
                          White, R. E., Alexander, N. A., & Macdonald, J. H. G. (2020). Time-
Frequency Analysis of Crowd Lateral Dynamic Forcing from Full-Scale
Measurements on the Clifton Suspension Bridge. In Time-Frequency
Analysis of Crowd Lateral Dynamic Forcing from Full-Scale
Measurements on the Clifton Suspension Bridge (Vol. 2, pp. 125-133).
(Dynamics of Civil Structures, Volume 2. Conference Proceedings of
the Society for Experimental Mechanics Series; Vol. 2). Springer,
Cham. https://doi.org/10.1007/978-3-030-47634-2_14

Peer reviewed version

Link to published version (if available):
10.1007/978-3-030-47634-2_14

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Springer Nature at https://doi.org/10.1007/978-3-030-47634-2_14. Please refer to any applicable terms of
use of the publisher

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the
published version using the reference above. Full terms of use are available:
http://www.bristol.ac.uk/red/research-policy/pure/user-guides/ebr-terms/

https://doi.org/10.1007/978-3-030-47634-2_14
https://doi.org/10.1007/978-3-030-47634-2_14
https://research-information.bris.ac.uk/en/publications/c7ba8f62-fe33-49da-9f09-7c7cd5f7f7e4
https://research-information.bris.ac.uk/en/publications/c7ba8f62-fe33-49da-9f09-7c7cd5f7f7e4


 1

 1 
 2 

Time-frequency analysis of crowd lateral dynamic forcing from full-scale 3 
measurements on the Clifton Suspension Bridge 4 

 5 
 6 
 7 

Author: R.E.Whitea, N.A.Alexandera, J.HG.Macdonalda 8 
aDepartment of Civil Engineering, Queen’s Building, University of Bristol, UK, BS8 1TR 9 

