
ORE Open Research Exeter

TITLE

Effect of group walking traffic on dynamic properties of pedestrian structures

AUTHORS

Shahabpoor, E; Pavic, A; Racic, V; et al.

JOURNAL

Journal of Sound and Vibration

DEPOSITED IN ORE

02 November 2016

This version available at

http://hdl.handle.net/10871/24224

COPYRIGHT AND REUSE

Open Research Exeter makes this work available in accordance with publisher policies.

A NOTE ON VERSIONS

The version presented here may differ from the published version. If citing, you are advised to consult the published version for pagination, volume/issue and date of
publication

http://hdl.handle.net/10871/24224


1 

 

Effect of group walking traffic on dynamic properties of 1 

pedestrian structures 2 

 3 

 4 

 5 

E. Shahabpoor1, A. Pavic2, V. Racic3,1, S. Zivanovic4 6 

 7 
1INSIGNEO Institute for In-silico Medicine, The University of Sheffield, 8 

Department of Civil & Structural Engineering, Sir Frederick Mappin 9 

Building, Mappin Street, Sheffield S1 3JD, UK 10 
2University of Exeter, College of Engineering, Mathematics and Physical 11 

Sciences, Vibration Engineering Section, North Park Road, Exeter EX4 4QF, 12 

, UK 13 
3Politecnico di Milano, Department of Civil and Environmental Engineering, 14 

Piazza di Leonardo Da Vinci 32, Milano 20133, Italy 15 
4University of Warwick, School of Engineering, Coventry CV4 7AL, UK  16 

 17 

 18 

Contact author: Dr E. Shahabpoor 19 

Department of Civil & Structural Engineering 20 

University of Sheffield 21 

  Sir Frederick Mappin Building 22 

   Sheffield S1 3JD 23 

   E-mail: e.shahabpoor@sheffield.ac.uk 24 

   Tel: 0114-2225745 25 

   Fax: 0114-2225700 26 

 27 

 28 

 29 

Body text word count: 6422 30 

Number of figures: 18 31 

Number of tables: 6 32 

 33 

  34 



2 

 

Abstract 35 

The increasing number of reported vibration serviceability problems in newly built 36 

pedestrian structures, such as footbridges and floors, under walking load has attracted 37 

considerable attention in the civil engineering community over the past two decades.  38 

The key design challenges are: the inter- and intra-subject variability of walking people, 39 

the unknown mechanisms of their interaction with the vibrating walking surfaces and 40 

the synchronisation between individuals in a group. Ignoring all or some of these factors 41 

makes the current design methods an inconsistent approximation of reality. This often 42 

leads to considerable over- or under-estimation of the structural response, yielding an 43 

unreliable assessment of vibration performance. 44 

Changes to the dynamic properties of an empty structure due to the presence of 45 

stationary people have been studied extensively over the past two decades. The 46 

understanding of the similar effect of walking people on laterally swaying bridges has 47 

improved tremendously in the past decade, due to considerable research prompted by 48 

the Millennium Bridge problem. However,  there is currently a gap in knowledge about 49 

how moving pedestrians affect the dynamic properties of vertically vibrating structures. 50 

The key reason for this gap is the scarcity of credible experimental data pertinent to 51 

moving pedestrians on vertically vibrating structures, especially for multi-pedestrian 52 

traffic. 53 

This paper addresses this problem by studying the dynamic properties of the 54 

combined human-structure system, i.e. occupied structure damping ratio, natural 55 

frequency and modal mass. This was achieved using a comprehensive set of frequency 56 

response function records, measured on a full-scale test structure, which was occupied 57 

by various numbers of moving pedestrians under different walking scenarios. Contrary 58 

to expectations, it was found that the natural frequency of the joint moving human-59 

structure system was higher than that of the empty structure, while it was lower when 60 

the same people were standing still. The damping ratio of the joint human-structure 61 

system was considerably higher than that of the empty structure for both the walking 62 

and standing people – in agreement with previous reports for stationary people - and 63 

was more prominent for larger groups. Interestingly, it was found that the walking 64 

human-structure system has more damping compared with the equivalent standing 65 

human-structure system. The properties of a single degree of freedom mass-spring-66 

damper system representing a moving crowd needed to replicate these observations 67 

have been identified. 68 

Keywords: vibration serviceability, human-structure dynamic interaction, walking, 69 

crowd, footbridge, floor 70 

  71 
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1. Introduction 72 

Over the past two decades, there has been a growing interest in vibration 73 

serviceability assessments of civil engineering structures, such as footbridges and floors 74 

due to people walking on them. The current trend towards more slender design and 75 

longer spans has made structures more sensitive to pedestrian-induced dynamic loading 76 

and consequently more susceptible to vibration problems, giving a serious cause for 77 

concern about the safety and comfort of the occupants. Moreover, such problems 78 

emphasise the need for more accurate and inclusive design methods which will take into 79 

account all aspects of human-structure dynamic interaction (HSI) [1-6]. 80 

Most of the current design guidelines, such as ISO 10137 standard [7] and UK 81 

National Annex to Eurocode 1 (BSI) [8], either ignore (ISO) or do not adequately treat 82 

(BSI) the main aspects of HSI [9]: (1) the effect of people on the dynamic properties of 83 

the structure, and (2) the changing of pedestrians’ gait due to structural vibrations. The 84 

latter aspect occurs because the human body is a very sensitive vibration receiver, 85 

characterised by the innate ability to adapt quickly to almost any type and level of 86 

vibration which normally occurs in nature [10]. It has been experimentally observed that 87 

people change their pacing frequency and step width to adapt to clearly perceptible 88 

lateral vibrations of the supporting ground, which may lead to the so called ‘lock-in’ 89 

effect, as observed on the Millennium Bridge during its opening day in 2000 [11-13]. 90 

However, similar studies on the effect of the vertical vibrations on pedestrian gait are 91 

very rare and limited to individuals [14]. 92 

A number of studies, mostly based on full-scale measurements, have found that a 93 

passive human (sitting and standing) has a significant effect on the dynamic properties 94 

of a structure and, therefore, cannot be ignored. Typical findings include a considerable 95 

reduction in vibration response and slight changes in the natural frequency and damping 96 

of the structure [15]. This effect has been successfully modelled analytically by 97 

describing a group of passive people as an SDOF mass-spring-damper system attached 98 

to the empty structure [16]. 99 

Motivated by these findings, the present study was designed to collect a uniquely 100 

extensive experimental data1, which is needed for the analytical parameter identification 101 

of a mass-spring-damper (MSD) model of multiple walking people. Section 2 of this 102 

paper describes the modal parameters of the empty (unoccupied) structure used as a test 103 

bed for the walking people. Sections 3 and 4 study experimentally measured modal 104 

parameters of the structure when occupied by different numbers of standing and walking 105 

people, respectively.  A comparison of the effects of standing and walking people on 106 

the modal parameters of the empty structure is presented in Section 5. In Section 6, a 107 

simple two-degrees-of-freedom mass-spring-damper model is used to simulate the joint 108 

human-structure system for both standing and walking scenarios. The analytical results 109 

