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Abstract
Interaction of walking people with vibrating structures is known to be an important yet
challenging phenomenon to simulate. Despite of its considerable effects on the
structural response, no properly formulated and experimentally verified model currently

exists to simulate this interaction in the vertical direction.

This work uses a single-degree-of-freedom mass-spring-damper model of a walking
human to simulate its interaction with a vibrating structure. Extensive frequency
response function measurements were performed on a test structure that was occupied
by more than a hundred tests subjects walking in various group sizes and at different
times in 23 tests. The identified modal properties of the occupied structure were used in
three different identification procedures to estimate the parameters of the walking

human model.

A discrete model of human — structure system was used to simulate interaction of each
walking person with the structure. 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 model of a
walking human, having constant mass of 70kg. The extent of the experimental data and
the measurement details, diversity of loading scenarios and consistency of the results of
the different identification procedures, provided high level of confidence on the

suggested parameters for the single-degree-of-freedom walking human model.

Keywords:  vertical human-structure interaction; multi-pedestrian traffic;

vibration serviceability; bridges; floors; moving body parameters
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1 Introduction

Vibration serviceability of structures under a range of different human activities has
been a growing concern to civil structural engineers since 19" century [1, 2]. The current
design trends towards more slender and longer span structures have made them more
susceptible than ever before to vibration serviceability problems [3, 4, 5, 6].
Investigations of several recent incidences due to walking pedestrians, both in the
vertical and lateral directions, have highlighted the inability of the contemporary design
guidelines to estimate reliably the vibration response [7, 8]. The key reason for this
unsatisfactory situation is a widespread, yet utterly wrong, assumption that walking
people affect structural dynamics only through the inertia of their moving bodies,
thereby acting only as the main source of the vibration [4]. In reality, the human bodies
have equally powerful effect on the modal properties of the occupied structure which,

as this paper will demonstrate, should not be ignored [8, 9, 10, 11].

The simplest walking load models, such as those suggested by FIB [12], ISO 10137
[13], French design guideline [14] and UK National Annex to Eurocode 1 [15],

approximate the walking force of an individual with a periodic function presentable via
up to four dominant Fourier harmonics. Typically, one of these harmonics is tuned to
match the frequency of a target mode of the structure to create resonance. In case of a
multi-pedestrian traffic, the net force is most commonly calculated by multiplying the
individual walking force by factor(s) which often depend on the pedestrian density on

the structure [4, 16].

A significant move towards more realistic estimation of the structural response was
made only recently by taking into account inter- and intra- subject variability of the
pedestrians in the form of statistical models of their walking force [6, 17, 18, 19, 20, 21,
22]. This has increased considerably the fidelity of the walking force models, but they

still cannot account fully for the human-structure interaction (HSI) [8, 11].
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Mass of a stationary human body accelerates when exposed to vertical structural
vibration, thereby creating an interaction force at the contact point with the structure
[23]. The same applies to the moving people, in which case additional ground reaction
force is created due to the self-propelling body motion. These interaction forces
manifest as changes in the modal frequency of the empty structure (i.e. through the
alteration of modal mass and/or stiffness) and damping. This is because such forces
have components proportional to acceleration, velocity and displacement as well as
independent components [24]. There have been several successful studies designed to
quantify changes of the modal properties of structures when occupied by stationary (e.g.
standing or sitting) people [25, 26, 27, 28, 29]. The results consistently suggested a more
or less significant increase in structural damping and shifting of the natural frequency
in, surprisingly, either direction. Experimental and analytical studies prompted by the
Millennium Bridge problem [30] reported that walking people also add considerable
damping when they excite lateral vibration modes of a structure [31]. However, similar
studies on the effect of walking people on the vertical structural modes are very rare and

limited [32, 33].

Zivanovic, et al. [33] did a series of FRF measurements on a test footbridge and studied
the changes in the dynamic properties of the structure in the vertical direction due to the
presence of either all standing or all walking groups of people. They reported a slight
increase in the natural frequency and a three-fold increase of the damping of the
occupied structure relative to the empty structure. Moreover, the authors observed that
the walking people added less damping to the structure than the stationary people. Based
on an analytical study featuring a walking human as a single-degree-of-freedom (SDOF)
mass-spring-damper (MSD) oscillator, Shahabpoor, et al. [34, 35] showed that the

natural frequency of a vertical mode of the occupied structure can either increase or

decrease depending on the frequency of the human SDOF system, while damping of the
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structure always increases. These changes appeared prominent especially when the
natural frequency of the human SDOF system was close to the modal frequency of the

empty structure.

Miyamori, et al. [36] reported similar results using a more complex 3DOF biodynamic
model of a walking individual, but also without experimental verification. Kim, et al.
[37] used a simpler 2DOF MSD model with little success because the majority of the
human model parameters were adapted from ISO 5982:1981 [38], which refers to
stationary standing (rather than walking) people. Favored for its simplicity, the
elementary SDOF MSD model was used in a number of studies to simulate pedestrian-
structure interaction in the vertical direction [17, 39, 40, 41, 42, 43, 44]. However, due
to the lack of knowledge about the true values of the parameters of a walking human
SDOF system, the values were either assumed or adapted from sparse biomechanical
studies relevant to other activities, such as bouncing and jumping. The work of Silva
and Pimentel [41] and JiménezsAlonso and Saez [44] are the only examples to date
known to the authors that proposed a range of parameters for the SDOF walking human
model in the context of structural vibration serviceability. However, the suggested
values were derived using the inadequate analogy with stationary people and are based
on several weak assumptions, such as that the walking excitation is a single sine wave.
All of these studies commonly lack verification against a sufficiently large and
statistically reliable experimental walking data recorded in parallel with structural

vibration response.