 10 
Keywords: Bridges, Structural dynamics, Full-scale testing, human-structure interactions, pedestrian-11 

induced vibrations 12 
 13 
 14 
 15 

Abstract 16 
 17 
Pedestrian-induced vibrations have caused significant issues on various footbridges, over the past few decades, 18 
as it can lead to an abrupt growth in the amplitude of structural oscillations, i.e. lateral dynamic instability. 19 
Measurements were taken during two separate crowd loading events on the Clifton Suspension Bridge, UK, to 20 
characterise the human-structure interactions observed. Two lateral modes of the bridge were studied, previously 21 
found susceptible to pedestrian-induced excitation.  A comparative study is performed to identify the different 22 
interactions observed for the differing bridge deck amplitude responses through a novel procedure based on time-23 
frequency analysis. This enables the identification of the fluctuations on the instantaneous modal amplitude and 24 
resonant frequency during pedestrian loading. Previous measurements of Clifton Suspension Bridge during crowd 25 
loading leading to the onset of large-amplitude vibrations revealed a significant increase in the natural frequency 26 
of the two modes considered. The instantaneous frequency, of both modes, appeared to roughly mirror the 27 
displacement amplitude response during significant loading, >250 pedestrians. Recent measurements of Clifton 28 
Suspension Bridge during crowd loading, illustrated tentative evidence for the presence of human-structure 29 
interactions during low-amplitude responses. For high amplitude responses on the bridge the modal frequencies 30 
were observed to increase with an increase in amplitude displaying a complex non-linear hardening effect for the 31 
two modes of vibration. 32 
 33 
 34 
1.Introduction 35 
 36 
Pedestrian loading of footbridges has caused serious concern for vibration serviceability. Multiple footbridges 37 
have observed lateral dynamic instability, resulting in the onset of large amplitude vibrations. The London 38 
Millennium Footbridge (LMF) [1] and Clifton Suspension Bridge (CSB) [2] are examples of this phenomenon. 39 
Significant multi-modal excitation has been observed on the CSB [2].  Pedestrians have been observed to 40 
significantly alter a structure’s properties: modal damping and frequency, which is reflected in fluctuations of a 41 
bridge’s instantaneous amplitude and frequency respectively. Pedestrian lateral dynamic forcing can be 42 
characterised as the action of equivalent added mass or damping which may be positive or negative, depending 43 
on the pedestrian pacing to bridge forcing frequency ratio.  44 
 45 
Decomposing a structure’s modal properties may be difficult to successfully approximate, as pedestrian loading 46 
contains a frequency spectrum producing multi-modal excitation. This paper presents a time-frequency analysis 47 
procedure for evaluating lateral human-structure interactions from full-scale measurements on the Clifton 48 
Suspension Bridge, from two separate crowd loading events.  The Hilbert transform is utilised to identify the 49 
instantaneous amplitude and frequency of two low-frequency lateral resonant modes, modes L2 and L3, 50 
previously shown to be susceptible to pedestrian-induced vibrations [2]. The evaluated amplitude and frequency 51 
time-histories, of each lateral mode, are quantitatively studied to characterise equivalent added mass and damping 52 
of pedestrians, for each crowd loading event. Comparisons are drawn between low- and high amplitude bridge 53 
responses. A complex instantaneous amplitude-frequency relationship is observed for the two lateral modes 54 
studied, for large amplitude bridge responses. The corresponding ‘back-bone’ curves are constructed from 55 
reduced-order, fifth order, polynomials, for both modes respectively, to characterise the lateral human-structure 56 
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interactions. They both display a hardening effect, i.e. an increase in resonant frequency with an increase in 57 
amplitude.  58 
 59 
2.Experimental Procedure 60 
 61 
The Clifton Suspension Bridge spans the River Avon bridging from Clifton, Bristol, to Leigh Woods, North 62 
Somerset. It is approximately 2km west of the centre of Bristol. The main span is 214.35m, from centreline to 63 
centreline of the towers, with the suspended bridge length spanning 193.85m. The roadway is 6.1m wide between 64 
the two longitudinal stiffening girders. These are supported by vertical suspension rods spaced 2.44m apart from 65 
each other along the bridge. Total deck width is 9.46m including 1.1m footways either side. A more complete 66 
description of the structure is given by Barlow [3]. The bridge layout and rod breakdown are displayed in Figure 67 
1.  68 
 69 
The CSB was instrumented with accelerometers and displacement transducers at multiple rod locations: Rod 70 
40LW, Rod 11LW and Rod 40C, as shown in Figure 1. These sensors acquired both lateral and vertical responses 71 
during the crowd loading events. Measurements at rod 11LW are used for analysis in this study, as they represent 72 
close approximates of the total modal responses of modes’ L2 and L3. See reference [4] for full details on the 73 
structural health monitoring system used on the CSB.   74 
 75 
In 2003, the Clifton Suspension Bridge exhibited two crowd loading events, restricted to the footways, on the 76 
nights of Thursday 7th and Saturday 9th August. Data analysis is focused on the measurements acquired from the 77 
7th August for the proposed time-frequency method of analysis. In 2017, the CSB observed a crowd loading event, 78 
open to roadway and footways, on the afternoon of Sunday 15th October.    79 
 80 
 81 

 82 
Figure 1 Schematic and layout of the Clifton Suspension Bridge [3] displaying instrumented rod location 83 
 84 
 85 
2.1Number of people 86 
 87 
During the 2003 crowd loading event, the number of people were monitored by CCTV footage counting the 88 
accumulative number in three-minute intervals. The CCTV data was used to approximate the pedestrian counts 89 
during the crowd loading event. For the 2017 crowd loading event, the number of people were measured by two 90 
GoPro cameras, one either side of the bridge pillars, in conjunction with counting pedestrians on and off the bridge 91 
using the phone application, Timestamp, by four volunteers. Figure 2(a) and 2(b) display the number of people 92 
during the crowd loading events in 2003 and 2017 respectively. The maximum number of people, at any one given 93 
time, was approximated to be 488 and 151 people, during the 2003 and 2017 crowd loading events respectively. 94 
This corresponded to approximate pedestrian densities of 1.1m2/ped., per walkway, and 0.13m2/ped., across the 95 
roadway, respectively. This suggests that pedestrians, during the crowd loading event witnessing large-amplitude 96 
vibrations, displayed significantly small walking speeds corresponding to low pacing frequencies. The 97 
combination of pedestrian numbers and prolonged low stepping frequencies may have contributed to the onset of 98 
large amplitude vibrations. The 2017 event suggests that pedestrians were more free flowing, promoting larger 99 
walking speeds and comfortable pacing frequencies. The 2003 event on the Clifton Suspension bridge was 100 
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observed to last approximately two hours in comparison to 20 minutes during the 2017 event. This is reflected in 101 
the high and low acceleration amplitude responses measured from each experiment respectively [2, 5]. 102 
 103 

