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Abstract

Realistic simulation of the dynamic effects of walking pedestrians on structures is still
a considerable challenge. This is mainly due to the inter- and intra-subject variability
of humans and their bodies and difficult-to-predict loading scenarios, including multi-
pedestrian walking traffic and unknown human-structure interaction (HSI)
mechanisms. Over the past three decades, several attempts have been made to simulate
walking HSI in the lateral direction. However, research into the mechanisms of this
interaction in the vertical direction, despite its higher likelihood and critical
importance, is fragmented and incoherent. It is, therefore, difficult to apply and codify.
This paper critically reviews the efforts to date to simulate walking HSI in the vertical

direction, and highlights the key areas that need further investigation.

Keywords:  Inverted pendulum, mass-spring-damper, synchronisation, lock-

in, walking gait biomechanics.




1 Introduction

The vibration serviceability of many modern structures, such as footbridges, stadia
and long-span floors under human loading, increasingly governs their design and
determines their cost. Inadequate consideration of the effects of walking pedestrians
on structural performance can lead to a considerable financial loss, such as in the case
of the infamous London Millennium Bridge in 2000 [1, 2]. It is particularly an issue
today, with high aesthetic demands and new lightweight materials of increasing

strength affecting the vibration serviceability performance.

Regardless of its importance, recurring incidences of vibration serviceability failures
due to walking pedestrians, both in the vertical and horizontal directions, have
highlighted the inability of current design methods to reliably estimate the structural
response [3, 4]. This unreliable performance is primarily due to virtually all design
methods ignoring the human-structure interaction (HSI) and sometimes dismissing the
natural inter- and intra-subject variability of people [4-8]. The excessive lateral
vibration of the Paris Solferino Bridge and the London Millennium Bridge on their
opening days triggered a wave of research on HSI in the lateral direction after 2000
[9]. However, the interaction of walking people with structures in the vertical
direction, despite being much more frequent and relevant to everyday design practice,

has sparsely been explored.

HSI was initially considered to be non-existent for moving humans [10]. However, it
was subsequently demonstrated that it could have significant effects on the structural
response [11]. Recently, a more realistic estimation of the structural vibration response
was made possible by taking into account the inter- and intra- subject variability of the
pedestrians in the form of statistical models of their walking force [6, 12-17]. This has

considerably increased the fidelity of the walking force models, but they still struggle



to capture key features of human-structure interaction (HSI) [4, 8]. The main reason is

the lack of credible experimental data to understand and model HSI.

In the context of the vibration serviceability of structures, HSI is defined here as the
continuous mutual dynamic effects of a human and structure on each other, that acts in
a feedback loop as long as the structure and human on it are in contact. HSI is
dependent on the human body posture and the type of activity [18] and can affect
structural response through different mechanisms and in different directions. Based on
the classification proposed by Sachse [19] and assuming the human body as a mass-
spring-damper (MSD) system, HSI mechanisms can be divided into two categories.
The first category comprises the effects of the human body (perceived as a dynamic
system) on the dynamic properties of the structure, namely mass, stiffness and
damping. The second category comprises the effects of the structural vibrations on the
forces induced by human occupants. For walking people, this includes effects of the
structural vibration on the gait parameters, such as the pacing frequency and phase,

stride length and walking speed.

This paper focuses on the interaction of the walking people with structures in the
vertical direction. The influence pedestrians have on each other’s walking patterns is
not considered to be HSI in this study. Therefore, cases where the synchronisation of
people is significant within a spatially restricted crowd due to a prompt [20, 21] that
can be provided by music, movements of other people [22, 23] or visual and audio

contact between people [19] are not discussed here.

The two categories of the vertical HSI mentioned above are discussed in more details
in Sections 2 and 3 of this paper. Section 2.1 reviews the experimental evidence in the
literature on the effects of walking humans on the modal properties of the structure.

Various proposed walking human models that take the HSI into account are discussed



in Section 2.2. Section 3 examines the effects of the structural vibrations on the human
walking parameters, including the ‘lock-in’ effect in the vertical direction. The
approach of the current design guidelines to take HSI into account is discussed in

Section 4 and conclusions are presented in Section 5.

2 Effects of a walking human on the modal properties of a
structure

As previously mentioned, one of the key mechanisms of the HSI in the vertical
direction is the potential of the human body to change the dynamic properties of the
structure (mass m, damping ¢ and stiffness k) over which it moves. It is well known
that the mass of a stationary human body accelerates when exposed to structural
vibration and applies interaction force on the structure [24]. The same principle
applies to the moving body, in which case a ground reaction force (GRF) is created
due to the base vibration. This GRF is in addition to the GRF caused by the internal
propulsion of the body locomotor system during walking on a stiff surface 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 GRF has components
proportional to the acceleration, velocity and displacement of the structure, as well as

independent components [25].

Several studies in the past have noted the increase of damping and/or changes of the
natural frequencies of structures when they are occupied by stationary (standing or
sitting) people [26-30]. However, studies are rare concerning changes in dynamic
properties of the structure due to moving (e.g. walking and running) people in the

vertical direction [11, 31, 32].



2.1 Experimental evidences

Ohlsson [33] reported that the spectrum of a walking force measured on a rigid surface
was different from that measured on a flexible timber floor. The spectrum showed a
drop around the natural frequency of the structure where the response was prominent.
He also observed that a moving pedestrian increased both the mass and the damping of
the structure. Baumann and Bachmann [34] similarly reported dynamic load factors
(DLFs) of walking, which were up to 10% lower if measured on a flexible 19 m long
pre-stressed beam. These observations were confirmed by Pimentel [35], who reported
lower DLFs on moving footbridges compared to those measured on a rigid surfaces.
He also reported a reduction in the natural frequency of a test footbridge under a

walking human load.

The measurements of Ebrahimpour, et al. [36] on a purpose-built instrumented
platform showed that the damping and mass of the platform were dependent on the
number of walking people on it. In a different set of experiments on the same test
structure, Ebrahimpour and Sack [37] found that walking DLFs decreased as the
number of walking people increased. The investigations of Bishop, et al. [38] and
Pimentel and Waldron [39] also showed that moving human occupants add damping
to structures they occupy. A similar trend was observed for standing people shortly
afterwards by Ellis and Ji [10] and Sachse, et al. [26]. However, studies of Ellis and Ji
[10] did not show any considerable effects of jumping and walking people on the

modal properties of structures.

In 2002, Willford [2] described experiments on the Millennium Bridge, and reported
an increase in the damping of the footbridge under walking load in the vertical
direction. Later, in 2004, Brownjohn, et al. [40] reported results of a combination of

forced vibration testing and human forcing on a 1,300-tonne footbridge in Singapore.



The footbridge was a steel skeleton, clad with glass, spanning 140m between pin
supports, at the platform level of a rapid transit railway terminus. During some of the
tests, 150 pedestrians were walking on the footbridge for several minutes. The results
of their analysis in the vertical direction showed an increase in the level of damping.
The values of the damping recorded were found to lie in between that of an empty

footbridge and that of a footbridge full of stationary pedestrians.

