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Abstract

This paper investigates crowd-structure interaction (CSI) on low-frequency floors during
concert events. The findings are based on a full-scale experimental study conducted
on a floor prototype designed for a specific infrastructure project. Both the structure
and the participants were instrumented while performing various rhythmic activities,
such as bouncing and jumping. The study emphasizes the necessity of defining load
cases based on the music signal, as its frequency and amplitude may have a variable
probability of occurrence. Furthermore, human sensitivity to floor vibrations is examined,
with specific comfort thresholds identified for different activities. The core contribution of
this work lies in quantifying coordination levels for groups of up to 97 jumping individuals,
extending the limited existing literature and refining the definition of jumping crowd
actions. Additionally, modal characterization of the unoccupied prototype was performed
to evaluate the equivalent damping provided by individuals during standing, walking,
bouncing, or jumping. The results demonstrate that while the crowd has a significant
impact on the system’s equivalent damping, this effect remains highly variable. Finally, the
implications of these findings for structural engineering and design practices are discussed.

Keywords: floors structural dynamics; concert; crowd motion; damping; crowd-structure
interaction; full scale testing

1. Introduction

Accurate modeling of dynamic crowd loading is a critical challenge for buildings
featuring slender, low-frequency floors. Building on expertise developed since the 1990s for
grandstands and concert halls, structural research has increasingly focused on the complex
phenomenon of Crowd-Structure Interaction (CSI).

Recent incidents, such as the collapse of a grandstand at the Nijmegen stadium in
2021 and the disturbing resonance observed in a Detroit concert hall in 2022, demonstrate
the urgent need to extend CSI studies to general-purpose buildings. Such structures often
undergo significant changes in usage or require a high degree of versatility to accommodate
a variety of events. The present study is based on the design of a contemporary art center [1],
which features large-span floors intended for events with a high occupancy such as fashion
shows and concerts.
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Currently, structural engineers have few guidelines for such specific load cases. While
foundational approaches were provided by British codes [2-5] and German experts [6,7],
further experimental validation remains essential. Additional recommendations can be
found in Canadian [8], American [9,10], European [11-13], and international guides [14].

The literature review is initially focused on these standards to highlight the gap between
current design practice and experimental reality. Of course, research is pushed forward
on initial topics such as stadia [15,16] or footbridges [17], but also on stochastic analysis
methods [18], acquisition systems in line with technological developments [19], and individu-
als’ responses to stimuli [20]. This paper should emphasize the relevance of current research
topics in order to continue to develop more refined or sophisticated approaches.

For an individual in motion, the induced excitation is typically modelled as a periodic
force to simplify the analysis [21,22], which can be decomposed into a Fourier series. This
allows the overall vertical action of the crowd to be determined, provided that parameters
such as spatial distribution and individual action variability are correctly accounted for.
Beyond the ability to simply synchronize with a rhythmic source, it is crucial to charac-
terize the degree of coordination between individuals and their ability to maintain this
coordination over time [23,24].

Once the loading is defined, the mechanical interaction between the crowd and the
floor must be accurately described. The structural response can, in turn, alter human
behavior [25]; depending on the vibration levels, individuals may adjust their action in
terms of amplitude, frequency, or phase. Conversely, the modal parameters of the coupled
system, particularly the damping ratio, can be significantly modified by the presence of a
crowd, whether active or static. These effects are of paramount importance for the safety
and serviceability of low-frequency floors [26,27].

To broaden the available experimental database, a full-scale prototype inspired by the
reference project [1] was constructed, featuring a design similar to that of a steel-concrete
composite bridge. An initial test campaign was conducted to identify the structure’s modal
characteristics and to analyze the nonlinear evolution of damping in relation to vibration am-
plitude. The floor was further evaluated using removable viscous dampers. Progressive tests
were then performed with groups of active participants ranging from 12 to 108 individuals, in
order to establish a robust correlation between dynamic loading and structural response.

Through this research, we identified critical parameters, such as auditory cues (mu-
sic) and structural vibrations, that significantly influence crowd behavior. The primary
contribution of this work lies in the empirical evaluation of coordination levels within a
jumping crowd. By extending the existing experimental data to groups of approximately
100 individuals, this study provides a substantial expansion of the current literature and
experimental charts. Furthermore, by establishing the modal properties of the unoccupied
structure across varying vibration amplitudes, we quantify the added damping effect of
the crowd based on the specific type of activity. While these results are derived from a
simplified interaction model, they provide a sufficiently representative framework for
structural analysis.