                                                      
1 The work described in this article is carried out in accordance with The Code of Ethics of 

the World Medical Association (Declaration of Helsinki) for experiments involving humans. 
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are then critically evaluated against the corresponding experimental results. Finally, the 110 

main findings of this research are highlighted in Section 7. 111 

2. Modal properties of the empty test structure 112 

The test structure used in this study was a simply supported, in-situ cast, post-113 

tensioned concrete slab strip constructed in the Light Structures Laboratory at the 114 

University of Sheffield (Figure 1a). It rested on two knife edge supports along its shorter 115 

edges (Figure 1b) and, with a span-to-depth ratio of 40, could be considered to be a 116 

representation of both a footbridge and a long-span slender floor. More specifically, the 117 

total length of the slab was 11.2m, including 200 mm overhangs over the supports. Its 118 

rectangular cross section had a width of 2.0 m and a depth of 275 mm, and it weighed 119 

just over 14 tonnes. The modal tests carried out by Shahabpoor and Pavic [17] showed 120 

natural frequencies of 4.44 Hz and 16.78 Hz for the first two vertical modes of the 121 

structure (Figure 2) with a modal mass of 7,128 kg for both modes, which is half of the 122 

total mass, assuming unity-scaled sinusoidal mode shapes. These two modes were 123 

selected for further analysis. 124 

2.1 Non-linear behaviour of the empty structure 125 

Knowledge about the potential non-linear behaviour of the structure plays an 126 

important role when judging whether changes in the modal properties of the occupied 127 

structure are related to the presence of people or to some form of structural non-linearity 128 

[18]. The amplitude-dependent behaviour of the damping ratio and natural frequency of 129 

the first mode were measured by Racic et al. [19] by curve-fitting cycle-by-cycle the 130 

free vibration decay of the structure at the midspan. The results are shown in Figure 3.  131 

From a visual inspection of the graphs in Figure 3, it is apparent that the structure 132 

shows some amplitude-dependent non-linear behaviour. It can be seen that, when the 133 

acceleration amplitude increases to 2 m/s2, the damping ratio increases from 0.3% to 134 

0.7% and remains almost constant between 2-6 m/s2. The natural frequency, on the other 135 

hand, reduces from 4.50 Hz to 4.35 Hz, as the acceleration response amplitude increases 136 

to 6 m/s2. 137 

2.2 Modal testing 138 

The tests presented in this paper were carried out in two test campaigns, referred to 139 

as test Series A and B, one year apart, with a nominally identical hardware setup. In 140 

each test series, the FRF-based modal testing of the empty structure was carried out 141 

using 18 Honeywell QA 750 accelerometers (nominal sensitivity 1.2mA/g) [20] in two 142 

rows along the longer edges of the slab. An APS electro-dynamic shaker model 400 143 

[21] was used to excite the structure. Chirp excitation with frequency ranges of either 144 

3.5-5.5 Hz or 15-18 Hz was used to excite the structure, targeting the first and the second 145 

vertical modes of vibrations, respectively. The moving masses of the shaker were not 146 

used, as the shaker was operated in a grounded mode, with its armature connected via a 147 

rod to the soffit of the bridge to excite it directly. This also helped to ensure the safety 148 

and uninterrupted flow of the pedestrians, who did not need to negotiate a shaker as an 149 



5 

 

obstacle on the surface over which they were walking. The shaker was placed at the 150 

midspan of the structure to predominantly excite the first mode, and at the quarter span 151 

to predominantly excite the second mode of vibration. The shaker force was measured 152 

directly using a uniaxial ENTRAN ELAF load cell [22] installed between the shaker 153 

and the rod.  In each test, the driving point accelerance FRF (where the force and 154 

acceleration response are measured, at the same location and in the same vertical 155 

direction) was used in the subsequent modal identification. 156 

The previously mentioned modal mass of 7,128 kg was used in the curve-fitting of 157 

the measured FRFs for both modes. Unity-scaled sinusoidal mode shapes were assumed 158 

for both vertical modes, to reduce the redundancy in the curve-fitting process of more 159 

or less noisy FRFs. The identified modal properties of the empty structure (modal mass 160 

mes, damping ces, stiffness kes, frequency fes (Eq. (1)) and damping ratio ζes (Eq. (2)) are 161 

presented in Table 1, and they obey well-known relationships:   162 

fes = 1/(2π) √𝑘𝑒𝑠/𝑚𝑒𝑠                                             (Eq. 1) 163 

ζes = ces/(2 √𝑘𝑒𝑠𝑚𝑒𝑠)                                             (Eq. 2) 164 

The maximum aes,max and total RMS aes,rms of the acceleration response during modal 165 

testing at the anti-node of each mode are also presented for response comparison. It can 166 

be seen that the modal properties of the structure have been quite stable over the one 167 

year period. The slight difference between the Series A and B results was due to the 168 

inevitable small differences in equipment positioning, environmental conditions in the 169 

lab during both series of tests, and the ageing of the concrete. 170 

3. Tests with standing people 171 

Although the main focus of the present study was on the effect of walking people on 172 

the modal properties of the structure, a limited number of tests involving standing people 173 

was carried out for comparison of the results relevant to the first mode of vibration only. 174 

Details of these tests are presented in this section.  175 

3.1 Experimental setup 176 

FRF-based modal testing of the human-structure system was carried out using the 177 

same accelerometer and shaker layout as in the tests with the empty structure 178 

(Section 2.2). Since the human body is a dynamic system, its location on the slab can 179 

considerably influence the FRF measurements. For the first vibration mode, a person 180 

standing at the midspan (i.e. the anti-node of the first mode) has the greatest interaction 181 

with the structure, while a person standing on the supports (i.e. the node of the first 182 

mode) makes no difference to the FRF measured.  183 

Three tests were carried out with standing people, where groups of three, six and 10 184 

people were standing together as close as possible to the midspan (so that their location 185 

could be assumed at midspan). A chirp force signal with a 3.5-5.5 Hz frequency range 186 
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was used to excite the occupied slab around the frequency of its first vertical mode. To 187 

minimise the adverse effects of signal noise in each test, five FRF data blocks, each 188 

lasting 64 s, were recorded and averaged in the frequency domain. In each data block, 189 

the excitation lasted for the first 51.2 s, while the remaining 12.8 s allowed the response 190 

signal to die out before the acquisition of the next data block started.  191 

The overlaid FRF moduli and phases in Figure 4a and Figure 4b show that the 192 

damping of the coupled system increases considerably, while the natural frequency 193 

decreases as the number of people on the structure increases. To assess the effects of 194 

nonlinearity on the modal properties of the structure, the results of the empty structure 195 

test were compared with the test with 10 people standing on the structure. The 196 

acceleration RMS decreased from 0.37m/s2 for the empty structure test, to 0.15 m/s2 for 197 

the 10-people test (Table 2). Looking at Figure 3, this would yield an approximate 0.1% 198 

decrease in damping ratio and a 0.01Hz increase in the modal frequency due to 199 

amplitude-dependant nonlinearity. However, a 2% increase in the modal damping ratio 200 

and a 0.27Hz decrease in modal frequency were observed (Table 2). Therefore, the 201 

observed behaviour was completely opposite to what would be expected if the 202 

amplitude dependency was governing it. Bearing this in mind, it can be concluded that 203 

the observed behaviour was due to the HSI (i.e. the effect of passive people) on the 204 

modal properties of the slab, which was much more prominent than the effect of the 205 

structural nonlinearity. In fact, due to their opposite effect, the amplitude-dependent 206 

non-linearity has seemingly reduced the effects of the HSI. Based on this conclusion, in 207 

the next section, the changes in the damping ratio and natural frequency of the occupied 208 

structure observed in Figure 4 have been attributed to the presence of the standing 209 

people only. 210 

3.2 Parameter identification 211 

If the coupled human-structure dynamic system was to be modelled as a 2DOF 212 

oscillator, two modes of vibration (i.e. two peaks in the FRF plot) would be expected in 213 

the experimental data [16]. However, the measured driving point accelerance FRFs in 214 

