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ARTICLE INFO ABSTRACT

Keywords: While indirect bridge monitoring has been widely investigated using vehicles and, more recently,

Structural health monitoring micromobility devices, the use of pedestrian response for footbridge frequency identification has

Eede;t‘f;an"m“cm‘e Interaction yet to be systematically studied. To fill this gap, this paper proposes a new pedestrian-sensed in-
cotbridges direct monitoring method for identifying the natural frequencies of footbridges, in which pedes-

Frequency identification N . . . A

Crowdsensing trians themselves serve as low-cost moving sensors rather than requiring a dedicated sensing

system on the footbridge. The key novelty lies in demonstrating the feasibility of extracting foot-
bridge modal information directly from pedestrian vibration responses under various pedestrian
activities. Numerical simulations of pedestrian—footbridge interaction are carried out for three
representative activities, namely standing, jumping, and walking, to examine the feasibility of
capturing footbridge modal information in pedestrian responses. The results show that footbridge
frequencies can be observed from pedestrian vibrations in all three scenarios. The high damping
of pedestrians suppresses their own frequencies, which helps highlight footbridge frequencies,
with the pedestrian acting as a weak “low-pass filter”. For walking cases, both footbridge fre-
quencies and walking excitation frequencies appear in the pedestrian response, and the higher
footbridge frequencies exhibit a “camel hump phenomenon” due to the moving-sensor effect.
Finally, the influences of pedestrian mass, walking speed, environmental noise, footbridge fre-
quency, and footbridge damping are investigated to assess the robustness and limitations of the
proposed method.

1. Introduction

Structural health monitoring (SHM) of bridges has become an important research topic since the early 21st century [1]. A key
reason is that many bridges worldwide were built after the 1950s and have now been in service for more than 70 years. Over the
past two decades, issues of aging and deterioration have become increasingly evident. Reports from the EU and the U.S. indicate that
a significant proportion of bridges are in poor condition [2,3]. At the same time, new bridges are continually being constructed and
require reliable monitoring throughout their service life. Consequently, stakeholders and bridge owners are actively seeking effective
solutions to assess the condition of these structures, inform maintenance decisions, optimize investments, and prevent failures or
collapses. In recent years, vibration-based methods have shown considerable promise for SHM [4-6].
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\begin {equation}m_{ps}=1.03 M_{p}, k_{ps}=1340 M_{p}, c_{ps}=51.6 M_{p}, \label {eq_standing}\end {equation}
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\begin {equation}F_{pj}(t)=\sum _{i=1}^{2} A_i \cdot \text {exp}({-((t-t_{i})^{2} / 2 b_{i}^{2})}), t \in [0,T], \label {eq_jumping_force}\end {equation}
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\begin {equation}\begin {array}{l} m_{pw}=97.082+0.275 M_p-37.518 f^p_{pw}, \\ c_{pw}=29.041 m_{pw}^{0.883}, \\ k_{pw}=30351.744-50.261 c_{pw}+0.035 c_{pw}^{2}, \end {array} \label {eq_walking}\end {equation}
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\begin {equation}F_{pw}(t)=M_p g+\sum _{i=1}^{n} M_p g \alpha ^w_{i} \sin \left (2 \pi i f^p_{pw} t-\phi ^w_{i}\right ), \label {eq_walking_force}\end {equation}
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\begin {equation}m_p \ddot {z}_p (t) + c_p \dot {z}_p (t) + k_p z_p (t) = F^{\prime }_{p}(t), \label {eq_pedestrians}\end {equation}
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\begin {equation}\mathbf {M} \ddot {\boldsymbol {z}}^{N}({t})+\mathbf {C} \dot {\boldsymbol {z}}^{N}(t)+\mathbf {K} \boldsymbol {z}^{N}(t)=\boldsymbol {p}^{N} (t), \label {eq_footbridge}\end {equation}
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\begin {equation}\boldsymbol {p}^{N}(t)=\boldsymbol {p}_{\mathrm {amb}} (t)+\mathbf {L}_c (t) \cdot F_c (t), \label {eq_pN}\end {equation}
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$\mathbf {C} = \alpha _0\mathbf {M} + \beta _0\mathbf {K}$
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\begin {equation}[\alpha _0, \beta _0] = {2\xi } \cdot [\omega _{b1} \omega _{b2}, 1] / { (\omega _{b1} + \omega _{b2})} \label {eq_rayleigh}\end {equation}
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\begin {equation}F^{\prime }_{p}(t) = k_{p} \cdot (z_{p} (t)-u_c (t)) + c_{p} \cdot (\dot {z}_{p} (t) - \dot {u}_c (t)), \label {eq_f2p}\end {equation}
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\begin {equation}\mathbf {s}_{c}=\mathbf {s}+E_c\cdot N_s \cdot \sigma _s, \label {eq_noise}\end {equation}
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The most straightforward approach to vibration-based SHM is to install accelerometers directly on the target bridges to collect
structural health data [7] (referred to as the direct method in this work). Researchers have investigated variations of modal parameters,
such as natural frequencies, mode shapes, and damping ratios, identified from bridge vibrations, which can serve as indicators for
damage detection [8]. To distinguish variations caused by structural damage from those arising due to environmental and operational
conditions, various methods have been proposed, including input-output and output-only models that incorporate environmental
measurements to mitigate these effects [9]. These studies highlight the fundamental role of modal parameters in bridge health
monitoring [10]. However, several practical challenges remain. First, this approach typically requires installing sensors on a bridge
to capture its condition, rendering it costly [11,12]. Second, the approach lacks transferability, as it generally applies to a single
bridge, limiting its scalability for network-level monitoring across a region [13]. Finally, because of the high costs, such methods are
usually reserved for large or critical bridges, leaving footbridges largely unmonitored, despite playing a vital role in urban and global
transportation networks [14,15].

To reduce monitoring costs and simplify procedures, the indirect method (also known as the drive-by method or vehicle scanning
method [16,17]) was proposed and demonstrated through numerical simulations in 2004 [18]. The effectiveness of the proposed
method was demonstrated by field tests in the following year [19]. In this approach, accelerometers are mounted on vehicles instead
of bridges, which significantly lowers costs. Since then, the method has been gradually developed and studied through numerical
simulations [20], laboratory experiments [21], and full-scale tests [22]. Foundational studies focus on extracting bridge frequencies
from the responses of passing vehicles, providing a basis for further investigation. Nonetheless, similar to direct SHM methods, the
drive-by method has mainly been applied to road bridges rather than footbridges. This limitation arises because conventional vehicles
are not permitted on footbridges, thereby restricting the applicability of the indirect approach.

