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ABSTRACT: There have been over last decades several examples of large ground vibrations
caused by masses of people gathered for special events: a rock concert in Ullevi stadium
(Gothenburg, Sweden) in 1985 generated strongly felt tribune vibrations, while there are repeat-
ed examples of seismological recordings corresponding to goals in high stake soccer matches
(for instance, the famous Bar¢a "remontada" against PSG in 2016-17 Champion's league, and
the Mexico victory over Germany during World Cup 2018). Such man-induced vibrations can
therefore be a concern for the design of stadium facilities, in order to avoid coincidence between
structural frequencies and man-made beating frequencies (generally around 2 Hz). The present
work reports a numerical investigation about how extreme could be such vibrations at ground
level. We use the discrete wavenumber approach to model the wave field generated by surface
sources (corresponding mainly to vertical forces) with an amplitude corresponding to the sur-
face load estimated for jumping crowds (around 3 KPa, Erlingsson and Bodare 1999). We con-
sider a ground layering leading to resonant frequencies close to 2 Hz, and compute the ground
motion at various distances (from a few tens of meters to several kilometers). The largest
ground motion is found to correspond to the center of sets of sources arranged in circles having
a radius of several hundred meters, and a beating frequency tuned to the Airy phase of Rayleigh
waves, and an underground structure with significant velocity contrast and low damping. In
such cases, as long as the soil behaves linearly, the ground displacement is found to possibly ex-
ceed several cm, while the velocity can reach several tens of cm/s at the very center of the cir-
cle. The conditions for large vibrations are thus: efficient wave trapping in shallow soil layers
(i.e., large velocity contrast), rather low damping, energetic surface waves and specific geomet-
rical configurations (underground structure combined with source geometry). This series of re-
sults also pave the way to investigations on the use of concentric, active surface sources that
could be combined to perform in-situ measurements of soil non-linear characteristics.

1 INTRODUCTION

Over last decades, a particular issue has drawn the attention of the geotechnical and structural
engineering communities: the ground (and possibly structural) vibrations generated by large
crowd gatherings. Several examples of these special events have been reported, such as rock
concerts (Erlingsson and Bodare, 1996; Erlingsson, 1999), or people jubilating on goals in high
stake soccer matches. In many occasions, seismic detectors were able to register non-natural vi-
brations (Denton et al., 2018). For instance, during the 2018 World cup, the victory of Mexico
over Germany made the sensors in the city trigger a fake earthquake warning (ABC News,
11/07/2018). These recorded vibrations were due to the massive jumps of the exuberant soccer
fans. Many similar cases occurred during which people reported high ground vibrations, feeling
the earth moving under their feet. It is also more and more common to obtain seismological re-
cordings of soccer goals: recent examples are the famous Bar¢a "remontada" against PSG in



2016-17 Champion's league, the qualification of Peru for its first World Cup since 1982 after
defeating New Zealand 2-0 in Lima, or the respective vibration levels recorded by broad band
networks in Croatia and France during the 2018 World Cup final (Vergne, 2018- on twitter).

One of the impetus of this study was to address a case history of two rock concerts, leading to
vibration levels strong enough to be largely felt. This occurred in the Ullevi stadium in the city
of Gothenburg, Sweden, during two rock concerts in the summer of 1985, with high vibrations
in the soil and in the structure. The motion of the stadium and the ground was due to a large
harmonic load mobilized by the crowd jumping in time to the music. The spectators succeeded
to create repeated rhythmic wave, resulting in large enough displacement in the clay deposit ma-
terial under the stadium, to result in significant to violent shaking in the tribunes. The external
surface load due to the crowd was estimated to be around 3.0 KPa (Erlingsson, 1996; Erlingsson
and Bodare, 1999) with a jumping frequency of 2.4 Hz. This event showed that man-made vi-
brations are thus capable of exciting the sediment layers under the stadium as well as some
structural elements, due to close resonant frequencies. According to Erlingsson & Bodare study,
vertical and horizontal displacements were calculated and found to be up to 2.0-2.5 mm, with
velocities exceeding 2 cm/s: : these values are well beyond the accepted thresholds for anthropic
explosions and vibrations.