In recent years there have been several attempts to use biomechanical models such as
the inverted pendulum (IP) model that swings in the vertical plane [45, 46, 47, 48].
Apart from the lack of adequate experimental validation, non-linear interaction
mechanism which is an essential part of these models is not straightforward for
implementation in design practice. Moreover, the credibility of results of IP models is

5
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usually compromised by the large number of assumptions necessary for their simulation
such as the regulatory control force to maintain the steady walking gait and initial energy

input.

Moving from the single walking person to multi-pedestrian walking traffic, real

stochastic nature of relevant modelling parameters need to be considered. Variability of
the human mass my, damping cn and stiffness ki, between different people and even for
the same person under different walking scenarios, interaction of people with each other
and time-varying location of people on the structure, all make the human traffic-
structure system highly complex. Challenges of modelling such essentially non-

deterministic system have forced design guidelines to use simplistic assumptions to
approximate the reality. Most of the load models, such as ISO [13], aggregate the effects
of pedestrians in a walking traffic and model their net sum loading as a single force. UK
National Annex to Eurocode 1 [15] and FIB [12] go further and specify “scaling factors”

of the force magnitude to account for possible synchronization between pedestrians.

The works by Paulissen and Metrikine [49] and Pecol et al. [50], pertinent to the lateral
direction, and by Caprani et al. [43], Silva, et al. [42] and JiménezeAlonso and Sdez
[44] pertinent to the vertical direction are very rare recent attempts to model discrete

walking traffic load by simulating every individual.

In conclusion, no fully developed, well elaborated and experimentally verified model
exists currently to simulate reliably enough the effects of the walking human in the
vertical direction for a diverse range of loading scenarios and structures. This is mainly
due to the challenging nature of collecting experimental data pertinent to walking people

— the issue that the present study specifically aims to address.

This paper uses comprehensive measurements of pedestrian flow recorded on a

laboratory-based, yet realistic, 15-tonne prototype footbridge structure. Thelocation on
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the structure and speed of each pedestrian at every moment of time, their weight and the
corresponding 'nominally identical' walking force on a stiff surface were recorded for
all tests. Moreover, acceleration response of the structure was recorded in parallel to the
walking data. A discrete traffic model was used to simulate walking people in which

each individual is modeled as a SDOF MSD oscillator. By fitting the analytical

Frequency Response Function (FRF) of the occupied structure to its experimental
counterparts, the unknown natural frequency f, and damping ratio (, of the SDOF

human oscillator were identified using three optimization methods.

Section 2 of this paper presents a brief description of two experimental campaigns and
the selection of results used in this paper. In Section 3.1 the proposed identification
procedures and the discrete walking traffic-structure model are described in detail.
Results of the analysis are presented for two ‘stationary’ and ‘moving’ walking
scenarios in Sections 3.2 and 3.3, respectively, while values of the identified parameters
for each human SDOF model are determined and discussed in Section 3.4. Finally, the

conclusions are presented in Section 5.

2 Experimental campaigns

Two series of tests (referred to as Series ‘A’ and ‘B’), separated by approximately a
year, were carried out on the Sheffield University prototype test footbridge (Figure 1)
at different times but with identical test setup. Each series comprised a set of FRF-based
modal tests of the empty structure and the structure when a number of people were
walking on it. In total 23 tests were carried out: 13 tests focused on the first mode and
10 tests focused on the second mode. In these tests between 2 and 15 people were
walking on the structure and modal properties of the occupied structure were estimated

experimentally.
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Figure 1: Photo, plan and modal test grid of the Sheffield footbridge. Two side platforms are shown
with hatched rectangles.

181

182 2.1 Empty structure

183  The structure used in this study is a simply supported in-situ cast post-tensioned

184  concrete footbridge purposely built in the structures laboratory of the University of
185  Sheffield. The structure rests on two knife edge supports along its shorter edges, as
186 illustrated in Figure 1 and behaves like a simply supported beam. The total length of the
187  footbridge is 11.2m, including short 200 mm overhangs at the supports. Its rectangular
188  cross section has width of 2.0 m and depth of 275 mm, and it weighs approximately 15

189 tonnes.

190  Previous modal tests of the Sheffield footbridge [11] showed that it has four modes of
191  vibration (Figure 2) with modal frequencies less than 50 Hz. Only the first two vertical
192 modes with modal frequencies 4.44 Hz and 16.8 Hz were considered relevant for this
193  study. In each test series, a set of FRF-based modal testing was conducted on the empty
194  footbridge using 18 Honeywell QA 750 accelerometers placed parallel to the longer

195  edges of the slab (Figure 1).