The remainder of this article is organized as follows:

Section 2 details the experimental protocol, covering the design and construction of
the prototype, the instrumentation deployed for both the structure and the participants,
and a description of the three testing phases along with an overview of the initial raw data.

Section 3 categorizes the findings into two main thematic groups. The first focuses on
analyzing the influence of music, the impact of floor vibrations on human behavior, and the
evolution of jumping coordination as a function of group size. The second group addresses
damping characterization, distinguishing between the intrinsic structural damping and the
damping induced by a static or active crowd (walking, bouncing, or jumping).
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Section 4 concludes the study by addressing three fundamental questions in floor
structure design: impact resistance, resonance management, and fatigue life analysis.

2. Experimental Protocol
2.1. Prototype Design and Construction

The prototype consists of a 48.1 m? (18.32 m x 2.626 m) composite floor system
comprising 750 mm high steel beams connected to a 120 mm thick Cofrastra 40 composite
slab (Figure 1). The floor is supported by two steel frame abutments anchored to the
laboratory test slab. Prefabricated concrete slabs are placed on top of the prototype to
provide additional mass without contributing to the global stiffness of the structural system,
due to the presence of hollow joints spaced at 1.5 m intervals. This arrangement ensures
a participating mass representative of the reference project (ceiling, building services,
equipment, floor finishes. ..). Removable V-shaped dampers are installed at mid-span and
supported by a transverse beam located at the base.

. . . . . . . . . . . .

Figure 1. General design of the prototype.

The steel floor structure comprises two welded longitudinal I-beams (denoted PL
in red, section dimensions: H = 750 mm, B = 400 mm, tw = 12 mm, tf = 30 mm) spaced
by I-beams (denoted T in yellow; H = 500 mm, B = 400 mm, tw = 20 mm, tf = 40 mm)
and connected to the C-shaped transverse edge beams (PRT: blue; section H = 750 mm,
B =500 mm, tw = 40 mm, tf = 30 mm), to which the steel support points are welded.

The floor of the prototype rests on steel bearings at the top of the abutment, 17.72 m
apart in the longitudinal direction and 2.226 m apart in the transverse direction. Lateral
steel cleats restrain the supports in the transverse and longitudinal directions. The support
conditions are defined as follows: the south-west support is fixed; the north-west support
is restrained in the longitudinal direction only; the south-east support is restrained in the
transverse direction only; and the north-east support is free.

The prototype was installed on the laboratory test slab, which ranges in thickness from
90 cm to 125 cm and is supported by a 3 m x 3 m waffle-type substructure (Figures 2 and 3).
It is surrounded on all sides by 1.5 m wide self-supporting scaffolding (Figure 4), with two
staircases located at the south-west and north-east corners. A clearance gap of approxi-
mately 6 cm (with a minimum of 2 cm at the connection brackets) is maintained between
the scaffolding and the deck to prevent any contact during testing. The scaffolding serves
as a guardrail during deck testing, as a working platform for instrumentation management,
and as a waiting area throughout the tests.
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Figure 4. Long span floor prototype: Extrados.

2.2. Sensors
The prototype is equipped with the following sensors (Figure 5):

e  Six LORD wireless accelerometers with independent acquisition (green markers)
O Sampling frequency: 512 Hz;

e  Two LVDT displacement sensors on CATMAN control unit (red markers)
O Limit stroke of 50 mm with an initial rod retraction of 15 mm;

e  Two Velocimeters on CATMAN control unit (blue markers);
e  Three temperature sensors on CATMAN control unit for dampers (purple markers);
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e  Two optical fibers connected to an independent acquisition unit (blue lines) to validate
modal identification performed with accelerometers and investigate a complementary
and innovative approach [1].
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|:| Sensor acquisition Fiber gcquisition
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Figure 5. Types and location of sensors of the prototype.

Group and crowd dynamic loading was generated by architecture students from the
Ecole Nationale Supérieure d’Architecture de Paris Val de Seine, all of whom provided in-
formed consent prior to participation. Two types of systems were used to experimentally
measure individual actions. First, twelve pairs of Kinvent K-Force force plates were deployed
(Figure 6a). The number of plates was limited for economic reasons; however, this config-
uration ensured at least one pair per paving slab for each designated leader during crowd
tests, or sufficient instrumentation to monitor a group of twelve participants centered on the
prototype. In addition, a COMETA WaveTrack_4 acquisition system equipped with twelve
inertial measurement units (IMUs) was used as an indirect measurement system to compare
with the force plate results. For each test, ten sensors were assigned to ten active participants
(Figure 6b). The method consists of measuring the vertical acceleration at the level of the
seventh cervical vertebra (C7), as proposed by McDonald and Zivanovi¢ [28], and multiplying
it by the participant’s mass to estimate the applied force. The two remaining COMETA sensors
were used to synchronize the overall acquisition system. They were attached with adhesive
adjacent to the central LORD accelerometers on the underside of the steel beams. Finally, four
GoPro HERO10 cameras were used to record the tests.