The studies of Brownjohn and Fu [41] on a 46m steel footbridge linking a teaching
block and an engineering block at Singapore Polytechnic showed that the changes in
the modal properties of the structure with moving pedestrians were small compared to
those with stationary pedestrians. They suggest that, within limits, the modal

properties of the empty structure could be used in analysis.

Zivanovié, et al. [11] carried out a systematic set of experiments on a full-scale
pedestrian structure to quantify the effects of walking and standing people on the
modal properties of the structure. Groups of 2, 4, 6 and 10 people were asked to stand
still or walk along the Sheffield University post-tensioned simply-supported slab
footbridge. For each loading scenario, an FRF-based modal test was carried out using
an APS electro-dynamic shaker connected directly to the mid-span of the structure to
excite the first mode. The experimentally measured FRFs of the occupied structure
under different loading scenarios (Figure 1) were curve-fitted to find the modal
properties of the occupied structure. It was found that that the presence of humans on
the structure, either in passive or active form, increased its damping. Interestingly, it
was also found that the presence of standing people increased the natural frequency of

the structure, while the same people walking decreased it.
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Figure 1. FRF magnitude and phase graphs of Sheffield University test footbridge
understanding/walking groups of people [11]

Zivanovié, et al. [4] conducted an extensive set of vibration monitoring tests on
Podgorica footbridge in Montenegro under a daily walking pedestrian load. Their
study showed a three-fold increase in the effective damping of the first vertical mode
of the structure from 0.26% to 0.67%. Similarly, the experimental and analytical
studies of Fanning, et al. [42] on the vibration serviceability of Sean O’Casey Bridge
in Dublin showed that the measured acceleration response of the structure was 20%
less than the corresponding analytical value. They concluded that this was due to the

added damping of the walking people on the structure.

Dong, et al. [43] performed a series of tests on the Olga footbridge at Oberhausen,
Germany under a stream of walking pedestrians. The bridge had the total length of 66
m, with two spans of 18m and 48m. First, the vertical mode of vibration, with a
natural frequency of 1.8Hz and damping ratio of 0.5%, was found to be the most
sensitive to the walking pedestrian effects. It was found that during the highest arrival
rate period, the natural frequency reduced to 1.72 Hz and the damping ratio increased

to 1.9%.

Georgakis and Jorgensen [32] did a series of forced vibration tests on a purposefully



built test footbridge to quantify the effects of walking pedestrians on the mass and
damping of the structure. The footbridge was a simply-supported 16m-long double U-
beam steel structure with the mass of 5,224kg, natural frequency of 2.23Hz and
amplitude dependent damping of 0.25-0.58%. Three tests were carried out, each
lasting a minimum of 3 minutes. In these tests, 4, 7 and 10 pedestrians, representing
0.35, 0.62 and 0.88 pedestrians/s flow rates, respectively, walked on the structure. The
results of the analysis showed that the full mass of a human body (and not a fraction of
it) can be used to simulate a single pedestrian. They also found that the Weibull
distribution can describe the probability distribution of the observed added damping
values for each pedestrian. An exponential fit was then made to the data to find
amplitude-dependent and flow-independent pedestrian damping coefficients, c,, for
varying probability (fractile) levels (Figure 2). They finally suggested that, for design
purposes, a pedestrian may be treated as a moving point viscous damper with

¢,=500N.s/m for moderate vertical vibrations of up to Smm amplitude.

5500

5000 %
\
\,
\
= 4500 N
~ N\,
vd N\,
~ AN
= 4000 N\ .
- . ~
= ~ S
2 . S
S 3500 S, ~ —10%
£ ~ ‘~\~
[} ~., -~ — =59
8 3000 Sao S e 50%
o0 ~ S < o
£ ~ Seee = =90%
=% ‘s, Seae
g 2500 SooL 0 Tl -==-95%
° I
2000 R
= ~-. .o Te=all
=
21500 N0 Tl T ——e
® S T T e, T
Q SS e =l
1000 ——— :
N —
— — —
_————
500 T ——
— - =
0
1 15 2 25 3 35 4 4.5 5

vertical displacement [mn'1]

Figure 2. Amplitude-dependent pedestrian damping coefficient for varying probability
fractile [32]



As recently as 2015, Zhang, et al. [44], Van Nimmen, et al. [45] and Salyards and Hua
[46] carried out a set of experiments on full-scale structures and reported a
considerable increase in the damping ratio and a slight change in the natural frequency

of the structure occupied by walking people or stationary people with bent knees.

Shahabpoor, et al. [47, 48] carried out a set of FRF-based modal tests on a test
structure with groups of 3-15 people walking on it. The analysis considered the first
two modes of the structural vibration, with natural frequencies of 4.44Hz and 16.8Hz
and modal damping ratios of 0.7% and 0.4%, respectively, with a modal mass of
7128kg for both modes. Pedestrians were asked to walk at their desired speed on the
structure. A considerable change in the modal parameters of the structure was reported
when it was occupied by walking people (Table 1). For example, for a group of 10
people walking at mid-span, an increase of natural frequency to 4.75Hz, modal mass
to 7311 kg and modal damping ratio to 2.3% were observed. In addition, the
magnitude of the interaction effects was found directly related to the number of

walking people on the structure.

Table 1: Modal properties of the occupied structure (os) for different group sizes

Test . . No. of  Modal properties of the occupied structure (os) Structural Response
No. Series Location Pedestrians 2 7
fos (Hz) Cos (%) mys (kg)  Cos (N.s/m) kos (N/m) Amax (M/S7) Arms (M/S7)
Mode 1 (Structure)
1.1 A All-over 2 4.443 1.00 7,165 4,000 5,583x103 2.4361 0.4131
1.2 B All-over 3 4.445 1.10 7,183 4,413 5,603%x103 1.7489 0.3018
1.3 A All-over 4 4.450 1.28 7,201 5,154 5,630x103 2.1755 0.3637
1.4 A All-over 6 4.465 1.55 7,238 6,294 5,696x103 1.8771 0.3311
1.5 B All-over 6 4.465 1.65 7,238 6,701 5,696x103 1.4882 0.2481
1.6 B All-over 10 4.475 2.30 7,311 9,456 5,780%x103 1.1313 0.2050
1.7 A All-over 10 4.476 2.10 7,311 8,635 5,782x10°3 1.5876 0.2870
1.8 A All-over 15 4.485 2.91 7,402 12,140 5,878x10% 1.1251 0.2466
Mode 2 (Structure)
2.1 B All-over 3 16.900 0.55 7,128 8,326 80,372x103 2.4059 0.4482
2.2 A All-over 6 16.813 0.53 7,128 7,982 79,548%103 2.9046 0.5595
2.3 B All-over 6 16.910 0.65 7,128 9,846 80,468%x103 2.2905 0.4234
2.4 A All-over 8 16.819 0.61 7,128 9,190 79,605%x103 2.5591 0.5133
2.5 A All-over 10 16.822 0.64 7,128 9,644 79,634x103 2.5232 0.5223
2.6 B All-over 10 16.935 0.75 7,128 11,377 80,708% 103 2.1387 0.4023
2.7 A All-over 15 16.825 0.79 7,128 11,907 79,665%103 2.2358 0.4725
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The aforementioned experimentally measured effects of the walking human-structure
interaction on the modal properties of structures are summarised in Table 2, where
arrows pointing upwards/downwards indicate the observed increase/decrease in the
corresponding modal property during walking. Apart from the Ellis and Ji [10] study,
all other measurements show an increased structural damping ratio s due to the
presence of walking people, compared to damping ratio of an empty structure. The
measurement of the modal frequencies of the structures f; show both an increase and
decrease in f; due to walking humans. The trend of change of f; is consistent with the
theoretical explanation offered by Shahabpoor, et al. [49]. Using a two-degrees-of-
freedom human-structure model, they found that when the natural frequency of the
human model f; is less than that of the empty structure f;, the natural frequency of the
occupied structure f,, is higher than f;. On the other hand, when fj, is more than f;, f is

less than f;. A detailed description of their findings is presented in Section 2.2.1.
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Table 2. Experimentally measured effects of HSI on modal properties of structure