To address the above limitation, researchers have recently explored the use of micromobility devices for extracting road/footbridge
modal information and performing health monitoring [23,24]. In 2022, Quqa et al. [25] proposed using shared bicycles to identify
the modal parameters of a footbridge in Bologna, Italy. A smartphone was mounted on a bicycle to record vibrations during crossings.
To reduce the influence of road roughness, the bicycle was ridden at a relatively low speed and repeated traversals were carried out
to minimize uncertainties. A band-pass filter was applied to remove bicycle-related frequencies. Field test results demonstrated that
this method could successfully identify the fundamental frequency and operational modes of the footbridge. However, the approach
required pedaling, which introduced additional vibration components due to human pedaling forces. In 2024, May et al. [26] used
a smartphone attached to a bicycle to determine the fundamental frequency of a footbridge, while also installing sensors directly on
the bridge for validation. Furthermore, factors such as rider posture and pedaling cadence affect the effective frequency of the rider—
bicycle system, potentially causing non-stationary frequency variations in the combined rider-bicycle-bridge system. To eliminate
the influence of pedaling, researchers began investigating electric scooters. McSweeney et al. [27] attached smartphones to both the
scooter deck and the footbridge to identify bridge frequencies. They found that the first frequency obtained from scooter measurements
was approximately 0.5 Hz lower than that measured on the bridge, attributable to the driving frequency of the electric scooter, which
depends on the vehicle’s speed and the bridge span. Although micromobility response can provide valuable information, such as
modal frequencies and other damage indicators, several challenges remain.

Some footbridges prohibit bicycles or scooters, limiting the applicability of micromobility-based methods and motivating moni-
toring approaches that rely solely on pedestrians. Moreover, smartphones are not originally part of micromobility systems, so they
must be externally attached. All of these factors make the monitoring of footbridges challenging. Furthermore, because the footbridge
and micromobility vehicle are connected through tires, road roughness continues to strongly influence the recorded response and
may significantly hinder the accurate extraction of bridge information. Previous studies on footbridges have extensively investigated
pedestrian-structure interaction (PSI) and vibration mitigation strategies, including semi-active control considering human-structure
interaction, adaptive-passive tuned mass dampers with variable stiffness, and semi-active tuned mass dampers under random crowd-
induced vibration including crowd-structure interaction [28-30]. However, the use of pedestrian response for structural health
monitoring has rarely been studied (e.g., Ozer and Feng [31]). That study was experimental and non-parametric, lacked damping
observations, and represented pedestrian biomechanics in a rather simplistic manner via transfer functions. However, the use of wear-
able sensors on human beings for different purposes, such as fall detection and other human activity recognition [32,33], have been
well studied. Responses recorded by smartphones or other wearable sensors have great potential to become an important component
of crowdsensing-based infrastructure health monitoring in the near future [34-36].

To address these challenges while leveraging the opportunities offered by crowdsensing, this study proposes using the response
of pedestrians as mobile sensors for identifying the natural frequencies of footbridges. The main novelties and contributions of this
study are summarized as follows. Unlike previous studies mainly focusing on PSI for response prediction, serviceability assessment,
or vibration mitigation through control devices, the present work investigates whether the pedestrian response itself can be used as
an information carrier for indirect footbridge frequency identification. In this sense, the pedestrian is treated not only as an excitation
source that interacts with the structure, but also as a mobile carrier of structural vibration information. More specifically, this work
makes the following contributions: (1) it proposes a pedestrian-sensed indirect frequency identification concept for footbridges with-
out requiring dedicated bridge-mounted sensors; (2) it systematically examines the feasibility of extracting footbridge frequencies
from pedestrian vibrations under standing, jumping, and walking conditions; and (3) it clarifies the key transfer mechanisms and
limitations of the proposed approach, including the filtering effect of pedestrian dynamics, the coexistence of walking harmonics and
footbridge frequencies, and the influence of several practical factors, as examined through parametric studies. The key advantage of
this approach is that it does not require dedicated sensing systems installed on the footbridge or specialized equipment. In practical
implementation, the pedestrian response can be measured using built-in inertial sensors in smartphones or lightweight wearable
devices already carried during normal bridge usage. Therefore, the proposed approach does not require dedicated bridge-mounted
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Fig. 1. Pedestrians on the footbridge.

instrumentation but instead relies on opportunistic measurements from ordinary pedestrians, that is, during their normal use of the
footbridge rather than during a dedicated test. The proposed approach is not intended to replace direct measurements. Instead, the
main objective is to explore whether ordinary pedestrians during normal bridge usage can act as movable sensors for opportunistic
footbridge monitoring. This makes the method particularly attractive for low-cost, rapid, and scalable screening of footbridges, where
dedicated instrumentation is often unavailable or difficult to employ.

The remainder of this paper is organized as follows. Section 2 presents the PSI model and the theoretical foundation of the
proposed approach. Section 3 describes the numerical simulations, covering three scenarios and their corresponding analysis results
and discussions. Section 4 investigates the sensitivity of the proposed method to various parameters. Finally, Section 5 provides the
conclusions and outlines directions for future research.

2. Theory

This section presents the basic theory proposed for identifying footbridge frequencies using pedestrian vibration response. The
pedestrian models, the footbridge model, and their interaction model are described in detail. Pedestrians typically perform various
activities on footbridges. In this study, three representative activities, namely standing, jumping, and walking/running, are considered
and the relevant pedestrian models are introduced in the following subsections together with the employed footbridge model.

2.1. Pedestrian models

Three pedestrian models corresponding to the activities of standing, jumping, and walking/running, as shown in Fig. 1, are
presented as follows.

2.1.1. Standing pedestrian

Standing is a common pedestrian posture on footbridges, during which bridge vibrations are transmitted to the pedestrian through
the PSI mechanism. In practice, the response data could be collected opportunistically via a smartphone application, transmitted
automatically without requiring any sensors on the footbridge itself. In this study, the standing pedestrian interacting with the
structure is modeled as a single-degree-of-freedom damped spring-mass system, as shown in Eq. (1) [37],

My = 1L03M,. kyy = 1340M,,, ¢, = 51.6M,,, @

where M, is the static mass of the pedestrian, and m,,, k,,, and c, represent the mass, stiffness, and damping of the pedestrian’s
biomechanical model, respectively. The coefficients, such as 1.03, 1340, and 51.6, are determined by fitting to experimental data of
standing pedestrians. When the pedestrian is in the standing posture, environmental and operational excitations are the main sources
exciting the footbridge. Although passing micromobility vehicles and other walking pedestrians can introduce additional energy to
the footbridge and increase its vibration amplitude, such excitations are not continuously available. Therefore, in this study, only
random ambient excitations applied to the footbridge are considered.