(b)
Figure 6. (a) Kinvent K-Force force plates and (b) COMETA accelerometers.

2.3. Experimental Protocol and Rough Results
2.3.1. Phase 1: Modal Characterization of the Prototype with and Without Dampers

The modal characterization of the prototype was performed using a 320 kg shaker
from ULiege (Figure 7), considering configurations with and without additional slabs, and
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with and without dampers. A complementary test was conducted to investigate the modal
properties of the prototype with forty participants uniformly distributed over the floor,
without dampers.

Figure 7. Tests with ULiége mechanical shaker on 10 March 2023.

Vibrations on the shaker are acquired using PCB accelerometers measuring in the range
of £2 g with a sensitivity of 1000 mV /g. The sampling frequency is set at 2048 Hz (Shannon
frequency of 1024 Hz), which largely covers the frequencies of the study. Decimation at a
frequency of 64 Hz is performed for analysis. Excitation was performed in broadband using
white noise selected to excite a wide frequency range (0.1-10 Hz). In all tests performed,
frequency scanning in steps was repeated for different levels of acceleration at the shaker
(23 mg, 92 mg, 250 mg, 394 mg, and 600 mg).

2.3.2. Phase 2: Tests with Fully Instrumented Active Groups: Training and Calibration

These group tests were conducted to assess the participants’ ability to drive the proto-
type into resonance through activities such as bobbing (knee bending while maintaining
continuous contact with the floor) or jumping. By limiting the number of active participants
to ten, the execution of the tests could be better controlled, while ensuring that all partici-
pants were instrumented to establish a precise relationship between the excitation and the
structural response. A detailed description of this phase is provided in reference [1].

2.3.3. Phase 3: Crowd Testing: Bobbing and Jumping Tests with Music and Metronome
with and Without Dampers
The tests were conducted over two full days and one half-day, on 16 March, 13 April,
and 20 April 2023, respectively (Figure 8). The test campaign was organized to maintain a
consistent level of participant motivation. Accordingly, the sessions were scheduled at least
one week apart, as reduced motivation could have influenced the experimental results.
Several types of tests were conducted over the three test days:

Bobbing tests with metronome (Tests A with 102 participants);

Jumping tests with metronome (Tests E with 96 to 97 participants);

Free dance with music (Tests F with 102 to 108 participants);

Metronome Jumping tests with dampers (Tests G with 12 to 97 participants);

Metronome Jumping tests without dampers (Tests H with 12 to 95 participants).

Figure 9 presents the maximum accelerations recorded during the three main crowd
test series. For clarity, series A, E, and F were performed with dampers installed. The
metronome-paced jumping tests (Series E) exhibit a pronounced acceleration peak at a
pacing frequency of approximately 2.7 Hz. This value is close to half the fundamental
natural frequency of the structure (f, around 5.4 Hz, see Figure 9), as identified from shaker
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tests. In Figure 9, f, ;,_, denotes the excitation frequency capable of triggering resonance
for the considered harmonic order /. These results indicate that crowd jumping does
not significantly alter the fundamental frequency of the unloaded prototype equipped
with dampers. In contrast, the metronome-paced bobbing tests (Series A) display two
acceleration peaks around 2.2 Hz and 2.4 Hz. This suggests a downward shift in the
apparent natural frequency ranging from approximately —20% to —10%, which can be
attributed to the contribution of the crowd to the modal mass when participants remain in
continuous contact with the structure. The free-dancing tests with music (Series F) appear
intermediate between Series E and A. Multiple acceleration peaks are observed, indicating
variability in the fundamental frequency of the coupled crowd-structure system, depending
on whether participants predominantly jump or bob in mixed excitation scenarios.
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Figure 9. Maximum peak accelerations of series E, F and A as a function of tempo.

Figure 10 presents the impact factors for the three series A, E and F. The maximal
individual impact factor k yqy,; is defined as the ratio between the maximum force F;
generated by participant i and the corresponding body weight G;:

kp,mux,i = %ﬁl(t)) . (1)
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Figure 10. Impact factor of test series E, F and A as a function of tempo [Hz].

