaviour, they
are not assessed in this section. Instead, the focus is placed on evaluating the performance of
both DBIP model versions (BM1 and BM>) in terms of their functionality and correlation with

experimental results.

Importantly, the following analysis does not aim to investigate how the dynamic
behaviour of structures is affected by the presence of people walking. Instead, the objective is
to assess whether the proposed bipedal models, when coupled with structural systems, are
capable of capturing changes in the pedestrian body's kinetics and kinematics in response to

surface vibrations.

4.2.2.1 Experimental Results Insights

As previously mentioned, the experimental test setup allowed for the collection of
synchronized kinetic and kinematic data for both the rigid surface scenarios and those referred
to as resonance scenarios in Table 21. When it comes to the latter, it is important to discuss

some insights regarding these scenarios in which surface vibrations were present.

The use of metronome beats in the tests guided the test subjects to walk at step
frequencies close to the predefined surface movement of each scenario (see Table 21 for
acceleration peaks and frequency values). From that perspective, the interaction between the
test subject and the moving platform could be investigated based on two main aspects: (1) the
synchronization between the test subject and the platform (their interaction will be referred as
TS-platform from now on), and (2) the phases between them. It is worth noting that a TS-
platform synchronization here refers to a close match between test subjects’ step frequency and
vertical surface frequency — frequency synchronization. Referring to a TS-platform phase

synchronization will be made clear in a few comments.

The TS-platform synchronization relates to the simulation of resonance conditions and
its effects on the S2HI. It is worth to mention that, since a constant walking flow was not
possible due to the experiment’s logistics, even when following metronome beats, the step

frequency could differ from the predefined values (even for rigid surface scenarios — see Table



139

30 for reference). However, when the step frequency was close to the vertical surface frequency,
it was possible to identify instances where the test subjects tended to synchronize with the
platform’s vertical movement, thus representing resonance conditions. Synchronization was
identified by cross-referencing the touchdown (TD) instants with the vertical displacement of

the surface, as shown in Figure 59.
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Figure 59 — An example of cross-referencing touchdown (TD) instants with the vertical position of the
platform for TS1, the slow walking scenario (1.6Hz), and surface acceleration peaks of 1.5 m/s? (pink
dashed lines mark the beginning of each crossing).

It is important to mention the criteria for determining TS-platform synchronization for
each crossing within the specified scenario. As can be seen from Figure 59, for only a few
consecutive steps within some crossings (e.g., last four steps in crossing 5) the interval between

TD instants closely matched the oscillation period of the platform.

So as to extend the criteria for synchronization identification, it is important to highlight
that even for the slow walking scenario and acceleration peaks of 1.5m/s?, the vibrations
amplitudes were around 1.48cm (as seen in Figure 59 and Table 21). Given the small vertical
displacements observed, synchronization was also considered when the vertical position
difference between TDs did not exceed 25% of the maximum displacement, e.g., crossings 3,

8,9, 10 and 11 in Figure 59. A visual analysis was also adopted to confirm it.
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Clearly, for some crossings, the step frequency differed considerably from the
predefined walking rate within the scenario, for example crossings 1 and 2 (Figure 59). For the
numerical analyses, only the TS-platform synchronous cases (47%, 40% and 57% for TS1, TS2

and TS3, respectively) were used as references for the S2HI investigations when applying DBIP

models in Section 4.2.2.3.

It is worth mentioning that the calculated phase between the test subject and the platform

was not used as an acceptance criterion, given that the vertical displacements are not linearly

proportional to the phase angle, as illustrated in Figure 60.
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Figure 60 — Illustrating phases in a typical sinusoidal signal

Based on this criterion, Table 34 presents the number of crossings for which the TS-

platform synchronization was identified.

As observed in Table 34, for most of the crossings in free walking scenarios, a TS-
platform synchronization was not recognized (only 15% of free walking crossings). Since the
test subjects walked freely in such cases (no metronome beats) and given that the crossing
length was short (4m, maximum of 6 steps), there was not enough time for a pacing adaptation
due to the perception of vibrations. Therefore, investigations on changes in walking patterns

when pedestrians perceive vibrations could not be conducted. For this end, the reader is referred

to Zivanovi¢ et al. (2005b).
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Table 34 — Number of crossings for which TS-platform synchronization was identified within each
moving surface scenario (values in parentheses indicate the total number of crossings).

TS  Moving surface scenario

Slow Walk (1.6 Hz) Normal Walk (1.85 Hz) Free Walk (1.85 Hz) Fast Walk (2.2 Hz)
0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
m/s? m/s? m/s* m/s? m/s* m/s? m/s* m/s* m/s? m/s? m/s* m/s?

1 9(12) 7(12)  6(12) 8(12) 12(12) 11(12) 2(16) 3(14) 4(14) 2(14) 2(14) 5(14)
2 2(12) 21100 5(12)  11(12) 12(12) 10(10) 0(12)  0(12)  3(12)  5(12)  0(12)  5(12)
3 8(12)  9(12)  4(12)  10(10) 12(12) 12(12) 0(12)  2(14) 3(10) 10(12) 3(12)  10(12)

Conversely, for 94% of crossings from normal walking scenarios (1.85Hz), a TS-
platform synchronization was identified. A possible explanation is that this frequency is close
to the natural frequency of the pedestrian’s step (assuming a normal distribution — Zivanovi¢ &
Pavic, 2011). Consequently, when guided by metronome beats, test subjects could more easily
adjust their gait to match the platform’s motion, engaging the intrinsic mechanisms of
biomechanical pace adaptation (Caloni et al., 2025). In contrast, slow and fast walking required
test subjects to adopt step frequencies that deviated significantly from their natural gait,
achieving synchronization for just 49% and 38% of crossings within the specific walking

scenario, respectively.

In an attempt to investigate whether the test subjects could perceive the vibrations and
whether the platform dynamics could interfere with their walking pattern according to their
perception, a qualitative approach was applied, as explained in Section 3.3.1. In terms of
vibration perception, all three test subjects reported perceiving the platform's vibrations for all
scenarios investigated. In fact, it was expected that this perception would occur at the
investigated acceleration peak levels. As reported by Zivanovié et al. (2005b), based on
investigations of pedestrians walking in three different footbridges, acceleration levels higher
than 0.33 — 0.37 m/s? in the vertical direction constituted what is referred to as disturbing

vibration levels for the walking pedestrians.

Additionally, Zivanovi¢ et al. (2005b) brought to attention that a disturbing vibration
level depends on the logistics of test’s conduction. They concluded that when adopting
metronome beats, the test subjects could maintain their pacing rate for higher structural
acceleration levels when compared to tests conducted without metronome beats. Hence, this
also highlights that even for acceleration levels of 0.5m/s?, such vibrations can, in fact, disturb

the pedestrian’s free walk.
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Although vibrations were perceived, all three test subjects reported that acceleration
levels of 0.5 m/s? did not affect their walking pattern during free walking, as shown in Figure
61. Possibly given the short crossing. Furthermore, they indicated that higher vibration levels
had a greater impact on their gait, with the exception of TS3 in the slow walking scenarios, who

reported that the vibrations did not interfere with their walk.

(a) Slow Walking Scenario (1.6Hz) (b) Normal Walking Scenario (1.85Hz)
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Figure 61 - Test subjects rating results for moving surface scenarios ranging from 1 (vibrations did not
interfere walking) to 5 (vibrations strongly interfere in walking).

Once such TS-platform frequency synchronizations were identified, the second aspect
of the S2HI investigations comes into focus: the touchdown (TD) vertical position at the

platform.

Since the vertical positions of the touchdowns can vary between the minimum and
maximum displacement peaks’ values of the platform (see Table 21 for reference), and in order
to simplify the analysis, the phase between the test subject and the platform (TS-platform phase)

can be divided into four extreme situations, as described in Table 35.

Based on the phase cases in Table 35, Table 36 compiles the number of crossings for
which frequency synchronization was identified specifying the related TS-platform phase.

‘Inter’ in Table 36 refers to intermediate cases in between the ones explained in Table 35.
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Table 35 — Description of TS-platform phase cases

Case  Phase Range (°) Description

1 350-10 e When the test subject stepped in the platform in small (around zero) vertical
displacement levels, meaning the platform velocity was near the maximum
absolute value, and the platform was “moving up”

2 60— 130 e When the test subject stepped in the platform in high vertical displacement
levels, around “maximum peaks”, meaning the platform velocity was small
or null

3 170 - 190 e When the test subject stepped in the platform in small (around zero) vertical

displacement levels, meaning the platform velocity was near the maximum
absolute value, and the platform was “moving down”

4 250 -300 o When the test subject stepped in the platform in high vertical displacement
levels, around “minimum peaks”, meaning the platform velocity was small
or null

Table 36 — Compilation of each TS-platform phase case for each moving surface scenario. "

T TS- Moving Surface Scenario
S platform Slow Walk Normal Walk Free Walk Fast Walk (%)
phase (1.6Hz) (1.85Hz7) (1.85Hz) (2.2 Hz) *
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On one hand, 60% of the synchronous crossings (considering all test subjects) fit the
fourth situation described in Table 35, where the feet stepped onto the platform at the lower
vertical displacement peaks. In this case, the platform tended to move downward (in the same
direction as the foot movement) with near-zero velocities, possibly representing the most
comfortable situation while walking on vibrating surfaces, since the CoM trajectory phase
matches the surface movement phase. On the other hand, for only 6% of the crossings where
TS-platform frequency synchronization was identified, the test subject stepped onto the

platform when its vertical position was at the highest peaks. A possible explanation for this is
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that, in these cases, the foot-platform ‘encounter’ occurred earlier than expected, which can
represent a certain discomfort while walking, in addition to the fact that the surface vertical
movement is opposed to the vertical CoM trajectory. Further discussion in this matter is

presented in the next subsection.

Despite no reports of vertical phase synchronization are found in the literature (Caloni
et al., 2025; Shahabpoor et al., 2016a), this discussion highlights that, for certain levels of
vibration (i.e., vertical displacement amplitudes), a convergence of pedestrian-structure phase
can indeed occur if a preferred (most comfortable) surface vertical position exists where
pedestrians naturally tend to step. However, confirming this would require measurements with

a larger sample of test subjects and longer crossing durations.

After recognition of the TS-platform’s frequency synchronization and phases, it is
possible to evaluate the changes in the applied forces and gait characteristics based on these
two aspects, so the investigation of the S2HI effects can be addressed, as discussed in the next

subsection. Before entering such discussions, an important insight should be mentioned.

Due to the platform's size limitation preventing a continuous straight-line walking flow,
it was not possible to determine whether, even in the case of frequency synchronization, the test
subject would tend to converge their movement to a specific phase with the structure. In other
words, if phase synchronization would occur regardless of the phase at which the pedestrian
begins interacting with the structure: the phenomenon known in the literature as the lock-in

effect (Strogatz et al., 2005; Fitzpatrick et al., 2001; McRobie et al., 2003).

To investigate such effects, tests conducted on longer walking segments or using
treadmills (requiring mathematical methods to isolate each footfall force — Shahabpoor & Pavic,
2018; Lin et al., 2023) could yield results that facilitate this analysis. However, there are one
important factor to consider. It relates to the fact that, in real situations, a pedestrian would not
be subjected to constant vibration levels while crossing an existing structure. Therefore,
investigating this phase shift (adapting until achieve a lock-in effect) in the vertical direction
using treadmills would only be realistic if the tests can simulate real vibrations while
considering the structure's mode shapes. Thus, analysing resonance conditions in which the
pedestrian is in different phases with the structure in the vertical direction is a representative

approach.
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4.2.2.2 Experimental gait parameters correlation

This subsection presents comparisons between gait parameters from moving surface and
rigid surface experimental measurements, so as to discuss the S2HI effects. Additionally, it is
discussed the influence of stepping in the structure in different phases in the gait parameters

(walking speed v and DLF; — and related induced forces).

Initially, the discussion is based on all measurements from the moving surface scenarios,
including those where TS-platform synchronization was not detected. The goal is to analyse, in
general, whether pedestrians tend to adapt their speed and exhibit variations in DLFs for the
same step frequency. Since DLFs influence vibration amplitudes, the initial discussions aim to
assess whether surface vibrations can indeed induce variations in GRFs, which play a
fundamental role in the HSI phenomenon. Figure 62 to Figure 64 present the correlation of step

frequency and DLF; for each respective test subject.

The analysis of DLFs reveals that, in general, the DLF; values were higher compared to
those obtained in scenarios involving a rigid surface. On average, the DLF; values exhibited
the variations presented in Table 37 to Table 39 and Figure 65 to Figure 67 (for better
visualization), respective for each test subject, comparing the mean DLF; values for the
indicated step frequency range from the moving surface scenarios with the mean value of the

curve fit obtained for the rigid surface scenario within the same step frequency range.
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Figure 62 — Correlation of DLF; and step frequency f; for moving surface scenarios compared to rigid
surface scenarios for TS1.
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Figure 64 — Correlation of DLF, and step frequency f; for moving surface scenarios compared to rigid
surface scenarios for TS3.

Importantly, the non-synchronous cases (also presented in Figure 62 to Figure 64) do
not differentiate whether the pedestrian stepped onto the platform while it was moving upward

or downward, given the fact that an expressive variation on the phases was observed (e.g.,

crossings 1 and 2 in Figure 59).