2.1.2. Jumping pedestrian

Sometimes, pedestrians may jump on the footbridge. Unlike standing pedestrians, jumping pedestrians can actively apply excita-
tion to the footbridge, causing stronger vibrations. The jumping force can be represented as the sum of two Gaussian functions [38],
as shown in Eq. (2),

2
Fp(t)=Y A -exp(—((t = 1)*/2b}).1 € [0,T], @)
i=1

where 4; = a{ M,g denotes the height of the ith Gaussian peak, and g is the gravitational acceleration (g = 9.81 m/s?). T=1/f i
represents the duration of one jumping cycle, with f,; being the jumping frequency. 1, is the center position of the ith peak, and
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Table 1
Parameters for jumping force simulation [38].
Parameter o b, (s) 1,(s) ) by(s) 15(s)
Value 2.795 0.07 0.232 1.4588 0.06 0.306
Table 2
Parameters of walking/running pedestrians [42].
Parameter Slow walk Normal walk Fast walk Jogging
Pacing frequency f;,, (Hz) 1.7 2.0 2.3 2.5
Forward speed v,,, (m/s) 1.1 1.5 2.2 3.3

b; controls the width, that is, the time duration of the corresponding bell-shaped curve. This term represents an impact-like force
generated during each pedestrian jump. The time duration of this curve describes how long this force is effectively applied to the
footbridge. Physically, it reflects the contact time and the compliance or stiffness of the landing. According to Ref. [38], for 44
consecutive jumping cycles, the mathematical model with the parameters listed in Table 1 provides a good fit for the experimental
results. Therefore, these parameters are adopted in this study to simulate the jumping force. After completing the jump, it is assumed
that the pedestrian stands still on the footbridge, returning to the condition described in Section 2.1.1. Consequently, the same
biomechanical model used for standing pedestrians is applied for further analysis.

2.1.3. Walking/running pedestrian

The third common activity performed by pedestrians is walking or running, which can be distinguished based on their pacing
frequency and forward speed. A practical approach to modeling a walking pedestrian is to represent the pedestrian as a damped
spring-mass system (different from the standing or jumping models) that moves along the structure while simultaneously applying
the excitation force generated during walking/running on a rigid surface [39].

When a pedestrian walks or runs on a footbridge, the parameters of their biomechanical model can be described using approximate
nonlinear functions, as shown in Eq. (3) [40].

=97.082 +0.275M,, — 3751817,
0. 883
Cpp = 29.041m03 3)
Ky = 30351.744 — 50.261c,,, + 0.035¢2

pw’

where f ;fw is the pedestrian’s pacing frequency, and m,,, c,,, and k,, represent the mass, damping, and stiffness of the pedestrian
biomechanical model, respectively. These equations are empirical biomechanical models, and the numerical coefficients come from
regression fitting to experimental PSI data in Ref. [40]. In m,,, the constants represent a baseline dynamic mass and the associated
scaling factor. Only a fraction of the body mass contributes to vertical vibration, and the effective mass decreases with pacing
frequency because faster walking reduces how much of the body moves coherently with the structure. In ¢, the coefficient and
exponent describe how human energy dissipation scales with the effective moving mass. The sublinear exponent reflects that damping
increases with mass, but not proportionally. In k,,, stiffness is expressed as a function of damping because both are governed by
muscle activation and joint control. The numerical terms capture the experimentally observed nonlinear coupling between damping
and stiffness during walking. Meanwhile, the excitation force generated by a walking or running pedestrian can be expressed as a
sum of their Fourier harmonic components [41], as shown in Eq. (4).

o) = Mg + 2 pgal’sin (2zifh,t — ), ©)]

where « is the Fourier coefficient of the ith harmonic, ¢; is the corresponding phase angle, and » denotes the total number of
contributing harmonics. Specifically, for pedestrians walking on a footbridge [42], «;” and ¢;° can be assigned as follows: a}” = 0.4,
ay = oy =0.1, and ¢ =0, ¢}’ = ¢ = x/2. These values are taken from experlmental studies based on Fourier analysis of measured

pédestrlan walking forces The number of harmonics # is taken as 3. This choice is justified because the first three harmonics capture
nearly all dynamically relevant content of pedestrian walking forces and ignoring higher-order harmonics has a negligible effect on
walking force simulations. In addition, to account for diverse pedestrian conditions, several values of the pacing frequency /7, and
walking/running speed v,,, are considered and summarized in Table 2.

The pedestrian models for the activities described above are all damped spring-mass systems with varying parameters. Their

dynamic equilibrium equations can be expressed in a unified form, as shown in Eq. (5),
m,Z,(t) + ¢,2,(t) + k,z,(t) = F’(t), )

where m, represents m,, for standing or jumping pedestrians and m,,, for walking/running pedestrians, as shown in Fig. 1. Similarly,
k, and ¢, denote the correspondlng pedestrian stiffness and damplng The symbols z,, z,, and Z, denote the displacement, velocity,
and acceleration of the lumped mass of the pedestrian model. FI; (1) is the contact force applied to the pedestrian from the interaction
point between the pedestrian and footbridge.



Z. Lietal Journal of Sound and Vibration 641 (2026) 119904
2.2. Footbridge model

The footbridge in this study is modeled as a simply supported Euler-Bernoulli beam. It is divided into N’ elements, characterized
by a mass per unit length m,, Young’s modulus E,, and moment of inertia 7,. The total length of the footbridge is L. All nodes except
for the supporting ends have two degrees of freedom: vertical translation and rotation, while the supporting ends only have one
degree of freedom: rotation. The dynamic equilibrium equation of the footbridge can be expressed as Eq. (6),

MzN (@) + C2VN () + K2V (1) = pN (), (6)

where M, C, and K are the mass, damping, and stiffness matrices of the footbridge’s finite element model. Here, p" () denotes the total
external force vector applied to the footbridge finite element model. In the present study, it is composed of the ambient excitation
and the pedestrian-related contact force, as shown in Eq. (7),

PN () = Py () + L. (1) - F,(1), )

where p,.,(1) is the ambient excitation vector, L () is the location vector that maps the contact force to the adjacent degrees of
freedom of the bridge using the Hermitian cubic interpolation function [43], and F,(r) is the vertical force acting at the pedestrian—
footbridge contact point. For the standing case, F,(t) = F, p’ (t); for the jumping case, F,(t) = F, 1; () + F,;(1); and for the walking case,
F.()=F [;(t) + Fpu(®), where F,;®, and F,,(1) are defined in Egs. (2) and (4), respectively, while FI; (r) will be introduced in the
following section. The displacement, velocity, and acceleration vectors at all degrees of freedom are denoted as zV, zV, and zV. In
this study, Rayleigh damping is assumed, which is modeled as C = qyM + §K. If the first two damping ratios, £, and &,, are both
assumed to be &, the damping ratio assigned to both modes, the Rayleigh damping coefficients «, and f, can be determined from
Eq. (8), in which w = 2z f is the angular frequency in rad/s [44].

lag, Byl = 2¢ - [wy @y, 11/ (wy) + @) ®

2.3. Interaction between the pedestrian and footbridge

This study adopts a separate modeling approach for the pedestrian and the footbridge [45], in which the governing equations are
solved using an uncoupled iterative procedure. In the literature related to vehicle-bridge interaction, such algorithms are generally
classified into two categories: (1) uncoupled iterative procedures, in which the equations of motion of the two subsystems are solved
separately and compatibility at the contact point is enforced iteratively, and (2) coupled-system formulations, in which a unique
system matrix is formed and solved at each time step. In this study, the former strategy is adopted because it is straightforward to
implement, computationally efficient, and compatible with separate pedestrian and footbridge models. Three scenarios are investi-
gated: standing, jumping, and walking pedestrians. In all cases, random ambient excitations are also applied to the footbridge. Such
random excitations may arise from wind, nearby traffic, surrounding pedestrian activity, ground vibration, and other environmental
or operational sources. Including such excitations helps simulate more realistic conditions in engineering applications. The interaction
process is described as follows.