The indicator kp yqx,moy,10 corresponds to the average action of the ten uniformly
distributed leaders, considered representative of the loading applied by the members of
their respective groups on each paving slab:

11
Zi:Z kp,max,i
kp,max,moy,lo = T (2)

Video analysis was used to validate the extrapolation of the interpretation established
from the leaders (one leader representing nine participants on each paving slab, excluding
the edge slabs).

For the bobbing test series (A), the load remains relatively constant across the tested
pacing frequencies. In contrast, for the jumping test series (E), a higher overall impact factor is
observed around 2.2 Hz. This may reflect the greater ease with which synchronized jumping
can be performed near this frequency. The impact factors recorded during the free-dancing
tests (Series F) exhibit significantly greater variability. This variability likely reflects differences
in participants’ responses to the music, leading to less consistent excitation patterns.

Figure 11 presents the maximum accelerations recorded at mid-span of the prototype as
a function of the increasing number of participants during metronome-paced jumping tests
conducted with dampers installed. A clear reduction in coordination effects can be observed
as the group size increases. The maximum acceleration does not increase proportionally
with the number of participants, highlighting the influence of loss of synchronization
within larger groups. A pronounced acceleration peak remains visible around 2.6-2.7 Hz,
consistent with resonance associated with the second harmonic. For reference, Annex C of
ISO 10137 [14] indicates a peak acceleration limit of approximately 1.41 m/s? corresponding
to discomfort and 2.83 m/s? corresponding to panic conditions for stadiums and assembly
floors [1]. By cross-referencing data from SCI P354 [5], NBC [8], and Bachmann [7], an
average discomfort threshold of approximately 1.4 m/s? and an assumed panic threshold
of approximately 3 m/s? may be considered representative values. It should be noted that
vibration comfort criteria are frequency dependent [5].

Figure 12 presents the maximum accelerations recorded at mid-span of the prototype
as the number of participants increases during metronome-paced jumping tests conducted
without dampers. The evolution of the acceleration is noticeably more irregular than in the
damped configuration. Away from resonance, a clear increase in peak acceleration with
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the number of participants is observed. In contrast, near resonance, higher acceleration
levels may be reached with a smaller number of participants. The apparent scatter of
the results in the resonance region can be attributed to the strong interaction between
floor motion and human movement. The specific investigation of this crowd-structure
interaction phenomenon is relatively recent [25] and involves particularly complex issues
in terms of physical understanding and modelling.
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Figure 12. Acceleration for tests H versus the number of people.

3. Results
3.1. Characterization of Crowd—Structure Interaction

3.1.1. Influence of Music on Crowd Action

Coordinated collective action during concerts generally requires the presence of music.
Table 1 summarizes the main observable tempo ranges associated with the principal musical
genres. These frequency ranges are not intended to be exhaustive, as certain tracks may
occasionally fall outside the indicated intervals.

https://doi.org/10.3390/infrastructures11040123
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Table 1. Musical genres classified according to usual tempos.

Largo
Tempo Larghetto Andante Moderato Allegro Presto Prestissimo
Adagio
BPM 60 66 72 78 84 90 96 102 108 114 120 126 132 138 144 150 156 162 168 174 180 186 192 198 204 210
f[Hz] 1 11 12 13 14 1.5 1.6 17 18 1.9 2 2.1 22 23 24 25 26 27 2.8 29 3 31 32 33 34 3.5
Reggae/Dub
Hip hop
Latino
Genre Rock pop/Folk
Heavy Metal
House
Techno
Electro
Dubstep
Drum and bass
Punk Rock
Hardcore/Speedcore (and beyond)
Tempo distributions by decade were established based on the 100 most popular tracks
identified in Spotify decade-based playlists. The overall shape of the distributions remains
relatively consistent across decades. A corrected average distribution over the past 60
years was subsequently derived and is proposed as a reference distribution independent of
specific eras or musical trends (Corr., Table 2).
Table 2. Distributions by decade, 60 years average and corrected average.
Largo
Tempo Larghetto Andante Moderato Allegro Presto Prestissimo
Adagio
[BPM] 60 66 72 78 84 90 96 102 108 114 120 126 132 138 144 150 156 162 168 174 180 186 192 198 204 210
1 11 12 1.3 14 15 1.6 17 18 19 2 . . . X . 2.8 . 3.1 3.2 33 3.4 3.5
1 N 5 7 6 T 6 24
3 2 3 8 9 6 11
2 1 5 7 11 8 6
T 2 3 5 9 14 13
3 1 1 5 9 9 12
7 5 9 6 7 5 12
3 2 4 6 9 7 10
¥ § X . 8.3

7.1 100

The reference distribution (Figure 13) exhibits a high density of tracks around 2 Hz
(120 BPM), reflecting the strong influence of electronic music. A secondary peak is observed
around 1.7 Hz (100 BPM), associated with hip-hop and pop-rock influences. The probability
of tracks exceeding 3 Hz (180 BPM) is very low (approximately 1%). Similarly, fewer than
10% of tracks fall below 1.5 Hz (90 BPM).