Figure 4 feature only one apparent peak. This could be because the human mode was 215 

highly damped or it fell outside the frequency range displayed in the figures. Also, 216 

Matsumoto and Griffin [23] suggest that, for a crowd of people, due to the difference 217 

between the dynamic behaviour of people, the FRF of the "global crowd" is expected to 218 

be characterised by a broad and low peak.  219 

The natural frequency fos and damping ratio ζos of the occupied structure were 220 

initially estimated for each test using peak-picking and half-power bandwidth methods 221 

[24]. The modal mass of the occupied structure was estimated for each test, using the 222 

mass of the empty structure and the mass of each person, scaled by the squared mode 223 

shape amplitude, corresponding to the location of the person. A range of fos, ζos and mos 224 

was defined around initial values and used in the identification process. A set of fos, ζos 225 

and mos parameters that resulted in the best fit according to the least square error 226 

criterion was identified and was adopted for further analysis. For example, for six people 227 

standing, Figure 5 shows that the fits of both amplitude and phase FRFs match their 228 



7 

 

experimental counterparts well. This gives confidence that the methodology 229 

implemented here was robust, and could be used for identification of modal properties. 230 

Table 2 and Figure 6 summarise the results and show how the modal properties of 231 

the occupied structure change with an increasing number of standing people. The results 232 

are in line with those reported elsewhere for groups of stationary people [16]. In the 233 

next section, the focus of the study shifts to the influence of multiple walking people on 234 

the dynamic properties of the slab.  235 

4. Tests with walking people 236 

In comparison with stationary occupants, constantly changing positions of moving 237 

pedestrians on the structure makes the human-structure system strictly speaking ‘time-238 

varying’ and, therefore, expected to generate ‘noisier’ and less stable FRF data. To 239 

reduce the effect of this noise, the FRFs were averaged using 15 data blocks each lasting 240 

64s. This is three times more averages than what was used in the tests with stationary 241 

people in Section 3. In addition, to study the effect of different locations of moving 242 

pedestrians on the modal properties of the occupied structure, two walking load 243 

scenarios were tested here. In Scenario 1 (S1), pedestrians were walking along the 244 

structure, as illustrated in Figure 7a. In Scenario 2 (S2), participants were walking in a 245 

‘tight circle’ around a point at 1/2 (Figure 7b), then 3/8 and finally 1/4 of the span. S1 246 

represents a realistic walking load case, while S2 was designed to study the effects of 247 

the varying locations of the people walking on a spot, as opposed to standing on the 248 

spot. 249 

4.1 Experimental setup 250 

In total, 112 test subjects in groups of 2-15 participated in 23 tests to provide 251 

statistically reliable FRFs, given the inter-subject variability of participants. Thirteen 252 

tests were focused on mode one, and 10 tests were focused on the second vibration 253 

mode. Pedestrians were asked to walk as they would normally do, and their pacing was 254 

not controlled by any external stimuli, such as metronome beats. They were free to speed 255 

up, slow down and pass others if necessary, while maintaining their usual self-selected 256 

‘normal’ walking style. 257 

The accelerometer layout in all walking tests was identical to the tests with standing 258 

people and the empty structure (Figure 7). The shaker was connected to the bottom of 259 

the slab at either the midspan or in the quarter span, depending on which mode of 260 

vibration was targeted in a particular test. FRF-based modal testing, with pedestrians on 261 

the structure and targeting the first mode of vibration, was carried out under the same 262 

chirp shaker excitation used in the tests with standing people. The only difference was 263 

that the walking tests lasted longer, since it was necessary to collect more data blocks 264 

to obtain stable average FRFs. Chirp excitation with the frequency range 15-18 Hz was 265 

used to excite the pedestrian-structure system, targeting the second vertical mode of 266 

vibration.  267 
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Individual walking force time histories could not have been measured reliably due 268 

to the lack of adequate technology [6, 25].  However, as the normal pacing frequency 269 

of the test subjects (measured prior to the FRF tests) were between 1.60Hz and 1.85Hz, 270 

the frequency ranges of their 1st and 2nd walking force harmonics (1.60-1.85Hz and  3.2-271 

3.7Hz, respectively) were below the frequency range of the modes of interest of the 272 

structure (fes,1=4.44Hz and fes,2=16.8Hz). As for the 3rd and 4th harmonics, their spectrum 273 

is characterised by low amplitude and wider energy spread compared with their 1st and 274 

2nd harmonics counterparts. Therefore, the walking force spectrums were expected to be 275 

relatively flat around the modes of interest of the structure, especially as the number of 276 

people increased. 277 

This assumption made it possible to consider the walking excitation as uncorrelated 278 

random extraneous excitation (having a flat spectrum around the two natural frequencies 279 

of interest), which can be averaged out. Several strategies were used to minimise the 280 

effects of the walking force excitation in the measured output. A chirp signal was used 281 

(instead of random) to excite the structure as much as possible and build up the 282 

resonance to get the maximum response amplitude. The shaker was connected directly 283 

to the structure to maximise the energy transferred to the structure. These helped to 284 

achieve a maximal signal (shaker force) to noise (walking forces) ratio, which 285 

subsequently resulted in RMS vibration amplitudes up to 12 times higher for tests, due 286 

to the simultaneous action of the shaker and the walking people compared to the tests 287 

with people alone (when the shaker was switched off) [26]. The duration of the tests 288 

were prolonged by up to 15 minutes to enable sufficient averaging of the FRFs. This 289 

considerably reduced the effects of uncorrelated noise due to walking, and smoothed 290 

and settled the FRF curves. Finally, the H1 estimator was used to reduce the effects of 291 

the uncorrelated extraneous excitation, due to non-measured walking forces. 292 

In each test, a set of 18 FRFs corresponding to the 18 TPs was collected. The 293 

recordings at these points were used to identify the mode shape of the structure in each 294 

test. The response corresponding to test points on both edges of the structure with the 295 

same distance from the supports (e.g. the pair TP5 and TP14) was averaged in the time 296 

domain to eliminate contribution from torsional modes. 297 

The experimentally measured FRFs for modes 1 and 2 of the occupied structure for 298 