No. of
Study pedestria Structure & fs as DLFs
ns
Ohlsson, .
1982 [33] - Timber floor 1 | |
Baumann and Bachmann, o
1988 [34] - 19m pre-stressed beam - - - 10%)]
1[53b6r]a himpour, et al., 1989 1-40 Lab-based composite floor 1 - | -
Ebrahimpour and Sack, . ) ) )
1996 [37] 1-40 Lab-based composite floor |
Pimentel and Waldron, 1 Composite footbridge 1 ) ) !
1996 [39] f=3.66Hz, (=0.4%
Ellis and Ji, Precast reinforced concrete
1997 110 1 beam 0% 0% - -
(10] f=18.68Hz, (=0.8%
Pimentel, Stressed ribbon footbridge o o )
1997 [35] - £=2.35Hz, (=0.56% 17%1 1774 !
Willford, ) Millennium Bridge 1 ) ! )
2002 [2] f=1.18Hz, {=0.8%
Brownjohn, Up to Changlﬁl)\:[)::grzizzlr;l:e steel Up to ) ! )
0,
2004 [40] 150 f=4.44Hz, (=0.7% 100%1
. Singapore Polytechnic o/
E‘rlo]wnjohn and Fu 2005 1-35 steel footbridge 51(%);’ 1 7%1 | -
=4.72Hz, (=0.85% ’
Post tensioned lab
Zivanovié, et al., 2009 [11] 2-10 footbridge 297%1 1.6%7 38%) -
f=4.44Hz, (=0.72%
6.1 . .
5. - . Podgorica steel footbridge o o o )
Zivanovic¢, et al., 2010 [4] p;s(teritirrlla £=2.04Hz, (=0.26% 158%71 2%] 65%]
. O’Casey steel footbridge ) o )
Fanning, et al., 2010 [42] 4-30 £=2.01Hz, C=0.5% 1 20%)]
Done. et al 0-2 Olga cable-stayed
2(?1 lg’[%] ” pedestria footbridge f=1.80Hz, 280%1 4.4%] - -
ns/s =0.5%
Georgakis and Jorgensen, 4-10 Steel lab footbridge 1 ! ) )
2013 [32] f=2.21Hz, (=0.5%
Post tensioned lab
Shahabpoor, et al., 2015; 3-15 footbridge 400%1  1.0%1 32%) ;
2016 [47, 48] f=4.44Hz, (=0.7%
Zhang et al., 4-10 Steel lab footbridge 1 ! ) )
2015 [44] f=2.21Hz, (=0.5%
Van Nimmen, et al., 2015 9-21 Eeklo Steel footbridge 900%1  0-1.5% ; ;

£=2.99Hz, (=0.2%

2.2  Walking human models

Assuming a walking human to be a linear mechanical system makes it possible to use

the superposition principle to split the walking GRF on a vibrating structure into two

components:
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1. The walking GRF on a stiff surface resulting solely from the internal
propulsion of the locomotor system; and
2. The interaction force resulting from the acceleration of body masses due to

structural vibrations.

The models that use this analogy usually have two components. The first component is
comprising a walking GRF corresponding to a stiff surface (called non-interactive
GRF here). This force is either synthetically generated or experimentally measured,
typically using an instrumented treadmill. The second component is usually a physical
human model, which simulates the interaction effects. Both forces are usually applied
independently on the structure and their location sometimes changes as the human
walks along a structure. The HSI physical models (second component) proposed in the

literature are discussed in this section.

It is worth mentioning that, in almost all the cases, the physical walking human
models are only focused on simulating the first category of HSI effects i.e. the effects
of the human body on the dynamic properties of the structure. The second category of
HSI effects (the effects of the structural vibrations on human occupants), however, is
not commonly represented in the models. Section 3 describes very limited studies

dealing with this category.

The walking human models are divided into three groups here. The first group
comprises the linear oscillator models of the human body with a single mass, or
multiple lumped masses connected together linearly with springs and dampers. The
second group comprises the biomechanically-inspired inverted-pendulum (IP) models
that were developed originally to realistically simulate the human gait. The final group

comprises the multi-body link-segment models of the human body.
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2.2.1 Linear oscillator models

Human body dynamics, in the simplest form, can be simulated using an S/MDOF
linear model [50]. The first generation of such models simulated the effects of walking
on the modal properties of a structure by simply treating them as stationary and rigid
masses added to the empty structure [33, 36, 51, 52]. This naturally resulted in a
decrease of the calculated modal frequency of the structure. However, this method was
unable to describe the increased damping and occasional increase in the modal

frequency observed in occupied structures [11].

2.2.1.1 SDOF MODELS

Archbold [53] used a finite element model to simulate the vertical effects of an SDOF
MSD model of a single pedestrian walking across a footbridge structure and compared
its results with a force-only model. The parameters of the SDOF walking human
model were adopted from biomechanics literature for standing and running people.
The initial stiffness of 25kN/m and damping coefficient of 800N.s/m were used in
simulations. The Archbold studies showed that when the pacing frequency was close
to the modal frequency of the structure, the force-only model overestimated the 10
second RMS of the acceleration response of the structure by 400%, whereas the
interactive model estimated the response with a maximum of 10% error. It was also
found that including the higher harmonics of the walking force in the simulation did

not improve the accuracy of the results.

Fanning, et al. [54] used a moving SDOF MSD model coupled with a single harmonic
walking GRF to simulate the effects of a walking pedestrian on an Aberfeldy glass
fiber reinforced concrete (GFRC) footbridge. An extensive set of tests were carried

out on Aberfeldy footbridge with first vertical mode of 1.54Hz, where nine test

14



Mass, m,

Stiffness, kp

subjects walked on the bridge one at a time, both with and without controlled pacing
frequency. The analysis by Fanning, et al. [54] showed that force-only models
produced response errors of up to 200% when the structure was excited at resonance.
The parameters of the MSD SDOF model were optimised so that the estimated
response matched the corresponding measured ones. Fanning, et al. [54] suggested
ky,=7.5 kN/m and a velocity dependent damping model in the form of c,(N.s/m) = 50 +
2,500x (m/s) to simulate the human model. Using this model, the errors of the

estimated responses reduced to less than 40% around resonance.