196
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Figure 2: Experimentally acquired mode shapes of PT slab

In each test series A and B, two FRF-based modal tests were carried out, one for the
first and one for the second mode. Chirp signals with the frequency ranges of 3.5 —
5.5 Hz for the first vertical mode (4.44 Hz), and 15 — 18 Hz range for the second vertical
mode (16.8 Hz) were used to excite the structure. An APS electro-dynamic shaker

model 400 [51], operated in the direct-drive mode, was connected to the slab from
beneath at the mid-span or the quarter-span to get the highest possible excitation at the
anti-node of the mode 1 or mode 2, respectively. The point mobility FRF was used to
estimate modal properties. Empty structure modal properties are presented in Table 1
for both Series A and B tests. A slight difference between the identified modal properties
of the empty structure is noticeable between Series A and B which is to be expected

considering the time gap of about a year between the tests.

b) Second vertical mode shape @ 16.8 Hz
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Table 1: Results of modal analysis of the empty structure (es)

Mode FRF based

Modal Modal Modal Modal Modal Maximum Response RMS
# frequency damping mass damping stiffness response arms (M/s?)
fes(H2) ratio mes (kg)  coefficient ks (N/m) amax (M/s?)
Ces (%) Ces (N.s/m)
1 (Series A) 4.44 0.6 7,128 2,386 5,547x 103 1.8782 0.3680
1 (SeriesB) 4.44 0.7 7,128 2,784 5,547x 103 2.6084 0.4826
2 (Series A)  16.87 0.4 7,128 6,044 80,086x 103 2.5080 0.4769
2 (SeriesB)  16.77 0.4 7,128 6,009 79,140x 103 3.2123 0.5942

2.2 Pedestrian data

The weight of each pedestrian was measured using a simple digital weighing scale. The
walking force of each person (for their self-selected ‘comfortable’ walking speed) on a
stiff surface was recorded using an instrumented treadmill. A pair of PeCo laser
pedestrian counters [52], located 8 meters apart above the footbridge walkway (Figure

3), were used to record the time- and direction-stamped instances of each pedestrian

crossing them.

Laser Counters
Exact readings
Predicted locations
@ = @ = @G =

—@ =@

8.0m
11.2m

L

T

Figure 3: Prediction of people location between each two consecutive crossing of
PeCo laser pedestrian counter

Figure 4 presents typical time-histories of location of three pedestrians during a 100s
test. Location of each person is shown with different colour and support locations are
shown with dashed lines. Time-history of each pedestrian location and walking speed

were calculated by cross-comparing the PeCo data with the synchronized time-stamped

10
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video footage of each test. Walking speed was assumed constant between each two

consecutive crossings of the laser counters.

Location on structure (m)

0 10

Figure 4: A typical time-history of location of three pedestrians on the structure
presented with three different colors

2.3 Occupied structure tests

Two different loading scenarios were considered for this study. In the first loading
scenario test participants were asked to walk around a tight circle in specific locations
on the structure (mid-span, quarter-span and 3/8 span). In this loading scenario, people
were assumed to be nominally stationary on the structure i.e. their locations on the
structure were constant and assumed to be at the center of the circle (Figure 5a). This
assumption is important as it eliminates the time-variance in the model of the human-
structure system and makes it possible to formulate their dynamic interaction using
conventional equation of motions for linear multiple-degrees-of-freedom (MDOF)
systems. Eight tests, five focused on the first mode of the structure and three focused on
the second mode, were carried out using this loading scenario. These tests were labeled

with letter ‘C’ at the end of their test number to indicate walking in a circle (Table 2).

11
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In the second loading scenario test participants were asked to walk in a closed-loop path

along the structure (Figure 5b). Eight out of 15 tests targeted the first vertical vibration

mode, while the remaining seven tests focused on the second vertical mode of vibration.

Between 2 and 15 people participated in each test. They were asked to walk with their

comfortable speed and were free to pass each other. 15 data blocks, each lasting 64

seconds, were acquired in each test to average out unmeasured extraneous excitation as

much as possible and get better quality FRFs. The FRF test setups were identical tothe

empty structure tests with 18 accelerometers recording responses along the two long

edges of the structure (Figure 5).
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b) Scenario 2: Walking along the structure

Figure 5: A typical walking path of designed loading scenarios

12



Table 2: Modal properties of the occupied structure (os) for different group sizes — walking around the tight circle

tests

Test Series Location No. of  Modal properties of the occupied structure (0s) Structural Response
INO. reaestrians fos (HZ) Cos(P0)  Mgs (Kg)  Cos (N.S/M) Kos (NTM) Amax (M/S) Arms (M/S%)
Mode 1 (Structure)
1IC B Mid-span 3 4.455 2.00 7,214 8,077 5,652x 10° 1.3226 0.2488
12C B Mid-span 6 4.480 2.90 7,300 11,918 5,784x 103 1.0903 0.2008
13C B Mid-span 10 4.500 3.40 7,415 14,256 5,928x 103 0.8656 0.1861
14C B 3/8 -span 6 4.465 2.50 7,287 10,222 5,735x 103 0.9920 0.1987
15C B Quarter-span 6 4.460 2.05 7,250 83,29 5,693x 103 1.0996 0.2195
Mode 2 (Structure)
2IC B Quarter-span 3 16.913 0.61 7,128 9,241 80,496x 10° 2.2306 0.4188
22C B Quarter-span 6 16.925 0.82 7,128 12,432 80,611x 103 1.9406 0.3544
23C B Quarter-span 10 16.975 0.99 7,128 15,054 81,091x 103 1.6871 0.3660