S1 (walking along the structure) are presented in Figure 8. A common trend can be 299 

observed in this figure: as the number of walking people on the structure increases, the 300 

damping ratio of the system also increases. Furthermore, contrary to what may be 301 

expected, considering the additional mass of the people present on the structure, the 302 

natural frequency of the occupied structure increases as the number of walking people 303 

on the structure increases. 304 

4.2 Parameter identification 305 

To identify the modal properties of the structure occupied with walking pedestrians, 306 

the same identification process was used as in the case of standing people (Section 3.2). 307 

The structure was assumed to behave linearly. Moreover, the modal properties of the 308 
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occupied structure were considered to be constant values, representing their average 309 

values over time.  310 

Figure 9 presents an example of a satisfactory match between the measured and fitted 311 

driving point accelerance FRFs, corresponding to the fundamental mode of the structure 312 

while 10 people were walking, according to S1.  313 

Figure 10 shows the recorded driving point accelerance FRF curves for groups of six 314 

(Tests 1.6 and 1.7) and 10 (Tests 1.8 and 1.9) walking people (Scenario 1). The tests 315 

were repeated, with the same group size, but different participants. The figure shows 316 

that FRF curves of different tests with the same number of people follow the same trend 317 

of change in the natural frequency and damping ratio. The higher the number of 318 

pedestrians, the lower and more shifted towards higher natural frequency the FRF peaks 319 

are. This demonstrates that individual differences in human body mechanics for 320 

different participants do not affect the general trend of changing the FRF shape for a 321 

different number of people. The conclusions based on these trends appear to be valid 322 

for an arbitrary group of people. 323 

4.2.1 Results for the first vibration mode 324 

The identified modal properties for the tests focused on the first mode of the structure 325 

are summarised in Table 3 and their trends are illustrated in Figure 11. Both the natural 326 

frequency of the occupied structure fos and its damping ratio ζos increase as the number 327 

of walking people increases.  Modal mass mos, stiffness kos and damping cos of the 328 

occupied structure also increase for more people on the structure. Moreover, considering 329 

the fact that the natural frequency is directly proportional to √𝑘 𝑚⁄ , it appears that 330 

modal stiffness increases faster than its modal mass counterpart to make the observed 331 

increase in the natural frequency possible.  332 

The similarity of the trends of the changes in the modal frequency and damping ratio 333 

observed in S2 and S1 again confirms the validity of the observed trends in the results. 334 

On the other hand, higher values of all modal properties in S2 compared with S1 with 335 

the same participants confirm that human body location relative to a mode shape 336 

amplitude plays a significant role in the level of the interaction with the structure. HSI 337 

is apparently greatest when walking happens close to the anti-node of the structural 338 

mode (e.g. midspan for the first mode).  339 

Comparing the results of this set of tests with the changes observed in Section 2.1 340 

due to the amplitude-dependent behaviour of the structure, it can be concluded that the 341 

changes in the modal properties of the structure under walking people were much more 342 

prominent than the effect of the non-linearity of structure. For instance, comparing Tests 343 

1.1 and 1.13, in Table 3; with the highest change in RMS response (and therefore 344 

maximum expected effects of non-linearity) there was a 0.06Hz increase in the 345 

fundamental frequency of the occupied structure fos, while the corresponding increase 346 

of the natural frequency of the empty structure due to its non-linear nature could be 347 

expected to be less than 0.01Hz (according to Figure 3 based on RMS response). A 348 

significantly more prominent difference can be seen in the damping ratio, where ζos was 349 

increased by 2.8% in the occupied structure, while the corresponding change due to 350 
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amplitude-dependant nonlinearity was a 0.05% decrease (rather than increase). In the 351 

rest of the tests, the effects of amplitude-dependant non-linearity were less pronounced. 352 

Therefore, the observed changes in Table 3 are overwhelmingly due to the presence of 353 

walking humans on the structure. 354 

4.2.2 Results for the second vibration mode 355 

The identified modal parameters of the second mode of the occupied structure and 356 

their trends are presented in Table 4 and Figure 12, respectively. The same trend can be 357 

observed in all modal properties of the occupied structure. Similar to the results for 358 

Mode 1, fos, ζos, mos, kos and cos for Mode 2 all increase as the number of walking people 359 

on it increases.  360 

4.2.3 Location effects 361 

In modal analysis, the contribution of a physical force to the force exciting a specific 362 

mode is called modal force, and is calculated by scaling the physical force with the 363 

corresponding mode shape ordinate at its point of application. In the case of the test 364 

footbridge in this paper, the first vertical mode shape can be approximated with a half 365 

sinusoid (Figure 2a). This means that, for an arbitrary physical force applied on the 366 

structure, the modal force in Mode 1 is maximum when the physical force is applied at 367 

the midspan and decreases to its minimum (zero) when the physical load is applied at 368 

the supports’ location. 369 

To investigate how the location of people on the structure influences the HSI, fos and 370 

ζos are compared in Figure 13 for a group of six people walking in a tight circle (i.e. S2) 371 

at different locations on the footbridge. During the experiment, the influence of walking 372 

humans was greatest when they were at midspan (anti-node of the first mode), while it 373 

was naturally negligible when they were located at supports (nodes of the first mode – 374 

compare with the empty structure properties presented in Table 1). Such observations 375 

are in line with the modal analysis concept of the modal force, and confirm the 376 

mechanical behaviour of the human body system.  377 

5. Comparison of effects of standing and walking people 378 

The observed trends in the modal parameters of the occupied structure for nominally 379 

identical groups of standing and walking people are compared in this section. The FRF 380 

magnitude and phase plots for groups of three, six and 10 walking and standing people 381 

are shown in Figure 14. The same test subjects participated in each pair of the 382 

walking/standing tests. Only the results of walking ‘around a tight circle’ at the midspan 383 

(i.e. S2) are compared with the corresponding standing tests, in order to compare like 384 

with like as far as location is concerned.  385 

Changes in the natural frequency fos and damping ratio ζos of the first mode occupied 386 

structure, with regard to the change in the number of walking/standing people, are 387 

presented in Figure 15. For standing people, the FRFs shifted towards lower 388 

frequencies, while for walking people they shifted towards higher frequencies. In both 389 
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walking and standing scenarios, the damping ratio of the occupied structure increased 390 

considerably. However, ζos for walking was consistently higher compared to its standing 391 

counterpart. This is a new observation, to the best knowledge of the authors. A 392 

straightforward explanation behind this phenomenon is that a human body simply adds 393 

more damping to the structure when walking than in the standing posture at nominally 394 

the same location. Also, it could be attributed to the component of the walking force 395 

proportional to the velocity of the vibrating structure, which acts as an ‘active damper’ 396 

– the effect already reported in case of the HSI in the lateral direction. These 397 

observations require further research, and their further investigation is beyond the scope 398 

of this paper.  399 

6. Analytical verification 400 

The experimental results presented in previous sections show a clear and significant 401 

change in the modal properties of the test structure when interacting with walking or 402 

standing people. To validate the findings, aggregated dynamic effects of standing and 403 

walking groups of people (referred to as crowd hereafter) were simulated using a 404 

conventional single degree of freedom (SDOF) mass-spring-damper (MSD) model. The 405 

aim was to check if such a simple dynamic system can simulate accurately enough the 406 

interaction of the crowd with a particular vertical vibration mode of the empty structure.  407 