Caprani, et al. [55] used a moving SDOF MSD model coupled with a walking force to
simulate the effects of a single walking pedestrian on a structure (Figure 3a). Only the
first harmonic of the walking force was used in the simulations and the range of
human model parameters were adopted from the biomechanics literature. A simply-
supported beam simulated with an SDOF MSD model was used to model the
structural dynamics. The response ratio p of the two cases of interactive MSD human
model and the force-only model was used to analyse the effects of HSI on the

structural response (Figure 3b).
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Figure 3. a) Moving mass-spring-damper model coupled with walking GRF and b) ratio of the

response of interactive/force-only models [55]
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The mass and stiffness of the MSD model were varied within ranges of 10-130 kg and
10-35 kN/m, respectively, with a constant damping ratio of 30%, pacing frequency of
1.96 Hz and step length of 0.66m. Figure 3b shows the results of the Caprani, et al.
study for three bridge natural frequencies, 1.94Hz, 2.0Hz and 2.1Hz. It was found that
structural responses away from resonance were similar for both force-only and SDOF
models. However, when the SDOF MSD natural frequency was close to that of the
structure, the response of the interactive model was considerably lower in comparison
with the force-only simulation. It was suggested that the resulted response ratios p can
be used for finding the interactive response of structures using the force-only
response. The work of Caprani, et al. features a sound and straightforward analytical
methodology, but it lacks experimental validation. An extensive experimental
validation is particularly important to analyse the generality of the suggested response
ratio due to inter- and intra- subject variability, and the amplitude dependency of the

human model parameters (such as modal frequency and damping ratio).

Archbold, et al. [56] used the same model as Caprani, et al. [55], but investigated in
more detail the effects of the pacing frequency and stride length on the response of a
structure. The statistical distributions suggested in the biomechanics literature were
adopted to define the parameter of the MSD walking human model. The pedestrian
mass was taken to follow a log normal distribution [57] with a mean of 73.9kg and
variance of 21.2%. The stride length was taken to be normally distributed, with a
mean of 0.66m and a 10% variance [58]. The pacing frequency was also considered to
be normally distributed, with the mean of 1.96Hz and standard deviation of 0.209Hz
[59-62]. Similarly, the pedestrian stiffness was taken to be normally distributed with a
mean of 22.5 kN/m and a standard deviation of 2.25 kN/m [63]. Their study showed
that the response ratio p was extremely sensitive to even slight variations in the pacing

rate when it was close to the natural frequency of the structure. It was also found that

16



variations in the step length had little effect on the structural response.

The work of Silva and Pimentel [64] is a rare example that proposes a range of
parameters for the SDOF walking human model in the context of structural vibration
serviceability. They identified the parameters of an SDOF MSD walking human
model by analysing the correlation of the walking force and the acceleration of the

human body recorded at the waist.

In total, 20 test subjects, 11 men and nine women, took part in their experiments,
where they walked at their desired speed on a rigid surface. Silva and Pimentel [64]
proposed three empirical equations for the mass (m), damping (c) and stiffness (k) of

the SDOF human model:

m = 97.082 + 0.275xM — 37.518xf, (Equation 1)
¢ =29.041xm"* (Equation 2)
k =30351.744 — 50.261xc + 0.035%c> (Equation 3)

where M [kg] is the total mass of the human body, f, [Hz] is the pacing frequency and
m [kg], ¢ [N.s/m] and k [N/m] are the human SDOF model mass, damping and
stiffness, respectively. The work of Silva and Pimental [64] used a solid and
innovative approach common in the system identification of mechanical systems, to
estimate the parameters of a walking human model. However, a simplistic three-
harmonic synthetic walking GRF (rather than the measured GRF) was used for the
system identification. The initial ranges of the human SDOF model stiffness and
damping values were adapted from the standing people parameters, which might not
accurately represent the walking people. For instance, it was assumed that the

damping of a walking person is lower than the damping of the same person standing.

Silva, et al. [65] used the moving SDOF oscillator model developed earlier by Silva

17



and Pimentel [64] to simulate the effects of non-synchronised multi-pedestrian
walking traffic on the vibration response of structures, and compared it with full-scale
measurements. Silva, et al. [65] used two methods to simulate walking pedestrians. In
the first method, both the walking force and the walking people model moved together
along the structure. This method is non-linear and time-varying, as the location of the
human DOF on the structure changes with time. In the second method, only the
walking force moved along the structure and the location of the human model was
kept constant. Pedestrians in this method were distributed evenly along the structure.
A simply-supported concrete prototype footbridge, with a clear span of 11.30m and
width of 1.8m was used for the study. The modal tests showed that the first vertical
mode of the structure had 4.27Hz natural frequency and 1% damping ratio. Three
tests, involving 12, 31 and 48 walking test subjects (pedestrian densities of 0.3, 0.7
and 0.9 pedestrians/m®) were carried out. The spectrum of the experimental and
analytical acceleration response of the structure are presented in Figure 4 for these

three tests.
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Figure 4. Mean response spectra [65]

Silva, et al. [65] observed a slight reduction in the natural frequency of the structure
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and a considerable reduction in the response of the structure (increased damping)
when using a human dynamic model (both methods). These effects were increased as
the number of walking people on the structure increased. None of these effects were
evident in the response of the structure excited by the force-only model. This work,
however, again used the simplistic three-harmonic synthetic walking GRF rather than

measured GRF.

Shahabpoor, et al. [49] adopted a single-degree-of-freedom (SDOF) MSD oscillator
model to simulate interaction of a single walking pedestrian with vibrating structures

(Figure 5).

Figure 5. a) The mathematical 2DOF model of human-structure system and b) the
conceptual representation of a stationary human walking on the structure

They performed an extensive parametric study and found that, when the natural
frequency of the human model f, was less than that of the empty structure f;, the
natural frequency of the occupied structure f,; was higher than f; (Figure 6a — red FRF
moduli graphs). Figure 6a also shows that when f; is greater than f;, the natural
frequency of the occupied structure f, is less than that of the empty structure f,. The

closer the natural frequencies of the human and the structure are, the greater the
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change in f,s and ;. Shahabpoor, et al. [49] also found that an increase of damping of
the human model {, results in an increased damping ratio of the occupied structure (y
(Figure 6b). As mentioned in Section 2.1, these findings shed light on the probable
mechanism behind the change of the modal properties of real-world structures

occupied by walking pedestrians reported in the literature [11].
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Figure 6. Effects of (a) walking human natural frequency and (b) damping ratio
on structure FRF