Table 37 — Percentage differences between mean DLF,; from the moving surface scenarios and from
the rigid surface scenarios by step frequency ranges for TS1.

Accel. f; (Hz)

Peaks 1.5<f< 1.6 fs 1.7 fs 1.8<fs 1.9<fs 2.0 fs 215 fs 2.25fs
(m/s?) 1.6 <1.7 <1.8 <1.9 <2.0 <2.1 <2.2 <2.3
0.5 +33.1% +12.6% +16.9 -5.2% +17.9% +4.9% -

1.0 +55.6% +26.3% +17.8 +26.9% +18.3% +9.8% -8.6% -

1.5 +77.0% +41.6% +39.2 +31.1% +41.7% +30.4% +8.3% +13.7%

(*) In red the ranges for which acceleration level/DLF absolute differences were not directly proportional
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Table 38 — Percentage differences between mean DLF; from the moving surface scenarios and from

the rigid surface scenarios by step frequency ranges for TS2.

Accel. fs (Hz)

Peaks 1.5<fi< L.6<f: L7<f; 1.8<f, 1.9<f; 2.0<f; 2154 2.2<f,
(m/s’) 1.6 <1.7 <1.8 <1.9 <2.0 <.l 2 .3
05 +38% +13.1% 11% +12.5% -16.3% +12.5% 12.4% 29.5%
1.0 +75.7% +23.9% +11.4% +18.1% - +13% 21.2% -29.4%
1.5 +1064%  +45.5% +15.3% +59.4% - - -28.7% -40%

(*) In red the ranges for which acceleration level/DLF absolute differences were not directly proportional

Table 39 — Percentage differences between mean DLF,; from the moving surface scenarios and from

the rigid surface scenarios by step frequency ranges for TS3.

Accel. fs (Hz)

Peaks 1.5<f< 1.6 fs 1.7 fs 1.8<fs 1.9<fs 2.0 fs 21 fs 2.2 fs
(m/s*) 1.6 <1.7 <1.8 <1.9 <2.0 <2.1 <2.2 <2.3
0.5 +39.7% +19.8% +2.5% +31.5% +19.8% +3.3% +0.9% -6%
1.0 +70.2% +34.8% +36.1% +60.9% +57.6% +22.9% +0.7% -

1.5 +91.3% +83.3% +19.9% +91.3% - - -13.7% -

(*) In red the ranges for which acceleration level/DLF; absolute differences were not directly proportional
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Figure 67 — Percentage differences between mean DLF; from the moving surface scenarios and from
the rigid surface scenarios by step frequency ranges for TS3.

To evaluate the influence of the TD-platform phase for synchronous crossings
exclusively, Figure 68 to Figure 70 presents the same results as before, but with non-
synchronous crossings suppressed. Additionally, the figures differentiate between the phase
conditions as defined in Table 35. For comparison purposes, a linear curve fit for DLF; derived

from the rigid surface scenarios is also included.

As observed from Figure 68 to Figure 70, the increase in the DLF; trend was particularly
evident in the most common phase case (fourth case in Table 35 —red star in Figure 68 to Figure
70), where the pedestrian's interaction with the platform resulted in amplified dynamic effects

(discussed later).
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Figure 68 — Correlation of DLF, and step frequency f; for moving surface scenarios compared to rigid
surface scenarios for TS1
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Figure 69 — Correlation of DLF; and step frequency f; for moving surface scenarios compared to rigid
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Figure 70 — Correlation of DLF; and step frequency f; for moving surface scenarios compared to rigid

surface scenarios for TS3

Importantly, the observed differences in DLF; values were not only greater (mostly) but

also proportional to the acceleration levels. This suggests that as the platform's acceleration

increased, the dynamic response of the pedestrian-induced loads became more pronounced,

leading to elevated DLF values. This trend was not observed for only three comparisons for

specific ranges for TS1 and TS3, given the sample within the range were not representative for

all TS-platform phase cases investigated (see ranges in red in Table 37 and Table 39, and Figure

62 and Figure 64).

However, it is still necessary to assess whether these variations in the DLFs of the first

harmonic of the GRFs result from significant changes in walking speed (intrinsically linked to

step length), given the proportionality between these variables (Zivanovi¢ et al., 2022), rather
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than solely from the vertical movement of the surface. Figure 71 to Figure 73 presents the

correlations between step frequency and walking speed for the respective test subjects and all

acceleration levels investigated.
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Figure 71 — Speed and step frequency correlations for moving surface scenarios compared to
measurements on rigid surface scenarios for TSI
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Figure 72 — Speed and step frequency correlations for moving surface scenarios compared to
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What could be observed from the experimental measurements is that there is no evident
relationship between variations in walking speed v and the DLF; values, despite the walking
speed values being sparser for surface accelerations of 1.5 m/s? for all three test subjects. This
sparsity may be a consequence of different adaptation needs due to vibrations while walking,
as well as the vertical position at which the TDs occurred. In fact, even when the test subject
reduced their walking speed, DLF; values were higher in certain cases — for example for TS1
and fast walking scenario — suggesting that lower speed did not necessarily mitigate dynamic

amplification in moving surface scenarios.

Furthermore, another aspect that supports this interpretation is that, despite the absence
of significant changes in step length across all three test subjects at acceleration levels of
0.5 m/s?, DLF; values increased by up to 40% (slow walking) on average compared to the rigid

surface scenarios.

Therefore, the variations in DLF; values in the moving surface scenarios cannot be
attributed to changes in walking speed (i.e., shorter, or longer, step length ds due to the
perception of vibrations). Instead, there is evidence that the significant variations in DLF; are

chiefly due to the movement of the structure.

To better understand how surface movement and different phases influence GRFs and
related DLFs, the following analyses are based only on the cases where TS-platform frequency
synchronization was detected. The reason for this relies on the fact that the mean footfall force
within crossings could not be representative in cases where the test subjects’ step frequency
significantly differed from the surface vertical frequency. For example, in the fast-walking
scenario (2.2 Hz) with a surface vertical peak acceleration of 1.0 m/s? for TS2, none of the
crossings were synchronous, as seen in Figure 74, where a great variation of footfall forces was
observed. This contrasts with cases where TS-platform frequency synchronization was
identified for all crossings within the scenario, such as the normal-walking scenario (1.85 Hz)

with a surface vertical peak acceleration of 1.0 m/s? for TSI, as seen in Figure 75.
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Figure 74 — Example of mean footfall forces for a scenario where TS-platform synchronization was
identified for every crossing (TS2, fast walking, surface acceleration of 1.0m/s?)
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Figure 75 — Example of mean footfall forces for a scenario where TS-platform synchronization was

identified for every crossing (TS1, normal walking, surface acceleration of 1.0m/s?)

At this point, it is important to mention that the exclusion criteria for footfall force
measurements based on the R? value from the leg force-length curve fit (Lipfert et al., 2012) —
described in Section 3.3.2.1 — do not apply to measurements from moving surface scenarios,
since the aim here is to evaluate changes in applied forces rather than to extract model
parameters. However, footfall forces depicted in Figure 74 and Figure 75 (and from this point
forward) do not include measurements in which side-by-side force plate readings overlapped

during the double support (DS) phase.

In comparative terms regarding the TS-platform phase (depicted in Figure 76 and Figure
77 — more examples in Appendix B), observations from synchronous crossings provided
insights into the influence of the foot’s TD vertical position on the platform by analysing two
extreme cases: phase cases 2 and 4 from Table 35. When the test subject, walking with a step
frequency close to the platform’s vertical frequency, stepped onto the platform while it was at
its highest (or near-highest) vertical displacement level (phase case 2), the first footfall force

peak (during the foot’s initial support phase) tended to increase (as seen in Figure 76c¢).
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Figure 76 — TD vertical positions at the platform, GRFs and single footfall force for TS1, slow
walking, moving surface scenario (frequency of 1.6Hz and 1.5m/s?): (a), (b) and (c) phase case 2; (d),
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A possible explanation is that, since the foot-platform ‘encounter’ occurred earlier than
expected, the swinging (trailing) leg was not fully ‘relaxed’ at touchdown — in other words, it
remained more rigid (Carl et al., 1994). Furthermore, during the foot’s final support phase, the
platform was moving in the same direction that the foot was preparing to lift off, which could

explain why the second footfall force peak was smaller, as seen in Figure 76c.

It is worth mentioning that there was no evidence that an increase or decrease in GRFs
would occur for the same step frequency in such cases. Among the 20 crossings where this
phase case was detected, the test subject could either walk faster or slower to maintain balance,
influencing the DS phase interval and consequently the DLFs. Only a larger sample would
confirm whether there is a tendency for changes in the DLFs in these cases. What was observed,
however, is that for similar walking speeds (without significant differences), DLF tended to be

lower.

Conversely, for the opposite phase case, where the foot stepped on the platform when it
was close or at its lowest vertical displacement levels (phase case 4), the DLF; was higher than
the values obtained for a rigid surface, even at lower walking speeds (see Figure 68 to Figure
70 for reference). Based on the walking biomechanics (Carl et al., 1994), a possible explanation
for the observed increase in the second footfall force peak could be that, since the foot tends to
be more rigid when preparing to lift off, acting as a rigid lever, when the platform is moving in
the opposite direction as the foot — in other words, "escaping" from the foot — its rigidity should

increase, thereby promoting the necessary propulsion to lift off the platform.

Additionally, a deeper mid-stance valley peak was observed for such phase case. It can
be explained by the fact that at the mid-stance period, when the foot is in full contact with the
ground, the platform is moving up, in opposite direction to the gravity, reducing the leg’s
rigidity. It is important to emphasize that this was the most common TD-platform phase case

among the crossings where frequency synchronization was detected.

The same tendency was observed for lower surface vertical displacements, as seen in
Figure 77. However, as expected, the changes in the applied forces were smaller, highlighting

that vertical surface movement indeed plays a crucial role in the S2HI.

Although the focus here was on the synchronous crossings (TS-platform frequency
synchronization) and the extreme phase cases described in Table 35, the same pattern for

1solated footfall forces was detected from all kinetic versus kinematic data from moving surface
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scenarios not mentioned in this analysis, as can be seen in Figure 78. This figure presents two
examples of non-synchronous crossings: in Figure 78a and Figure 78b, an example of a
descending TD vertical position within the crossing, and in Figure 78¢c and Figure 78d, an
example of an ascending TD vertical position within the crossing.
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Figure 78 — Example of correlation of TD vertical position and GRFs for two different non-
synchronous crossings — (a) and (b) for crossing 2 (descending TD vertical position), and (c) and (d)
for crossing 7 (ascending TD vertical position) — (TS3, free walking and surface vertical acceleration

peaks of 0.5m/s?).

As observed in Figure 78, the TD vertical position is proportional to the peaks of the
isolated footfall forces, resulting in sharper peaks, and to the total GRFs, implying an increase
(in the case of a descending TD vertical position) or a decrease (in the case of an ascending TD

vertical position) in the DLFs.

At this stage, it is important to emphasize that the guidelines and standard approaches

(see Section 2.2) typically neglect the dynamic behaviour of the human body — despite its well-
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documented influence on structural response (Shahabpoor et al., 2016a). Moreover, these
approaches often fail to consider the overlapping of footfall forces during the double support
(DS) phase, a factor considered to significantly affect human-induced loads (Cai et al., 2019).
As a result, the formulations for human walking models — such as the Moving Force model —
are predominantly based on measurements carried out on rigid surfaces, limiting their accuracy

for more realistic conditions where vibrations are present.

However, based on the findings regarding the moving surface experimental results
discussed in this section, it can be concluded that, if indeed there is a preferred vertical phase
when interacting with a structure, and it is when the pedestrian tends to step at the structure
close or at its lowest displacement levels, the DLFs values in reality, tends to be higher when
vibrations are present than those obtained for rigid surfaces (in some cases in this study 100%
higher). This was detected even for slow walking speeds. In fact, only for some crossings where

the phase case 2 was detected (the least common), the DLFs were smaller.

The dynamic load factor estimates adopted by these normative documents may therefore
be underestimating the ground reaction forces in pedestrian modelling for applications where
vibration levels are higher. It is also important to note that these standards and guidelines allow

for acceleration levels even higher than those investigated in this study (see Section 2.2).

In the context discussed in this subsection, an evaluation of the DBIP models is
presented in the following subsection. The aim is to verify if DBIP models have the ability to

reproduce the S2HI effects herein discussed.

It is important to clarify that the goal of simulations using DBIP models to investigate
S2HI effects is not to propose a set of parameters for different vibration levels to which
pedestrians would be subjected. There is little practicality in proposing changes to these
parameters based on vibration levels, as in real situations, vibration amplitudes are
unpredictable due to the continuous update of vibrations resulting from HSI. However, it is
important, based on measurements from rigid surface scenarios, to investigate whether DBIP
models’ functioning can reflect the changes in the applied forces under different vibration levels

and also to discuss their degree of reliability from the S2HI perspective.