Initially, the vibration response of both the pedestrian and the footbridge is set to zero. External excitations are then applied to
the footbridge nodes to induce vibrations. Specifically, for a standing pedestrian, only ambient excitations are considered, whereas
for a jumping pedestrian, the excitation also includes the jumping force defined in Eq. (2). For walking pedestrians, the walking
force described by Eq. (4) is applied along the footbridge as the pedestrian moves. The footbridge vibrations are computed using
the Newmark—g integration method, where g = 0.25 and y = 0.5 are adopted to ensure unconditional stability [46]. However, the
footbridge vibrations, in turn, influence the pedestrian’s response. Therefore, based on the calculated footbridge vibrations, the
contact force applied to the pedestrian can be obtained by Eq. (9),

F)(0) =k, - (2,(t) = u (D) + ¢, - (2,(1) = i (1), 9

where k, and c, are the same as those defined in Eq. (5). The symbols u, and &, represent the displacement and velocity response of
the footbridge at the contact point(s) between the pedestrian and the footbridge. At this stage, z,(r) = 0 and z,(t) = 0. Using Eq. (5)
together with the Newmark-p integration method, the pedestrian’s vibration response can be obtained. With the updated pedestrian
response, the excitation applied to the footbridge is recalculated by summing the interaction force F[:(t), the ambient excitations,
and the jumping/walking force. The footbridge response is updated accordingly. By repeating this iterative process, the difference
between the excitations applied to the footbridge in two consecutive iterations gradually decreases and converges to a small threshold
value, herein assumed as 10~2 N. Once convergence is achieved, the iterations are terminated, and the coupled vibration response of
the pedestrian and footbridge is obtained. This procedure corresponds to an uncoupled iterative interaction algorithm, in which the
pedestrian and footbridge responses are solved separately and the interaction force is updated iteratively until convergence [47]. This
type of formulation is widely used in engineering applications because it facilitates implementation and avoids the need to update a
fully coupled system matrix at every time step.

A fully coupled PSI formulation could alternatively be established by assembling the pedestrian and footbridge degrees of freedom
into a single system matrix [48,49]. Such an approach is rigorous from a system-level viewpoint, but it generally requires updating
the global system matrix as the interaction point changes with time, which may increase computational effort. Therefore, for the
present proof-of-concept study, the uncoupled iterative formulation was considered more suitable.
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Fig. 3. Ambient excitations on one node of the footbridge: (a) ambient excitation; (b) histogram of the excitation.

3. Simulation results and discussions

This section presents case studies corresponding to several scenarios based on the proposed method described in Section 2. It
first introduces the parameters used for the pedestrian and footbridge models, followed by the results and discussion on footbridge
frequency identification.

3.1. Parameters

In this study, the static mass of a pedestrian is assumed to be M, = 60kg, representing an individual performing various activities
on the footbridge. According to Eq. (1), the parameters for the standing posture are determined as m,, = 6.18 x 10 kg, ¢,; = 3.096 x
103N - s/m, and kpy =8.04 x 10* N/m. For the walking posture, the pedestrian is assumed to walk at a normal pace with a pacing
frequency of f;’w = 2.0Hz. Using Eq. (3), the corresponding parameters are obtained as m,,,, = 3.855 X 10 kg, Cpp = 7.302 X 102N - s/m,
and k,, = 1.231 x 10*N/m.

The footbridge parameters are estimated based on a real structure reported in Ref. [14]. Although detailed model updating is not
performed, the model captures the key characteristics of the primary girders of the real footbridge. The parameters of the footbridge
are as follows: L = 33 m, flexural stiffness E, I, = 1.389 X 10° N - m?, and mass per unit length m, = 224 kg/m. The beam model of the
footbridge is divided into 10 elements (N’ = 10), as shown in Fig. 2. Damping is initially neglected to provide a clear baseline for
validating the proposed method and is then examined in detail in Section 4.5.

Based on the above parameters, the natural frequency of the standing pedestrian is calculated as f,; = 5.741 Hz, while that of
the walking pedestrian is f,,, = 2.845Hz. For the footbridge, the first three natural frequencies are f,; = 3.593Hz, f), = 14.373Hg,
and f,; = 32.353 Hz. Three scenarios, standing, jumping, and walking/running pedestrians, are investigated to validate the proposed
method. The sampling frequency is set to 100 Hz, which corresponds to the maximum sampling frequency achievable by most
smartphones [14,25].

3.2. Scenario 1: standing
When standing, the footbridge is stimulated only by ambient excitations, and the bridge information is transferred to the pedestrian

via the PSI process. In this study, the pedestrian is assumed to stand at a position x = 9.9m from the left end of the footbridge, as
shown in Fig. 2.
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Fig. 4. Accelerations and frequency spectra of the footbridge and standing pedestrian: (a) footbridge acceleration; (b) pedestrian acceleration; (c)
footbridge frequency spectrum in linear scale; (d) pedestrian frequency spectrum in linear scale; (e) footbridge frequency spectrum in log scale; (f)
pedestrian frequency spectrum in log scale.

At the same time, a random ambient excitation f,.N following a normal distribution, fiN ~ N'(0,1), is applied to each vertical
degree of freedom of the footbridge, representing a Gaussian white-noise input [50]. In the numerical simulation, this excitation
is independently generated at each time step and serves as a simplified broadband representation of low-level environmental and
operational disturbances, such as wind effects, surrounding pedestrian activity, and other minor ambient sources. The zero mean
ensures that no directional bias is introduced, while the unit variance provides a normalized stochastic input level for the feasibility
study. The main purpose of this excitation is to excite the footbridge over a broad frequency range so that the transfer of bridge
modal information to the pedestrian response can be examined. Fig. 3a shows an example of the vertical ambient excitation at the
standing point. Fig. 3b shows the histogram of the ambient excitation signal at the same position. The distribution is approximately
symmetric about zero and follows the bell-shaped trend expected from a Gaussian random process. This indicates that positive and
negative excitation values occur with similar probability and confirms that the generated signal is consistent with the assumed normal
distribution used in the simulation.

Fig. 4 presents 10 seconds of the vibration response in terms of acceleration time histories (a and b) and frequency spectra (c—f) of
both the footbridge and the standing pedestrian. The two time histories show strong resemblance. Initially, the acceleration amplitude
of the footbridge is slightly higher than that of the pedestrian. However, once the signals stabilize, the pedestrian’s vibration response
is smoother than that of the footbridge.

A Hanning window is applied prior to performing the Fast Fourier Transform (FFT) to minimize spectral leakage in the computation
of the frequency spectra, which are displayed on both linear and logarithmic scales, as shown in Fig. 4c—f. The first three natural
frequencies of the footbridge are clearly identified in both the footbridge and pedestrian responses under ambient excitation. However,
the amplitudes corresponding to the second and third frequencies are relatively low. Moreover, the amplitude of the first natural
frequency is higher in the pedestrian response than in the footbridge response, whereas the amplitudes of the second and third
frequencies are lower in the pedestrian response. Under this condition, these results indicate that the standing pedestrian behaves as
a weak “low-pass filter,” attenuating the footbridge response in the higher frequency range.