Shahabpoor, et al. [66] later carried out a sensitivity analysis on a similar 2DOF
human-structure system and found that, when the natural frequency of the human
model f;, was less than the natural frequency of the structure f;, both the natural
frequency f,s and damping ratio (. of the occupied structure were more sensitive to
the human model stiffness. On the other hand, when f;, is greater than f;, both f,; and
{os are more sensitive to the human model mass my. It was also found that f, is not
sensitive to {,, while (,s shows the highest sensitivity to the {, when the natural
frequencies of the human body SDOF and the empty structure are equal. Both
Shahabpoor, et al. [49, 66] studies use a solid and practical modelling strategy with
minimal presumptions, however, both works lack experimental validation. Moreover,
multi-pedestrian interaction and the effects of the time-varying location of walking

pedestrians on the structure were not considered in their studies.
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Jiménez Alonso and Saez [67] used a 3DoFs model, comprising three independent
SDOF MSDs to simulate the interaction of a walking human with a structure in three
dimensions. They used the experimental data reported by Georgakis and Jorgesen [32]
in an inverse dynamics procedure to identify the parameters of the SDOF human
model in the vertical direction by trial and error. The initial ranges of human model
mass (80%-100% of total body mass), damping ratio (10%-69%) and natural
frequency (1.00-10.43Hz) were adopted by analogy from the range of parameters
reported in literature for a standing human. Results of Jiménez Alonso and Saez [67]
study suggested that an SDOF MSD model with a mass equal to 84% of total body
mass, damping ratio of 47% and natural frequency of 2.75Hz can simulate the
dynamic effects of a walking human on structures with low sensitivity of response to
small changes of human body parameters. Their work, however, did not provide any
details on the analysis procedure, error tolerances and the methodology used to

simulate the stream of pedestrians on the structure.

Recently, Zhang, et al. [44] carried out a set of FRF-based modal tests on a full-scale
laboratory footbridge, with a natural frequency of 2.2Hz and modal damping ratio of
0.5%, first empty, then occupied by groups of 4, 7 and 10 walking pedestrians. An
SDOF MSD model was used to simulate the interaction of pedestrians with the
structure. The parameters of the walking SDOF model were identified by fitting the
measured FRFs in tests with their simulated counterparts. Zhang, et al. [44] reported
the natural frequency and damping ratio of the SDOF walking human model to be
1.85Hz and 30%, respectively. The work of Zhang, et al. used a well-established FRF-
based identification methodology. However, it lacked independent experimental
verification and did not take into account the walking forces in calculation of

measured FRFs.
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Zivanovié [68] carried out a set of nine tests on a 63m FRP bridge, where six test
subjects crossed the bridge one at a time. The natural frequency and modal damping
ratio of the footbridge were 1.5Hz and 0.4%, respectively. The parameters of an
SDOF MSD walking human model were then identified by matching the estimated
peak response with the corresponding measured peak responses. Using the total mass
of the participant, the ranges of 1.0Hz-2.6Hz and 10-27% were identified for the

natural frequency and damping ratio of the walking human model.

Zhou, et al. [69] used an integrative model to simulate a human on a structure. Rather
than modelling the human body as a lumped mass connected to a spring and damper,
they assumed it to be a continuous two-segment bar with distributed mass m(x),
stiffness k(x) and damping c(x) represented as an SDOF on the structure. It was found
that the un-damped and damped natural frequencies of the first mode from the
integrative model were always smaller than those from the conventional MSD models.
The work by Zhou, et al., however, lacks experimental verification and does not

suggest any particular parameter for the human model.

Shahabpoor, et al. [48] used a discrete model of human—structure system to simulate
the interaction of multi-pedestrian walking traffic with the vibrating structure. Each
walking human was modelled using an SDOF MSD model (Figure 7). 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 structure with an increasing level of
detail and complexity. However, in all of these procedures human body was assumed

to be ‘stationary’ while walking.
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Figure 7. The mechanical model of a walking people-structure system simulated as an
stationary system

Toso, et al. [70] used a similar methodology to Silva, et al. [65], and measured the
spectral acceleration amplitudes of the first three harmonics of 35 test subjects at their
waist level, and the amplitudes of the first three harmonics of the corresponding
vertical ground reaction force. They used the artificial neural network (ANN) to relate

the biodynamic parameters to the pacing rate and the body mass of the pedestrians:
m(f,,M)=-231.34+3.69 M+154.06 f, -1.97 M £,+0.005 M*-15.25 f,> (Equation 4)
c(M,m)=-1115.69+92.56 M — 108.94 m+ 2.91 M m — 1.33 M*1.30 m* (Equation 5)

k(M,f,)=75601.45-1295.32 M — 33786.75 £,+506.44 M f,+3.59 M*+539.39 f,’
(Equation 6)

where M [kg] is the total mass of the human body, f, [Hz] is the pacing frequency and
m [kg], ¢ [N.s/m] and k [N/m] are the human SDOF model mass, damping and
stiffness, respectively. The study of Toso, et al. [70] provides an invaluable insight
into the ranges of SDOF walking human parameters. It improved the accuracy of the

identification procedure compared to Silva, et al. [65] by using measured free field
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walking forces, utilising a specially constructed force platform instead of synthetic
forces. This work, however, was carried out for a single pedestrian and, therefore,
does not include the multi-pedestrian traffic challenges. The acceleration recorded at
the pelvis location was not re-oriented to the earth coordinate system, which could

potentially introduce errors in calculations due to the rotation of pelvis.

2.2.1.2  MDOF MODELS

Kim, et al. [71] used a 2DOF MSD model to simulate a walking individual in the
vertical direction. They adopted the human model parameters mostly from ISO
5982:1981 [72] developed for standing people (Figure 8). The effect of a single
walking pedestrian was simulated on a 99m long cable-stayed footbridge located in a
Seoul park, South Korea, with an empty natural frequency of 1.88Hz and a modal
damping ratio of 0.4%. The response of the structure was compared for two scenarios
of the passive moving force and interactive 2DOF human model. Surprisingly, it was
found that the response of the structure using an interactive 2DOF model was 34%

higher than that of the force-only model.

m, my;= 608 N (62 kg)
cn=62000 N/m
ky, Chi kn=14600 N.s/m
Tha mp= 128 N (13kg)
k., . cho= 80000 N/m

ki»=930 N.s/m

Figure 8. Human body model [72]

Finally, Miyamori, et al. [73] simulated a walking pedestrian with a 3DOF oscillator
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model, but no comparison was presented with a force-only case to examine the

performance of their model.

2.2.2  Inverted-pendulum models

Inverted-pendulum models (IPMs) are traditionally used in biomechanics literature to
simulate the walking gait in detail [68, 74]. IPMs have been shown to provide high
fidelity replication of the dynamics of the human locomotor system, simulating both
temporal and spatial gait parameters, such as stride length, pacing frequency, centre of
mass (CoM) motion, timing of gait events such as heel strike and toe off, and the
required propulsive energy to maintain a specific gait pattern [75-77]. Several
different variants of IPMs have been proposed in the literature to simulate walking,
ranging from a simple IPM comprising a point mass and a solid leg [78] (Figure 9a) to
more complex ones with spring and damper legs [79]. Other variations include IPMs
with roller feet (Figure 9b) and bipedal IPMs (Figure 9c) to simulate the double-
support phase of the gait more accurately [77, 80]. The spring and damper in the legs
help simulate the dynamics of legs more realistically, while foot models attached to
IPM such as roller feet model help simulate different phases of foot-ground contact

during the gait realistically.
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Figure 9. IPM models suggested in literature to model a walking human
Some of the key benefits of using IPMs for simulating HSI are the more realistic
modelling of body dynamics and the possibility of investigating the effects of
structural vibrations on gait parameters such as pacing rate and walking speed.
Moreover, IPMs can model both components of the interaction force i.e. GRF on a
stiff surface and HSI effects. A 3D IPM can simulate HSI simultaneously in all three
directions. This provides the opportunity for more advanced modelling approaches to

investigate the effects of HSI in one direction on other directions.