In terms of human-to-structure interaction (H2SI), since it has been established that the
issue with bipedal models relies solely on the overestimation of DLFs when attempting to

simultaneously reproduce the gait parameters of walking speed v and step frequency f; pairs,
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the subsequent analysis will be carried out using the calibrated parameters (adjusting the
walking speed v, £ — and E¢ for BM»), as the focus is on step frequency f; and DLF; (from
Tables A.4 to A.6).

Additionally, the following analysis, investigating the DBIP model's capability of
reproducing S2HI effects, relies on experimental data extracted from crossings where frequency
synchronization was detected. It is worth noting that despite the numerical simulations will not
address HSI as a whole but focus exclusively on its S2HI component, some discussions

adopting the HSI formulation are presented.

The aim is to evaluate the influence of the DBIP model’s simplifications (reducing it to
a SDOF model) and functioning when vibrations are present. First, the numerical consequences
of selecting the parameter that governs the prediction of the next impact point x, are presented
for both BM| and BM,. Later, numerical results are provided so as to qualitatively assess the

models’ reliability.

4.2.2.3 Numerical simulations using DBIP models

As a first step, the analysis must focus on evaluating the functioning of the DBIP models
under vibratory conditions. This is essential to understand how the models respond to structural
excitation before investigating their ability to reproduce structure-to-human-interaction (S2HI)

effects.

As mentioned in Section 4.2.1, setting the step length d as constant in the simulations
can be advantageous when applying the SDOF DBIP model (BM1) for rigid surface scenarios,
as the step frequency can be imposed given the v = fids relationship. However, it is still
necessary to assess the implications of the choice of the parameter that governs the next impact

point in the DBIP models’ functioning when vibrations are present.

Importantly, the focus of the analysis in this subsection is not on experimental-numerical
comparisons. Because of that, only two crossings and respective calibrated parameters for each

DBIP model presented in Section 4.2.1 are used as a reference, as shown in Table 40.

Initially, once the focus is on S2HI investigations, the DBIP models’ formulation
incorporates the surface movement as described in Section 2.4.2.2. To investigate resonance

conditions, the platform vertical frequency was slightly adjusted to match the experimental step
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frequency of the sets investigated (sets 1 and 2) in Table 40. Sets 3 and 4 are reference for
further investigations when applying the HSI formulation (Section 2.4.2.4).
Table 40 — Sets of DBIP model parameters for BM; and BM; and related DLF; from rigid surface

scenario chosen for model’s functioning investigation (TS1, slow walking and surface vertical
acceleration peaks of 1.5m/s?)

SET DBIP f v DFL: L, Kieg g 0o Eo #(0) %(0)
model  (Hz) (m/s) (m) (kN.m) (%) © ) (m/s)  (mls)

1 BM, 1.61 0.93 0.15 1.16 18.66 127 72.1 0203 -

2 BM: 1.61 0.92 0.15 1.16 18.66 8.9 722 828.13  -0.162  1.02

3 BM, 1.59 0.96 0.17 1.16 18.60  6.24 715 0.199 -

4 BM: 1.59 0.94 0.17 1.16 18.60 1065 716 829.57  -0.165  1.06

(*

)Sets 1 and 2, for crossing 8; Sets 3 and 4 for crossing 5.

For the simulations, four phase angles were established for the first TD at the moving
surface: 0° 90°, 180° and 270°, representing the phase cases described in Table 35. It was
analysed how the models behave given this phase conditioning in both situations: setting step
length d, or attack angle 6y as constant in the simulations. Figure 79 and Figure 80 present the
results for BM; and BM;, respectively. Although the discussions presented below are based on
the highest vibration levels investigated in this study (surface frequency and acceleration peaks
of 1.6Hz and 1.5m/s?, respectively), the conclusions are relevant to the other moving surface

scenarios.

It was observed that, for BMi, considering constant vibration levels, the impact of
setting either ds or O as fixed in the simulations does not affect the walking gait (based on the

relationship v = fidy) but the induced forces only (see DLF; values in Figure 79).

When setting ds = dso, the BMi1 model is forced to step on the structure at the same
vertical position from the first TD in resonance cases, as seen in Figure 79a, c, e, and g. In those
cases, the initial conditions tend to converge to different values than those reflecting a stable
gait from rigid surface scenarios (vertical velocity Z and attack angle 0o at the TD). Additionally,
the DLFs vary depending on the first TD phase angle at the platform. BM2 did not perform well
under those conditions, given the great variation in step frequency, as can be seen from Figure

80a, c, e, and g.
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Figure 79 — TD vertical position for BM; adopting set 1 of parameters in Table 40, (a), (c), (e) and (g)
for setting step length dj, for initial phase angle of 0°, 90°, 180° and 270°, respectively; and (b), (d), (f)
and (h) for setting attack angle 6, for initial phase angle of 0°, 90°, 180° and 270°, respectively.



—_
=
—

Displacement (m)

=
-

Displacement (m)

=
S

Displacement (m)

==
©

Displacement (m)

0.04r1

0.02

-0.02 ¢t

0.04

0.02

o

-0.02 ¢t

0.04r1

0.02

-0.02 ¢t

0.04

0.02

o

-0.02 ¢t

Settmg d : First TD at 0° phase

f = 1.87+0. 05 Hz
DLF, =NaN
Lv = 1 .06 m/s

— Platform vert. movem.
® TD vert. position

15

20
Time (s)
Settmg d : First TD at 90° phase
f, = 1.8720. 04 Hz | — platform vert. movem.
DLF, =NaN ® TD vert. position
v= 1.07 m/s
| ' ] k ' ] “ , ' I ' l I ’ |
I
5 10 15 20
Time (s)
Settmg d : First TD at 180° phase
fy = LBEH, 04 Hz | — platform vert. movem.
DLF, =NaN ® TD vert. position
Lv = 1.07 m/s
I ‘ | ‘ | l | ‘ | ‘ |
| | | [ [
5 10 15 20
Time (s)
Settmg d : First TD at 270° phase
f, = 1.8720. 04 Hz | — platform vert. movem.
DLF, =0.43 ® TD vert. position
v= 1.06 m/s
Linls "1 *'1
r ' M| ! ' f '
[
5 10 15 20
Time (s)

—_
=
—

Displacement (m)

_
o
L=

Displacement (m)

5

Displacement (m)

—_
=
L=1

Displacement (m)

0.04 f

0.02

-0.02 ¢

0.04 |

0.02

(=]

-0.02 ¢

0.04 f

0.02

-0.02 ¢t

0.04 |

0.02

(=]

-0.02 ¢

Settmg 0 First TD at 0° phase

= 1611001 Hz
DLF, =0.29

— Platform vert. movem.
® TD vert. position

Lv= 1.01 m/s

“IIIlIHIHIHIHIHIHIHI]

il

5 10 15

20
Time (s)
Settmg 0 First TD at 90° phase
f, = 1.610. 01 Hz — Platform vert. movem.
DLF, =0.29 ® TD vert. position
v= 1.02 m/s
“HHI|H|H|H|H|H|H|H|
Il
J
5 10 15 20
Time (s)
Settmg 0 First TD at 180° phase
f, = 1.6120. 00 Hz | — platform vert. movem.
DLF, =0.29 ® TD vert. position
Lv= 1.02 m/s
L LLLdaatannifiiantafiifpfind
5 10 15 20
Time (s)
Settmg 6 First TD at 270° phase
f, = 1.610. 00 Hz — Platform vert. movem.
DLF, =0.29 ® TD vert. position
v= 1.02 m/s
“HHlIHIHIHIHIHIHIHIH
il
5 10 15 20
Time (s)

161

Figure 80 — TD vertical position for BM, adopting set 2 of parameters in Table 40, (a), (c), (¢) and (g)
for setting step length dj, for initial phase angle of 0°, 90°, 180° and 270°, respectively; and (b), (d), (f)
and (h) for setting attack angle 6, for initial phase angle of 0°, 90°, 180° and 270°, respectively.
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When the step length d is free to converge, meaning the attack angle 6y is the constant
walking gait parameter, the vertical position of the TDs tends to converge to a specific phase
angle, regardless of the DBIP model version and the initial phase at the beginning of the
interaction. For both models, despite converging to different phase angles (199° and 161°, for
BM; and BM>, respectively), the TDs vertical position converged to the descending movement

of the surface.

It is worth noting that, since the experimental results did not confirm whether phase
convergence occurs — or what it would be — it is not possible to conclude whether this

convergence is realistic.

Furthermore, in the moving surface scenario investigated, the walking speed increased
in 11% when adopting BM> while setting 6y as constant in the simulations. This was also
detected for the remaining scenarios, with speed variations ranging from 1% to 11%,

proportional to the vibration levels.

In addition to the analysis that adopts the DBIP model formulation while incorporating
surface movement, this study also examines the model’s behaviour when vibration levels
increase proportionally to the interaction time with the structure. This is achieved by applying

the HSI formulation from Section 2.4.2.4.

The chosen test structure was the Aberfeldy Footbridge (refer to Section 3.2.1 for
details). To simulate resonance conditions, crossing 5 from the rigid surface and slow walking
scenario for TS1 was selected — sets 3 and 4 in Table 40 for BM; and BM, respectively. This
choice was based on the close match between the pedestrian step frequency and the structure’s
first-mode natural frequency, as shown in Table 18 and Table 40. Once the focus is on

resonance conditions, only the first mode is considered.

As this is a numerical analysis of forced vibration caused by a single pedestrian, it is not
possible to consider different phases between the pedestrian and the structure. Instead, only
phase convergence is analysed, taking into account the gradual increase in vibrations and
analysing possible variations in step frequency. Figure 81 presents the numerical TD vertical
position at the test structure from BM1 and BMz coupled with the structure, both considering
setting ds or Op as constant in the simulations, and Figure 82 presents the step frequency variation

from the respective HSI formulation (for BM; and BM»).
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As observed from Figure 81, the results confirm that for BM, while setting step length
as constant, the pedestrian-structure phase tends to remain the same from the first TD (Figure
81a) keeping the same step frequency. Clearly, making step length free to converge leads to a
phase convergency (Figure 81b) but presenting variations in the step frequency (slower)

proportional to the vibration levels (Figure 82).

Different than the previous analysis under the same conditions, BM> performed better
when considering a gradual increase in the vibration amplitudes and choosing step length as
constant (Figure 81c), despite a clear step losing detected, as seen in Figure 82. For this DBIP

model version, regardless of choosing ds or 6y as constant, an increase of step frequency was

observed.
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In general, it was clear that, unlike applications for rigid surface scenarios, the choice
of the parameter that governs the prediction of the next impact point in moving surface scenarios
— or from the HSI perspective — is not just a matter of a mathematical approach influencing the
model’s practicability, but also plays an important role in the simulation of vibrations inherent
to changes in the applied forces and walking gait. It is still worth investigating whether
considering the beginning of the step as the vertical leg orientation (VLO) would lead to

different phase angles in the simulations.

The aim of the next subsection is to present numerical results for moving surface
scenarios, considering all crossings where TS-platform frequency synchronization was

identified — more specifically, the four phase cases presented in Table 35.

Before proceeding, it is important to emphasize two previously mentioned aspects: (1)
the vibrations simulated in the VSimulator facilities are not representative of real structures, as
the acceleration peak levels remained constant within each moving surface scenario; and (2)
due to the short walking path, phase convergence could not be identified. For these reasons, and
based on the results discussed in this subsection, BM; was selected as the DBIP model for the

subsequent analysis, while d;s was set as a constant in the simulations.

Prior to discussing BM’s performance in simulating S2HI effects in terms of DLF;
predictions, it is important to note that, based on the experimental results, the test subject
maintained the same (or very similar) walking speed for a given step frequency in only a few

measurements. Given this variability — and considering that BM; assumes a constant (unaltered)
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walking speed — quantitative comparisons will not be conducted, as they could lead to

inconsistent or misleading conclusions.

Bearing this in mind, the subsequent analysis aims to examine the trends in variations
of numerical DLFvalues, as well as the changes in the characteristic ‘M-shape’ of footfall force
profiles simulated, given different TS-platform phases and vibration levels. The objective is to
qualitatively assess whether this DBIP model is capable of capturing these variations observed

from the experimental measurements.

Initially, it is analysed the changes in the numerical DLF; values based on different
phase angles (the same phase angles investigated in the previous subsection — 0°, 90°, 180° and
270°) for all crossings from rigid surface scenarios (see model’s parameters in Table A.4 to
A.6). As observed from Figure 83 to Figure 85 (supressing invalid values), similar to the
experimental results, the DLF; values tend to increase when the TDs occurs in the lowest

surface vertical position, that is, phase case 4 represented here by 270° phase.

The opposite trend is observed when the numerical TD occurs while the surface is at its
highest vertical position (phase case 2 — 90° phase), for which a decrease in DLF; values is
detected across all analysed crossings. As previously mentioned, experimental observations for
phase case 2 where the pedestrian maintained a consistent step length for a given step frequency
also indicated a reduction in DLF;. However, due to the limited number of valid synchronous
crossing measurements available for this TS-platform phase, it is not possible to conclusively

determine whether the DBIP models can predict such variations.
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Figure 83 — Variations in DLF; for each TD-platform phase for TS1 and sets of calibrated model
parameters from rigid surface scenarios in Table A.4.
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Figure 85 — Variations in DLF; for each TD-platform phase for TS3 and sets of calibrated model
parameters from rigid surface scenarios in Table A.6.