6.1 2DOF crowd-structure model 408 

Here, only the first mode of the empty structure was considered and was 409 

conceptualised using an SDOF oscillator with the corresponding modal properties (ms, 410 

ks and cs). Assuming that the structure was linear, the mode superposition principle 411 

applies [27]. Therefore, considering only one structural mode at a time does not affect 412 

the generality of the results. 413 

Another SDOF model was used to simulate the crowd (msc, ksc and csc) standing-still 414 

as close as possible to the anti-node of the first structural mode (i.e. the midspan). 415 

Similarly, an SDOF model was used to simulate the walking crowd (mwc, kwc and cwc). 416 

The walking crowd parameters were considered time-invariant under the assumption 417 

that the pedestrian flow was in the steady state regime, i.e. individuals in a group do not 418 

significantly change their gait during the test and their locations on the structure are 419 

evenly distributed.  420 

The walking crowd SDOF model was further assumed to be ‘stationary’ to avoid the 421 

complexity of modelling the ‘time-varying system’ caused by the change of location of 422 

people as they walk on the structure. This assumption was based on the experimental 423 

observation that, during the walking tests, after 3-4 averages, FRFs settled (did not 424 

change noticeably with further averaging) and represented the averaged effects of the 425 

walking crowd on the structure over time. This is conceptually equal to approximating 426 

the moving crowd with an equivalent stationary crowd that are walking on a series of 427 

treadmills located at the midspan of the structure (Figure 16a) and create the same 428 

dynamic effects on the structure as the corresponding moving crowd.  429 
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By connecting the SDOF crowd and SDOF structure models in the vertical direction, 430 

as illustrated in Figure 16b, a 2DOF crowd-structure (CS) mechanical system is created. 431 

Assuming a ‘stationary’ crowd, both standing and walking crowd-structure (denoted 432 

generally by mc, kc and cc) coupled systems can be represented as a simple conventional 433 

2DOF system, the dynamic response of which can be calculated by solving its equations 434 

of motion [27]: 435 

[
𝑚𝑠 0
0 𝑚𝑐

] {
�̈�𝑠(𝑡)
�̈�𝑐(𝑡)

} + [
𝑐𝑠 + 𝑐𝑐 −𝑐𝑐

−𝑐𝑐 𝑐𝑐
] {

�̇�𝑠(𝑡)
�̇�𝑐(𝑡)

} + [
𝑘𝑠 + 𝑘𝑐 −𝑘𝑐

−𝑘𝑐 𝑘𝑐
] {

𝑥𝑠(𝑡)
𝑥𝑐(𝑡)

} = {
𝑓𝑠(𝑡)
𝑓𝑐(𝑡)

}     436 

        (Eq. 3)                                437 

Here, ms, cs and ks are the mass, damping and stiffness of the empty structure and mc, 438 

cc and kc are those of the crowd (standing or walking) model. Moreover,�̈�𝑠(𝑡), �̇�𝑠(𝑡) 439 

and 𝑥𝑠(𝑡) are respectively the vertical acceleration, velocity and displacement response 440 

of structure in the coupled 2DOF system. Similarly, �̈�𝑐(𝑡), �̇�𝑐(𝑡) and 𝑥𝑐(𝑡) represent 441 

the vertical acceleration, velocity and displacement of the crowd DOF, respectively. 442 

Finally, 𝑓𝑠(𝑡) and 𝑓𝑐(𝑡) are the externally applied forces at the structure and crowd 443 

degrees of freedom, respectively. To extract modal properties from this system, a 444 

condition of free vibration is assumed: 445 

𝑓𝑠(𝑡) = 0                                                                                                        (Eq. 4) 446 

 𝑓𝑐(𝑡) = 0                                                                                                       (Eq. 5) 447 

To find possible combinations of parameters mc, cc and kc, a modal analysis 448 

formulation for systems with a non-proportional damping matrix was used here. A new 449 

coordinate vector ‘y’ containing displacement and velocity vectors was defined first: 450 

𝐲(𝑡) = {
𝑥(𝑡)
�̇�(𝑡)

}                                                                                              (Eq. 6) 451 

Then Eq. (3) is re-written into the following form for modal analysis [28]: 452 

[
𝐂 𝐌
𝐌 0

] �̇�(𝑡) + [
𝐊 0
0 −𝐌

] 𝐲(𝑡) = {0}                                                              (Eq. 7) 453 

Where M, C and K represent mass, damping and stiffness matrices from Eq. (3), 454 

respectively. Eq. (7) leads to a standard eigenvalue problem and can be solved for 455 

eigenvectors and eigenvalues accordingly [27, 28].  456 

6.2 Modelling specification 457 

For each test, the described 2DOF crowd-structure model was used to simulate the 458 

observed changes in the dynamic properties of the structure when exposed to a 459 

standing/walking crowd. The modal parameters of the first mode of the empty structure 460 

were adopted from Table 1. The mass of the crowd model mc was calculated up front 461 

for each test, to reduce the number of variables and improve the convergence and quality 462 

of the linear system identification procedure needed to make use of real, more or less 463 

noisy and non-linear FRFs measured. 464 
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Based on an analogy used to model both active (bouncing) and passive (standing) 465 

people as MSD systems on grandstands [29], the effects of people distributed along the 466 

structure (Figure 16a) were simulated using a lumped SDOF model (Figure 16b) 467 

attached at the midspan i.e. at the antinode of the beam’s fundamental mode of vibration. 468 

Expressions can be developed for a modal force caused by all individual SDOF 469 

oscillators and for a modal force caused by the ‘lumped’ SDOF system under base 470 

excitation due to Mode 1 vibration. By equating these two modal forces, and assuming 471 

identical individual SDOF oscillators without loss of generality, the following equations 472 

linking properties of individual human SDOF systems (mh,i, ch,i and kh,i) with their 473 

‘equivalent’ lumped SDOF (mc, cc and kc) (Figure 16b) can be developed: 474 

𝑚𝑐 = ∑ 𝑚ℎ,𝑖∅𝑖
2 ;       𝑖 = 1, . . . , 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛𝑠,                   (Eq. 8) 475 

𝑐𝑐 = ∑ 𝑐ℎ,𝑖∅𝑖
2 ;          𝑖 = 1, . . . , 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛𝑠,                    (Eq. 9) 476 

and 477 

𝑘𝑐 = ∑ 𝑘ℎ,𝑖∅𝑖
2 ;       𝑖 = 1, . . . , 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑒𝑑𝑒𝑠𝑡𝑟𝑖𝑎𝑛𝑠,                   (Eq. 10) 478 

where ∅𝑖 is the structure (unity-normalized) mode shape ordinate corresponding to the 479 

location of pedestrian ‘i’ modelled as an SDOF MSD with properties mh,i, ch,i and kh,i. 480 