The application of IPMs for HSI simulation, however, has some drawbacks. IPM is
essentially a non-linear system and the superposition principle does not apply to it.
The behaviour of IPMs is harder to analyse and, therefore, less practical for day-to-
day design practice. While a linear SDOF MSD model needs only three parameters
(m, ¢ and k) to be defined, similar IPMs need a minimum of six independent
parameters such as body mass, angle of attack, length of leg at rest, leg stiffness, leg

damping ratio, and initial system energy and, in the case of more complex models, feet
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model parameters and model stability margins [81]. This might indicate the higher
versatility of IPMs, but it also increases considerably their indeterminacy and
decreases their robustness, particularly due to the high inter- and intra-subject

variability of their input parameters.

Several researchers have adapted IP models from the biomechanics literature, to
simulate the interaction of walking pedestrians with civil structures, particularly in the
lateral direction. However their application to modelling HSI in the vertical direction
is rare. Bocian, et al. [82, 83] used a mass-only IP model to simulate the motion of the
body CoM in a walking person. They studied the gait adaptation strategies of the
human model when subjected to a vertical base excitation. The equation of motion of
the inverted-pendulum model (Figure 10) during the single support phase was easily

derived by applying D’ Alembert’s principle:

6 =— % (g + Z)cos b, (Equation 7)

where, 0 is the supporting leg inclination angle; 1 is equivalent inverted pendulum
length; g is gravitational acceleration; z is the vertical displacement of the bridge; and
dots over the symbols represent derivatives with respect to time. In Figure 10, F, is the

vertical component of the interaction force and m,, is the mass of a pedestrian.
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Figure 10. Inverted-pendulum walking human model on a vertically vibrating
structure [82]

Bocian, et al. found that, depending on the ratio of the pedestrian pacing frequency
and the base excitation frequency, a walking human can either increase or decrease the
damping of the structure. Similar to the conclusions with linear MSD models
described in Section 2.2.1, Bocian, et al concluded that, for a multi-pedestrian
walking traffic, the overall effect of the pedestrians is more likely to manifest itself as
an increase in damping ratio and mass of the structure. This occurs due to the base
motion, subtly altering the timing of the footfall impulses to bias the net effect, but
without actually causing synchronisation of the pedestrian with the base frequency.
The results of Bocian, et al. [82, 83] studies were quite interesting, but their [IPM was
too simple and no experimental validation was provided. Using bipedal IPM with

springs and damper can significantly increase the bio-fidelity of the model.

Dang and Zivanovié¢ [84] compared the performance of a moving harmonic force
model, a moving oscillator-actuator model and an inverted-pendulum model (without
spring and damper) in reproducing kinematic and kinetic features of a walking human
and replicating the vibration patterns observed on a lively footbridge. The structure

selected for the study was a light cable-stayed bridge made of fiber reinforced
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polymer, with the length of 113m, the main span of 63 m and the weight of 20,000kg.
The structure was very alive, with a fundamental vibration mode at 1.52Hz, a 2,750kg

modal mass and a 0.42% modal damping ratio.

The inverted-pendulum model DLF, mass, average walking speed and pacing
frequency were selected equal to 0.14, 86 kg, 1.43 m/s and 1.52 Hz, respectively,
based on the tests carried out on the footbridge. The SDOF MSD human model’s
natural frequency, damping ratio and DLF were selected equal to 2.3Hz, 8% and 0.1,
respectively, by an analogy with the properties of the bouncing people found in the

literature. However, no justification or validation was presented for this analogy.

The study of Dang and Zivanovi¢ [84] showed that a traditional force-only model
cannot predict the response of the structure accurately in lightweight structures where
HSI has a prominent contribution. Both the inverted-pendulum and SDOF MSD
oscillator models predicted the interaction level acceptably, while the IPM could better
replicate the kinematics of the human body’s CoM. The IPM could also simulate the

effects of the structure on the pacing frequency and phase of the walking force.

Qin, et al. [79] used a bipedal IP walking model with damped compliant legs to
simulate a walking human. Their bipedal model had two degrees of freedom (x and z
on Figure 11a) and the mass was concentrated at CoM. A massless linear spring and a
time-varying damper connected in parallel were used to simulate each leg (Figure
11a). The time-varying damping mechanism was employed to simulate realistically
the ground reaction force, especially at the touch-down of the leading leg. A control
force in a feed-back form was applied to the pedestrian in each walking step, to
compensate for the energy dissipated by the damping of the model and to regulate the

walking behaviour.
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Figure 11. The schematics of Qin, et al. (a) [79] and (b) [81] biomechanical walking
model (TD: touch down of leading leg; TO: toe off of the trailing leg)

Qin, et al. [79] studied the effects of leg stiffness and damping and the landing angle
of attack of the leading leg 6, (Figure 11a) on the response of the structure. The results
of their investigation showed that the level of interaction increased by increasing the
magnitude of the structural vibration. Therefore, more feedback energy was required
to maintain the steady walking. Leg stiffness was found to have a significant effect on
the dynamic response of the structure, when the step frequency was close to the

natural frequency of the structure.

Qin, et al. [81] used a bipedal IPM to simulate the interaction of a walking pedestrian
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with a beam structure. The human IPM had two DoFs, u and z, as shown in Figure
11b. The human body mass (m,=80kg) was considered to be lumped at the CoM. Each
leg was modelled using a massless linear spring (k;.;=20kN/m) to provide a compliant
mechanism to absorb heel strike impacts and to generate push-off impulses, and a
time-variant non-linear damper ({(=8%) to restrain the excessive motion of the CoM. A
longitudinal feedback control force was applied to the CoM at each walking step, to
compensate for the energy loss in dampers and to regulate the walking performance of

the pedestrians.

Qin, et al. [81] carried out a parametric study to analyse the effects of leg stiffness,
the angle of attack of the leading leg, the leg damping ratio, and the mass ratio of the
human and structure on the response of the structure. They found maximum
acceleration response of the structure when the leg stiffness resulted in a pacing
frequency close to the natural frequency of the structure (resonance) (Figure 12a).
They also found that the higher the human/structure mass ratio was, the higher the
interaction effects were (Figure 12b). The analysis of the damping of the human legs

showed that it had no considerable effects on the structural response.
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Figure 12. Effect of leg stiffness (a) and human/structure mass ratio (b) on the
response of the beam structure

Mass ratio

Qin, et al. [79, 81] studies are quite unique in using a complex, but highly realistic,
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bipedal IPM with compliant damped legs to simulate a walking human. Their
research, however, was focused on the analytical study of a single pedestrian and did
not include any experimental validation. To the best of the authors’ knowledge, the
IPM parameters were not identified for this HSI application and Qin, et al. had to
adapt the parameters from biomechanics literature. Common to studies featuring IPM
simulations, a large number of assumptions were necessary, such as the non-linear
damping model of the legs in both single- and double-support phases, the regulatory
control force to maintain the steady walking gait and the initial energy input. These
assumptions can reduce the generality of the outputs. Some of the results of Qin, et
al.’s study, such as the considerable increase in the response of the structure when
considering HSI and the negligible effects of the walking human on modal properties
of the empty structure contradict experimental evidence from the real-world

structures discussed in Section 2.1.