Additionally, for all test subjects and acceleration peaks investigated, no significant
differences were observed in the numerical DLF; values for phase case 1 (TD at 0° phase) when
compared to the curve fit derived from the rigid surface scenarios. This trend was also observed
in the experimental results, with the exception of TS2, for whom lower DLF; values were
detected — possibly due to a walking speed adaptation (i.e., reduced speed), as correlating Figure

69 and Figure 72.

For most of the experimental measurements where phase case 3 (TD at 180° phase) was
detected, an increase in the DLF; values was observed. This trend can be seen from the

numerical DLF; under the same conditions.
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Although a quantitative approach is not pursued in this subsection, it is worth
highlighting that the trends in numerical variations of DLF; values are consistent with the

experimental results, as seen by comparing Figure 68 to Figure 70 and Figure 83 to Figure 85.

At this point, it is important to evaluate whether the variations in the numerical DLF;
values are a consequence of gait adaptations — such as a shorter stance phase duration — or if
the model is capable of predicting the trends observed in the experimental results regarding

changes in the characteristic ‘M-shape’ of the footfall force.

For the sake of conciseness, only one crossing from each walking scenario — slow,
normal, and fast — was selected for presentation, as similar trends were observed across the
remaining crossings (free walking also suppressed). Figure 86 to Figure 88 illustrate the
numerical footfall forces obtained for these representative crossings under rigid surface
conditions and moving surface conditions, considering all three acceleration peak levels

investigated and the range of TS-platform phase angles (0°, 90°, 180° and 270°).
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Figure 87 — Variations in footfall force for each TD-platform phase for TS2 and sets of calibrated
model parameters from rigid surface scenarios in Table A.5: (a), (b) and (c¢) slow walking crossing 6;

(d), (e) and (f) normal walking crossing 5; (g), (h) and (i) fast walking crossing 2.
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Figure 88 — Variations in footfall force for each TD-platform phase for TS3 and sets of calibrated
model parameters from rigid surface scenarios in Table A.6: (a), (b) and (c) slow walking crossing 5;

(d), (e) and (f) normal walking crossing 4; (g), (h) and (i) fast walking crossing 5;

For the sake of clarity, each phase angle case will be addressed individually, based on

the observations from numerical results depicted in Figure 86 to Figure 88 (footfall forces from

moving surface scenarios compared to the ones from rigid surface scenarios):

e (°phase (orange curves): A reduction in the first peak was observed, proportional to the

increase in the second peak, while maintaining similar stance phase periods. This results

in total GRF peaks comparable to those from rigid surface scenarios, which helps

explain why no great variations in DLF; were observed for this phase angle.
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Experimentally, those tendencies can be seen on the second and third steps from Figure
78c and d.

e 90° phase (blue curves): There was an increase in the first peak and decrease for the
second one for all numerical simulations, as for the experimental results. A slight
reduction in the double support phase was observed (given the reduction in the stance
phase period for the same step frequency). There was no clear correlation between the
shift of the mid-stance valley and the DLF; values when analysing all three test subjects.

e 180° phase (green curves): As for 90° phase angle, there was an increase in the first peak
and decrease in the second one for all crossings analysed, but more pronounced. In fact,
it was observed that these tendencies occurred for the experimental results, as seen in
the third step from Figure 78a and b. There was a clear shift of the mid-stance valley to
the right while keeping the same stance phase duration, possibly explaining the increase
in the numerical DLF; values detected.

e 270° phase (pink curves): There is a tendency for a more pronounced increase in the
second peak of the footfall force, while the variation in the first peak is relatively small
— a behaviour also observed in the isolated GRFs of each foot from the experimental
measurements. Similarly to the experimental curves, a deepening of the mid-stance
valley was also identified. Since this was the most commonly detected phase case in the
experiments (phase case 4), Appendix B presents additional examples illustrating the
influence of platform vibrations on the footfall forces obtained from the experimental

analyses in which this phase case was identified for comparison.

Although the discussion focuses on the changes in GRFs’ ‘M-shape’ for each foot, it is
important to mention that, as observed in the experimental measurements, variations in the

numerical footfall forces increased proportionally with the vibration levels.

In general, the trends observed in the experiments could be reproduced by applying the
BM; formulation with the incorporation of surface motion. BM> may also perform well under
different phase cases in practical applications. However, as previously explained, numerical
analyses using this DBIP model version could not be carried out in this study due to the phase

convergence issues observed in the simulations, as discussed in the previous subsection.
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4.2.3 Concluding Remarks

In this subsection, DBIP models were further investigated through experimental-
numerical correlations using data obtained from the controlled platform. This was motivated by
the poor performance of BM; in reproducing the experimental structural response, even when
experimental values for walking speed (v) and step frequency (fs) were maintained. The
discrepancy pointed not to the interaction contribution itself, but to the model’s limitation in
simultaneously reproducing key gait parameters — v, fs, and DLF (the later overestimated when

compared to values reported in the literature).

This limitation was confirmed through the analysis of both BM; and BM;. For this
purpose, model and gait parameters were extracted by cross-referencing kinetic and kinematic
data obtained from the vibrating platform. The performance of both models was first evaluated
based on measurements taken on a rigid surface under various walking conditions (i.e., slow,

normal, fast, and free walking).

The numerical DLF; values related to the GRFs were generally higher (-15% to 187%)
than the ones extracted from the experiments (in 96% of the crossings investigated), with no

significant differences observed between the two DBIP model versions.

Although this effect was more pronounced at higher walking speeds, it was also evident
at lower speeds. Importantly, a linear proportional correlation between DLF; errors and walking

speed was observed for the three test subjects investigated.

Such findings might appear to be a limitation of DBIP models in performing well at
high speeds. This might imply a step length limit value related to remaining model parameters.
In this matter, DBIP models accounting the foot centre-of-pressure progression have the
potential to soften the footfall force peaks and increase the double support phase interval, in
turn decreasing the total GRFs peaks and related DLFs. Investigate the incorporation of roller-
feet based on experimental-numerical correlation for such purpose can be an alternative to

improve the DBIP models performance.

Investigations showed that more accurate DLF predictions were generally achieved by
lowering the walking speed while keeping the same step frequency. In general, the adjustments

were proportional to the walking speed, ranging from -30% to +3.2%.
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For rigid surface scenarios, since the simplification of the DBIP model did not lead to
significant differences in the numerical response, reducing the model to a single degree of
freedom proved to be advantageous. This is because it eliminates the need to determine the
energy input parameter and allows for the imposition of the desired step frequency, which is a

key parameter in the study of vibrations of pedestrian structures.

The structure-to-human interaction (S2HI) effects were also addressed in this
subsection, and experimental insights into changes in the applied forces and gait parameters
under vibrating conditions were discussed. These discussions were based on measurements

taken on the vibrating platform, considering different vibration levels and walking speeds.

In general, an average increase in the applied forces was observed through the DLF1
values associated with ground reaction forces (GRFs) across all three investigated vibration

levels (surface acceleration peaks of 0.5, 1.0, and 1.5 m/s?), reaching up to +106.4%.

These variations in DLF; values were proportional to the vibration levels, although no
clear correlation with pacing adaptation was identified when analysing the corresponding
walking speed for the respective step frequencies. This corroborates the finding that vibrations

alone can induce variations in human-induced loads.

To better understand the causes of such variations, the interaction between the test
subject and the platform (TS-platform) was analysed from two perspectives: (1) the frequency
synchronization between the step frequency and the platform’s vertical frequency; and (2) the

phase at which foot touchdowns occurred.

After identifying crossings where frequency synchronization occurred (48% of those
investigated), the effect of different TS-platform phases on the induced forces was analysed. It
was clear that changes in the applied forces depended on the TS-platform phase. Stepping on
the vibrating surface at different vertical positions of the platform led to variations in the footfall
force ‘M-shape’ compared to those obtained on rigid surfaces, providing an explanation for the

observed variations in DLF; values.

It was also observed that, among the 209 crossings in which frequency synchronization
was detected, approximately 60% of the test subjects’ touchdowns occurred when the platform
was near or at its lowest position. It is also the case for which the highest increases of DLF1

values were observed. A potential explanation is that the platform moved in the same direction
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as the vertical centre-of-mass (CoM) trajectory, possibly representing the most comfortable

phase of interaction.

In terms of numerically predicting S2HI effects, only the performance of the DBIP
models could be assessed, as SMD models lack the capability to simulate variations in walking

gait.

Initially, the DBIP model's functioning was analysed considering the presence of
vibrations. To this end, a procedure to incorporate surface vertical motion was applied.
Different phase relationships between the pedestrian and the vibrating surface could only be
simulated using BM; with a constant step length (ds). In this approach, the model could
qualitatively predict the trends in variations of the footfall force 'M-shape' and the DLF; values.
In contrast, for the other approaches — BM; and BM; with a constant attack angle 6y — the

simulations consistently resulted in phase convergence.

4.3 Analysis of DBIP models after calibration: accounting for HSI

Since it was observed in Section 4.1.2 that the BM; overestimated the DLF; values when
the experimental walking frequency (f;) and speed (v) were maintained, the objective here is to
investigate whether a reduction in walking speed (v) so as to achieve the DLF; values from the

literature (also observed in this study) can reproduce the experimental peak accelerations.

As the Aberfeldy Footbridge features high vibration levels, the following analysis will
be carried out considering it as the test structure. For this purpose, both DBIP model versions

will be evaluated.

It is important to highlight that the current objective is not to reproduce the acceleration
time-history, as this may not be achievable due to adjustments made to the walking speed.
Moreover, the experimental campaign for this test structure lacks measurements at the

pedestrian degree of freedom, requiring the estimation of unknown gait and body parameters.

As seen in Table 18, the test subject's height is not reported in Pimentel (1997), as it was
considered irrelevant at the time. However, according to the aforementioned author (personal
communication, September 2023), the test subject’s height is estimated to be 1.75 m. This value
will be adopted in the following simulations, as it is essential for calculating certain DBIP model

parameters based on existing proposals in the literature.
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Walking speed v and DLF, values are estimated based on proposals from the literature.
For f; equal to 1.56Hz, an average walking speed (v) value of 1.06m/s are adopted based on
Zivanovi¢ (2012), Butz et al. (2008), and Yoneda (2002). DLF; is estimated based on the
proposals presented in Table 10 (except for Sétra, 2006), providing and average value of 0.22
related to this step frequency.

43.1 2DOF DBIP model (BM>)

The regression expressions presented by Lin et al. (2023) are adopted as a reference to
estimate the BM» parameters. It is important to highlight that, as with those authors, the step

length will be considered free to converge when applying BMo.

Lin et al. (2023)’ regression expressions consider the pedestrian body mass (my), height
(h), step frequency (fs), walking speed (v), and DLF}, as the independent variables to calculate
the remaining model’s parameters (kieq, Ly, Eo, and 6o). For these authors, f;, v and DLF; are the

target but less priority is given to the walking speed v.

Their proposal for modelling pedestrians is based on adjustments to the energy input Eo
and attack angle 6 so as to achieve the target gait parameters values (herein f; and DLF1).
Importantly, those authors do not provide explicit expressions for the initial conditions, due to
the high variability observed. Instead, they adopted a strategy to determine the optimal initial
conditions using a Poincare return map method (refer to these authors for more details). Here,

the optimal initial conditions will be taken from the post-convergence gait.

Those authors indicate an initial estimate for Eo, calculated based on the following

expression:
Ey=1.028m;gL, (46)

Table 41 presents the target parameters and calculated ones through the regression
expressions presented in Table 16 for rigid surface scenarios. As indicated by Lin et al. (2023),
it is necessary to adjust Eo to achieve the DLF; target, and adjustments to 6o so as to achieve the
step frequency target. This process should be repeated until the target pair of f; and DLF; is
achieved. In Table 41 only the first and last trial is presented.
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Table 41 — Trials for TS-P2 body parameters estimation from BM; based on Lin et al. (2023)

Gait Target Calculated Output Stable
Trial ﬁ 1% DLF1 k]gg Lp Eo 90 B ﬂ v DLF1

(Hz) (m/s) value (kN/m) (m) ) ©) (Hz)  (m/s)  value
I 1.56 1.06 0.22 15.04 1.28 1033.7 6893 1.22 1.09 0.213  No
last 1.56 1.06  0.22 15.04 1.28 1029 69.96 1.56 1.13 0.250  Yes

As observed from the results, attempts to achieve the target pair were unsuccessful, as
no stable gait was found for the test subject under those conditions. However, considering that
the DLF target is only an estimate and the obtained value falls within the range reported in the

literature, the final gait trial presented in Table 41 is adopted to assess the model’s HSI

performance.

The numerical acceleration time-history is presented in Figure 89a compared to
experimental filtered acceleration peaks. As observed from these results and previously
discussed in Section 4.2.2.3, no matter if step length is or not free to converge, BM2 tends to
adjust the step frequency due to the increase of vibrations, as seen in Figure 89b. This step
losing led to the disturbances seen in the numerical acceleration depicted in Figure 89a.

Numerically, disturbances happened when the step frequency increased in 10.3% (to 1.72Hz).
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Figure 89 — Results for BM, adopting the set of parameters from the regression expressions introduced
by Lin et al. (2023). (a) Acceleration-time-history, and (b) step frequency variation.