249

250  Modal parameters of the occupied structure (OS), natural frequency fos [Hz], modal mass
251  mos [kg] and modal damping ratio Cos [%], were found by curve-fitting the point-mobility
252  FRF for each test. These parameters are presented in Table 2 and Table 3 for the tight-
253  circle (Figure 5a) and along the structure (Figure 5b) scenarios, respectively. Comparing
254  the values of modal properties of the occupied (Table 2 and Table 3) and empty structure
255  (Table 1), differences in the corresponding modal frequencies and particularly in
256  damping ratios are noticeable. These changes were attributed to the effects of the HSI
257  during walking. The identification methods developed for this paper (described in
258  Section 0) have used these observed effects to estimate the possible properties of the

259 human SDOF MSD model.

260

261

262

263

264
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265

Table 3: Modal properties of the occupied structure (os) for different group sizes — ‘walking along the structure’ tests

Test Series Location No. of  Modal prc perties of the occupiec structure (0s) Structural Response
No. Peaestrians "~ (Hz) Cos (%) Mg (KG)  Cos (N.S/M) Kos (N7m) Amax (M/S7) arms (M/5?)
Mode 1 (Structure)
11 A All-over 2 4.443 1.00 7,165 4,000 5,583x 103 2.4361 0.4131
1.2 B All-over 3 4.445 1.10 7,183 4,413 5,603% 103 1.7489 0.3018
13 A All-over 4 4.450 1.28 7,201 5,154 5,630% 103 2.1755 0.3637
14 A All-over 6 4.465 1.55 7,238 6,294 5,696% 103 1.8771 0.3311
15 B All-over 6 4.465 1.65 7,238 6,701 5,696x 103 1.4882 0.2481
1.6 B All-over 10 4.475 2.30 7,311 9,456 5,780x 103 1.1313 0.2050
17 A All-over 10 4.476 2.10 7,311 8,635 5,782x 103 1.5876 0.2870
1.8 A All-over 15 4.485 291 7,402 12,140 5,878x 103 1.1251 0.2466
Mode 2 (Structure)
21 B All-over 3 16.900 0.55 7,128 8,326 80,372x 103 2.4059 0.4482
2.2 A All-over 6 16.813 0.53 7,128 7,982 79,548x 103 2.9046 0.5595
2.3 B All-over 6 16.910 0.65 7,128 9,846 80,468x 10° 2.2905 0.4234
24 A All-over 8 16.819 0.61 7,128 9,190 79,605% 103 2.5591 0.5133
25 A All-over 10 16.822 0.64 7,128 9,644 79,634% 103 2.5232 0.5223
2.6 B All-over 10 16.935 0.75 7,128 11,377 80,708x 10° 2.1387 0.4023
2.7 A All-over 15 16.825 0.79 7,128 11,907 79,665x 103 2.2358 0.4725
266

267 2.4 Changes of mode shapes

268  One of the key assumptions of the identification methods used in this paper was that the
269  presence of walking people on a structure did not affect its mode shapes. This
270  assumption was examined by comparing the mode shapes of the empty structure and
271 when occupied by a group of 10 (Figure 6). The acceleration responses recorded by all
272 18 accelerometers on the structure were used to find the first two mode shapes. The
273  mode shape amplitudes were calculated at nine equidistant points along the central
274  longitudinal axis of the symmetry of the footbridge. They were average values of the
275  two mode shapes each measured at nine points along the two edges of the footbridge
276  (eg. 10 and 1, 11 and 2, etc.). As it can be seen in Figure 6, there is no significant

277  difference between the mode shapes of the empty and the occupied structure.

278  Moreover, another assumption was made that, for a given number of people walking

279  across the structure, the modal properties of the occupied structure mqs [Kg], Cos [NS/M]

14
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and kos [N/m], determined from measured FRFs, represent their average over the test
duration. This assumption holds despite the fact that people’s location change

continuously with time.
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Figure 6: First mode shape of empty (blue trace) and occupied (red trace) Sheffield
footbridge

3 Identification of walking human model

The core of all the identification procedures developed for this study is a ‘stationary’
walking traffic-structure model. It describes an abstract situation in which people walk
on a spot, i.e. their location on the structure does not change. It can be imagined as
people walking on a series of treadmills installed at fixed locations on a structure (Figure

7.

15
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Figure 7: A conceptual illustration of stationary walking people

Figure 8 presents the MSD model of such a stationary walking traffic-structuresystem.
The SDOF MSD model was used to simulate dynamics of each walking individual on
the structure. Similarly, an SDOF model was used to simulate one mode of the structure
at a time. The effects of the location of each individual on the structure were taken into
account by scaling their parameters (mn, ch and ki) and excitation amplitudes with the
ordinate of the mode shape corresponding to their location on the structure (® in Figure

7 and ), as appropriate in modal analysis.