2 METHODOLOGY
2.1 Overall approach

In our study, we aim to estimate the upper limit of ground displacements and velocities due to
a large number of people modeled as vertical surface sources. We will thus consider "extremely
unfavorable" conditions combining specific underground structure and source geometry, and co-
inciding excitation and soil frequencies.

2.2 Source / receiver geometrical configurations

The sources are thus placed along a circle, so as to focus energy and to reach maximum vibra-
tions in the center. We thus consider a total of 360 vertical forces standing every 1° around a
circle, corresponding to people standing in a stadium or a university course. We have here con-
sider two values for the circle radius, to investigate two different scales: 100 m and 1 km.

The receivers consist of an equispaced linear array inside the circle perimeter, with an inter-
receiver distance of 10 and 100 m for the cases, respectively. The geometrical source / receiver
configuration is presented in Figure 1.
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Figure 1. Sources and receivers location for a 1 km radius.



2.3 Underground structures

The soil model used for this exploratory study is the M2.1 model from SESAME study. It
consists of a single layer of thickness 25 m over half space, exhibiting a large velocity contrast
(5) with the underlying bedrock, and a fundamental frequency of 2 Hz. Then, in order to inves-
tigate the sensitivity to the underground structure for rather extreme cases, a total of four soil
models have been analyzed. All the models are taken with a geometry similar to the initial mod-
el but with variation in the S wave velocity and attenuation factor:

1) V;=200m/s, Qs = 25 (M2.1 model)

2) V, =100m/s, Qs = 25 (increased wave trapping, site frequency reduced to 1 Hz)
3) V,=200m/s, Qs = 100 (lower damping compared to case 1)

4) V; =100m/s, Qs = 100 (lower damping and increased velocity contrast)
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Figure 2. Velocity profile for P and S waves for the soil models.

Figure 2 shows the velocity profiles for the four soil cases.

The wave field is expected to be dominated by surface waves whenever the source-to-site
distance is relatively long compared to soil thickness, which is always the case for the 1 km ra-
dius circle, and most often the case for the other case (100 m radius). It is therefore meaningful
to analyze the dispersion curves for Rayleigh waves plotted in Figure 3: the minima in group ve-
locity correspond to the Airy phase of Rayleigh waves, and the corresponding frequencies are
thus likely to correspond to the largest energy in the induced vibrations. The minimum velocity
for the fundamental Rayleigh mode is 66 m/s and the corresponding frequency f,=3.9 Hz for
cases 1 and 3, while the values for cases 2 and 4 are 37 m/s and 2.1 Hz, respectively.
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Figure 3. Rayleigh dispersion curves for cases (1+3) and (2+4).



2.4 Computational method

In order to calculate surface displacements induced by surface sources, we used the calculation
code proposed by Hisada (1994, 1995) corresponding to an improved version of the discrete
wavenumber method (DWM) proposed by Bouchon (1981). Bouchon and Aki (1977) proposed
two discretization scheme to model the wave field generated by surface sources, for Cartesian
coordinate system and for cylindrical system. By generalizing R/T (reflection and transmission)
coefficient method of Luco et al. (1983) with a specific integration scheme in the wavenumber
domain, the computational method proposed by Hisada allows to calculate the static and dynam-
ic Green’s Functions for viscoelastic, horizontally layered half-spaces even when the sources
and receiver are located at the same depth. Figures 4 and 5 display the impulsive response along
the ten receivers profile for the M2.1 soil model (case 1) for Figure 4 and case 2 soil model for
Figure 5, in the two source configurations (circles with radii 100 and 1000 m, respectively).
These waveforms illustrate both the importance of surface waves at the central receiver (espe-
cially in the 1 km radius case), and the importance of focusing at the central receiver.
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Figure 4. Time domain impulsive response along the profile of ten receivers (from edge to center)
for M2.1 soil model and for 100 m radius case.
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Figure 5. Time domain impulsive response along the profile of ten receivers (from edge to center)
for case 2 (low velocity) and for 1 km radius case.