18
16
14
12
10

O N B O

1(11|12|13|14(|15(16|17|18|19| 2 (21|22|23|24|25|26|27|28]|29| 3 |(31]|32|33|34]|35

60 66 72 78 84 90 96 102 108 114 120 126 132 138 144 150 156 162 168 174 180 186 192 198 204 210

Figure 13. Frequency distribution [Hz-BPM] corrected average over 60 years.

While the statistical distribution of tempos provides a useful basis for assessing the
probability of structural excitation at a given frequency, it may in some cases be necessary to
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estimate the excitation amplitude associated with a specific music track. The experimental
results revealed a progressive reduction in overall loading following each musical “drop”.
It is therefore possible to estimate the duration of high-intensity crowd excitation by
cumulatively accounting for these drops, whose most significant effects typically persist
for 10 to 20 s, depending on the case (Figure 14).

AL

\\L' ‘ |

‘\ TR ‘\l)l ‘m i \ ‘\\w il
i ‘H" b h~\‘lwﬁ'umh‘m\1‘ﬂMMH' fi | Wl mmilwuﬂ i uﬁ i

T
/
{: f
___-_____-}
=

(il

f

Figure 14. Spectrogram of “Freed from desire” (test F with 102 participants [1]) sound signal in [Hz]
and accelerogram [m/ s2] at mid-span.

3.1.2. Influence of Floor’s Vibration on Crowd Action

Excluding specific individual cases, the following general observations can be drawn
from the experimental survey conducted among participants:

e  Sensitivity to vibration varies significantly depending on the activity performed by
the individual during testing.

e  For stationary participants exposed to floor vibrations, the end-of-comfort threshold
is typically observed at approximately 0.5 m/s? peak, while the onset of discomfort
occurs around 1.5 m/s? peak. An adaptation effect was observed between successive
vibration test series involving the same stationary individuals, with the end-of-comfort
threshold increasing to approximately 1 m/s? peak.

e  Under concert-like conditions, floor vibration does not appear to influence participant
behavior for peak accelerations below 1.4 m/s?. An end-of-comfort threshold of approxi-
mately 1.4 m/s? peak may also be considered representative for this configuration.

e  The hypothesis of a discomfort threshold potentially leading participants to leave the
vibrating floor at approximately 3-4 m/s? peak requires further targeted investigation.
In such a scenario, a potential beneficial effect could be a reduction in structural response
due to unloading, whereas a detrimental effect could involve panic-induced movements.

e In general, participants engaged in bobbing feel less vibration than stationary individ-
uals, and those jumping feel less vibration than those bobbing.

e  When all participants are jumping, very high acceleration levels may not be per-
ceived as intolerable or significantly disturbing, whereas such levels would likely be
unacceptable for stationary individuals (Figure 15).

Perception differs when participants are free to act, without being guided by a struc-
tured experimental framework (e.g., metronome pacing and prescribed movement in-
structions). This observation reinforces the need to compare the measured responses
with real-world conditions—considering contextual factors such as time, location, light-
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ing, sound environment, and participant motivation—in order to obtain more reliable
assessments of perceived vibration and its impact on motor behavior.

(b)

Figure 15. During (a) and immediately after (b) the 16 people jump with apic =3.4 m/ s2.

3.1.3. Jumping Coordination of Individuals as a Function of the Size of the Group

For a crowd composed of N individuals with a mean body weight Gmean, jumping at
an excitation pulsation wy, the total force exerted on the structure, Fiot(t), may be expressed
as a function of the average individual Fourier coefficients aj, weighted by a coordination
coefficient C,(N) [4]:

H
Ptot(t) = N Guean (1 + Z Ch(N)DChSil‘l(ha)pt + (Ph)) . 3)
h=1

The experimental campaign enabled the derivation of curves representing the average
and global trends of the weighted Fourier coefficients C;,(N)ay, for up to approximately 100
individuals jumping simultaneously. Figure 16 presents, for each test series (H1 to H5 and
G1 to G5), the group Fourier coefficients associated with jumping at excitation frequencies
of 2.4 Hz, 2.6 Hz, and 2.8 Hz. This frequency range was selected because it corresponds
to the most critical resonance conditions in the present study. In practical applications,
structures are generally designed to exhibit a fundamental natural frequency of at least 5
Hz, in accordance with Eurocode recommendations. Under this assumption, resonance
may occur at the second harmonic for excitation frequencies around 2.5 Hz, which justifies
the selected range. This configuration allows six measurement points to be obtained for a
given number N of participants. The average contact ratio for the maximum impact of the
10 leaders over all the tests is 0.37. The average minimum contact ratio of 10 leaders for a
single test is 0.32 (i.e., the maximum impact).