1c,

e

Figure 8: MDOF Mass-spring-damper model of stationary walking traffic-structure
system
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Being stationary, this system could be treated as a conventional MDOF system

(Equation 1). A modified system of equations of motion (Equation 2) was developed

that takes into account the location of people on the structure:

[M]{x(D)} + [CTx(D} + [KI{x(D)} = {F(D)}

Mes,j 0 0 -« 0 Xosi(t)
0 Mh1 0 - 0 xm@®

(? 0 Mpz - 0 Xp2(t) T
[0 0 0 - mul[im®]

Cesj + (Cn1 X @15) + (Ch2 X @z2)) + -+ + (Chn X @nj) —(cn1 X @17) —(chz X @25) =+ —(Chn X @nj)

—(cn1 X 1)) Ch1 0 0
—(cnz X @2)) 0 Ch2 0
[ —(cmn X @w) 0 0 Chn

Kesj + (knt X @1) + (k2 X @27) + -+ + (Knn X @) — (k1 X @1) —(Knz X @2) *++ —(Kin X @nj)

—(kn1 X @1)) kn1 0 0
—(kn2 X @2)) .0 Kn2 .0
[ —(knn X @nj) 0 0 Kpn
forj(t) + (£r1(t) X @1)) + (Fr2(t) X @2)) + -+ + (Ean(t) X @nj)
0

0

[ 0 ]

(Eq. 1)

Xos,j(t)

%, ©
xn2(t)

| Hon(©)]

Xos,j(t)
xh1 (t)
Xh2 (t) =

1 xan(D) ]

(Eq. 2)

In Equation 2, mesj, Cesjand Kesja re mode j modal mass, damping coefficient and

stiffness of the empty structure (es ) and mni, Cri and ki are those of the walking

individuals. Viscous damping is assumed for SDOF walking human models. Xos;(t),

Xos,(t) and x,s,j(t) are the acceleration, velocity and displacement response of occupied

structure DOF in the system. As one mode of the structure (j) is simulated at a

time, Xosj(t), Xosj(t) and x.s;(t) also represent the modal response of the occupied

structure. Similarly, %ni(t), Xni(t) and xni(t) represent acceleration, velocity and

displacement of the i walking person DOF. f...;(t) is the mode ‘j> modal force (if any)

due to an external force acting on the structural DOF and fy.:(t) is a walking force of

person ‘i’ on a stiff surface. ¢ is the ordinate of ‘j' mode shape of the structure at the

location of person ‘i’
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The damping matrix of the system described by Equation 2 is not necessarily
proportional. Therefore, the conventional formulation of the proportionally-damped
eigenvalue problem will not yield modal vectors (eigenvectors) that uncouple the
equations of motion of the system [53]. The state-space technique used here to
circumvent this problem involves the reformulation of the original equations of motion,
for an N-degree of freedom system, into an equivalent set of 2N first order differential

equations [54].

In the first step, a new coordinate vector {y} containing displacement x(t) and velocity

x(t) is defined:

t
)= G Ea.9)

Then Equation 2 is re-written into following form for modal analysis [54]:

[ yep+t
o1 (0] [-M]

1H{y(®)}= {0} (Eq. 4)

In Equation 4, [M], [C] and [K] are the mass, damping and stiffness matrices of the
walking traffic-structure system, respectively, as detailed in Equation 2. Equation 4
leads to a standard eigenvalue problem and can be solved for eigenvectors and
eigenvalues accordingly. Further discussion of modal analysis of systems with non-

proportional damping is beyond the scope of this paper.

The MDOF system in has n+1 modes of vibration. The dominant mode of vibration
was defined as the mode with maximum response at the ‘structure’ degree of freedom.
For consistency and to allow for mode superposition, mode shapes were scaled in a way
that the ordinate of the structure DOF is 1.0. Such scaling ensured that modal properties

of the human-structure system are found with the same scaling as the empty structure.
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3.1 Identification procedure

The identification procedure developed for this study was iterative by trial and error.
Initial ranges of 1-10 Hz with 0.05 Hz steps for f, and 5 - 70% with 2.5% steps for
were selected to model the walking human (‘h’ subscript is used here instead of ‘hi’ to
refer generally to any human). These ranges were selected based on the values suggested
in the biomechanics literature [36, 55, 56] and the study done by Silva, et al. [41] on

walking people.

The MDOF traffic-structure model shown in was used to simulate each test and to
estimate occupied structure parameters fos, Mos and {os. These parameters and peak FRF
magnitude arrr Were compared with their experimental counterparts and the
corresponding errors were calculated. This process was repeated for all combinations of
fn and Cn for each test. The same values of f, and {, were used in each simulation for all
pedestrians to reduce the number of combinations needing analysis and to make the
results simpler to interpret. Mass of the human model mywas assumed equal to the
average mass of participants in the corresponding test. The values of the empty structure

modal properties presented in Table 1 were used as Mes, Kes and Ces.