The pedestrian’s natural frequency cannot be identified from the pedestrian response frequency spectrum shown in Fig. 4d and f.
To further investigate this phenomenon, a reduced pedestrian damping value ¢, is considered. The variation of the spectral amplitude
with respect to theratio ¢, /c,, and frequency is presented in Fig. 5. In this analysis, the pedestrian mass and stiffness are kept constant.
Therefore, the pedestrian natural frequency f,; does not change. Only the damping coefficient is gradually reduced by scaling the
ratio ¢, /c,,. It can be observed that for realistic damping levels, the pedestrian’s own natural frequency is strongly attenuated and
does not appear in the spectrum, whereas the footbridge frequency f,,; remains clearly identifiable. As the damping is artificially
reduced, a resonance peak gradually emerges at f,;, while the amplitude of f;; remains nearly unchanged. This demonstrates that
the high damping of the pedestrian suppresses its own resonance and facilitates effective transfer of footbridge vibrations without
spectral interference.
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Fig. 7. Accelerations of the footbridge and jumping pedestrian: (a) footbridge; (b) pedestrian.

3.3. Scenario 2: jumping

In this scenario, the pedestrian performs a single jump at the same location as in Scenario 1, namely x = 9.9 m from the left
support, and then remains standing on the footbridge. Therefore, the jumping case consists of two successive stages: an initial short-
duration active excitation stage, during which the jumping force defined in Eq. (2) is applied, and a subsequent passive interaction
stage, during which the pedestrian behaves as the standing biodynamic model described in Section 2.1.1. In addition to the random
ambient excitation, the jumping force is applied during the interval 0-0.5 s. As shown in Fig. 6, the total excitation at the jumping
point is dominated by the jumping force during this short interval, whereas after the jump the ambient excitation governs the response
and the bridge vibration is transferred to the pedestrian through the PSI mechanism.

Fig. 7 shows the acceleration response of the footbridge and the pedestrian. The amplitude of the vibrations increases due to the
pedestrian’s jumping, and the amplitude of the pedestrian response is slightly higher than that of the footbridge. The comparison of
the frequency spectra of the footbridge and pedestrian responses is shown in Fig. 8a. The comparison with results of the standing
case, shown in Fig. 4c and d, shows that the amplitude of the spectra at the first footbridge frequency increases significantly, while
the amplitudes corresponding to the second and third frequencies remain nearly unchanged. This indicates that jumping primarily
enhances the identification of the footbridge’s first frequency. This behavior can be explained by the impulsive nature of the jumping
load. Since the jump delivers a large impulsive input, it injects substantial energy into the interaction system and excites the global
vibration of the footbridge more strongly than the ambient excitation alone. Because the first mode usually has the largest modal

8



Journal of Sound and Vibration 641 (2026) 119904

Z. Lietal
100 T T T T T T T
A ——Footbridge Pedestrian ——Footbridge Pedestrian
y o<l o ]
"g 0. ::.4'5 s ‘E 10 i
< sor | |yt 13 Ny
[ 40 S 4 (= 1
g Torsisessiaz S - g [
g . fin| £ A N\M} 4 A
135 14 14548 315 32 328,383
o e ] = ! s ‘
0 10 20 30 40 50 20 30 40 50
Frequency (Hz) Frequency (Hz)
(a) (b)
Fig. 8. Frequency spectra of the footbridge and jumping pedestrian: (a) linear scale; (b) log scale.
—Footbridge Pedestrian —Footbridge Pedestrian
I l
0L It 4
- g 1o I -
E E i i
= = L\ i '
g g Vo Vil WV\ !
< <
‘ ‘ ‘ ‘ 10°f ‘ : ‘
0 10 20 30 40 50 0 10 20 30
Frequency (Hz) Frequency (Hz)
(a) (b)
‘ ——Footbridge Pedestrian ——Footbridge Pedestrian
I 1
0L | 4
g 10 f 3
£ f =
o | 2,
g g
< <
-5
. 102+ Y
107k i i i ‘ 1 ] ‘ ‘ ‘
0 10 20 30 40 50 0 10 20 30 40 50
Frequency (Hz) Frequency (Hz)
(d)

(c)

Fig. 9. Frequency spectra of the footbridge and jumping pedestrian at diverse positions: (a) jumping at x = 3.3 m; (b) jumping at x = 6.6 m; (c)
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participation and dominates the global vertical response, its spectral amplitude increases most significantly. By contrast, the higher
modes remain less prominent in the pedestrian response due to their smaller modal participation and the attenuation effect introduced
by the pedestrian dynamics.

Furthermore, as shown in Fig. 8b, when the pedestrian is jumping at x = 9.9 m, amplitude attenuation mainly occurs at frequencies
above 10 Hz. To investigate the influence of jumping positions, cases were examined in which the pedestrian jumps at x = 3.3,
6.6, 13.2m, and 16.5m. The footbridge accelerations are recorded at the same positions. The results are shown in Fig. 9. The
amplitude corresponding to the footbridge’s fundamental frequency increases when the jumping position is close to the midpoint
of the footbridge. Similar attenuation effects above 10 Hz can be observed regardless of the pedestrian’s position. If x = 16.5 m,
corresponding to the midpoint of the footbridge, the second natural frequency of the footbridge cannot be identified (Fig. 9d).
These results indicate that the effectiveness of the jumping scenario depends on the modal amplitude at the jumping location. When
the pedestrian jumps near an antinode of a given mode, the corresponding footbridge frequency becomes more visible in both the
footbridge and pedestrian spectra. In contrast, when the jumping point is close to a modal node, the contribution of that mode is
weak, and the corresponding frequency may become difficult to identify. This is why the second footbridge frequency is not visible
when the jump occurs at the footbridge midpoint, which coincides with the node of the second mode for the simply supported beam
model. Based on the above observations, using pedestrian response for footbridge frequency identification is particularly effective in
the low-frequency range, such as below 10 Hz. The pedestrian acts like a “low-pass” filter that amplifies the spectral amplitude at the
first footbridge frequency while attenuating those at the second and third frequencies. The identification of footbridge frequencies is
not significantly affected, but the nodal points of the footbridge mode shapes should be avoided.

9
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3.4. Scenario 3: walking/running

A common activity performed by pedestrians is walking or running on the footbridge. During the PSI process, the pedestrian
excites the footbridge while simultaneously acting as a moving sensor that records its vibrations. Unlike Scenarios 1 and 2, the
walking pedestrian moves across the entire length of the footbridge, continuously exciting it along the path, in addition to the
ambient excitations. The model considered to simulate this scenario is shown in Fig. 10.