2.5 Considered sources

A total of three different wavelets with unit amplitude (1N) were used for the time depend-
ence of circular sources, considering that the corresponding ground motion at all receivers may
be obtained by a simple convolution:

1) Quasi-Dirac impulse

2) Ricker wavelet, with a central frequency tuned to the Airy phase of Rayleigh waves

3) Quasi-Harmonic wavelet, representing jumping human beings, with a frequency corre-
sponding to the minimum group velocity.

Figure 6 displays the sources used for soil models 1 and 3 in the time and frequency domains.
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Figure 6. The different sources used in the time domain and their Fourier Transform in a log-log scale.

3 RESULTS
3.1 Impulsive sources

The impulsive responses displayed in Figures 4 and 5 indicate that the largest ground motion
corresponds to the central receiver. For a 100 m radius the peak displacement at the very center
equal to 12.6 um for the case 1 (Fig. 7), with a peak velocity of 1.25 mm/s. For a larger veloci-
ty contrast (case 2), the ground motion increases at all receivers, especially in case of low damp-
ing. Peak displacements at the center reach values of 26.3 um, 34.7 um, and 95 um for cases 2,
3 and 4, respectively. In the latter case, the peak velocity reaches 9.7 mm/s, i.e., approximately 8
times greater than for case 1.

Similarly, for the set of sources on a 1km circle (Fig. 8), the peak values at the center of the
circle increase from 0.025 pm and 0.90 pm/s for case 1 to 0.8315 um and 41.4 um/s for case 4.

3.2 Ricker

One of the very particular characteristic of the Ricker Wavelet, is that, in the frequency
domain, its amplitude spectrum is peaked on a particular frequency. This frequency has been
chosen to correspond to the Airy phase of Rayleigh waves, and thus to the most efficient trap-
ping in the layer. Compared to the impulsive sources, displacements as well as velocities among
the receivers are found to be greater. Tables 1 and 2 list the peak values, in term of displacement
and velocity at the central receiver, for the different cases, sources and radii.

The maximum displacement at the center of the 100 m radius circle increases from 12.61 um
for an impulsive source to 20.37 um. On the other hand, for the sources located at 1 km, the
peak displacement increases from 25.0 nm to 177 nm. The increase is thus significantly larger



for the larger radius, as the development of Airy phase Rayleigh waves is more effective over
long distances.
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Figure 7. Time domain responses for a Dirac, Ricker and harmonic sources at 100 m radius, at the
central receiver for case 1.
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Figure 8. Time domain responses for a Dirac, Ricker and harmonic sources at 1 km radius, at the cen-
tral receiver for case 1.

3.3 Harmonic source

The harmonic wave corresponds to people jumping with a frequency corresponding to the
minimum velocity of the group phase. As mentioned before, the frequency is 3.9 Hz for cases 1
and 3, and 2.1 Hz for cases 2 and 4. The latter is the most realistic jumping frequency for
crowds gathered for musical concerts, while the former one is too high.

It is clear that displacement at the very center of the circle is significantly amplified with re-
spect to the Ricker and/or impulsive wavelets as illustrated in Figures 7, 8 and 9. For case 1, the
registered maximum displacement for sources at 1 km is 1.52 um (i.e., 60 times greater than the



same scenario for a quasi-Dirac signal). Similarly, for case 4, the recorded peak displacement is
28.3 um instead of 0.83 um, i.e an amplification by a factor of 35.

Displacement Velocity
Dirac Ricker Harmonic Dirac Ricker Harmonic
um um mm mm/s mm/s mm/s
Case 1 12.61 20.37 0.067 1.25 0.63 1.7
Case 2 26.3 70.21 0.21 1.5 1.1 2.7
Case 3 34.7 27.15 0.104 4.2 0.85 2.6
Case 4 95.01 98.06 0.33 9.7 1.6 4.4

Table 1. Peak amplitudes (displacement and velocity) in the four cases at the center of the source circle
with a 100 raidus.