For a single individual, the Fourier coefficients were assigned a higher weight (30) in
order to define the initial point of the trend curve. The individual action is known for each
instrumented individual for all the 30 group tests. The other points, six trials per number
N of participants (three tests G and three tests H), were not weighted in the regression
analysis. This leads to 60 data points in total per harmonic. Power-law regressions were
obtained by linearizing the model through logarithmic transformation and performing
least-squares regression in log-log space. Data set are provided in tables in reference [1].

A power-law fit of the form Cj,(N)ay, yean = aN 7 is thus performed:

C1(N) a1 pean = 1.73 N1 (R2 = 0.81, 95% CI, : [1.62, 1.85]; 95% CI}, : [—0.22,—0.17]),

Co(N)ag mean = 1.15 N9 (R2 = 0.94, 95% CI,, : [1.05, 1.26]; 95% CI : [-0.57,—0.50]),  (4)
C3(N)a3 mean = 048 N~072 (R? = 0.93, 95% ClI, : [0.42, 0.55]; 95% CI,, : [-0.77, 70.67]).
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Figure 16. Fourier series coefficients of group C,(N)«y, [23,24].

To estimate the envelope of extreme test results, the mean value 1., of the six measure-
ments for a number N of participants plus two standard deviations o, is also plotted. For a
single individual, the Fourier coefficients were assigned a weight of five in order to define the
initial point of the trend curve. The resulting envelope equations are given as follows:

C1(N)ayg59 = 1.78 N~010 (R2 = 0.84, 95% CI, : [1.62, 1.97]; 95% CIj, : [~0.13,—0.06]),
Ca(N)aggs9, = 1.36 N~046 (R? = 0.99, 95% Cl, : [1.26, 1.46]; 95% Cl : [-0.49, —043]), (5
C3(N)az 050, = 0.70 N~ (R? = 0.93, 95% CI, : [0.48, 1.02]; 95% CI,, : [~0.74, —0.46] ).

It can be observed that the envelope curve obtained for the first harmonic is in good
agreement with the experimental trend reported by Ellis and Ji [23], as shown in Figure 16.
In contrast, the envelope curves derived in the present study for the second and third
harmonics exhibit a steeper decay than the corresponding experimental trend curves
reported by Ellis and Ji [23]. Overall, the experimental curves proposed by Ellis and Ji
appear to align more closely with an upper-bound (envelope) representation than with the
mean trend observed in the present experimental results.

Based on the Fourier series coefficients obtained numerically by Ellis and Ji [24], the
coefficients proposed for a large number of people (triplet: 1.40/0.469/0.072) already
appear to be envelopes of the experimental results for 100 people. In particular, a factor
of approximately 2.8 is observed between the value of the second harmonic estimated
numerically for a large group by Ellis and Ji [24] i.e.,, Co(N > 400)ay = 0.469 and the
maximum experimental value i.e., C(N = 100)a; 959, = 0.168.

In summary, the present experimental study extends the reference experimental in-
vestigation reported in [23], which was limited to 64 participants, by providing results
for group sizes of up to 97 participants. The findings suggest that the experimental co-
ordination factors proposed by Ellis and Ji for the second and third harmonics may be
overestimated. Furthermore, the numerically derived coordination factor for the second
harmonic for very large crowds (N > 400) reported in [24] is likely to be significantly over-
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estimated, as coordination does not appear to improve with increasing group size under
otherwise identical conditions. It should be emphasized, however, that the present results
are based on a specific population of students performing metronome-paced activities.
Additional experimental investigations conducted under different conditions are required
to confirm, refine, or broaden these conclusions.

3.2. Characterization of Damping
3.2.1. Damping Ratio of the Structure

Returning to the shaker tests, Figure 17 illustrates the variation of the fundamental
natural frequency measured with and without the paving slabs. A decrease in natural
frequency is observed as the vibration amplitude increases. As these tests were conducted
during the initial loading of the structure, this reduction may be attributed to structural
settling effects and the initiation of cracking. For a more detailed analysis, the reader is
referred to reference [1].