2.2.3  Whole body link-segment models

Maca and Valasek [85] employed two complex 2D and 3D multi-body models of
walking human to simulate HSI. They used a 2D model with 9 degrees of freedom for
vertical interaction (Figure 13a) and a 3D model with 34 degrees of freedom to
simulate simultaneous interactions in both vertical and lateral directions (Figure 13b).
This was the first and only instance that the interaction between a walking human and

a structure was simulated in this way for both directions simultaneously.
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Figure 13. The 2D walking human model, comprising 8 bodies and 9 DOFs (a) and
the 3D walking human model, with 13 rigid bodies and 34 DOFs [85]

A combination of feedback and feedforward control algorithms was used in multi-
body models to replicate normal walking motion and gait. A finite element model
(FEM) of a structure was coupled with the human models, and their interaction was
simulated on one another at each moment in time using their interaction force. Maca
and Valasek [85] concluded that the response of the bridge was affected by the ratio
of the pacing frequency and natural frequency of the structure and that the number of
pedestrians on the structure had no effects on its response. The Maca and Valasek
models are very versatile, but the complexity of the models and the high number of
input parameters and control assumptions make them hard to analyse and use in day-

to-day practice. No experimental verification was provided for the models.

2.2.4 Comparison of human model parameters

The parameters of the linear oscillator and IP models used to simulate the interaction

of a walking human in literature are summarised in Table 3 and Table 4, respectively.
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As can be seen in Table 3, f, covers a range of 1.85-3Hz and {, covers a range of

27.5%-47%. The adopted parameters for IPMs are 65°-80° for the angle of attack of

the leading leg, 16-23kN/m for the leg stiffness k, and 3-8% damping ratio {,. An

interesting difference is between the lower values of the damping ratio {, in IPMs

compared to MSD models.

Table 3. Comparison of parameters of the linear oscillator walking human models

Study GRF model Single/ Model fi [ my kn Ch

on stiff Multi Parameters (Hz) (%) (kg) (kN/m) (N/s/m)

surface pedestria

ns
SDOF

Archbold, 2004 Synthetic Single Adopted - - Total 25 800
[53] multi-

harmonic -

moving
Fanning, et al., Synthetic Single Identified - - Total 7.5 50+
2005 [54] single 2500x

harmonic -

moving
Caprani, et al., Synthetic Single Parametric - 30 10-130 10-35 -
2011 [55] single

harmonic -

moving
Archbold, et al., Synthetic Single Parametric - 30 Lognormal  Normal -
2011 [56] single Mean=73.9  Mean=22.5

harmonic - Var=21.2%  Var=2.25

moving
Silva and Synthetic 3 Single Identified - - Eq. 1 Eq.3 Eq.2
Pimentel, 2011 harmonics -
[64] moving
Silva, et al., 2013 Synthetic 3 Multiple Identified - - Eq. 1 Eq.3 Eq.2
[65] harmonics -

moving
Shahabpoor, et al., - Single Parametric 0.6-6 1-80 70 - -
2013 [49]
Shahabpoor, et al., - Single Parametric 0.6-6 1-80 70 - -
2013 [66]
JiménezAlonso Synthetic 3 Single/ Identified 2.75 47 84% of - -
and Saez, 2014 harmonics - Multiple total
[67] moving
Zhang, et al., - Multiple Identified 1.85 30 Total - -
2015 [44]
Shahabpoor, et al., - Multiple Identified 2.75- 27.5- Total - -
2016 [48] 3.00 30
Toso, et al., 2016 Measured Single Identified - - Eq. 4 Eq. 6 Eq.5
[70] GRFs

MDOF

Kim, et al., 2008 Synthetic 3 Single — Adopted - - m;=62 (top) k=62 ¢=14600
[71] harmonics - 2DOF m,=13 k,=80 ¢,=930

moving
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Table 4. Comparison of parameters of the IP walking human models

my Model type ~ Model Leg f, Hz) vy Angle of k, Ch
(kg) Parameters length (m/s) attack ()  (kN/m)  (N/s/m)
(m) Or £ (%)
Bocian, et al., 76.9 Mass-only Parametric/  1.045 1.9 1.35 70 - -
2011 [82]; 2013 Adopted
[83]
Dang and 86 Mass-only Parametric/  1.216 1.52 1-2.5 65-80 - -
Zivanovi¢, 2013 Adopted
[84]
Qin, et al., 2013 80 Bipedal - Parametric/ 1 1.65- 1.09- 66-70 16-23 5-8%
[79] spring and  Adopted 1.82 1.32
damper
Qin, etal., 2014 80 Bipedal - Parametric/ 1 varying varying  60-70 20 3-8%
[81] spring and  Adopted
damper

3 Effects of structural vibrations on walking human

Humans have an intelligent sensory-motor system that constantly adapts body
movements to the environment and reacts to external stimuli consciously or
subconsciously. Structural vibrations as a stimulus can trigger such conscious and
subconscious reactions and adaptations. An example of such reactions is the co-
activation of a pair of antagonistic muscles to increase the stiffness of specific leg
joints in reaction to a disturbing base vibration [86]. Two categories of effects of
structural vibrations on a walking human are discussed in this section. The first
category discusses the lock-in phenomenon, which in turn describes the tendency of
pedestrians to synchronise their pacing frequency with the structural vibrations. In
some cases, lock-in may trigger synchronisation [87], which is more a matter of a
human-human interaction. The second category discuss the effects of structural

vibrations on the parameters of the walking human model.

3.1 Lock-in
Bachmann and Ammann [88] argued that vertical vibrations with an amplitude higher
than 10-20mm can force walking pedestrians to adjust their pacing rate with the

motion of a vibrating structure. Grundmann, et al. [89] suggested a method to take into
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account the probability of synchronisation of people with the vertical vibration of the
structure. They defined the probability of synchronisation Pg(a,) as a function of the
acceleration amplitude of the structure a, (Figure 14). In addition, they proposed that
the response to N walking people on a structure can be calculated from the following

equation:

a, =Ps(ag)Nsa,, (Equation 8)

Where ay,, is the response to a single pedestrian and N,= NK is the number of people
reduced by factor K<1, which takes into account that the location of the load moves

along the structure.
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probability of synchronisation Py(a)
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acceleration of the basis [m/s’]

Figure 14. Probability of synchronisation as a function of the acceleration of the
bridge [89].

However, investigations into the Paris Solferino bridge [90] suggested that lock-in in
the vertical direction is unlikely to happen, as pedestrians would be disturbed by the
excessive vibration and would not be able to maintain the pacing rate at resonant

frequency. The findings of Zivanovié, et al. [91] support this claim when analysing the
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interactions of three footbridge structures with a single pedestrian walking at or near
the resonant frequency. Test subjects were asked to walk once with the aid of a
metronome tuned to the natural frequency of the structure and once without the
metronome. They found that, in the presence of a strong vibration, pedestrians could

not keep a steady pacing frequency and this reduced the chance of a resonant build-up.