A series of maximum acceptable errors were defined for the estimated fos, Mos, Cos and
arrr. These were 0.01 Hz for fos, 250 kg for mes, 1% for {os and 20% for arre. For each
test, the ranges of f, and {, were identified that predict fos, Mos, Cos and arre With errors

less than the maximum acceptable. These ranges are referred to as ‘test-accepted’
ranges. In the next step, the test-accepted ranges of f, and {» were combined for all tests
(each mode separately) and common ranges of f, and {nacross all tests were found. This
ensures that, if any combination of f, and &, (selected from these common ranges) was
used to simulate people in any of the tests, the predicted fos, Mos, {os and arre would be

within the acceptable error ranges.
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366 3.2 Scenario 1: Nominally 'stationary’ walking traffic
367  Eight tests, five focused on the first mode of the structure and three focused on the
368  second mode, were conducted using this loading scenario. The tight-circle walking
369  pattern (Figure 5a) of this scenario is designed in a way that walking people can be
370  assumed 'stationary' on the structure. This approximately eliminates the time-variance
371  of the modal properties of the structure due to change of location of the people walking
372  along the structure and makes possible to use Equation 2 without any further
373  assumptions. As previously mentioned, the centre of the circular walking path is used
374  asthe constant location of all walking people.
375  Table 4 presents the test-accepted ranges of human model f, and C resulting from this
376  identification process. Figure 9 presents a typical set of occupied structure analytically
377  calculated FRFs (dark grey curves) for test 1.1C (Table 4) when fi, and n were chosen
378  from their corresponding test-accepted ranges 2.75-3.25Hz and 25-35%, respectively.
379 As it can be seen in this figure, any combination of f, and {, selected from the
380  corresponding test-accepted ranges (Figure 9 — dark grey FRFs) approximate occupied
381  structure dynamics (Figure 9 — dashed blue FRF) quite well.
382
Table 4: Test-accepted ranges of SDOF human model parameters — Scenario 1
Test  No. of . Average Acceptable ranges of SDOF human model parameters
No,  Pedestrians Location human mass T2 (FZ) m (ko) G (%)
(kg) Min Max h Min Max

Mode 1 (Structure)

11C 3 Mid-span 70 275 3.25 70 25.0 35.0

12C 6 Mid-span 70 2.75 3.25 70 25.0 325

13C 10 Mid-span 70 225 3.00 70 25.0 30.0

14C 6 3/8 -span 70 250 3.20 70 215 35.0

15C 6 Quarter-span 70 2.50 3.40 70 275 40.0

Mode 2 (Structure)

21C 3 Quarter-span 70 5.75 7.75 70 10.0 20.0

22C 6 Quarter-span 70 5.50 6.75 70 12.5 20.0

23C 10 Quarter-span 70 5.75 6.75 70 12.5 175
383
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Figure 9:A typical over plot of occupied structure FRF graphs resulted from accepted human model

parameters (Grey curves) — Test No 1.1C — (3 pedestrians walking at mid-span — Empty
structure: green; Experimental: dashed blue; Best analytical match: red)

384

385 3.3 Scenario 2: Moving along the structure

386  Scenario 2 comprised 15 tests in which pedestrians were walking along the structure
387  freely and therefore their locations on the structure changed with time. As locations of
388  people in this scenario could not be assumed stationary, Equation 2 could not be used
389  directly. To address this problem, two methods (Method 1 and Method 2) were
390 developed to approximate moving people with a series of stationary cases. Using these
391  methods made it possible to use the Equation 2 to find the occupied structure modal

392  properties under the moving pedestrians load.

393 3.3.1 Method 1

394  Method 1 was based on the assumption that a moving traffic with constant flow of
395  pedestrians can be simulated using a series of pre-defined location patterns and their
396  corresponding probability of occurrence. For each test, a series of pre-defined location
397  patterns similar to the one presented in Figure 10 was defined. These patterns were
398  defined in a way that if pedestrians go through them repeatedly, they create a traffic

399  flow similar to the actual traffic of the corresponding test. The structure and its two side
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platforms (shown in Figure 1) were divided into 9 segments of equal size. Assuming
that all pedestrians were walking with an equal constant speed, the probabilities of

pedestrian occurrence in each of the nine segments were equal i.e. 1/9.
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Figure 10: The illustration of pre-defined location patterns for the group of 4 pedestrians

Figure 10 shows a typical example of location patterns for a group of four people
walking on the test footbridge. Nine location patterns with equal probability of
occurrence were defined for this walking group, among which, the pairs of patterns 1
and 9, 2 and 8, 3 and 7, and 4 and 6 create the same dynamic effect on the structure.
This is because the mode 1 shape is symmetric and the mode 2 shape is anti-symmetric
with respect to the mid-span point. Therefore, 5 unique location patterns with the

following probabilities were considered for this test:

e Pattern 1 (or 9) - Probability: 2/9
e Pattern 2 (or 8) - Probability: 2/9
e Pattern 3 (or 7) - Probability: 2/9
e Pattern 4 (or 6) - Probability: 2/9

e Pattern 5: - Probability: 1/9
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415  For each location pattern, pedestrians were assumed stationary and Equation 2 was used
416  to simulate the stationary traffic-structure system. The resulting occupied structure
417  modal properties fos and Cos (and resulting FRF), were then averaged for all location
418  patterns based on their probability of occurrence. The resulting average FRF found for
419  the structure in each simulation was assumed to represent the occupied structure FRF.
420  These FRFs were later compared with their experimental counterpart to find the test-

421  accepted ranges of human model fi and .