BE==1_ H
¢ S e T I (I I— - - - Without slabs (S-)
T 65 : i —e— With slabs (S+)
& E |
= : : B Repeatibility S-
Y] ] |
3 6 1 ]
o (] ! g g
@ 1 | ¢ Repeatibility S+
&= H i
g 32 i —H— - Cracking S-
2 : i
© ~— N | |
Z 5 = *— +— e Cracking S+
i i f S+ estimated
4.5 ! L
000 050 100 150 200 250 3.00 3.50 —--- fS-estimated

Displacement of the floor [mm]

Figure 17. Evolution of natural frequency versus floor displacement without dampers.

Tests conducted on the prototype without dampers showed that the damping ratio
increases with vibration amplitude (Figure 18). This increase is nonlinear and becomes
more pronounced once the cracking threshold of the concrete slab is exceeded. The presence
of the paving slabs induces a compressive prestress in the composite slab, which likely
delays the onset of cracking and consequently postpones the marked increase in damping
compared with the configuration without paving slabs. While the conventionally measured
damping ratio at low amplitude can increase by up to a factor of three at higher amplitudes,
the maximum value observed (approximately 1%) remains below the damping levels
commonly reported in the literature [12].

An increase in the apparent fundamental natural frequency is observed when the
dampers are connected at mid-span to the underside of the prototype (blue curve in
Figure 19). This behavior suggests that the damper does not act as a purely viscous
device. Instead, it operates in series with a support that is not infinitely rigid, leading to a
modification of the effective stiffness of the system.

Shaker tests were conducted to characterize the damping behavior of the prototype
equipped with viscous dampers. These tests allowed the identification of an activation
threshold of approximately 0.35 mm, as well as an unexpected maximum damping level
compared with the value anticipated from the manufacturer’s factory tests (Figure 20). The
flexibility of the support likely reduces the effective efficiency of the damper. Nevertheless,
the equivalent damping ratio remains significantly higher when paving slabs are present,
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reaching approximately 6% at low vibration amplitudes, compared with about 0.3% for the
undamped configuration.

1
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o
® 0.7 m  Repeatability S-
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c s
‘a 0.5 ¢ Repeatability S+
% 0. ERE————————————————— e Cracking S-
o
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Figure 18. Evolution of damping versus floor displacement without dampers.
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Figure 19. Evolution of frequency with paving slabs versus floor displacement.
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Figure 20. Variation in damping with dampers with and without slabs versus floor displacement.

3.2.2. Equivalent Damping of a Static Crowd

In the case of a concert hall floor, it is relevant to consider a generalized excitation
configuration that more closely reflects actual usage conditions. A two-degree-of-freedom
(2-DOF) approach is proposed; however, the excitation is formulated as classical dynamic
loading applied directly to the structural system (Figure 21). This framework enables a
two-step analysis:
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- Step 1: Determine the equivalent intrinsic damping of the crowd-structure system.
- Step 2: Perform a dynamic analysis of an equivalent single-degree-of-freedom (SDOF)
system using the damping ratio identified in Step 1.

Figure 21. Modelling variant with two degrees of freedom for the crowd-structure system.

This model can be more or less sophisticated in the literature [29-32], and we choose
here to test a simple one. The objective is therefore to be able to use the analytical expres-
sions for so-called Tuned Mass Dampers (which is not the case here, or purely by pure
coincidence) to estimate the equivalent damping through the evaluation of the maximum
dynamic amplification factor.

The dynamic amplification factor of the two-degree-of-freedom system, which is based
on non-zero structural damping ¢s and harmonic excitation pulsation w, can be determined
using the following expression, which is taken from the thesis work of A. Allani [33], and
which uses dimensionless parameters:

V(@2 = B + (28,Ba)?

AB) = : L ©
\/[(52 —a2)(1— B?) + up?a® + 48] + 20pap(B? + up> — 1) +28:p(B* — a?)]
Ugyn wy, w My,
A = —, = —, - -y _ —. 7
(ﬁ) Ustat : Ws Ws " M @

It should be noted that for {s = 0, Den Hartog’s classical solution is recovered, as
recalled in the SETRA guide [12]. The approximate equivalent damping of the coupled
system reduced to a one-degree-of-freedom oscillator with pulsation we; = ws B4, and
mass My = My, + M; is determined by the following formula:

1

1= 2 (A) o

The validity of the previously proposed mistuned damper modelling approach is
assessed using the test configuration involving 40 stationary participants, which results are
given for a shaker test at 250 mg in Table 3.

Table 3. Modal properties measured with slabs and 40 static individuals.