 104 
2.2 Bridge Response 105 
 106 
The bridge deck was seen to oscillate in two of its low-frequency lateral modes: L2 (0.52Hz) and L3 (0.75Hz), 107 
during the 2003 crowd loading event. This was observed to occur simultaneously displaying multi-modal 108 
structural excitation by pedestrians. To be consistent with data processing from the 2003 event, the 2017 109 
measurements were processed in the same manner to compare the two events and corresponding bridge responses.  110 
Sixth order bandpass Butterworth filters were applied to extract modes L2 and L3, in their prescribed bandwidths, 111 
to mitigate the effects of noise. Figure 3 displays the bridge deck accelerations measured at Rod 11, for modes L2 112 
and L3 for each crowd loading event. Figure 3(a) indicates the 2003 event whilst Figure 3(b) displays the 2017 113 
event. The red indicates mode L2, whilst blue distinguishes mode L3. The amplitude response from the 2003 114 
crowd loading event is observed to be significantly larger than the 2017 event. 115 
 116 
Table 1 illustrates the modal properties of lateral modes L2 and L3 of the CSB, based on experimental system 117 
identification performed by Macdonald [2]. These two modes have significantly low damping ratios making them 118 
susceptible to pedestrian-induced vibrations. It should be clear, lateral modes from L1 through to L4, 0.25Hz – 119 
0.965Hz, have been previously identified. For this study, only modes L2 and L3 are analysed to identify the 120 
observed human-structure interactions.  121 
 122 
Table 1 Modal properties of lateral modes of the Clifton Suspension Bridge, evaluated from Macdonald [2] 123 

Mode Natural Frequency [Hz] Damping Ratio [%] Modal Mass [Tonnes] 
L2 0.524 0.58 538 
L3 0.746 0.68 561 

 124 
 125 
 126 
 127 
 128 

Figure 2 Number of people during the crowd loading events measured on the Clifton Suspension Bridge (a) 
2003; (b) 2017 
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 129 
3.Time-frequency Analysis  130 
 131 
Time-frequency analysis is beneficial in analysing the instantaneous frequency and amplitude of a structure’s 132 
response to dynamical loading. During crowd loading, pedestrians have been observed to alter a structure’s modal 133 
instantaneous frequency and amplitude [1,2]. This corresponds to their dynamic forcing producing equivalent 134 
added mass and damping, positive or negative, depending on the frequency ratio, human pacing frequency to 135 
structural forcing frequency. Pedestrian forcing in-phase with acceleration corresponds to added mass, whilst 136 
forcing in-phase with velocity is equated to added damping. The Hilbert transform converts a real continuous, or 137 
discrete, signal into an analytic solution [6]. This allows the evaluation of the instantaneous phase and amplitude 138 
of a structure’s modal response. This time-frequency method only allows unimodal analysis, requiring measured 139 
structural responses to be filtered and decomposed into modal components. Lateral bridge acceleration 140 
measurements are first filtered to isolate modes L2 and L3 separately. For further understanding of the method, 141 
see reference [5].   142 
 143 
Assuming a discrete complex signal, Sq(t), for a single mode, of the form: 144 
 145 

𝑆 (𝑡) = 𝑥 (𝑡) + 𝑖𝑦 (𝑡)                                                                      (1) 146 
 147 
Where xq(t) is the discrete input signal, yq(t) is the Hilbert transformed input signal and i=√-1. The instantaneous 148 
amplitude, Aq(t), and phase, θq(t), of the qth mode, can be evaluated from the modulus and argument respectively, 149 
using Pythagorean and trigonometric principles, as shown below: 150 
 151 

𝐴 (𝑡) = 𝑥 (𝑡) + 𝑦 (𝑡),    𝜃 (𝑡) = tan
𝑦(𝑡)

𝑥(𝑡)
                                            (2) 152 

 153 
The instantaneous modal frequency, fq, can then be approximated by differentiating the instantaneous frequency 154 
with respect to time, using the finite difference method, shown as: 155 
 156 

𝑓 =
1

2𝜋

𝑑𝜃

𝑑𝑡
=

1

2𝜋

∆𝜃

𝑇 ,

=
1

2𝜋

𝜃 − 𝜃

𝑇 ,

                                                                 (3) 157 

Figure 3 Bridge deck acceleration time-histories for lateral modes L2 and L3 on the Clifton 
Suspension Bridge (a) 2003 crowd loading event; (b) 2017 crowd loading event 