This ensures that the effect of the location of walking people on the structure is taken 481 

into account in the properties of the ‘equivalent’ crowd SDOF model. Therefore, mc was 482 

taken as the sum of known physical masses of each person weighted by the squared 483 

mode shape amplitude (assumed to be sinusoidal unity-scaled) at their location on the 484 

structure (Table 5 and Table 6).  485 

Based on this analogy, in Scenario 1 (walking along the structure), mc was calculated as 486 

equal to half of the total actual mass of the crowd, assuming sinusoidal mode shape and 487 

uniform distribution of the walking pedestrians along the length of the test structure 488 

(Table 5). Such approach, to assume 50% of the mass of the uniformly distributed 489 

people, when each spectator is modelled as an SDOF, is commonly used for both active 490 

and passive humans on grandstands [29]. 491 

Similarly, in Scenario 2, as pedestrians are walking around a tight circle at midspan (the 492 

anti-node of the mode one), the mode shape amplitudes at the location of all pedestrians 493 

on the structure were assumed unity and, therefore, mc was calculated to be equal to the 494 

total physical mass of the whole crowd i.e. 100% of the pedestrians’ mass was taken 495 

(Table 5).  496 

The analogy presented above is applicable to the stiffness (Eq. (10)) and damping 497 

coefficient (Eq. (9)) of the crowd as well, but it is automatically addressed by identifying 498 

the natural frequency and damping ratio of the crowd, and then deriving the contributory 499 

stiffness and damping coefficient using relationships such as Eq. (1) and Eq. (2). 500 

For each experiment, the 2DOF model of the CS system was used to find the 501 

occupied structure modal properties for different combinations of crowd parameters kc 502 

and cc, with 1,000 N/m and 10 Ns/m increments, respectively. The ranges of kc and cc 503 
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values used in the simulations (10kN/m<kc<80kN/m and 0.2 kNs/m<cc<15kNs/m) were 504 

selected to be wide enough to cover the ranges found in the relevant literature, which 505 

was mostly in the field of biomechanics [30-34]. As the 2DOF model of the CS system 506 

has two modes of vibration, the dominant mode of vibration of the CS system was 507 

chosen to represent the modal properties of the occupied structure. The dominant mode 508 

of vibration was defined as the mode which dominates the response at the structure 509 

DOF. A pair of kc and cc parameters corresponding to the best FRF match (according to 510 

the least square error) between the measured and the analytical FRF curves of the 511 

occupied structure were chosen to represent the crowd model for that experiment. 512 

For consistency, and to allow comparison, in all simulations the mode shape ordinate 513 

corresponding to the structure DOF of the dominant mode was scaled to unity. Such 514 

scaling ensures that the modal properties of the crowd-structure system were found with 515 

the same scaling as the empty structure and, therefore, they were comparable.  516 

6.3 Simulation results 517 

The experimentally measured dynamic properties of the occupied structure and the 518 

corresponding crowd model properties found from the simulations are summarised for 519 

walking and standing tests in Table 5 and Table 6, respectively. To make the comparison 520 

easier, the simulation results in Table 5 are presented in the order of increasing number 521 

of pedestrians. The trends of the walking crowd model properties observed in 522 

simulations are plotted in Figure 17. 523 

It can be seen in Figure 17 that, when the number of people increased, the natural 524 

frequency of the walking crowd model fwc increased too. This is also valid, but much 525 

less pronounced, for the S2 ‘walking around a tight circle’ (green trace), in which the 526 

effect of people’s location is minimal. The same trend can be seen for the walking crowd 527 

model stiffness kwc. Considering that the  natural frequency of an SDOF is proportional 528 

to √𝑘/𝑚, and knowing that the mass of a walking crowd model mwc increases as the 529 

number of people in the crowd increases (as calculated and shown in Table 5), it appears 530 

that kwc increases faster than mwc, allowing fwc to increase. An explanation for this could 531 

be the progressively faster stiffening of the body as the speed of walking in more 532 

crowded situations reduces. Although the damping of the walking crowd cwc increased 533 

as the number of people in the crowd increased, the damping ratio ζwc decreased, as it 534 

was dependant on the square root of a product of the walking crowd SDOF mass and 535 

stiffness, similar, to what is shown in (Eq. (2)) for an SDOF of an empty structure. 536 

In all simulations, changes to the parameters for both walking scenarios show the 537 

same trend, which increases the confidence in the results obtained.  538 

Figure 18 compares the trend in the natural frequency fc and damping ratio ζc of 539 

standing-still (blue) and walking (green) crowd models for a different number of people 540 

on the structure. Results of walking ‘around a tight circle’ at midspan tests are compared 541 

with standing still at midspan tests. Increasing the number of walking people on the 542 

structure slightly increased the natural frequency of the crowd model fc, while increasing 543 

the number of standing people decreased fc. In both walking and standing-still scenarios, 544 

the damping ratio of the crowd model (ζwc and ζsc) decreased as  the number of people 545 



15 

 

on the structure increased, although their damping coefficients (cwc and csc) also 546 

increased. Finally, the difference between the natural frequencies of the standing still 547 

(above 5Hz) and walking crowd (just below 3Hz) is remarkable. 548 

These observations are in line with the findings of Shahabpoor et al. [35]. Based on 549 

an analytical study of a 2DOF MSD model of a crowd-structure system, they suggest 550 

that, when the natural frequency of the crowd model fc is less than the natural frequency 551 

of the empty structure fc<fs (similar to the walking people tests in this study), the natural 552 

frequency of the occupied structure fos increases. Similarly, when fc>fs (similar to the 553 

standing-still people tests in this study), the natural frequency of the occupied structure 554 

fos decreases. In both cases, the damping ratio ζos of the occupied structure increases. 555 

These trends are also in line with other experimental observations reported in the 556 

literature [36-45], concerning the effects of walking pedestrians on vibrating structures 557 

in the vertical direction. Most recently, in 2015, Zhang et al. [44] and Van Nimmen et 558 

al. [45] also observed a considerable increase in damping ratio and a slight change in 559 

natural frequency of the structure occupied by walking people. This agreement with 560 

other reported trends and the fact that modelling human/crowd using an SDOF MSD 561 

linear model (as the simplest approximation) can coherently reproduce all the 562 

experimentally observed trends provide confidence in the validity of the results, 563 

specifically the trends of changes observed in the dynamic properties of the occupied 564 

structure. 565 

It needs to be mentioned that the magnitude of the crowd model dynamic parameters 566 

reported here are dependent on the number of pedestrians, walking regime (walking 567 

speed, etc.) and pedestrians biomechanics. An extensive set of experiments with large 568 

population of pedestrians, different group sizes and walking regimes would be required 569 

to build the statistical descriptors of human/crowd dynamic parameters. 570 

7. Conclusions 571 

Extensive FRF-based modal identification tests were carried out on a full-scale 572 

prototype footbridge, with a total of over 150 human participants, walking or standing 573 

on it in groups of 2-15. Analysis and subsequent modelling of this experimental data led 574 

to the following conclusions: 575 

 Both human biomechanics (including mass, stiffness and damping of a walking 576 

human) and dynamic (modal) properties of the structure affect the HSI. 577 

 Given that real structures are usually considerably heavier, stiffer and less 578 

