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a b s t r a c t

The interaction of walking people with large vibrating structures, such as footbridges and
floors, in the vertical direction is an important yet challenging phenomenon to describe
mathematically. Several different models have been proposed in the literature to simulate
interaction of stationary people with vibrating structures. However, the research onmoving
(walking) human models, explicitly identified for vibration serviceability assessment of
civil structures, is still sparse. In this study, the results of a comprehensive set of FRF-
based modal tests were used, in which, over a hundred test subjects walked in different
group sizes and walking patterns on a test structure. An agent-based model was used to
simulate discrete traffic-structure interactions. The occupied structure modal parameters
found in tests were used to identify the parameters of the walking individual’s single-
degree-of-freedom (SDOF) mass-spring-damper model using ‘reverse engineering’
methodology. The analysis of the results suggested that the normal distribution with the
average of l = 2.85Hz and standard deviation of r = 0.34Hz can describe human SDOF
model natural frequency. Similarly, the normal distribution with l = 0.295 and r = 0.047
can describe the human model damping ratio. Compared to the previous studies, the
agent-based modelling methodology proposed in this paper offers significant flexibility
in simulating multi-pedestrian walking traffics, external forces and simulating different
mechanisms of human-structure and human-environment interaction at the same time.
� 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Over the past three decades, investigations into a considerable number of vibration serviceability problems of structures
[1,2], both in the vertical and horizontal directions, have highlighted the inability of the current design methods to reliably
estimate the vibration response of structures to walking pedestrians. This is mainly due to the methods ignoring the natural
inter- and intra- subject variability of people and their interaction with vibrating structures [2–5]. This is despite such inter-
actions have been an integral part of the design process relating to vehicle-structure interaction for a long time [6,7]. The
excessive lateral vibration of the London Millennium Bridge in 2000 caused a wave of research on the interaction of walking
people with pedestrian structures in the lateral direction [8]. However, human-structure interaction (HSI) in the vertical
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direction during walking has been explored much less, is not understood well and consequently does not feature in key
design guidelines [9–11]. However, the importance of HSI in the vertical direction is most recently demonstrated by Ziva-
novic et al. [11], Shahabpoor et al. [10] and Kasperski [12] based on experimental data collected from full-scale structures.

One of the key mechanisms of the HSI in the vertical direction is the effect of the human body on the dynamics of the
structure over which the body moves. It is well known that the mass of a stationary human body accelerates when exposed
to structural vibration and applies interaction force to the structure [13]. The same applies to the moving body, in which case
additional ground reaction force (GRF) is created due to the base vibration. This force is super-imposed on the normal GRF,
caused by acceleration and deceleration of the internally propelled human body and manifests itself as changes in the modal
frequency (i.e. mass and/or stiffness) and damping of the empty structure. This is because such force has components pro-
portional to the acceleration, velocity and displacement of the structure, as well as independent components [14].

In the past, several biodynamic models, such as a single degree of freedom (SDOF) mass-spring-damper model, were sug-
gested to simulate the effects of walking humans on the structural vibrations in the vertical direction [15–21]. In most of
these models, however, the human model parameters were adopted from the biomechanics literature and were not vali-
dated for the vibration serviceability assessment of civil structures. The works of Silva and Pimentel [16], Toso et al. [21]
and Shahabpoor et al. [22] are the only examples to date known to the authors that propose a range of parameters for
the SDOF walking human model in the context of the vibration serviceability of civil structures. Silva and Pimentel [16] sug-
gested three empirical equations for mass (m), damping (c) and stiffness (k) of the SDOF human model by analysing the ver-
tical walking force and measured vertical acceleration of the human trunk recorded at the pelvis (i.e. waist):

m ¼ 97:082þ 0:275�M� 37:518� fp ð1Þ

c ¼ 29:041�m0:883 ð2Þ

k ¼ 30351:744� 50:261� cþ 0:035� c2 ð3Þ
In Eqs. (1)–(3), M [kg] is the total mass of the human body, fp [Hz] is the pacing frequency and m [kg], c [Ns/m] and k [N/m]
are the human SDOF model mass, damping and stiffness, respectively.

Toso et al. [21] used a similar methodology to calculate the spectral amplitudes of the first three harmonics of the vertical
acceleration measured at the waist level of 35 test subjects. In addition, they calculated spectral amplitudes of the first three
harmonics of the corresponding vertical GRF, which was also measured simultaneously with the acceleration of the pelvis.
They used artificial neural network (ANN) to relate the biodynamic parameters to the pedestrians pacing rate and body
mass:

mðfp;MÞ ¼ �231:34þ 3:69Mþ 154:06fp � 1:97Mfp þ 0:005M2 � 15:25f2p ð4Þ

cðM;mÞ ¼ �1115:69þ 92:56M� 108:94mþ 2:91Mm� 1:33M2 � 1:30m2 ð5Þ

kðM;fpÞ ¼ 75601:45� 1295:32M� 33786:75fp þ 506:44Mfp þ 3:59M2 þ 539:39f2p ð6Þ
Both studies provided invaluable insights into the ranges of SDOF walking human parameters. However, they lack con-

vincing experimental verification on real-world structures. The recorded acceleration of the pelvis was not transformed from
the internal (i.e. local) coordinate frame of the measuring sensor to the Earth global frame, where the vertical axis is parallel
to the gravity. Therefore, the recorded ‘vertical’ accelerations most likely contain some levels of error due to the rotation of
the pelvis during walking [4,14]. Finally, common to all ‘black box’ approaches, the ANN used in Toso et al. study does not
provide any physical insight on the obtained SDOF m, c and k parameters.

Shahabpoor et al. [22] used a comprehensive set of experimental data, measured on a full-scale post-tensioned concrete
footbridge for different sizes of walking pedestrian traffics to identify parameters of a SDOF walking humanmodel. A discrete
multi-degree-of-freedom model of human–structure system was used to simulate the interaction of multi-pedestrian walk-
ing traffic with the vibrating structure. Each walking human was modelled using an SDOFMSDmodel. The structure was also
modelled with an SDOF model representing a mode of its vibration. The analysis identified the range of 2.75–3.00 Hz for the
natural frequency and 27.5–30% for the damping ratio of the SDOF model of a walking human, having a constant mass of 70
kg. The identification procedures used in this study modelled the time-varying location of walking pedestrians on the struc-
ture with an increasing level of detail and complexity. However, in all of these procedures the location of the walking human
body on the structure was assumed to be ‘stationary’ during each time-step of the simulation selected to be sufficiently
small. The effects of walking forces and shaker force (during forced FRF tests) were also assumed negligible.

To address these limitations, this paper utilises a very comprehensive set of multi-pedestrian walking traffic tests over a
laboratory-based but realistic 15-tonne prototype footbridge structure. An agent-based traffic-structure model (ABM) was
then used for simulation, where each individual and the relevant mode of the structure were both modelled using a SDOF
mass-spring-damper model. The natural frequency and damping ratio of the walking human SDOF model were identified for
each test in a way that the analytical frequency response function (FRF) of the occupied structure (OS) matched its exper-
imental counterpart. Compared to the Shahabpoor et al. [22], the identification methodology proposed in this paper
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