422  Figure 11 shows a typical over plot of the occupied structure FRFs for five pre-defined
423  location patterns (grey curves) and the average FRF (red) corresponding to test 1.2
424  (Table 5). The good match between the average analytical and experimental FRF curves

425  (dashed blue) can be seen in this figure.
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Figure 11: A typical over plot of occupied structure FRF graphs for different location patterns and the
average FRF- Test 1.2 — (Empty structure: Green; Curves corresponding to different patterns:
grey; Average analytical: red; Experimental: dashed blue)

426  The test-accepted ranges of human model f, and &, resulting from simulations are
427  presented in Table 5. The over-plot of average occupied structure FRFs for test-accepted
428  frnand &y (2.5Hz < f, < 3.0Hz and 25% < {r < 40%) corresponding to test 1.2 is presented
429  inFigure 12. As it can be seen, similar to Scenario 1, any combination of f, and (s

430  selected from the corresponding test-accepted ranges (dark grey FRFs — 77
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431  combinations, i.e. FRFs, in total) approximate the occupied structure dynamics (dashed

432  blue FRF) quite well.

Table 5: Test-accepted ranges of SDOF human model parameters — Scenario 2- Method 1

Test No. of Location Average Acceptable ranges of SDOF human model parameters
No.  Pedestrians human mass Th (HZ) m (kg) T (%)
' kg) ; h ;
(kg Min Max Min Max

Mode 1 (Structure)

11 2 All-over 55 2.50 3.50 55 225 40.0
12 3 All-over 70 2.50 3.00 70 25.0 40.0
13 4 All-over 55 2.25 3.50 55 225 375
14 6 All-over 55 2.50 3.25 55 20.0 30.0
15 6 All-over 70 2.50 3.25 70 225 325
1.6 10 All-over 70 2.50 3.25 70 27.5 325
1.7 10 All-over 60 2.75 3.25 60 225 325
1.8 15 All-over 70 2.50 3.00 70 27.5 325
Mode 2 (Structure)
2.1 3 All-over 80 6.50 8.00 80 10.0 20.0
2.2 6 All-over 55 6.50 7.25 55 10.0 175
2.3 6 All-over 70 5.75 7.00 70 10.0 20.0
24 8 All-over 75 5.50 6.75 75 10.0 175
25 10 All-over 55 6.00 7.00 55 10.0 175
2.6 10 All-over 70 5.75 6.75 70 10.0 20.0
2.7 15 All-over 70 5.00 6.75 70 10.0 175
433
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Figure 12: A typical over plot of average occupied structure FRF graphs resulted from accepted human
model parameters (Grey curves) — Test 1.2— (Empty structure: green; Average analytical: red,;
Experimental: dashed blue)

434  3.3.2 Method 2

435  The second method takes the procedure of location simulation one step forward and

436  uses the instantaneous location of each person recorded during each test. For each time-
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step, location of each pedestrian on the structure was read from the corresponding
recorded location time-histories (Figure 4). The walking people were assumed
stationary at their locations for that time-step and stationary traffic-structure model
(Equation 2) was used to find the occupied structure modal properties for that particular
time-step. This kind of simulation was repeated for all time-steps of each test. Using
this procedure, time-histories of the change of the occupied structure modal parameters
fos(t), Cos(t) and mos(t) for each test were found. A typical time-history of fos(t) and Cos(t)
resulting from a random pair of test-accepted f, and (s corresponding to test 1.2 is

presented in Figure 13.

b

'Y
s
3

>

£
@

=
S
=
=

=)

.
S
=
=
T

)

Occupied structure modal frequency [Hz]

.
S
E
b=}

i i
0 20 40

60
Time [s]

L
80

100

120

Oceupied structure damping ratio

o

5
0

i
20

40

60
Time [s]

L
80

100

120

Figure 13: A typical time-history of fos and Cos (blue), average value(red) and experimental value (cyan)
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resulted from a typical accepted human model parameter set — Test No 1.2 — (3 pedestrians)

The fos(t) and Cos(t) were then averaged for each test over time and the averaged
parameters (and the corresponding FRF) were assumed to represent the dynamics of the
occupied structure. These FRFs were later compared to their experimental counterpart

to find the test-accepted ranges of human model f, and .

The test-accepted ranges of SDOF human model parameters fi and {n found in these
simulations are presented in Table 6. The over plotted occupied structure FRFs
corresponding to the test-accepted f, and Cy (in test 1.2) are presented in Figure 14. As

it can be seen, similar to the results of Method 1, any combination of f, and { selected
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454 from the corresponding test-accepted ranges approximated the occupied structure

455  dynamics quite accurately.

Table 6: Test-accepted ranges of SDOF human model parameters — Scenario 2: Method 2

No. of . Average Acceptable ranges of SDOF human model parameters
No. Pedestrians Location human mass Th (HZ) m (kg) (%)
(kg) Min Max h Min Max
Mode 1 (Structure)
11 2 All-over 55 2.50 3.50 55 20.0 40.0
1.2 3 All-over 70 2.25 3.25 70 20.0 40.0
13 4 All-over 55 2.25 3.25 55 25.0 375
14 6 All-over 55 2.50 3.25 55 20.0 30.0
15 6 All-over 70 2.25 3.00 70 225 325
1.6 10 All-over 70 2.50 3.00 70 25.0 325
1.7 10 All-over 60 2.75 3.00 60 225 30.0
18 15 All-over 70 2.25 3.00 70 275 325
Mode 2 (Structure)
2.1 3 All-over 80 6.50 7.75 80 10.0 175
2.2 6 All-over 55 6.50 7.50 55 10.0 175
2.3 6 All-over 70 6.00 6.75 70 10.0 20.0
25 10 All-over 55 6.00 7.00 55 10.0 175
2.6 10 All-over 70 6.00 6.75 70 10.0 175