Using Eq. (4), the generated walking force without considering PSI and its corresponding frequency spectrum are shown in
Fig. 11. When the pacing frequency is f 5:,4) =2Hz and n = 3 harmonic components are considered in Eq. (4), the excitation consists
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Fig. 13. Accelerations and frequency spectra of the footbridge and walking pedestrian: (a) footbridge acceleration; (b) pedestrian acceleration; (c)
footbridge frequency spectrum in linear scale; (d) pedestrian frequency spectrum in linear scale; (e) footbridge frequency spectrum in log scale; (f)
pedestrian frequency spectrum in log scale.

of three primary harmonic frequencies f l’,’,i, =1f},=2Hz, f, ;’,f, =2f},=4Hz, and f 53) =3f}, = 6 Hz. As in the previous scenarios,
the footbridge is divided into 10 elements. When the pedestrian is located between two nodes, the applied force is distributed to the
adjacent nodes following the method described in Ref. [20]. For comparison with Scenario 2, the excitation applied to the footbridge
at the point x = 9.9 m from the left end is shown in Fig. 12. The force reaches the peak value at time 6.604 s when the pedestrian is
at location x = 9.9 m. The force is nearly zero during the time intervals 0 — 4.4 s and 8.8 — 22 s corresponding to the times when the
pedestrian is at locations x = 0 — 6.6 m and x = 13.2 — 33 m. Its maximum amplitude is nevertheless smaller than that of the jumping
force shown in Fig. 6. In addition, ambient excitations are also applied to all nodes of the footbridge’s finite element model during
the PSI process.

Fig. 13 shows the acceleration response and corresponding frequency spectra (in both linear and logarithmic scales) of the foot-
bridge and the walking pedestrian. When the pedestrian walks across the footbridge, the acceleration response of the footbridge differs
from that of the pedestrian, as they are measured at different locations on different subsystems. After a few seconds, the footbridge
vibrations stabilize (between 5-22 s). For the pedestrian, however, the pedestrian’s response amplitude reaches its maximum near the
midpoint of the footbridge and decreases to nearly zero as the pedestrian approaches either end. The first three natural frequencies
can be clearly identified from the frequency spectra of the footbridge. At the same time, the excitation frequencies f I’,’J}, f ;’3), and

f 53; corresponding to the pedestrian’s harmonic pacing frequencies, are also observed, and their amplitudes are higher than those
of the footbridge frequencies. A similar pattern is evident in the pedestrian’s response frequency spectrum, where these excitation
frequencies are also distinguishable. However, for the second and third footbridge frequencies, a “camel hump phenomenon” appears,
characterized by two spectral peaks flanking the true bridge frequency. The “camel hump phenomenon” originates from the relative
motion between the moving pedestrian and the vibrating footbridge, which causes a frequency modulation effect in the measured
response. As demonstrated theoretically by Ref. [51], the dynamic response recorded by a moving sensor does not contain a sin-
gle bridge resonance peak, but instead exhibits two sideband frequencies given by f,, = | fy, —nv/QL)| and f,,, = | f,, + nv/QL)|,
where f;, is the n-th bridge natural frequency, v is the moving speed, and L is the bridge span. These two frequencies correspond
to the left and right peaks of the camel hump observed in the spectrum. Physically, this effect arises because the moving pedestrian
samples the bridge vibration in a non-stationary manner. The bridge vibration is modulated by the pedestrian motion, leading to
a split of the resonance energy into two adjacent frequency components that are symmetrically distributed around the true bridge
frequency. As a result, the original bridge frequency does not appear as a single dominant peak, but as a trough between the two
side peaks. Therefore, when the two peak frequencies of the camel hump are denoted as f; and f,, the bridge natural frequency can
be reliably estimated as the midpoint between them, i.e., f,, = (f},; + f4,)/2. This interpretation is consistent with vehicle-based
indirect frequency identification theory and explains why the camel hump becomes more pronounced at higher walking speeds and
for higher bridge modes.

These results show that the footbridge information is well transferred to the walking pedestrian’s response. When the bridge
frequencies are close to the walking excitation frequencies, distinguishing them from pedestrian-induced harmonics in a single walking
record may be difficult. However, when measurements from multiple pedestrians are available, walking harmonics are expected to
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Fig. 14. Influence analysis of pedestrian weights: (a) accelerations of pedestrians standing at x = 9.9 m; (b) accelerations of pedestrians jumping at
x = 9.9 m; (c) frequency spectra of pedestrians standing at x = 9.9 m; (d) frequency spectra of pedestrians jumping at x = 9.9 m; (e) accelerations of
pedestrians standing at x = 13.2 m; (f) accelerations of walking pedestrians; (g) frequency spectra of pedestrians standing at x = 13.2 m; (h) frequency

spectra of walking pedestrians.

vary due to differences in pacing frequency, whereas the bridge frequencies remain unchanged. Therefore, by combining spectra from
multiple crossings, the consistent bridge frequencies can be more reliably identified. Another practical strategy is to first identify the
pedestrian’s walking frequencies from baseline measurements on a rigid surface (e.g., using the pedestrian response when they walk
on the road) and then compare them with the footbridge-crossing spectra, so that the pedestrian-related spectral components can
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Table 3

Identified footbridge frequencies in different scenarios.

Uy = 2.2m/s; (g) accelerations when v, = 3.3m/s; (h) frequency spectra when v,,, = 3.3m/s.

Identified bridge frequency (Hz)

Activity

Il Error I Error I3 Error
True value 3.593 — 14.373 — 32.353 —
Scenario 1 3.545 1.34% 14.318 0.38% 32.227 0.39%
Scenario 2 3.545 1.34% 14.318 0.38% 32.227 0.39%
Scenario 3 3.544 1.36% 14.357 0.11% 32.235 0.36%

be distinguished from the bridge frequencies. In addition, when identifying the higher footbridge frequencies, the “camel hump
phenomenon” must be considered.

Table 3 summarizes the results of footbridge frequency identification using the response of pedestrians performing different
activities in the above scenarios. For the standing and jumping cases, 22 seconds of response data are analyzed to ensure the same
frequency resolution as that of the walking response in Scenario 3. The errors in identifying the first three footbridge frequencies are
within 2%, which is generally acceptable for engineering applications.

4. Parametric studies

In the previous section, numerical analysis demonstrated that footbridge natural frequencies can be successfully identified from
the response of pedestrians. This section examines how pedestrian mass, walking speed, environmental noise, footbridge frequency,
and structural damping affect the robustness of the proposed method. Unless otherwise specified, all other parameters are consistent
with those adopted in Section 3.

4.1. Influence of pedestrian mass

Since body mass varies naturally across users in practical crowdsensing scenarios, it is important to examine whether such inter-
person variability affects the transfer and identification of footbridge frequencies from pedestrian response. According to Ref. [52],
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the average adult body mass worldwide is approximately 62kg, although it varies across different countries. In this section, four
pedestrian masses, namely 40kg, 60kg, 80kg, and 100kg, are analyzed. The corresponding acceleration response and frequency
spectra of pedestrians performing different activities are presented in Fig. 14.