Additionally, the maximum numerical acceleration peak was 2.37m/s?, 11% higher than
the experimental observations. It worth remembering that the DLF; value of 0.22 was not

achieved even for the rigid surface.

A segment of the numerical vertical displacement signal of the structure, marking the
respective TDs, is presented in Figure 90b, along with the GRFs in the same time interval in
Figure 90a. It is possible to observe that during the interaction with the structure, the forces
from each foot vary in accordance with the experimental trends also observed on the vibrating
platform. This indicates that the BM2 model is also capable of capturing the force variations

resulting from the different phases of interaction between the pedestrian and the structure.
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Figure 90 — (a) Total GRFs, and (b) Numerical surface vertical displacement of Aberfeldy marking the
TD vertical positions for BM» adopting parameters proposed by Lin et al. (2023).

432 SDOF DBIP model (BM;)

The simulations conducted with BM; are carried out using the body parameters
estimated by the regression expressions presented by Ruiz et al. (2022) and Ruiz et al. (2023),
for comparison. Both proposals in Ruiz et al. (2022) and Ruiz et al. (2023) adopted the BM;
setting step length d; as constant in the simulations. Because of that, regression expressions for
this variable are also provided (see Table 15). However, once the aim is to simulate the intended

pair of step frequency f; and DLFy, in this study d; is calculated from the relationship v = fid.

The proposals presented by Ruiz et al. in both works consider only the pedestrian body
mass mp, height 4, and walking speed v as the independent variables. For this study, it is analysed

both scenarios: step length dy is considered either constant or free to converge.

Initially, simulations for rigid surface scenarios, assuming a constant d, , were conducted

to find the set of parameters that could closely reproduce the target pair of f; and DLF;, since
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this does not affect the final pair of parameters ds e 0y after convergence. The set was then

adopted to evaluate the BM; performance from the HSI perspective.

Table 42 presents the sets of parameters calculated based on the regression expressions
provided by (1) Ruiz et al. (2023), (2) Ruiz et al. (2022), and (3) adjusted in this study, along

with the resulting gait parameters.

Table 42 — Sets of BM, parameters from (1) Ruiz et al. (2023), (2) Ruiz et al. (2022), and (3) adjusted
based on the findings in this study

Set Input Output
L, kieg & dy Oo* z(0)* fs \ DLF, Stable?
(m) (kN/'m) (%) (m) © (m/s) (Hz) (m/s) value
@) 1.10 21.72 -20 0.68 - - - No
2) 1.11 23.35 7 0.68 69.84 -0.14 1.56 1.06 0.29 Yes
3 1.17 15.60 3 0.68 68.78 -0.24 1.56 1.06 0.24 Yes

* Value after convergence

As shown in Table 42, despite the more robust statistical approach presented in Ruiz et
al. (2023), the regression expressions proposed in that study resulted in a damping ratio (&) of
-20% when applied to the physical characteristics of the test subject and an estimated walking

speed of 1.06 m/s? (Set 1). Because of that, no stable gait was achieved.

When considering the previous proposal by the same authors (Ruiz ef al., 2022), — Set
2 in Table 42 — a stable gait was achieved. However, as the resulting DLF; was 31.8% higher
than the target value, likely due to the high leg stiffness (kig), a third attempt was carried to
reduce the DLF.

For this purpose, adjustments to the test subject’s leg resting length (L,) and stiffness
(kieg) were made. By adopting Set 3 of parameters from Table 42, a stable gait was achieved,
and a DLF; value of 0.24 was obtained. This parameter set is subsequently used for the HSI

investigation.

The functioning of BM; from the HSI perspective is evaluated based on which
parameter is held constant in the simulations — either ds or 6y — and how variations in step
frequency affect the structural response. As shown in Figure 91, adopting BM; does not result
in numerical instability. Even when 6 is kept constant, the step frequency gradually decreases,
in contrast to BM2, where abrupt changes in step frequency can lead to instability. This gradual

step loss may explain the improved results when 6y governs the prediction of the next impact
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point. The numerical acceleration peaks for BM; are 2.82m/s? (+ 31.8%) and 1.92m/s? (-10.4%)

for setting ds and 6o, respectively.
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Figure 91 — Results for BM; adopting the Set 3 of parameters in Table 42. (a) Acceleration-time-

history, and (b) step frequency variation.

As for BM», Figure 92 and Figure 93 present the numerical TD vertical position at the

structure and related GRFs by applying BM| respectively for setting ds or 6o, for comparison.

As observed from both figures, the numerical TDs occurred between 90° and 200° phase with

the structure, leading to a decrease in the second footfall force peak. Trend also observed

experimentally.
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Figure 92 - (a) Total GRFs, and (b) Numerical surface vertical displacement of Aberfeldy marking the
TD vertical positions for BMy, setting d, and adopting the Set 3 of parameters in Table 42.
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4.3.3 Concluding Remarks

The DBIP model (in its single- and two-degrees-of-freedom versions) was reassessed
from the HSI perspective by adjusting the gait in an attempt to achieve the target combination
of step frequency and DLFi. The objective was to verify whether the experimental peak
accelerations could be reproduced in the simulations by modifying the walking speed. The
models’ parameters were estimated either using regression expressions from the literature or

selected based on the findings of this study, with each approach analysed separately.

It was concluded that BM»> with a fixed attack angle and BM; with a fixed step length
overestimated the peak acceleration values, whereas BM; with a fixed attack angle
underestimated them. Furthermore, depending on the adopted approach, step frequency tended
to adapt in response to the vibrations — except for the case of BM; with a fixed step length,

where the frequency remained stable.

Only for BM; with a fixed attack angle, the step frequency was gradually decreasing

with higher vibration levels.
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5 CONCLUSIONS

5.1 General Conclusions

In this study, two simple biodynamic models representing pedestrians walking in the
vertical direction were investigated: the single-degree-of-freedom (SDOF) Spring-Mass-
Damper (SMD) model and the Damped Bipedal Inverted Pendulum (DBIP) model. In addition
to a key discussion on the functioning, formulation, and conceptual differences of these models,
their performance was evaluated by comparing numerical simulations with experimental
results, as well as by comparing the models with each other. The goal was to deepen the
understanding of human—structure interaction (HSI), with particular attention to structure-to-

human interaction (S2HI), which remained underexplored in the literature.

The experimental results used as references in the analyses were obtained either from
measurements on full-scale lively footbridges (from previous studies) or from a purpose-built
platform capable of simulating vertical vibrations relevant to pedestrian walking, on which
experiments with three test subjects were conducted as part of this study. While the Human-
Structure-Interaction (HSI), as a whole, could be investigated in the former, only the Structure-

to-Human-Interaction (S2HI) component could be addressed using the latter.

Although the primary focus in Civil Engineering is often on human-to-structure
interaction (H2SI), the effects of vibrations on human-induced loads (the structure-to-human-
interaction — S2HI) play an important role in the subject. This is because, in order to understand
the HSI in its entirety, it is essential to fully understand how the feedback loop operates. In this
context, one interesting outcome from this thesis relates to S2HI effects: it was experimentally
demonstrated how structural vibrations influence human gait and induced forces — phenomena

often simplified or ignored in most design approaches.

Overall, for the investigated vibration levels, it was observed that the induced forces
depend not only on physical body characteristics and gait parameters (such as step frequency
and walking speed), but also on the vertical relative position of the touchdowns (TDs) at the
vibrating surface, indicating what is referred to as a phase-dependent foot-surface interaction

on force magnitude and related dynamic load factors (DLFs).
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With no clear evidence of a pacing adaptation when comparing the average walking
speeds in scenarios with and without vibrations, it was found that, on average, DLF; values
(related to the first harmonic of ground reaction forces — GRFs) tended to be higher than those
measured on rigid surfaces for specific step frequency ranges. This trend supports the idea that
DLFs increase with higher vibration levels, challenging the common assumption of constant

DLF values typically adopted in structural design codes.

This can be explained by the fact that lower DLF; values (compared to rigid surfaces)
were observed only in a few instances — specifically when test subjects stepped onto the moving
platform at or near its highest vertical displacement. This was the least frequent phase case
recorded, possibly because it represents the most uncomfortable form of test subject-surface

interaction.

By comparing experimental and numerical results across multiple scenarios, this study
revealed how each investigated biodynamic model represents those S2HI trends and where its
limitations lie. These findings offer important insights into the suitability of simplified models
in engineering practice and contribute to addressing the experimental validation gap identified

in the literature.

Regarding model-specific contributions, the SMD model proved effective in simulating
structural response from HSI applications when properly calibrated — mainly through
adjustments in dynamic load factor (DLF) values — especially in scenarios where gait adaptation
is not critical. Its simplicity and direct application make it a practical choice for design purposes,
although it depends on GRFs obtained from rigid surfaces and cannot reproduce walking

adaptations in response to structural vibrations — that is, it cannot simulate S2HI effects.

On the other hand, the DBIP model captured important aspects of S2HI, such as phase-
dependent interactions and variability in GRFs due to vibration levels. While much sensitive
and less stable, it enabled a more detailed representation of human response. Nonetheless, its
performance is dependent on careful parameter selection and was less reliable at higher walking
speeds, given the observed overestimation of DLF; values. This limitation led to inaccuracies

in predicting the structural response.

For this model, a linear correlation was observed between walking speed and errors in
predicting DLF; values (most overestimated), suggesting that DBIP models should be improved

if the goal is to simultaneously reproduce the three relevant gait parameters for applications in
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the design of low-frequency structures, such as footbridges: step frequency, walking speed, and

DLF;.

Bearing in mind the clear influence of the foot touchdown phase relative to the structural
vertical movement on the applied forces, these results underscore the importance of
incorporating synchronization and phase effects into biodynamic modelling efforts. While
DBIP models have demonstrated value in capturing qualitative trends, the findings also
highlight the need for further refinement to enhance their reliability and applicability in

quantitative analyses.

The complexity of applying the DBIP model is also due to its sensitivity to the
parameters defined to simulate gait characteristics during walking. The dissipative nature of the
two-degree-of-freedom (2DOF) formulation requires a mechanism to compensate for energy
loss, which can be disregarded if the model assumes a constant longitudinal speed — effectively
reducing it to a single-degree-of-freedom (SDOF) model. This simplification, in addition to
reducing the number of model parameters to be defined, makes the model more suitable for
practical applications. This is because, beyond allowing the imposition of step frequency and
walking speed in the simulation — which is also achievable when adopting SMD models —, no
significant differences were observed in the numerical responses between the one- and two-

degree-of-freedom DBIP model versions, even in scenarios featuring high vibration levels.

In summary, through numerical simulations and comparisons with experimental data,
this study clarified the role of such biodynamic models — SMD and DBIP models — in capturing
key aspects of human—structure interaction (HSI), particularly the often-overlooked structure-
to-human interaction (S2HI). It compared the performance of both models, highlighting their
respective advantages for different design scenarios, and provided experimental-numerical
evidence to support model validation and future refinements. Rather than proposing a definitive
model, this research demonstrates how each respond under varying conditions and vibration
levels. The results reveal general trends that can guide engineering applications but should be

interpreted considering the limitations of the experimental setup and sample size.

5.2 Recommendations for future research

Recognizing that the primary goal in Civil Engineering is not to model the full

biomechanical complexity of walking, but to understand its effects on structural performance,
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further experimental campaigns with larger samples and more varied vibration scenarios are
necessary. These would help identify the minimum model complexity required for practical

applications and clarify model limitations in more general terms.