Displacement Velocity
Dirac Ricker Harmonic Dirac Ricker Harmonic
nm um um um/s um/s um/s
Case 1 24.98 0.177 1.52 0.86 3.66 37.45
Case 2 43.23 0.52 0.51 1.04 5.09 7.26

Table 2. Peak amplitudes (displacement and velocity) for cases 1 and 2 at the center of the source cir-
cle with a 1 km radius.

3.4  Jumping crowds, 3kPa

According to Erlingsson’s study (1996), the approximate external surface load for people
jumping around a stage is 3 KPa, which grossly corresponds to a density of 3 people / m* with a
unit force of 1 kN (Linthorne, 2001). In our case, all the forces had an amplitude of 1 N. Let’s
thus suppose that the crowd organized around a circle are capable of producing a pressure of 3
KPa. If the crowd is organized in a 1 m wide disc, the total surface occupied by the crowd will
be: $ = 2mRX1m = 2rx100x1 = 628.3 m? for the 100 m radius case. The force generated
by the sum of the 360 sources will be:

F = oXS =3000%x628.3 = 1.885x10°N

In order to reproduce such a force, the individual force to be associated to each one of the 360
sources of our circle model is thus: F = 1.885%10°/360 = 5236 N. A harmonic jumping
crowd would thus generate signals 5236 times larger than those listed in Table 1.

Similarly for a distance of 1 km, as the radius is ten times larger, each of the 360 harmonic point
sources should have a ten times larger amplitude of 52360 N to mimic the effects of a jumping
crowd.

Corresponding results are shown in table 3 for the central receiver.

Sources at 100 m Sources at 1 km
Displacement Velocity Displacement Velocity
m m/s m m/s
Case 1 0.353 8.9 0.085 1.96
Case 2 1.091 14.13 0.029 0.38

Table 3. Peak amplitudes (displacement and velocity) for cases 1 and 2 at the central of the concentric
circles, at 100 m and 1 km radius, for a harmonic load of 3 KPa.

The resulting displacements, as well as the corresponding velocities are huge. For case 1, the
displacement is found to be 35 cm for 100 m radius and 8 cm for 1 km radius, with velocities
largely exceeding 1 m/s. These values become much more important when the medium is char-
acterized by a greater velocity contrast and/or a lower damping. They are very probably unreal-
istic, since for such high values, the soft soil layer would behave non-linearly, with in particular
an increased damping (that is why we have not listed in Table 3 the "jumping crowd" estimates
for the low damping case). In any case, such values indicate that extremely unfavorable condi-
tions such as those considered here could lead to very large, potentially destructive crowd-
induced vibrations. One must note however that given the source geometry, this very high mo-
tion is limited to the central part of the circle, as shown in Figure 9.
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Figure 9. Variations of peak displacements along the profile, for a 100 m radius and 1 km radius
(Harmonic source).

4 CONCLUSION AND DISCUSSION

We reported a numerical investigation about how extreme could be vibrations at ground level
caused by jubilant crowd in case of unfavorable conditions. 360 surface sources were arranged
around a circle every 1°, with 100 m and 1 km radius. Ground vibrations were calculated for re-
ceivers aligned on a diameter and for different sources: impulsive, Ricker and Harmonic wave.
Different cases of the underground structure were considered, in order to investigate the effects
of damping and velocity contrast. The ground displacements is found to possibly exceed several
cm, especially for a medium characterized by a low damping and a high velocity contrast. When
the harmonic sources are tuned to correspond to the estimated crowd pressure of 3 KPa, the
peak displacement and velocity values at the very center of the circle are found to reach up to 1
m and several m/s. These values are thus interpreted as non-realistic, since the soil would then
enter the non-linear domain, and the increasing damping would effectively reduce these values.
The next step should thus be to complement this numerical simulation experiment with a more
realistic one, taking into account the non-linear behavior of the soil, once the strains exceed the
threshold linear limit. However, the present numerical investigation may open the way to new
kinds of in-situ measurements to detect and measure soil non-linear behavior, using sets of cir-
cular, active sources, which would be a useful alternative or complement to laboratory experi-
ments on small size soil samples.
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