damped than the human body, a 2DOF model to simulate walking crowd-579 

structure interaction in the vertical direction was able to consistently replicate 580 

the measured FRF data around relevant resonances of the vertical bending 581 

modes of vibration. 582 

 Multi-person walking traffic effects in the vertical direction were possible to 583 

simulate using a simple SDOF MSD model of the walking crowd and its mass, 584 

stiffness and damping properties were identified for different number of 585 

walking people. 586 
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 If the natural frequency of the SDOF walking crowd model fc is less than the 587 

natural frequency of the empty structure fc<fs both the natural frequency fos and 588 

damping ratio ζos of the occupied structure increase. 589 

 Walking people can increase the damping of the occupied structure tested, more 590 

than standing people.  591 

 The results of tests focused on Mode 2 of the prototype structure show that 592 

crowd-structure interactions can affect modes with natural frequencies much 593 

higher than the fundamental frequency of the walking crowd MSD model.  594 

 The effect of a crowd on the modal parameters of the occupied structure 595 

becomes stronger as the size of the crowd increases. 596 

 597 

  598 
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Tables 609 

 610 

 Table 1. Results of experimental modal analysis of the empty structure (es) 

Mode FRF based 

# 𝑓 𝑒𝑠(Hz) 𝜁 𝑒𝑠(%) 𝑚𝑒𝑠 (kg) 𝑐𝑒𝑠 (N.s/m) 𝑘𝑒𝑠 (N/m) 
𝑎𝑒𝑠,𝑚𝑎𝑥 

(m/s2) 

𝑎 𝑒𝑠,𝑟𝑚𝑠(m/s2) 

1 (Series A) 4.44 0.6 7,128 2,386 5,547× 103 1.88 0.37 

1 (Series B) 4.44 0.7 7,128 2,784 5,547× 103 2.61 0.48 

2 (Series A) 16.87  0.4 7,128 6,044 80,086× 103 2.51 0.48 

2 (Series B) 16.77 0.4 7,128 6,009 79,140× 103 3.21 0.59 

  611 
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Table 2. Occupied structure experimental modal properties with different number of standing people 

Number of  Modal properties of occupied structure Structural response 

standing people 𝑓 𝑜𝑠(Hz) 𝜁𝑜𝑠 (%) 𝑚𝑜𝑠 (𝑘𝑔) 𝑐𝑜𝑠 (N.s/m) 𝑘𝑜𝑠 (N/m) 𝑎𝑜𝑠,𝑚𝑎𝑥 (m/s2) 𝑎𝑜𝑠,𝑟𝑚𝑠(m/s2) 

0 4.440 0.60 7,128 2,386 5,547× 103 1.88 0.37 

3 4.363 1.35 7,968 5,898 5,988× 103 1.33 0.24 

6 4.259 2.30 8,808 10,842 6,307× 103 0.89 0.17 

10 4.175 2.60 9,928 13,543 6,832× 103 0.71 0.15 

 612 

  613 
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Table 3. Identified modal properties of the first mode of the occupied structure for different 

number of pedestrians and walking scenarios 

Test   

no. 

Test 

Series 

Location of 

pedestrians 

No. of 

Pedestrians 

Modal properties of the occupied structure 

– First mode 
Structural response 

fos (Hz) ζos mos (kg) cos (N.s/m) kos (N/m) 
aos,max 

(m/s2) 
aos,rms (m/s2) 

Empty structure properties   

1.1 A - 0 4.440 0.0060 7,128 2,386 5,547× 103 1.88 0.37 

1.2 B - 0 4.440 0.0070 7,128 2,784 5,547× 103 2.61 0.49 

Scenario 1: Pedestrians are walking along the footbridge   

1.3 B All over 2 4.443 0.0100 7,165 4,000 5,583× 103 2.44 0.41 

1.4 A All over 3 4.445 0.0110 7,183 4,413 5,603× 103 1.75 0.30 

1.5 B All over 4 4.450 0.0128 7,201 5,154 5,630× 103 2.18 0.36 

1.6 B All over 6 4.465 0.0155 7,238 6,294 5,696× 103 1.88 0.33 

1.7 A All over 6 4.465 0.0165 7,238 6,701 5,696× 103 1.49 0.25 

1.8 A All over 10 4.475 0.0230 7,311 9,456 5,780× 103 1.13 0.21 

1.9 B All over 10 4.476 0.0210 7,311 8,635 5,782× 103 1.59 0.29 

1.10 B All over 15 4.485 0.0291 7,402 12,140 5,878× 103 1.13 0.25 

Scenario 2: Pedestrians are walking in a tight circle   

1.11 A Midspan 3 4.455 0.0200 7,214 8,077 5,652× 103 1.32 0.25 

1.12 A Midspan 6 4.480 0.0290 7,300 11,918 5,784× 103 1.09 0.20 

1.13 A Midspan 10 4.500 0.0340 7,415 14,256 5,928× 103 0.87 0.19 

1.14 A 3/8 –span 6 4.465 0.0250 7,287 10,222 5,735× 103 0.99 0.20 

1.15 A Quarter span 6 4.460 0.0205 7,250 8,329 5,693× 103 1.10 0.22 

 614 

 615 

  616 
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Table 4. Identified modal properties of the second mode of the occupied structure for different number of 

pedestrians and walking scenarios 

Test No. Test  series 
Location of    
pedestrians 

No. of 
pedestrians 

Modal properties of the occupied structure - Second mode structural response 

fos (Hz) ζos mos (kg) cos (N.s/m) kos (N/m) aos,max (m/s2) aos,rms (m/s2) 

Empty structure properties   

2.1 A - 0 16.870 0.0040 7,128 6,044 80,086× 103 2.51 0.48 

2.2 B - 0 16.770 0.0040 7,128 6,009 79,140× 103 3.21 0.59 

Scenario 1: Pedestrians are walking along the structure   

2.3 A All over 3 16.900 0.0055 7,128 8,326 80,372× 103 2.41 0.45 

2.4 B All over 6 16.813 0.0053 7,128 7,982 79,548× 103 2.90 0.56 

2.5 A All over 6 16.910 0.0065 7,128 9,846 80,468× 103 2.29 0.42 

2.6 B All over 8 16.819 0.0061 7,128 9,190 79,605× 103 2.56 0.51 

2.7 B All over 10 16.822 0.0064 7,128 9,644 79,634× 103 2.52 0.52 

2.8 A All over 10 16.935 0.0075 7,128 11,377 80,708× 103 2.14 0.40 

2.9 B All over 15 16.825 0.0079 7,128 11,907 79,665× 103 2.24 0.47 

Scenario 2: Pedestrians are walking around a tight circle   

2.10 A Quarter span 3 16.913 0.0061 7,128 9,241 80,496× 103 2.23 0.49 

2.11 A Quarter span 6 16.925 0.0082 7,128 12,432 80,611× 103 1.94 0.35 

2.12 A Quarter span 10 16.975 0.0099 7,128 15,054 81,091× 103 1.69 0.37 

 617 

 618 

  619 
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Table 5: Walking crowd model properties obtained from simulation of 2DOF crowd-structure 

model 

Test 

No. 