Based on the limitations identified throughout the analyses and the opportunities for
further exploration, the following future research directions are suggested to enhance the
understanding and practical application of biodynamic models in the context of human-

structure interaction:

e Expand the sample size and subject diversity to capture inter-subject biomechanical
variability.

e Investigate the performance of DBIP models incorporating roller-foot mechanics to
account for the centre-of-pressure progression to improve force shape accuracy and
better simulate double support phases.

e Calibrate the SDOF version of the DBIP model to reproduce step frequency and DLFj,
aiming to enhance its practicality and relevance for civil engineering applications.

e Perform synchronized full-scale experiments on lively footbridges to validate and
calibrate models under real walking and vibration conditions.

e Explore phase synchronization phenomena in real HSI scenarios to better understand
the influence of timing on applied forces.

e Evaluate whether simplified SMD models, when coupled to structures, can reliably
capture trends in interaction force variations for practical design applications, even
without representing the bipedal nature of walking.

e Develop improved optimization algorithms for calibrating biodynamic model
parameters, aiming at more robust and automatic fitting to experimental gait data.

e Examine the implications of DLF variability with vibration level on current design
codes and propose adjustments where necessary.

e Define the minimum model complexity required to balance simulation accuracy and

practical applicability in structural design process.
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Table A.1 — Gait and DBIP model parameters extracted from experimental measurements and from simulations before calibration for TS1
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Walking Cross Experimental BM, BM,
Scenario f; v DLF] L,, k]eg E() 9() & 90 Z(O) DLF1 Max & E() 9() x(O) Z(O) DLF1 Max
(Hz) (m/s) Value (m) (kN/m) (J) () (%) () (m/s) value (%) Force(N) (%) ) () (m/s) (m/s) value (%) Force(N)

Slow 1 1.73 1.13 0.22 1.16 19.12 864.77 6528 3 70.07 -0.21 0.31 38%  766.02 3 842.00 70.04 1.28 -0.15  0.32 41%  841.89
2 1.59 1.13 0.20 1.17  16.50 85499 6571 3 68.54 -0.20 0.31 57%  779.10 3 845.50 68.56 1.32 -0.13 032 62%  876.68
3 1.64 1.08 0.19 1.16  19.99 848.85 66.81 3 70.24 -0.16 0.28 45%  806.87 4 837.10 70.52 1.28 -0.07 0.28 50%  949.65
4 1.61 1.13 0.19 1.16 18.38 848.78 66.50 3 69.11 -0.17 031 68%  829.80 3 84320 69.38 1.35 -0.07 032 71%  967.41
5 1.58 1.07 0.17 1.16 18.60 846.96 66.51 3 69.80 -0.17 0.26 57%  795.68 5 838.30 70.17 1.27 -0.08 0.27 62%  954.09
6 1.64 1.14 0.19 1.17  17.99 853.79 66.51 3 69.24 -0.19 0.32 63%  813.76 8 845.00 69.59 1.34 -0.14 033 69%  967.63
7 1.58 1.08 0.16 1.16 19.39 849.11 66.59 3 69.69 -0.13 0.28 69%  852.30 8 838.50 70.37 1.31 -0.12  0.29 75% 1056.59
8 1.61 1.08 0.15 1.16 18.66 840.50 6748 3 69.85 -0.18 0.27 73%  777.56 8 838.30 70.22 1.26 -0.13  0.28 79%  928.90

Normal 1 1.83 1.47 0.33 1.17  16.22 881.17 64.16 5 65.65 -043 0.73 123%  994.22 13 880.00 66.13 1.68 -0.42 0.73 124% 1212.96
2 1.75 1.33 0.28 1.16 17.20 865.81 6577 5 67.14 -030 0.52 87%  909.81 13 860.00 67.53 1.54 -0.28 0.52 88% 1101.13
3 1.75 1.33 0.27 .16 17.11 868.34 64.65 5 6697 -032 053 97%  900.64 13 860.00 67.34 1.54 -0.31 053 97% 1084.37
4 1.79 1.38 0.29 1.17  15.87 881.23 6436 3 66.46 -037 0.60 107%  897.99 13 870.00 66.92 1.58 -0.36  0.60 109%  1109.42
5 1.83 1.34 0.30 1.16 17.41 878.51 64.63 3 67.70 -032 053 76%  870.35 13 860.50 68.08 1.51 -0.31 054 78% 1064.64
6 1.87 1.37 0.30 1.16 17.26 874.15 6507 3 67.59 -034 0.58 97%  891.61 13 86520 68.02 1.55 -0.33  0.59 98% 1090.10
7 1.84 1.30 0.25 1.16 18.49 865.79 6598 3 68.58 -0.27 0.48 89%  857.19 13 853.50 6895 1.47 -0.26  0.49 92% 1048.42
8 1.83 1.33 0.27 1.16 18.02 86524 6592 3 67.86 -030 0.53 92%  878.32 13 858.50 68.30 1.52 -0.29 053 94% 1077.49

Free 1 1.80 1.37 0.31 1.17  16.50 874.82 64.19 5 66.88 -037 0.58 88%  908.16 8 866.50 66.92 1.55 -0.32  0.59 91% 1020.90
2 1.72 1.28 0.25 1.16 17.15 868.84 6472 5 67.55 -0.28 047 83%  876.47 8 855.50 67.76 1.48 -0.23 047 84%  997.25
3 1.74 1.28 0.29 1.16 17.32 873.75 6441 3 67.68 -0.27 0.46 59%  854.18 8 85520 67.89 1.48 -0.23 047 62%  991.90
4 1.71 1.26 0.26 1.17  16.84 86840 6522 3 67.76 -0.27 0.44 71%  839.82 8 854.10 68.00 1.45 -0.22  0.44 72%  980.41
5 1.71 1.24 0.24 1.16 18.24 860.20 6547 3 68.21 -0.22 042 76%  860.85 8 849.50 68.56 1.44 -0.18 042 79% 1014.51
6 1.73 1.22 0.24 1.16 17.99 86091 6630 3 68.70 -0.24 0.39 60%  823.65 8 848.00 68.94 1.40 -0.19 040 64%  955.25
7 1.72 1.26 0.24 1.17  16.78 867.13 6531 5 6790 -0.28 043 79%  850.60 8 854.10 68.06 1.45 -0.23  0.44 82%  963.68
8 1.71 1.25 0.26 1.16 17.56 861.18 6531 3 68.09 -0.24 042 65%  853.13 8 852.00 68.37 1.45 -0.19 043 69% 1000.70

Fast 1 2.04 1.64 0.42 1.15 2443 883.62 6698 13 67.00 -0.36 0.88 110% 1395.15 13 897.00 67.39 193 -0.33 0.87 108%  1530.77
2 2.03 1.60 0.36 1.16 21.97 890.72 6647 13 6736 -038 0.84 137% 1307.73 13 895.50 67.60 1.85 -0.35 0.83 134%  1426.35
3 2.02 1.60 0.38 1.16 23.20 903.83 6536 3 66.80 -0.27 0.85 121%  1126.59 13 894.00 67.50 1.87 -0.34 0.84 118%  1451.72
4 2.09 1.67 0.39 1.16 2297 869.69 68.14 3 66.07 -0.43 1.03 161% 1157.62 13 905.00 66.87 1.92 -0.47 1.00 154% 1477.19
5 2.13 1.72 0.38 1.16 21.76 903.82 67.61 3 65.88 -0.46 1.09 189% 1186.88 13 915.00 66.67 1.95 -0.48 1.09 188%  1535.60
6 1.98 1.60 0.36 1.16 22.87 905.63 65.10 13 66.98 -035 0.83 131%  1359.90 13 89470 67.31 1.89 -0.32  0.82 128%  1502.62
7 2.11 1.64 0.35 1.16 22.68 896.13 66.66 13 6738 -043 093 169%  1338.72 13 901.00 67.54 1.88 -0.39 093 168%  1448.77
8 2.01 1.50 0.35 1.16 20.94 897.81 64.89 13 68.08 -0.39 0.74 113% 1159.98 13 884.50 68.19 1.70 -0.35 0.74 113%  1252.67
9 2.09 1.56 0.37 1.16 21.42 87845 67.16 13 6798 -045 0.86 132%  1226.21 13 892.50 68.02 1.75 -0.40 0.85 130% 1312.41
10 2.05 1.58 0.38 1.16 22.04 895.64 6582 13 6738 -045 0.87 128%  1246.72 13 893.00 67.50 1.79 -0.42  0.87 127% 1344.10
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Walking Cross Experimental BM, BM,
Scenario f; v DLF1 L,, k[eg E() 90 & 9() Z(O) DLF1 Max & E() 9() x(O) Z(O) DLF1 Max
(Hz) (m/s) value (m) (kKN/m) () ) (%) () (m/s) value (%) Force(N) (%) J ) (m/s) (m/s) value (%) Force(N)

Slow 1 1.61 099 0.20 1.20 17.11 92551 67.32 13 71.13  -0.20 0.17 -11%  700.23 13 909.00 71.06 1.08 -0.18 0.18 9%  758.80
2 1.62 1.06  0.20 1.19  17.87 920.81 67.39 8 70.55 -0.21 0.23 19%  773.37 13 91250 70.67 120 -0.18 0.24 24%  887.74
3 1.63 1.05 0.24 1.19  17.70 929.20 66.61 13 70.64 -0.22 0.23 5%  771.36 13 912.00 70.63 1.17 -0.18 0.23 2% 85045
4 1.64 1.03 0.21 1.19  17.81 919.11 67.69 13 71.01 -0.21 0.21 -1%  750.79 8 910.50 70.96 1.15 -0.17 022 1% 802.59
5 1.61 099  0.19 1.19  17.93 92632 6741 13 7130 -0.20 0.19 -1%  727.83 8 907.50 7123 1.10 -0.16 0.19 0% 782.97
6 1.62 1.07  0.21 1.20 16.90 929.66 66.82 3 70.22  -0.22 0.23 14%  748.47 8 91630 70.23 120 -0.17 0.25 19%  849.85

Normal 1 1.92 1.11 0.31 1.18  22.17 910.65 69.37 8 7235 -0.22 0.27 -15%  766.42 3 907.00 7222 1.19 -0.19 0.27 -14%  784.08
2 1.93 1.14  0.33 1.18 20.94 912.62 6882 3 72.08 -0.22 0.30 9% 77493 13 91280 72.19 124 -0.20 0.31 -6%  888.30
3 1.89 1.08 0.28 1.17 2297 899.26  70.33 13 72.66 -0.20 0.25 -11%  800.03 3 904.00 72.51 1.18 -0.16 0.25 -11%  807.37
4 1.81 1.12 0.29 1.18  20.39 923.69 67.58 14 7130 -0.23 0.29 -1%  823.22 3 910.00 71.09 1.23 -0.19  0.29 -1%  817.53
5 1.87 .12 0.28 1.18 2232 913.41 69.10 3 71.88 -0.20 0.28 1% 781.36 3 908.00 71.85 1.23 -0.17  0.29 4% 839.11
6 1.89 1.14  0.28 1.18 19.32 92571 6741 3 71.50 -0.24 0.29 5% 753.43 10 91450 7148 1.23 -0.22  0.30 9% 834.24

Free 1 1.71 1.05 0.22 1.18 20.50 91723 68.50 5 71.65 -0.19 0.23 5% 763.56 3 907.00 71.61 1.17 -0.14 0.23 8% 834.71
2 1.72 1.15 0.26 1.19 18.61 924.18 67.68 4 69.81 -0.25 0.31 19%  789.97 8 918.00 69.82 1.28 -0.21  0.32 21%  878.45
3 1.79 1.14  0.28 1.20 17.27 92446 66.50 4 70.30 -0.26 0.30 9% 753.50 8 921.00 70.27 124 -024 031 11%  815.74
4 1.71 1.10  0.24 1.19 18.83 919.66 67.71 3 70.74 -0.21 0.26 10%  770.59 8 91440 70.80 1.23 -0.17 027 13%  870.18
5 1.75 1.08 0.23 1.18 20.38 91490 68.66 3 71.56  -0.20 0.25 6% 762.58 8 909.80 71.60 120 -0.16 0.26 9% 859.87
6 1.74 1.16  0.25 1.19  19.28 92290 67.67 3 70.16 -0.22 0.32 31%  819.02 10 919.00 70.33 1.31 -0.19  0.33 34%  950.87
7 1.71 1.09 0.23 1.19 19.21 92190 68.13 3 70.87 -0.21 0.26 11%  766.42 10 912.80 70.93 1.22 -0.18 0.27 15%  878.34
8 1.74 1.11 0.24 1.19 1792 923.92 6727 3 70.69 -0.23 0.27 10%  750.05 10 91720 70.68 122 -0.21 0.28 14%  841.62

Fast 1 2.13 1.31 0.36 1.18 23.76 94280 69.74 4 7143 -0.28 0.49 35%  884.03 13 933.00 71.60 142 -0.28 049 37%  1028.08
2 2.17 140  0.37 1.18  23.93 94134 69.12 13 71.09 -0.32 0.59 61%  1073.92 13 94290 71.11 1.53 -0.30 0.59 62%  1138.87
3 2.14 1.35 0.39 1.18 24.10 950.37 69.64 13 7144 -030 0.53 36%  1027.04 13 936.80 71.48 147 -0.28 0.53 36%  1088.55
4 2.14 1.34  0.39 1.18  25.63 933.66 70.04 13 71.62 -0.28 0.51 32%  1024.45 13 933.00 71.61 146 -0.26 0.51 32%  1087.71
5 2.14 1.33 0.39 1.18  26.07 944.00 69.06 3 7141 -0.26 0.50 28%  910.64 13 93170 71.65 146 -0.26 0.51 30%  1083.37
6 2.11 1.28 0.39 1.18  25.33 950.64 71.80 3 71.74 -0.25 0.44 15%  864.71 13 92720 7193 139 -025 045 17%  1015.44
7 2.10 127 035 1.18  25.81 941.77 69.70 13 7223 -0.24 043 22%  967.68 13 92550 7227 139 -022 043 22%  1031.96
8 2.13 1.35 0.38 1.18  24.02 93589 70.05 13 7124 -032 0.54 40% 101441 13 936.40 7122 147 -0.30 0.54 41%  1070.84




Table A. 3 - Gait and DBIP model parameters extracted from experimental measurements and from simulations before calibration for TS3
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Walking Cross Experimental BM, BM,
Scenario f; v DLF] Lp k]eg E() 9() & 9() Z(O) DLF] Max é E() 9() X(O) Z(O) DLF1 Max
(Hz) (m/s) value (m) (kN/m) (J) (©) (%) (®) (m/s) value (%) Force(N) (%) () ) (m/s) (m/s) value (%) Force(N)