From the acceleration response shown in Fig. 14a and b, when pedestrians are standing and jumping on the footbridge, the
vibration amplitude increases with the pedestrian mass. This increase can be partly attributed to the greater pedestrian-induced
loading associated with heavier pedestrians; however, changes in pedestrian biodynamic properties may also influence the interaction
and spectral transfer characteristics. A similar trend is evident in the response spectra shown in Fig. 14c and d, where the spectral
amplitudes at the footbridge first and third modal frequencies (f,; and f,;) increase with the mass. However, the spectral amplitude
at the second modal frequency f,, decreases as the pedestrian mass increases. This occurs because the pedestrian is positioned at a
fixed location on the footbridge. To further examine whether the amplitudes increase or decrease with pedestrian mass, additional
positions were considered, namely x = 3.3m, 6.6 m, and 13.2m. When the pedestrian is standing at x = 13.2m, the accelerations
and frequency spectra of the pedestrians are shown in Fig. 14e and g. The results show that there is no consistent trend in the variation
of spectral amplitudes with pedestrian mass, and this variation is not directly related to the footbridge mode shapes. Nevertheless,
such changes in spectral amplitudes are associated with the pedestrian’s standing/jumping positions. For the walking pedestrian, the
increase in the pedestrian mass leads to a higher walking force, which in turn results in greater acceleration amplitudes, as shown
in Fig. 14f. This increase is also reflected in the spectral amplitudes at both the walking frequencies ( ﬂuf 1’,’3,, and ff,’,i,) and the
footbridge frequencies, as shown in Fig. 14h.

Overall, the influence of pedestrian mass on frequency identification is relatively limited within a realistic body-mass range, which
suggests that the proposed method is reasonably robust to inter-person variability in practical applications.

4.2. Influence of pedestrian walking speed

Since walking or running is the most common activity of pedestrians on footbridges, it is important to further examine the effect
of walking speed. In this section, the four walking speeds listed in Table 2 are considered, namely v,, = 1.1, 1.5, 2.2, and 3.3 m/s.
The acceleration responses of walking pedestrians at these four speeds, along with the corresponding frequency spectra, are shown
in Fig. 15.

As the walking speed increases, the pedestrian’s passing time on the footbridge becomes shorter, although the overall response
shapes remain similar (Fig. 15a, c, e, and g). When the pedestrian walks slowly, three distinct peaks appear in the spectra (Fig. 15b)
below 10 Hz, corresponding approximately to f 5:41; = 1.7Hz, f* 2 =34 Hz, and f; 1‘,’; = 5.1 Hz. Under this condition, the second walking

pw
excitation component l’,’,f, is very close to the footbridge’s first natural frequency f,, = 3.593 Hz, thereby masking it and rendering
the first footbridge frequency unidentifiable. However, the second and third footbridge frequencies, which are not influenced by the
walking excitations, can still be identified with reasonable accuracy.

As the walking speed increases, the footbridge’s first natural frequency becomes more distinguishable because the walking excita-
tion frequencies shift farther away from it (Fig. 15d, f, and h). Another noticeable phenomenon is that the “camel hump phenomenon”
becomes more pronounced, with a wider separation between the two peaks (f, — f;). Additionally, at higher walking speeds, the
shorter passage duration results in a lower frequency resolution. For instance, when the walking speed reaches v, = 3.3m/s, the
identified first footbridge frequency is 3.4965 Hz, which is about 0.1 Hz lower than the true value. Therefore, relatively lower walking
speeds can improve frequency resolution, provided that the walking harmonics do not overlap with the target footbridge frequencies.

4.3. Influence of environmental noise

In practical engineering applications, environmental noise is inevitably present in the acceleration measurement process. There-
fore, in this section, simulated environmental noise is added to the pedestrian acceleration response. The contaminated signals can
be represented by Eq. (10),

s;,=s+E.-N,-o,, 10

where s, denotes the contaminated acceleration, s represents the original vibration response without environmental noise, and E,
indicates the noise level. N is a standard Gaussian random sequence with zero mean and unit variance, and o, is the standard deviation
of the original acceleration. The contaminated pedestrian accelerations are then used for footbridge frequency identification. In this
section, four levels of noise, 2%, 5%, 10%, and 20%, are considered. The pedestrian response acceleration signals during 0-5 s,
considering 2% and 20% noise levels, are shown in Fig. 16 for various pedestrian activities. At low noise levels, the signal shape
remains similar to that of the noise-free case. However, as the noise level increases, the acceleration values deviate more significantly
from the noise-free signal, resulting in a more irregular pattern. The corresponding frequency spectra of the pedestrian response under
different noise levels are presented in Fig. 17.

When the pedestrian is standing on the footbridge (Fig. 17a), the increase in the noise level makes the higher footbridge frequencies
less identifiable. In particular, the third footbridge frequency becomes difficult to distinguish when the noise level reaches 20%;
without prior knowledge, it is nearly impossible to identify it among the peaks. However, the first two footbridge frequencies remain
identifiable, even though the frequency spectrum becomes more irregular.

As shown in Fig. 17b, the jumping force significantly amplifies the spectral amplitude at the footbridge’s first natural frequency
while reducing those at the second and third frequencies, with the third frequency becoming unidentifiable. When the pedestrian
is walking (Fig. 17c), the second and third footbridge frequencies cannot be identified due to environmental noise interference.
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Nevertheless, the walking excitation frequencies and the footbridge’s fundamental frequency can still be observed. In such cases, the

footbridge frequency needs to be extracted using alternative approaches.
Overall, environmental noise does not alter the spectral amplitudes at the footbridge frequencies but introduces additional spurious

peaks. When the spectral amplitudes at certain footbridge frequencies (e.g., f,, and f,;) are relatively low, these additional peaks
can obscure them, making their identification difficult. Furthermore, for walking pedestrians, part of the energy in the frequency
spectrum is distributed to walking excitation frequencies, which further reduces the visibility of the higher footbridge modes. In
other words, the signal-to-noise ratio (SNR) of the response from the standing and jumping pedestrians is higher than that from the
walking pedestrian.

4.4. Influence of footbridge frequency

In engineering applications, resonance may occur when the natural frequencies of the structure are close to either the pedestrian’s
frequency or the pacing frequency [53]. To examine this issue, the influence of the bridge’s natural frequency is investigated in this
section. The footbridge natural frequencies are modified by changing the flexural stiffness E,I,, while keeping the mass per unit
length m, and span length L unchanged. Four cases, listed below, are considered. All other parameters remain the same as those used
in Section 3. The corresponding frequency spectra are presented in Fig. 18.

e Case 1: Standing pedestrian frequency f,; = 5.741 Hz. The footbridge flexural stiffness is E, I, = 3.548 x 10° N - m?, giving the first

three footbridge frequencies f,; = 5.741Hz, f;;, = 22.965Hz, and f,; = 51.693 Hz.
e Case 2: Jumping pedestrian frequency f,; = 5.741 Hz. The footbridge settings are the same as those in Case 1.
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e Case 3: Walking pedestrian frequency f,,, = 2.845Hz. The footbridge flexural stiffness is E,I, = 8.711 x 108 N - m?, giving the first
three footbridge frequencies f,, = 2.845Hz, f,, = 11.379Hz, and f,; = 25.614 Hz.

e Case 4: Walking pacing frequency f%, = 2.000Hz. The footbridge flexural stiffness is E,I, = 4.307 x 108N - m?, giving the first
three footbridge frequencies f,, = 2.000Hz, f,, = 8.001 Hz, f;,; = 18.010Hz.