No of 

pedestrians 

Occupied structure – experimental  Walking crowd model – analytical 

fos ζos mos cos kos  fwc ζwc mwc cwc kwc 
Hz % kg N.s/m N/m  Hz % kg N.s/m N/m 

Scenario 1: Walking along the footbridge – Series B 

1.2 0 4.440 0.70 7128 2,784 5,547× 103  - - - - - 

1.3 2 4.443 1.00 7165 4,000 5,583× 103  2.406 36 70 762 15,997 

1.5 4 4.450 1.30 7201 5,154 5,629× 103  2.552 30 140 1,347 35,996 

1.6 6 4.465 1.60 7238 6,294 5,696× 103  2.645 24 210 1,675 58,000 

1.9 10 4.476 2.10 7311 8,635 5,782× 103  2.770 22 350 2,680 106,020 

1.10 15 4.485 2.90 7402 12,140 5,878× 103  2.800 21 525 3,879 162,493 

Scenario 1: Walking along the footbridge – Series A 

1.1 0 4.440 0.60 7128 2,386 5,547× 103  - - - - - 

1.4 3 4.445 1.10 7183 4,413 5,603× 103  2.504 32 105 1,057 25,991 

1.7 6 4.465 1.65 7238 6,701 5,696× 103  2.778 28 210 2,053 63,980 

1.8 10 4.475 2.30 7311 9,456 5,780× 103  2.900 24 350 3,061 116,205 

Scenario 2: Walking around a tight circle at midspan – Series A 

1.11 3 4.450 2.11 7214 8077 5,652× 103  2.906 30 210 2,301 70,012 

1.12 6 4.480 2.90 7300 11918 5,784× 103  2.950 26 420 4,048 144,296 

1.13 10 4.500 3.40 7415 14256 5,928× 103  2.962 22 560 4,586 193,963 

 620 

 621 
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Table 6. Standing-still crowd model properties obtained from simulation of 2DOF crowd-

structure model – standing at midspan 

No of 

people 

Occupied structure – experimental  Standing crowd model – analytical 

fos ζos mos cos kos  fsc ζsc msc csc ksc 
Hz % kg N.s/m N/m  Hz % kg N.s/m N/m 

0 4.440 0.60 7,128 2,386 5,547× 103  - - - - - 

3 4.363 1.35 7,968 5,898 5,988× 103  5.436 57 210 8,177 244,984 

6 4.259 2.30 8,808 10,842 6,307× 103  5.267 45 420 12,509 459,977 

10 4.175 2.60 9,928 13,543 6,832× 103  5.171 43 630 17,603 665,042 

 623 

  624 
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Figures 625 
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a)  

 

 

 

 

 

 

 

 

 

 

b)  

Figure 1.Test structure (a) photo and (b) plan and elevation view. 
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a)  

 

b)  

Figure 2. Experimentally acquired first two vertical mode shapes of the structure: (a)  First vertical mode shape 

@ 4.44 Hz, modal mass = 7128 kg; (b)  Second vertical mode shape @ 16.78 Hz, modal mass = 7128 kg 
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a)  b)  

Figure 3. Nonlinear amplitude-dependant (a) damping ratio of the fundamental mode and (b) 

natural frequency of structure (after Racic et al. [19]) 

 640 
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a)  b)  

Figure 4. Experimental FRF (a) magnitude and (b) phase graphs of the occupied structure with 

different number of standing people 
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a)  

 
b)  

Figure 5. Analytical (dashed line) and experimental (solid line) FRF (a) magnitudes and (b) phases 

for the test with six standing people 
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 656 

 657 

  
a)  b)  

Figure 6. Modal properties of the occupied structure for different number of people standing 

at midspan 
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a)  

 

 

 
b)  

Figure 7. A typical walking path and accelerometer (square) and shaker (triangle; midspan: mode 1 tests; 

quarter span: mode 2 tests) placement layout of walking tests: (a) Scenario 1 (S1): Walking along the structure; (b) 

Scenario 2 (S2): Walking in tight circle. 
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 666 

  

a)  b)  

  
c)  d)  

Figure 8. Experimental FRF magnitude and phase curves of the 1st and 2nd vertical modes of the structure 

with different number of people walking along the structure (Scenario 1): (a) Mode 1– FRF 

magnitude curves; (b) Mode 1– FRF phase curves; (c) Mode 2– FRF magnitude curves; (d) 

Mode 2– FRF phase curves 
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 671 

 672 

  

a)  b)  

Figure 9. The driving point experimental FRF (a) amplitude and (b) phase curves for accelerance and their 

analytical fit – Mode 1 - 10 pedestrians walking along the slab (Scenario S1). 
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a)  b)  

Figure 10: The driving point accelerance FRF (a) magnitude and (b) phase graphs captured for six and 10 

walking people, repeated twice with different participants – Mode 1, Scenario 1 
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a)  b)  

  
c)  d)  

 

Figure 11. Mode 1 - Trends of occupied structure (a) modal frequency fos (b) stiffness kos , (c), damping 

ratio ζos and (d) damping cos versus number of walking pedestrians – (Red/square: Scenario 1 - Series A; 

Blue/cross: Scenario 1 - Series B; Green/triangle: Scenario 2) 
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a)  b)  

  

c)  d)  

 

Figure 12. Mode 2 - Trends of occupied structure (a) modal frequency fos, (b) stiffness kos, (c) damping 

ratio ζos and (d) damping cos against number of walking pedestrians – (Red/square: Scenario 1 - Series A; 

Blue/cross: Scenario 1 - Series B; Green/triangle: Scenario 2) 
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a)  b)  

Figure 13. (a) Natural frequency fos and (b) damping ratio ζos of occupied structure vs. the location of six walking 

pedestrians on the structure – Mode 1, Scenario2. For presentation purposes, results corresponding 

to walking at both supports are shown by assuming that walking on them does not change dynamic 

properties.  
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a)  b)  

Figure 14. Mode 1 - FRF (a) magnitude and (b) phase plots for groups of three, six and 10 

walking/standing people at the midspan. 
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a)  b)  

Figure 15. Mode 1 – (a) Natural frequency fos and (b) damping ratio ζos for varying number of standing and 

walking people on the structure (Red/square: Circular walking at midspan; Green/triangle: standing at 

midspan) 
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a)  b)  

Figure 16. Conceptual 2DOF model of a coupled crowd-structure system. Crowd model parameters 

are shown generally by mc, kc and cc. 
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a)  b)  

  
c)  d)  

 

Figure 17. Trends of walking crowd SDOF model (a) natural frequency fcw, (b) stiffness kcw, (c) damping 

ratio ζcw and (d) damping ccw against number of walking pedestrians (Red/square: S1-Series A; Blue/cross: 

S1-Series B; Green/triangle: S2) 
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a)  b)  

 

Figure 18. Comparison of changes in (a) natural frequency fc and (b) damping ratio ζc of walking 

(green/triangle) and standing (Blue/cross) crowd models against the number of pedestrians 
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