Slow 1 1.58 098 0.17 1.14  19.70 79244 6790 3 71.07 -0.14 0.21 26%  755.11 8 790.80 71.77 1.18 -0.12  0.22 32%  954.79
2 1.63 1.02 0.17 1.14  19.08 79439 68.17 5 70.90 -0.18 0.23 32%  727.61 8 793.50 71.14 1.18 -0.12  0.24 38%  857.88
3 1.57 1.03 0.17 1.14 19.46 792.10 6798 3 70.28 -0.12 0.24 43%  805.04 8 79430 71.04 1.25 -0.12  0.26 49%  1012.34
4 1.65 1.11 0.19 1.14  18.97 79991 6727 3 69.63 -0.16 0.30 58%  796.79 8 800.50 70.07 1.32 -0.10 0.32 68%  1000.44
5 1.60 1.04 0.17 1.14  20.00 792.18 67.64 3 70.34  -0.13 0.26 52%  808.84 8 79430 71.09 126 -0.12 0.26 56%  1011.86
6 1.61 1.05 0.17 1.14  19.71 79285 68.46 3 70.35 -0.13 0.26 51%  807.99 8 79550 71.00 126 -0.11 0.27 57%  998.97

Normal 1 1.84 1.23 0.22 1.14  19.02 803.34 67.70 10 69.62 -0.25 042 92%  865.97 13 806.00 69.78 140 -022 042 92%  976.20
2 1.82 126  0.23 1.14  16.90 806.29 6724 10 68.00 -0.38 0.49 113%  826.53 13 809.50 68.03 139 -0.36 0.50 116% 908.13
3% - - - - - - - - - - - - - - - - - - - - -
4 1.85 1.19  0.20 1.13 2231 795.03 6935 3 70.39 -0.16 0.37 90%  839.39 13 798.00 70.87 1.37 -0.19 0.38 94%  1029.34
5 1.89 1.19  0.19 1.14  17.12 79481 69.11 3 70.14 -0.26 0.37 101%  734.31 13 806.00 70.31 1.31 -0.25  0.39 108%  858.29
6 1.87 1.13 0.20 1.13  21.78 793.25 6934 3 7128 -0.19 0.31 54%  754.51 13 793.50 7157 127 -0.18 0.32 59%  897.25
7 1.82 1.13 0.19 1.13  20.98 79554 69.13 3 70.90 -0.19 0.31 62%  760.96 13 79450 71.23 1.28 -0.18  0.32 65% 91233
8 1.91 1.07  0.20 1.13  20.71 79275 69.22 3 7231 -0.19 0.26 28%  687.11 13 791.60 7237 1.17 -0.18 0.27 34%  788.39

Free 1 1.70 1.07  0.19 1.14  19.21 79476  67.63 10 70.62 -0.20 0.27 44%  762.09 3 79220 7051 122 -0.12 0.27 46%  816.01
2 1.74 1.16  0.19 1.15  16.36 79577 6775 10 69.26 -0.26 0.35 86%  779.31 3 804.50 69.06 130 -0.20 0.35 86%  796.83
3 1.71 1.13 0.19 1.14  17.42 789.46 68.15 3 69.55 -0.21 0.32 62%  748.03 3 800.50 69.52 129 -0.15 0.32 67%  826.79
4 1.73 1.16  0.19 1.14  18.50 797.63 6742 3 69.50 -0.20 0.34 78%  787.09 3 800.70 69.55 1.33 -0.12  0.35 81%  880.65
5 1.69 1.11 0.19 1.14 18.76 79750 6745 3 69.79 -0.18 0.30 57%  773.24 3 796.60 69.90 129 -0.10 0.31 61%  878.42
6 1.63 1.14  0.17 1.14  18.79 79275 67.44 3 68.83 -0.17 0.33 89%  817.37 3 798.00 69.06 136 -0.07 0.34 95%  948.77
7 1.68 1.10  0.18 1.14  18.86 792.08 67.82 3 69.83 -0.19 0.29 64% 76598 3 79550 69.90 1.28 -0.11  0.31 70%  862.26
8 1.65 1.10  0.17 1.14  18.87 789.62 68.05 3 69.70 -0.16 0.30 71%  790.49 3 79550 69.90 1.30 -0.07 0.30 76%  918.37

Fast 1 2.16 134 0.28 1.12 30.37 809.49 71.15 13 71.84 -0.20 0.52 82%  1109.47 13 810.50 72.08 1.52 -0.20 0.52 82%  1218.84
2 2.18 126  0.28 1.12  28.12 79829 7243 13 72.85 -0.20 0.44 54%  970.36 13 805.50 7298 139 -0.18 044 54%  1053.45
3 2.21 1.30 0.26 1.12  30.93 797.62 7132 3 72.11  -0.18 048 80%  878.13 13 805.50 7244 144 -020 049 84%  1060.25
4 2.22 1.37  0.26 1.12  31.96 802.67 71.73 3 71.57 -0.13 0.56 113%  999.00 13 812.00 72.13 1.55 -0.20 0.55 111%  1229.66
5 2.20 1.39  0.28 1.12 31.36 79755 70.65 3 7134 -0.12 0.57 105% 1023.83 13 814.50 71.87 1.58 -0.21  0.57 105%  1267.68
6 2.22 126 024 1.12  32.84 80147 71.12 3 73.04 -0.10 0.44 82%  946.78 13 801.00 7349 141 -0.17  0.44 81%  1144.73
7 2.19 127 025 1.12 31.27 79521 71.14 3 7242 -0.14 045 85%  901.03 13 803.40 72.86 143 -0.18  0.46 87%  1093.54
8 2.19 1.31 0.26 1.12 28.33 811.70 70.54 3 71.85 -0.17 0.50 90%  898.97 13 810.00 7225 146 -0.20 0.50 89%  1091.47

* No valid footfall forces detected to extract the models’ parameters
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Table A.4 — Calibrated DBIP models’ parameters targeting step frequency f; and DLF; pair for TS1

Walk Cross Target Experimental BM1 BM2
Scenario f DLF, L, Kieg v g 6y 2(0) Max. Force v 3 6o z(0) x(0) Eo Max Force
(Hz) value (m) (kN/m)  (m/s) (%) © (m/s) ™) (m/s) (%) © (m/s) (m/s) (@) ™)

Slow 1 1.73 0.22 1.16 19.11 1.04 4.01 71.53 -0.20 699.31 1.02 6.63 71.75 -0.17 1.13 834.00 759.23
2 1.59 0.20 1.17 17.25 1.00 13.60 70.79 -0.22 720.92 0.98 8.39 70.93 -0.17 1.11 834.45 775.48
3 1.64 0.19 1.16 19.98 0.98 12.92 71.86 -0.21 724.58 0.97 9.83 72.05 -0.16 1.09 828.94 802.75
4 1.61 0.19 1.16 18.37 0.98 8.77 71.36 -0.21 697.42 0.97 8.27 71.55 -0.16 1.09 831.48 768.93
5 1.59 0.17 1.16 18.60 0.96 6.24 71.53 -0.20 678.41 0.94 10.65 71.78 -0.17 1.06 829.57 769.51
6 1.64 0.19 1.17 17.98 0.99 4.63 71.36 -0.21 677.47 0.98 6.74 71.45 -0.17 1.10 833.34 747.41
7 1.58 0.16 1.16 19.39 0.94 491 71.77 -0.19 672.55 0.92 6.33 72.16 -0.13 1.04 826.76 764.38
8 1.61 0.15 1.16 18.66 0.93 12.65 72.10 -0.20 658.93 0.92 8.90 72.21 -0.16 1.02 828.13 720.24

Normal 1 1.83 0.33 1.17 16.22 1.16 12.90 70.22 -0.27 775.64 1.14 12.57 70.57 -0.26 1.24 846.50 808.66
2 1.75 0.28 1.16 17.20 1.09 13.28 71.56 -0.37 770.16 1.09 9.82 70.62 -0.21 1.21 839.49 794.87
3 1.75 0.27 1.16 17.11 1.10 9.46 70.67 -0.24 735.08 1.09 9.22 70.63 -0.20 1.20 839.05 778.90
4 1.79 0.29 1.17 15.87 1.13 6.90 70.27 -0.25 720.33 1.11 5.60 70.42 -0.23 1.21 844.74 745.71
5 1.83 0.30 1.16 17.41 1.13 13.50 70.89 -0.25 767.11 1.12 7.40 70.74 -0.22 1.23 841.50 779.62
6 1.87 0.30 1.16 17.26 1.14 5.08 70.95 -0.25 718.62 1.13 5.17 70.85 -0.22 1.22 842.43 752.05
7 1.84 0.25 1.16 18.49 1.08 8.83 71.59 -0.21 711.89 1.07 10.34 71.36 -0.21 1.21 834.53 758.14
8 1.83 0.27 1.16 18.02 1.10 13.27 71.31 -0.23 743.19 1.09 11.92 71.39 -0.20 1.18 836.86 777.30

Free 1 1.79 0.31 1.17 16.50 1.14 13.67 70.41 -0.26 772.54 1.11 6.04 70.19 -0.23 1.24 844.92 778.06
2 1.72 0.25 1.16 17.15 1.08 4.18 70.59 -0.22 706.12 1.07 10.19 70.27 -0.27 1.29 837.75 778.05
3 1.73 0.29 1.16 17.32 1.13 13.80 68.65 -0.21 768.06 1.10 8.83 70.35 -0.21 1.23 840.37 813.60
4 1.71 0.26 1.17 16.84 1.09 6.49 70.35 -0.23 721.88 1.08 5.62 70.32 -0.19 1.19 839.44 768.12
5 1.71 0.24 1.16 18.24 1.06 7.99 70.88 -0.20 726.60 1.12 6.48 71.09 -0.17 1.16 833.53 774.53
6 1.73 0.24 1.16 17.99 1.06 11.85 71.16 -0.22 731.57 1.05 11.60 71.21 -0.19 1.16 834.94 787.17
7 1.72 0.24 1.17 16.78 1.07 6.56 70.70 -0.23 702.99 1.04 10.61 70.93 -0.19 1.15 837.62 757.31
8 1.71 0.26 1.16 17.56 1.08 14.00 70.70 -0.24 762.57 1.07 7.81 70.73 -0.19 1.19 836.79 790.45

Fast 1 2.03 0.42 1.15 24.43 1.26 4.67 71.43 -0.22 858.80 1.25 6.60 71.60 -0.18 1.39 851.94 938.95
2 2.03 0.36 1.16 21.97 1.20 6.33 72.00 -0.24 785.67 1.19 5.44 72.03 -0.21 1.29 850.38 818.17
3 2.02 0.38 1.16 23.20 1.22 6.73 71.79 -0.23 824.29 1.20 9.78 72.08 -0.22 1.32 849.50 892.13
4 2.11 0.39 1.16 22.97 1.23 4.68 72.16 -0.24 789.75 1.21 9.47 72.48 -0.23 1.31 851.20 858.58
5 2.13 0.38 1.16 21.76 1.22 5.74 72.37 -0.26 773.25 1.20 12.26 72.68 -0.25 1.29 852.20 846.16
6 1.98 0.36 1.16 22.87 1.20 6.83 71.80 -0.23 817.02 1.19 9.34 71.94 -0.20 1.31 848.46 890.33
7 2.11 0.35 1.16 22.68 1.19 7.87 72.70 -0.24 771.53 1.17 13.51 72.86 -0.22 1.26 848.36 842.37
8 2.01 0.35 1.16 20.94 1.19 10.98 71.77 -0.24 795.88 1.18 522 7191 -0.22 1.28 851.10 798.47
9 2.09 0.37 1.16 21.42 1.21 6.58 72.18 -0.25 773.24 1.20 10.30 72.31 -0.24 1.29 852.39 835.47
10 2.05 0.38 1.16 22.04 1.22 5.63 71.94 -0.25 792.29 1.20 7.76 72.09 -0.23 1.31 851.91 843.29




Table A.5 — Calibrated DBIP models’ parameters targeting step frequency f; and DLF, pair for TS2
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Walk Cross Target Experimental BM1 BM2
Scenario 1 DLF, L, Kieg v g 6y 2(0) Max. Force v 3 6o z(0) x(0) Eo Max Force
(Hz) value (m) (kN/m)  (m/s) (%) © (m/s) ™) (m/s) (%) © (m/s) (m/s) (@) ™)

Slow 1 1.61 0.20 1.20 17.11 1.02 8.70 70.83 -0.22 729.02 1.01 13.25 70.82 -0.17 1.13 911.49 806.79
2 1.62 0.20 1.19 17.87 1.01 9.81 71.06 -0.20 733.79 1.00 13.34 71.24 -0.17 1.11 908.34 806.38
3 1.63 0.24 1.19 17.70 1.06 8.68 70.41 -0.22 770.40 1.05 9.16 70.53 -0.17 1.18 912.60 836.44
4 1.64 0.21 1.19 17.81 1.03 8.74 70.97 -0.22 741.80 1.03 10.73 70.27 -0.43 1.36 910.50 808.10
5 1.62 0.19 1.19 17.93 1.00 9.56 71.30 -0.22 722.39 0.99 8.00 71.26 -0.16 1.10 907.41 782.11
6 1.61 0.21 1.20 16.90 1.03 8.48 70.68 -0.23 735.45 1.03 13.77 70.55 -0.16 1.14 912.92 816.69