 5

Where Tp,s is the sampling period which is analogous to the inverse of the sampling frequency, fs=1/Tp,s 158 
 159 
This method provides a very good approximation of the response envelope making it very beneficial [6]. This 160 
allows the extraction of data from each sample in comparison to the conventional cycle-by-cycle zero-crossing 161 
maximum and minimum points of vibrations [7]. Fluctuations in the bridge modal frequency would suggest the 162 
presence of equivalent added mass whilst variations in the bridge amplitude would indicate equivalent added 163 
damping by pedestrians. There are limitations to this time-frequency analysis method. Noise is attenuated at 164 
beginning and end conditions which can cause issues in accurate data extraction and analysis. Inherently noisy 165 
signals are amplified through this transform hence, a fourth order low pass Butterworth filter is used to smooth 166 
the instantaneous modal frequency responses and identify the underlying trends. To mitigate the end effects a 167 
larger window of the signal is used when applying the Hilbert transform which is then isolated about the crowd 168 
loading event. 169 
 170 
3.1 Human Structure Interactions 171 
 172 
During the 2003 crowd loading event, a large-amplitude vibrational response was observed, a sudden onset in 173 
diverging large amplitude vibrations. This was a result of the number of people interacting on the bridge over a 174 
two-hour window. As detailed by Arup [1], the critical number of people were achieved for the two-low frequency 175 
lateral modes on the CSB. This is reflected in the number of people and bridge response in Figure 2a, and 3a. In 176 
2017, the crowd loading event observed low-amplitude oscillations. The number of people interacting with the 177 
bridge were considerably less than the critical number of people for the onset of large amplitude vibrations to 178 
occur. The loading was observed over a 20-minute window.  Figure 4 and 5 are breakdown plots of instantaneous 179 
amplitude, (a), and frequency, (b), time-histories for modes L2 and L3 respectively during the 2003 crowd loading 180 
event. Figure 5 and 6 are breakdown plots of instantaneous amplitude and frequency time-histories, for modes L2 181 
and L3 respectively, during the 2017 crowd loading event.  182 
 183 
In Figure 4, the instantaneous modal frequency roughly mirrors the amplitude response, for mode L2. 184 
Interestingly, it reflects the loading, i.e. the number of people in Figure 2(a), reasonably well. The maximum 185 
instantaneous acceleration amplitude, 0.13m/s2, and frequency, 0.539Hz, are not observed to correspond at the 186 
same instance. These correlate to approximately 350 and 400 pedestrians respectively, suggesting different 187 
phasing for the pedestrian, self-excited, forces. This mode observes a frequency increase of 2.8% at the maximum 188 
instantaneous frequency observed.       189 
 190 

Figure 4 Comparison plot from 2003 crowd loading event, Mode L2 (a) Instantaneous amplitude time-history (b) 191 
Instantaneous frequency time 192 
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Figure 5 follows similar mirroring in amplitude and frequency response during the 2003 crowd loading event, 193 
however, not as well correlated to the number of people. Distinct mirroring is evident in three sections of the time 194 
histories during large amplitude responses, A(t)>0.05ms2.  For mode L3, the maximum instantaneous acceleration 195 
amplitude, 0.10m/s2, and frequency, 0.775Hz, are observed to correspond at roughly the same time. This correlates 196 
to an approximate pedestrian number of 350. This mode observes a frequency increase of 3.9% at the maximum 197 
instantaneous frequency observed. Interestingly, these instantaneous maxima occur at roughly the same instance, 198 
for modes L2 and L3, reinforcing that pedestrian synchronisation didn’t occur during the 2003 event. 199 
  200 

Figure 5 Comparison plot from 2003 crowd loading event, Mode L3 (a) Instantaneous amplitude time-history (b) 201 
Instantaneous frequency time-history 202 