* 2.4 and 2.7 are not analyzed as location time history was not available.
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Figure 14: A typical over plot of empty (green), test-accepted occupied structure FRF graphs (grey),
analytical average FRF (red) and experimental FRF (blue) resulted from test-accepted human
model parameters — Test 1.2 — (3 pedestrians)
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3.4 Common ranges of human model parameters

The test-accepted ranges found in all simulations of both scenarios were compared and
a common range was found for f, and {» for each of the two modes. For the tests targeting
the first mode of the test structure, these common ranges (between the pink and green
lines, as shown in Figure 15) were found to be 2.75 — 3.00 Hz for f, and 27.5 % — 30%
for Ch. These ranges were found to be 6.5 — 6.75 Hz and 12.5 % — 17.5% respectively

for the tests targeting the second mode of the structure.
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Figure 15: Test-accepted ranges of fy and {, found in different tests and their common ranges
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3.5 Expected errors

To understand how good each arbitrary combination of f, and {, selected from their
common ranges (across all tests) can predict the occupied structure dynamics,
simulations were repeated for all mode 1 tests but this time with common ranges of f,
and (n as input. The occupied structure parameters fos, Cos and arrr Were estimated for
each combination of f, and { and compared with their corresponding experimental
values to find the associated errors. The absolute errors associated with the estimated
fos, Cos and arrr for each combination of f, and {, were averaged over all tests and
presented in Figure 16. As it can be seen in these graphs, the minimum errors of
estimating fos, Cosand arre Were not associated with a unique set of f, and Cni.e. no
particular set of f, and {, can predict all fos, os and arre With minimum error at the same
time. However, for engineering purposes, it is clear that errors are so small that any
combination of the f, and , from the identified common ranges would yield good
approximation of the occupied structure modal properties for any number of up to 15

pedestrians.
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4 Comparison with other published findings

The works of Silva and Pimentel [41] and JiménezeAlonso and Séez [44] are the only
examples to date known to the authors that specifically investigated parameters for the
SDOF walking human model in the context of structural vibration serviceability. Silva
and Pimentel [41] identified the parameters of an SDOF MSD walking human model
by analyzing the correlation of the walking force and the acceleration of the human body
recorded at waist. Assuming human mass equal to 70kg and 1.8Hz mean pacing
frequency, their model suggests fr=2.64Hz and {y = 0.55 for an SDOF walking human

model.
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JiménezeAlonso and S&ez [44] used a 3DoFs model, comprised of three independent
SDOF MSD to simulate interaction of a walking human with a structure in each
direction. They used the experimental data reported by Georgakis and Jorgesen [57] in
an inverse dynamics procedure to identify the parameters of the SDOF human model in
the vertical direction by trial and error. Their study suggested that an SDOF MSD model
with a mass equal to 84% of the total body mass, damping ratio of 47% and natural
frequency of 2.75Hz can simulate dynamic effects of a walking human on structures in

the vertical direction.

The walking human model parameters suggested by both studies are comparable with
the findings of this research for the first vertical mode of structure although the damping

ratios proposed are slightly higher than what is presented in this paper..

Findings of this research are also in line with the findings of Shahabpoor et al. [34].
Based on an analytical study of 2DOF MSD model of a crowd-structure system, they
suggested that when the natural frequency of the occupied structure fos is higher than
that of the empty structure fes, the natural frequency of the human/crowd model fi is

lower than the natural frequency of the empty structure fp<fe.

5 Conclusions

The work presented in this paper used a comprehensive and unique set of human traffic-
structure experimental data to identify the parameters of the SDOF walking human
model. Three different identification processes were applied with increasing level of
detail for simulating the effects of location of each individual as they walk on the
structure. The analysis of effects of HSI on the fundamental vertical mode of the
structure yielded the ranges of 2.75 — 3.00Hz and 27.5% — 30% for the natural frequency
and damping ratio of the SDOF MSD walking human model, respectively. These ranges

were found to be 6.5 —6.75 Hz and 12.5 % — 17.5% respectively for the tests targeting
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the second vertical mode of the structure, indicating likely presence of the higher mode
of the human body which got engaged more within the frequency range of the second
mode of the structure. The measured average mass of people of 70 kg was used as the
SDOF mass of the walking human model. The different walking human model

parameters found for the first two vertical vibration modes of the structure is the key

novel finding and can be an indicator of MDOF nature of walking human model.

These results compare reasonably well with independently proposed values reported in
the only directly relevant works to date done by Silva, et al. [41] and JiménezsAlonso
and Séez [44]. The comprehensive experimental data, variety of loading scenarios,
detailed simulation process and coherent results from different methods provide high

level of confidence about the validity of the findings.

The experimental data set used in this research can serve as a benchmark for data
collection for future multi-pedestrian HSI studies. Moreover, the proposed
methodologies for simulating time-varying location of the walking people on the
structure proved to be accurate and practically applicable, so they can be used by design

engineers to simulate the walking traffic.

Further research on different real-life structures is needed using the proposed
methodology to extend and validate the findings of this research for different structures

and loading scenarios.
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