Normal 1 1.92 0.31 1.18 22.17 1.14 9.04 72.08 -0.23 815.95 1.14 12.15 72.12 -0.21 1.24 910.20 891.55
2 1.93 0.33 1.18 20.94 1.16 9.44 71.71 -0.24 817.72 1.16 13.60 71.71 -0.22 1.26 914.24 895.11
3 1.88 0.28 1.17 22.97 1.11 9.32 72.30 -0.21 812.76 1.10 8.73 72.26 -0.15 1.21 905.57 862.27
4 1.81 0.29 1.18 20.39 1.12 9.95 71.35 -0.23 818.91 1.11 10.11 71.41 -0.20 1.23 910.41 874.65
5 1.87 0.28 1.18 22.32 1.10 9.60 72.18 -0.22 804.87 1.10 13.65 72.26 -0.19 1.21 906.71 884.73
6 1.89 0.28 1.18 19.32 1.13 8.33 71.71 -0.23 768.34 1.12 591 71.65 -0.21 1.21 912.84 793.46

Free 1 1.71 0.22 1.18 20.50 1.04 8.74 71.80 -0.21 766.36 1.04 4.62 71.67 -0.14 1.15 905.93 820.14
2 1.72 0.26 1.19 18.61 1.10 8.36 70.84 -0.22 779.65 1.09 13.86 70.82 -0.18 1.21 914.10 872.45
3 1.79 0.28 1.20 17.27 1.13 8.96 70.80 -0.25 769.04 1.13 7.45 70.57 -0.21 1.21 919.87 801.49
4 1.71 0.24 1.19 18.83 1.07 9.18 71.22 -0.23 767.76 1.07 10.41 71.15 -0.17 1.18 911.57 835.20
5 1.75 0.23 1.18 20.38 1.05 8.77 71.86 -0.21 763.20 1.05 10.53 71.95 -0.17 1.15 907.14 828.04
6 1.74 0.25 1.19 19.28 1.08 8.50 71.33 -0.23 773.86 1.08 11.29 71.22 -0.17 1.19 911.96 845.55
7 1.71 0.23 1.19 19.21 1.05 9.23 71.42 -0.22 760.13 1.05 13.34 71.34 -0.15 1.16 909.82 841.46
8 1.74 0.24 1.19 17.92 1.08 9.46 71.21 -0.22 749.92 1.07 4.83 71.11 -0.19 1.16 913.99 775.85

Fast 1 2.13 0.36 1.18 23.76 1.20 9.04 72.90 -0.24 828.01 1.19 11.92 73.11 -0.23 1.27 921.50 882.10
2 2.16 0.37 1.18 23.93 1.21 8.44 73.04 -0.25 831.40 1.22 5.53 72.30 -0.35 1.41 923.24 840.64
3 2.14 0.39 1.18 24.10 1.23 9.26 72.66 -0.25 853.99 1.22 7.92 72.73 -0.23 1.31 923.80 879.99
4 2.14 0.39 1.18 25.63 1.23 9.05 72.70 -0.24 875.94 1.23 6.61 72.58 -0.20 1.33 922.39 899.04
5 2.14 0.39 1.18 26.07 1.23 9.72 72.81 -0.24 890.37 1.23 437 71.88 -0.37 1.48 921.77 883.29
6 2.11 0.39 1.18 25.33 1.23 8.70 72.61 -0.23 874.02 1.24 9.29 72.37 -0.20 1.33 922.74 930.97
7 2.10 0.35 1.18 25.81 1.20 8.09 72.92 -0.22 846.22 1.19 8.90 73.05 -0.21 1.28 918.00 896.49
8 2.13 0.38 1.18 24.02 1.22 9.37 72.70 -0.25 849.96 1.21 7.97 72.62 -0.22 1.30 923.15 873.90




Table A.6 — Calibrated DBIP models’ parameters targeting step frequency f; and DLF; pair for TS3.
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Walk Cross Target Experimental BM1 BM2
Scenario f DLF, L, Kieg v g 6y 2(0) Max. Force v 3 6o z(0) X(0) Eo Max Force
(Hz) value (m) (kN/m)  (m/s) (%) () (m/s) ™) (m/s) (%) © (m/s) (m/s) ()] ™)

Slow 1 1.58 0.17 1.14 19.70 0.92 9.58 71.96 -0.18 673.32 091 5.89 72.23 -0.11 1.06 786.32 790.64
2 1.63 0.17 1.14 19.08 0.94 8.66 72.01 -0.20 652.53 0.93 4.65 72.05 -0.11 1.05 788.18 732.49
3 1.57 0.17 1.14 19.46 0.92 8.88 71.77 -0.20 670.66 0.92 9.54 72.14 -0.14 1.06 786.50 799.85
4 1.64 0.19 1.14 18.97 0.97 9.72 71.77 -0.18 676.95 0.96 12.40 72.00 -0.16 1.08 789.91 763.66
5 1.60 0.17 1.14 20.00 0.92 9.76 72.12 -0.18 670.00 091 12.08 72.40 -0.16 1.04 785.57 778.47
6 1.61 0.17 1.14 19.71 0.93 8.00 72.02 -0.19 663.26 0.92 7.75 72.26 -0.13 1.06 786.80 769.68

Normal 1 1.84 0.22 1.14 19.02 1.03 9.41 72.30 -0.21 671.35 1.02 7.44 72.34 -0.18 1.11 790.06 701.44
2 1.82 0.23 1.14 16.90 1.05 8.93 71.56 -0.21 661.98 1.04 4.61 71.52 -0.19 1.12 794.30 682.14
3k - - - - - - - - - - - - - - - -
4 1.85 0.20 1.13 22.31 0.98 8.42 73.21 -0.17 669.82 0.97 9.41 73.27 -0.14 1.07 782.56 727.09
5 1.89 0.19 1.14 17.12 1.01 9.60 72.47 -0.18 623.65 1.00 11.75 72.64 -0.18 1.07 792.20 656.35
6 1.87 0.20 1.13 21.78 0.99 8.23 73.20 -0.17 661.05 0.98 10.51 73.26 -0.16 1.07 784.02 722.01
7 1.82 0.19 1.13 20.98 0.97 8.66 73.08 -0.19 652.85 0.97 13.97 73.11 -0.17 1.06 784.00 723.45
8 1.91 0.20 1.13 20.71 1.00 9.50 73.31 -0.19 649.20 0.99 5.89 73.23 -0.16 1.07 786.63 678.24

Free 1 1.70 0.19 1.14 19.21 0.97 9.48 72.13 -0.20 663.20 0.97 5.84 71.95 -0.14 1.08 786.15 730.47
2 1.74 0.19 1.15 16.36 0.99 8.73 71.64 -0.20 632.32 0.99 4.93 71.48 -0.17 1.08 793.09 667.58
3 1.71 0.19 1.14 17.42 0.98 9.37 71.71 -0.21 649.36 0.98 5.57 71.55 -0.15 1.08 790.32 691.46
4 1.73 0.19 1.14 18.50 0.98 9.58 72.13 -0.20 652.80 0.98 4.63 71.96 -0.15 1.08 788.07 698.41
5 1.69 0.19 1.14 18.76 0.97 8.22 7191 -0.18 657.05 0.96 6.21 71.95 -0.14 1.07 786.59 716.55
6 1.63 0.17 1.14 18.79 0.93 8.58 71.94 -0.20 645.38 0.93 11.19 72.02 -0.16 1.05 784.49 738.65
7 1.68 0.18 1.14 18.86 0.95 9.93 72.10 -0.20 652.14 0.95 12.04 72.08 -0.16 1.07 785.90 734.52
8 1.65 0.17 1.14 18.87 0.94 9.39 72.11 -0.20 643.85 0.93 13.13 72.20 -0.17 1.04 784.30 727.65

Fast 1 2.16 0.28 1.12 30.37 1.08 8.87 74.51 -0.17 772.17 1.08 12.14 74.62 -0.16 1.18 788.80 848.52
2 2.18 0.28 1.12 28.12 1.10 8.22 74.30 -0.18 739.02 1.09 11.52 74.36 -0.15 1.17 791.35 792.73
3 221 0.26 1.12 30.93 1.06 8.90 75.04 -0.15 735.10 1.06 6.15 75.01 -0.13 1.14 786.62 769.10
4 222 0.26 1.12 31.96 1.06 8.12 75.18 -0.16 737.94 1.06 11.95 75.24 -0.15 1.15 785.94 816.45
5 2.20 0.28 1.12 31.36 1.09 9.55 74.79 -0.17 776.10 1.08 8.42 74.79 -0.12 1.17 787.80 821.95
6 222 0.24 1.12 32.84 1.03 8.85 75.44 -0.14 729.35 1.03 13.05 75.56 -0.12 1.11 782.72 799.53
7 2.19 0.25 1.12 31.27 1.05 9.45 75.11 -0.17 741.11 1.05 11.51 75.17 -0.15 1.13 785.70 806.37
8 2.19 0.26 1.12 28.33 1.06 8.22 74.79 -0.18 710.39 1.06 13.32 74.84 -0.16 1.14 789.28 775.56

* No valid footfall forces detected to extract the models’ parameters



APPENDIX B

Vertical Displacement(m) Vertical Displacement(m) Vertical Displacement(m)

203

0.02 @ ‘7 Platform movem. © TDs Position‘ 2 1500 (b) DS phase (0.20 + 0.01 scc)‘ 2 © RS:v =1.14,f =1.64,DLF =0.19
=2 ~ 1000 —MS:v =120,/ =1.63,DLF =0.17
E 1000 § s !

0 [ \ - - 1 - - - O LI?
500 o 500
-0.02 e /W/‘(L\ E
2 3 4 5 6 0 2 3 4 5 6 00 0.2 0.4 0.6 0.8 1
Time(s) Time(s) Time(s)

0.02 (d) ‘7 Platform movem. © TDs Position‘ 2 1500 (© DS phase (0.22 + 0.02 sec) ‘ 2 ® RS:v =108,/ =158 DLF =0.16
=4 ~ 1000 —MS:v =1.00,f =158 DLF =024
E 1000 § .

0H-\-F = e T S ! s
g 500 M 5, 500
-0.02 = 7
68 69 70 71 72 73 0 68 69 70 71 72 73 00 0.2 0.4 0.6 0.8 1
Time(s) Time(s) Time(s)

0.02 | ® [ Platform movem. © TDs Position] = 1500 Fny DS phase (0.22 % 0.02 sec) | = @ RS:v = 1.08.f, = 1.58, DLF, =0.16
=2 ~ 1000 —MS:v =101,/ =158 DLF =030
£ 1000 3 . !

0f\-FYf L fr - Fi - S 8
3 s00 g 500
-0.02 = 7
13 14 15 16 17 18 0 13 14 15 16 17 18 OO 0.2 0.4 0.6 0.8 1
Time(s) Time(s) Time(s)

Figure B.1 - TD vertical positions at the platform, GRFs and single footfall force for TS1, slow

walking, moving surface scenario (frequency of 1.6Hz and 1.0m/s?): (a), (b) and (c) phase case 2; (d),
(e) and (f) phase case 3; and (g), (h) and (i) phase case 4.
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Figure B.2 — TD vertical positions at the platform, GRFs and single footfall force for TS1, fast
walking, moving surface scenario (frequency of 2.2Hz and 1.0m/s?): (a), (b) and (c) phase case 2; (d),
(e) and (f) phase case 2; and (g), (h) and (i) phase case 4.
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Figure B.3 — TD vertical positions at the platform, GRFs and single footfall force for TS2, slow
walking, moving surface scenario (frequency of 1.6Hz and 1.5m/s?): (a), (b) and (c) phase case 2; (d),
(e) and (f) phase case 2; and (g), (h) and (i) intermediate phase case.
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Figure B.4 — TD vertical positions at the platform, GRFs and single footfall force for TS2, normal
walking, moving surface scenario (frequency of 1.85Hz and 1.5m/s?): (a), (b) and (¢) phase case 4; (d),
(e) and (f) phase case 4; and (g), (h) and (i) phase case 4.
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Figure B.5 — TD vertical positions at the platform, GRFs and single footfall force for TS2, normal
walking, moving surface scenario (frequency of 1.85Hz and 1.0m/s?): (a), (b) and (c) phase case 4; (d),
(e) and (f) phase case 4; and (g), (h) and (i) phase case 4.
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Figure B.6 — TD vertical positions at the platform, GRFs and single footfall force for TS3, normal
walking, moving surface scenario (frequency of 1.85Hz and 0.5m/s?): (a), (b) and (c) phase case 4; (d),
(e) and (f) phase case 4; and (g), (h) and (i) phase case 4.
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Figure B.7 — TD vertical positions at the platform, GRFs and single footfall force for TS3, normal
walking, moving surface scenario (frequency of 1.85Hz and 1.0m/s?): (a), (b) and (c) phase case 4; (d),
(e) and (f) phase case 4; and (g), (h) and (i) phase case 4.
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Figure B.8 — TD vertical positions at the platform, GRFs and single footfall force for TS3, normal
walking, moving surface scenario (frequency of 1.85Hz and 1.5m/s?): (a), (b) and (¢) phase case 4; (d),
(e) and (f) phase case 4; and (g), (h) and (i) phase case 4.