Figure 6 and 7 display low-amplitude responses, making it more difficult to identify signs of human-structure 203 
interactions, nevertheless, subtle behaviour is observed. In the first 5 minutes of Figure 6, the increase in amplitude 204 
is subtly reflected by an increase in frequency of mode L2. This corresponds to the initial rise in the number of 205 
people, during 11:30am and 11:34am, in Figure 2(b). Another region, between 11.38am and 11.40am, indicates a 206 
slight increase in amplitude and natural frequency for an increase in loading. This suggests that, at low-amplitude 207 
bridge responses, lateral human-structure interactions are still observed. In this case, corresponding to equivalent 208 
negative added mass and damping. 209 
 210 
Figure 7 displays more erratic behaviour in the instantaneous acceleration amplitude of mode L3. The 211 
corresponding instantaneous frequency is also observed to be fluctuating considerably.  212 
However, it should be noted that the natural frequency is seen to shift by 5% over the 2017 crowd loading event. 213 
At instantaneous amplitude peaks of 0.01m/s2, observed just before 11:32am and 11:34am, the corresponding 214 
instantaneous frequency is seen to decrease. This may suggest equivalent positive added mass in comparison to 215 
mode L2. Interestingly, the equivalent added mass for mode L3, is observed to be positive at low-amplitude, 216 
whilst negative at high-amplitude responses. This may indicate that L3 is susceptible to both negative and positive 217 
added mass depending on the number of people and bridge deck amplitude.  218 
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Figure 6 2017 crowd loading event, Mode L2 (a) Instantaneous amplitude time-history (b) Instantaneous 219 
frequency time-history 220 
 221 

Figure 7 2017 crowd loading event, Mode L3 (a) Instantaneous amplitude time-history (b) Instantaneous 222 
frequency time-history 223 

3.2 Amplitude-frequency relationships 224 
 225 
Using the transformed acceleration measurements of modes L2 and L3, as represented in Figures 4-7, the 226 
amplitude-frequency relationships are evaluated for both the low and large amplitude bridge responses. Reduced 227 
order, fifth-order, polynomials are fitted to the large-amplitude bridge responses, using nonlinear least-squares 228 
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approach, to characterise the complex interactions observed. This is displayed in Figure 8.  The low-amplitude 229 
bridge responses unfortunately do not display a clear relationship. For the 2003 crowd loading event, mode L2, 230 
Figure 8(a), is observed to show an obvious increase in frequency with increase in acceleration amplitude. The 231 
same effect is observed for mode L3, Figure 8(b), although its instantaneous frequency increases at a steeper rate, 232 
above an amplitude of 0.05m/s2. The reduced order models are quantified in equations (1) and (2) and displayed 233 
in Figure 9 as the approximated backbone curves of modes L2 and L3 respectively. Both modes observe nonlinear 234 
‘hardening’ effects, i.e. an increase in frequency with an increase with amplitude. L3 witnesses a prominent 235 
hardening effect whilst L2 is seen to fluctuate around a frequency of 0.53Hz however, still larger than its linear 236 
resonant frequency of 0.524Hz.    237 
  238 

 239 
𝑓 = 0.524 + 0.867𝐴 − 38.6𝐴 + 751𝐴 + 6.34 × 10 𝐴 + 1.92 × 10 𝐴           (1) 240 

 241 
 242 

𝑓 = 0.756 + 0.307𝐴 − 3.88𝐴 + 49.9𝐴 + 1.66 × 10 𝐴 + 8.95 × 10 𝐴           (2) 243 
  244 

 245 

Figure 8 Instantaneous acceleration amplitude – frequency relationships with reduced-order polynomial 
fitting (a) mode L2; (b) mode L3 

Figure 9 Evaluated backbone curves of lateral modes L2 and L3 during high-amplitude pedestrian 
loading 
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Conclusion 246 
 247 
This paper has presented a novel application of the time-frequency analysis technique, Hilbert transform, to 248 
qualitatively analyse and characterise the lateral human-structure interactions observed on the Clifton Suspension 249 
Bridge. The instantaneous acceleration amplitude and frequency are successfully extracted for two low frequency 250 
lateral vibration modes, shown to be susceptible to pedestrian-induced vibrations. The instantaneous frequencies, 251 
of both modes, are observed to approximately mirror the acceleration amplitudes during significant loading 252 
periods of the crowd loading event witnessing large-amplitude bridge responses. Equivalent negative added mass 253 
and damping of both modes are simultaneously observed. During the crowd loading event witnessing low-254 
amplitude bridge responses, tentative evidence of human-structure interactions are observed for each mode. An 255 
initial increase in loading is mirrored in instantaneous amplitude and frequency, over brief time periods.  256 
 257 
Amplitude-frequency relations are evaluated from reduced-order polynomial fitting to identify the backbone 258 
curves of each lateral resonant mode during the large-amplitude response crowd loading event. Nonlinear 259 
hardening effects are observed, for both modes, indicating an increase in instantaneous modal frequency with an 260 
increase in bridge deck acceleration amplitude.    261 
 262 
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