Figure 15 shows the simulated (orange) and measured modal responses from the free
walking of a single test subject at resonance on two lively footbridges, which moved
perceptibly. In both cases, the test subject was asked to walk at resonant frequency
without the aid of a metronome. It was found for the two structures that at t=35s and
26s from the beginning of the tests, respectively, the subjects started changing their
pacing rate. The perceived vibration levels by test subjects at these points were found
equal to 0.33 m/s” and 0.37 m/s’, respectively, based on their location on the structure
at the time. They concluded that 0.33 m/s* and 0.37 m/s® are the maximum
acceleration magnitudes that a pedestrian can endure in the vertical direction without
disturbing their established walking pattern. Zivanovi¢, et al. [91] further argued that
the observed reduction in the response of the structure could be simulated either as a
disturbance of the normal walking force or an increase of damping of the structure.
They found that, for the case of the increased damping, the occupied structure

damping ratio was up to 10 times higher than that of the empty structure.
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Figure 15. Simulated (orange) and measured modal responses due to free walking at resonance on a)
footbridge 1 (slow pacing rate) at first mode natural frequency of 1.52 Hz and b) footbridge
2 (fast pacing rate) at first mode natural frequency of 2.04 Hz [107]

The design guidelines for steel footbridges [92], funded by the European Commission,
suggest that synchronisation of the human body centre of mass with structural
vibration is similar to walking at a pacing rate equal to resonant frequency. The design
guidelines [92] experiments showed no stable synchronisation behaviour for vertical
vibration amplitudes up to 10 mm. It was argued that synchronisation may occur at
higher amplitudes, but they would be outside the acceptable limit for the vibration
serviceability of a footbridge and pedestrians were very likely to be disturbed or stop
walking. They suggested that fast walking persons are almost not affected by the

vibration of the deck, as the contact time of the feet with the structure is very short.

3.2 Effects of structural vibrations on properties of walking human

model
The study of the effects of the level of vibration on the dynamic properties of a human
body is limited to stationary people only (standing and sitting) and mostly not in the
context of the vibration serviceability of civil structures. Rare studies carried out on

standing and sitting people showed that the modal frequency of the human model
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decreases (the model becomes softer) as the level of vibration increases [93-95]. For
instance, Matsumoto and Griffin [94] observed that the modal frequency of standing
people increased from 5 to 7 Hz when the magnitude of the base acceleration root-
mean-square (RMS) reduced from 2m/s® to 0.125m/s”. These levels of vibration are

too high for civil engineering structures.

4 Design guidelines and assessment methods

As previously mentioned, the inherent complexities of modelling HSI have caused the
design guidelines to either ignore the HSI [96] or make very simplistic assumptions to
take it into account. Therefore, all commonly used current design guidelines only

suggest a walking GRF to be applied on the structure.

Zivanovié, et al. [4] carried out a comprehensive study of the performance of the
currently available design guidelines to estimate the response of a structure under
spatially unrestricted pedestrian traffic walking loads. They analysed four time-
domain methods, Eurocode 5 [97], ISO 10137 standard [98], design guidelines
presented by the French road authorities [90] and UK National Annex to Eurocode 1
[99], and three frequency-domain methods, the power spectral density method
proposed by Brownjohn [6], Butz [100, 101] and the response spectrum method
formulated by Georgakis and Ingo6lfsson [102]. The selected methods were used to
estimate the responses measured on two real-world footbridges, the Reykjavik City
Footbridge (RCF) located in the Icelandic capital and the Podgorica Bridge (PB)

located in the capital of Podgorica, Montenegro.

Results of the study by Zivanovié, et al. [4] showed that these design guidelines tend
to overestimate the response of the structures, especially in the case of the Podgorica

footbridge. They concluded that ignoring the HSI is possibly the cause of this
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overestimation. They later showed that increasing the damping of the occupied
structure from 0.26% to 0.67% (which is expected due to HSI) yielded an accurate
estimation of the experimental response of the Podgorica footbridge. However, they

suggested no model to simulate the observed HSI.

The UK recommendations for the design of permanent grandstands [103] are leading
the world in promoting a realistic way to explicitly take into account the interaction of
people with grandstand structures in the vertical direction. This guideline, based on the
model proposed by Dougill, et al. [104], uses a combination of two single-degree-of-
freedom (SDOF) models to simulate the aggregated effect of passive (mostly sitting)
and active (mostly bouncing) people (Figure 16). Although this model aggregated the
effects of people and did not take into account the inter- and intra-subject variability of
people, its performance was proven much more accurate than the methods that ignore

HSI [105, 106].

Active occupants Passive occupants :

Structure

Figure 16. The crowd model used by UK recommendations for design of permanent
grandstands [108]

5 Conclusions
The reliable simulation of the interaction of a multi-pedestrian walking traffic with

vibrating structures, such as footbridges and floors, is still challenging. The majority
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of the experimental observations and analytical studies reported in the literature

suggest that:

Walking people in general add considerably to the damping of the structure
and slightly change the modal frequencies.

When the natural frequency of the walking human model f;, is less than that of
the empty structure f;, the natural frequency of the occupied structure fi is
expected to be higher than f;.

When f;, is greater than f, f,s is expected to be less than fi.

The closer the natural frequencies of the human to the empty structure, the
greater the change in f s and (.

The effect of walking traffic on the modal parameters of the occupied
structure becomes more significant as the number of pedestrians increases.
Although identification of the dynamic properties of the walking human
model have not been studied extensively in the context of vibration
serviceability, the limited existing knowledge suggests ranges of 1.85-3.5 Hz
and 20-50% for an SDOF MSD model of a walking human.

There is still no conclusive evidence on the most realistic and computationally
efficient form of the walking human model (SDOF, MDOF, IP, etc.) to
simulate HSI.

The existing walking human models mostly lack conclusive experimental
validation and, in the case of IP models, their time-varying non-linear
interaction mechanisms are not straightforward enough to implement in
practice. IP models are prone to produce results that contradict experimental

observations.

Currently, no design guideline takes into account the HSI of walking pedestrians in the
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vertical direction. As a result, a large and potentially expensive overestimation can be
expected between simulated and experimentally measured responses. There is an
urgent need for a detailed and extensive experimental and analytical research on the
underlying mechanisms of the HSI during walking. The resulting methodologies can
then be adopted in the new generation of vibration serviceability guidelines, which has
to feature the effects of human-structure dynamic interaction, currently neglected for
pedestrian structures, but utilised for the first time and with great success since 2008

in the UK guidance on crowd dynamic loading of grandstands.

Future research in this area is needed based on collecting comprehensive interaction
data from real world structures for different walking traffic scenarios. Such datasets
are necessary for varying structures to identify and validate walking human models
and analyse their robustness and versatility. The next generation of design guidelines
need to incorporate a realistic model of walking GRF and a comprehensive HSI model
into a practical and inclusive modelling approach that can be used in day-to-day
design practice. Such a modelling approach must be able to simulate the essential
aspects of HSI effects such as the vertical lock-in and changes in modal parameters of

the vibrating structure and human walking models.
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