As shown in Fig. 18a, when the fundamental frequency of the footbridge coincides with the standing pedestrian frequency in Case
1, the first two footbridge frequencies can still be clearly identified from the frequency spectrum of the standing pedestrian. Since the
sampling frequency of the pedestrian response is 100 Hz, the third bridge frequency, f,; = 51.693 Hz, cannot be identified because
of the Nyquist sampling limit. A similar observation applies to Case 2. As shown in Fig. 18b, when the fundamental frequency of the
footbridge coincides with that of the jumping pedestrian, the first two footbridge frequencies can also be identified clearly. For Case
3, where the footbridge fundamental frequency coincides with the walking pedestrian’s frequency, the linear-scale frequency spectra
shown in Fig. 18c indicates that the first three footbridge frequencies can still be identified. At the same time, the amplitude of f’ [f,i,

becomes larger than that of f, [f,f} when f, is close to f; ;’,L, which differs from the result shown in Fig. 13d, where the spectral amplitude

of f Ifi, is larger because f;, is close to f: [fﬁ.. In addition, as in Scenario 3 described in Section 3.4, the walking excitation frequencies
can also be identified from the spectrum. To present the spectral peaks more clearly, the results are also plotted on a logarithmic
scale, as shown in Fig. 18e. The “camel hump phenomenon” still exists at the higher frequencies. Therefore, the above results indicate
that frequency coincidence between the footbridge and the pedestrian natural frequencies does not significantly hinder footbridge
frequency identification.

For Case 4, where the footbridge fundamental frequency coincides with the pacing frequency, the frequency-identification results
are shown in Fig. 18d and f. From the linear-scale spectrum, the spectral amplitude at the footbridge’s fundamental frequency is greatly
amplified due to resonance between the pedestrian pacing frequency and the footbridge frequency. Because of this amplification, the
other two walking excitation frequencies, f [‘,’,f and f ,’;ﬁ» become less prominent. To show all spectral peaks more clearly, the results
are also plotted on a log scale. Even when the footbridge fundamental frequency coincides with the pacing frequency, the higher
footbridge frequencies can still be identified, although the “camel hump phenomenon” remains present. However, identification of
the footbridge fundamental frequency becomes challenging because the two frequencies overlap. In such cases, additional measures
may be needed. In practical crowdsensing applications, the proposed method is not intended to use a single pedestrian signal alone,
but to combine responses from multiple pedestrians with different pacing frequencies. Such joint processing can reduce the influence
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of individual pacing characteristics and improve the reliability of footbridge frequency identification. Prior estimation of the pacing
frequency before the pedestrian enters the footbridge may also be helpful.

4.5. Influence of footbridge damping

Damping of the footbridge is another important factor influencing its dynamic behavior. In this study, Rayleigh damping is adopted,
where the damping ratios of the first two modes are assumed to be equal, i.e., £ = ¢ = &,. The coefficients o and §, in C = ¢;M + K
are then determined accordingly. This section investigates three values of the damping ratio, namely & = 0.01, £ = 0.02, and & = 0.05,
which are typical values used for bridges [54,55]. The corresponding frequency spectra of the pedestrian response are presented in
Fig. 19.

From Fig. 19a and b, when the damping ratio is relatively low (i.e. £ = 0.01), the first three footbridge frequencies remain iden-
tifiable. Furthermore, increasing the damping ratio leads to a reduction in the amplitudes of all footbridge frequencies. This trend
is similar to the effect observed in Section 4.1 for a lighter pedestrian mass. However, the underlying mechanisms differ. A lighter
pedestrian mass weakens the pedestrian—footbridge interaction, reducing the energy transferred from the pedestrian to the structure.
In contrast, a higher damping ratio means that the footbridge itself dissipates more energy through damping, resulting in lower
vibration amplitudes.

For the case of a walking pedestrian (Fig. 19¢), increasing the footbridge damping also makes the “camel hump phenomenon”
less pronounced, which may further increase the difficulty of identifying higher footbridge frequencies. When & = 0.01 and & = 0.02,
the fundamental frequency of the footbridge remains identifiable, while the higher modes are overshadowed. Moreover, the damping
effect is only evident in the amplitudes associated with the footbridge frequencies, while the walking excitation frequencies remain
unaffected. When the damping ratio increases to & = 0.05, the fundamental frequency becomes unidentifiable. Under such conditions,
stronger excitations are required to effectively stimulate the footbridge, such as those generated by an external shaker or by multiple
pedestrians walking simultaneously, as demonstrated in existing studies on indirect road bridge monitoring [56-58].

5. Conclusions and future studies

This paper proposes a pedestrian-response-based method for identifying footbridge natural frequencies, with direct relevance
to crowdsensing-based structural health monitoring. Three pedestrian activities, standing, jumping, and walking, are analyzed to
achieve effective indirect identification of footbridge frequencies. Furthermore, the effects of key parameters, including pedestrian
mass, walking speed, environmental noise, footbridge frequency, and footbridge damping, are examined. The main conclusions can
be summarized as follows:

(i) When standing, the footbridge frequencies can be clearly identified from pedestrian response, even under purely random ambient
excitations. The pedestrian’s own frequency does not appear in the spectrum due to the high damping of the standing pedestrian,
which helps highlight the footbridge frequencies.

(ii) When jumping, compared with the footbridge response spectrum, the pedestrian acts as a weak “low-pass filter” that amplifies
the first footbridge frequency while attenuating the amplitudes of the second and third frequencies.

(iii) When the walking pedestrian’s response is employed, the walking excitation frequencies become identifiable in the pedestrian
response spectrum, and a “camel hump phenomenon” appears for the higher footbridge frequencies.

(iv) Pedestrian mass has a minor influence on the identified footbridge spectral amplitudes owing to the limited variation in body
mass across individuals.

(v) A higher walking speed enhances the “camel hump phenomenon” and reduces frequency resolution, thereby lowering identifica-
tion accuracy.

(vi) Environmental noise mainly affects high-frequency bands and hinders the identification of higher footbridge frequencies from the
pedestrian response.

(vii) Coincidence between the footbridge frequency and the pedestrian natural frequency does not significantly hinder footbridge fre-
quency identification, whereas coincidence with the pacing frequency can hinder the identification of the corresponding resonant
footbridge frequency.

(viii) Higher footbridge damping attenuates the spectral amplitudes, thereby reducing the identification reliability of footbridge fre-
quencies.

Although the numerical results are encouraging, several factors relevant to real-world applications, including multiple simultane-
ous pedestrians and temperature-induced frequency variations, have not been addressed. The findings regarding information transfer
from the footbridge to pedestrians lay the groundwork for crowdsensing-based footbridge health monitoring. The proposed method
should be regarded as a complementary screening tool for footbridges rather than a substitute for conventional bridge-mounted sens-
ing. Its practical value lies in enabling opportunistic data collection from pedestrians carrying smartphones or wearable devices during
normal bridge usage. Prior to deployment in crowdsensing applications, the method requires validation through laboratory experi-
ments and field tests. Future work will focus on examining the effects of these additional factors and conducting further demonstration
studies in real engineering environments.
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