FRF amax [m/s?] Damping Ratio [%]  Frequency [Hz] = Modal Masses [t]
03_250 mg 0.441 3.26 491 27.0

An acceleration close to 0.5 m/s?> was obtained, which also makes it possible to
recall the modal properties obtained in a no-load condition with slabs for this level of
acceleration in Table 4. It represents a standard comfort acceleration limit in structural
vibration serviceability. Moreover, since damping in such structure is amplitude-dependent,
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it was necessary to maintain a consistent order of magnitude for the support acceleration
across various loading configurations. This consistency allows for a valid comparison of
results with and without participants, ensuring that observed changes in damping ratios
can be attributed to the crowd-structure interaction. A natural frequency of 5.04 Hz is
adopted in the subsequent analysis (compared with 5.11 Hz measured during the tests) to
take into account the damage caused by the tests carried out in the meantime.

Table 4. Modal properties measured with slabs and without people.

FRF amax [m/s?] Damping Ratio [%] Frequency [Hz] Modal Masses [t]
01_23 mg 0.551 0.27 5.11 26.6

The relevant modal properties of the unloaded support structure are provided in Table 5.

Table 5. Properties of the structure.

Total mass of the structure Mot s [kg] 55,454
Generalized mass of the structure M; [kg] 25,730
Damping ratio &s 0.27%
Damping Cs [kg/s] 4400
Natural frequency of the structure fs [Hz] 5.04
Natural pulse of the structure wyg [rad/s] 32

The next step is to physically characterize the crowd as a mistuned damper in Table 6
as reported in the literature. Average modal characteristics are adopted for each participant,
namely a damping ratio of 22% [31] and an assumed natural frequency of 5.67 Hz.

Table 6. Participant group properties.

Average mass of a person my, [kg] 66.4
Decking area S [m?] 48
Number of static people on the structure N 40
Density of static people on the structure d [p/m?] 0.8

Total mass of people Mot [kgl 2656

Generalized mass of people My, [kg] 1480

Damping ratio &n 22%

Damping Ch, [kg/s] 23,212

Natural frequency of a person fn [Hz] 5.67

People’s own pulse wy, [rad/s] 36

Figure 22 shows the dynamic amplification factors for three configurations:

- Without public (M}, = 0, classic single-degree-of-freedom oscillator formulation);
- With the public but without the structure’s own damping (s = 0, Den Hartog's solution);
- With the public and non-zero structural damping

An overall experimental damping ratio of 3.26% is obtained when assuming a human
damping ratio of 22% [31] and a natural frequency of 5.67 Hz for each participant. How-
ever, these individual parameters are likely to vary slightly in practice, depending on the
morphology and posture. It is therefore relevant to examine the evolution of the damping
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ratio as a function of the natural frequency of the human oscillator, sweeping between
2.3 Hz and 6 Hz and setting the damping parameter accordingly. Figure 23 shows that a
reduction in the natural frequency of people has a theoretically non-negligible influence. If
people become more flexible, the natural frequency decreases and leads to an increase in
equivalent damping until the threshold of 4.7 Hz is reached. At this point, the damping
ratio will decrease.
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Figure 22. Dynamic amplification according to public presence and structural damping.
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Figure 23. Abacus of individual parameters for tests with 40 static people.

3.2.3. Equivalent Damping of an Active Crowd (Walking, Bobbing or Jumping)

The mistuned mass damper modelling approach yields predictions that are in good
agreement with the experimental results.

In practice, the results indicate that individuals contribute significantly to the overall
damping of the composite structure, which exhibits very low intrinsic damping in the
unloaded configuration. For structures expected to host crowds in continuous contact with
the floor, neglecting this additional damping contribution may lead to overly conservative
predictions of vibration response, at least with regard to serviceability criteria related
to comfort and fatigue verification. The corresponding observations and quantitative
estimates are summarized in Table 7.

Jumping does not provide significant additional damping. This is problematic because
it is the most powerful action. For the design of structures intended to host concerts or
similar events, it is therefore prudent to verify structural resistance and serviceability with-
out accounting for damping contributions from occupants during synchronized jumping.
In addition, experience shows that there is no-panic reaction or cessation of activity in
the case of a generalized jumping configuration inducing high accelerations because the
participants do not feel them during the activity.
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It is difficult to quantify precisely the damping provided by the public because the
equivalent damping depends on the natural frequency of individuals, which is linked to
their posture and their level of activity. According to the estimates reported in Table 7, a
crowd density of two people/m? standing on a structure can generate a damping ratio
ranging from approximately 3% to 15%, for relatively small—and not easily predictable—
variations in individual natural frequency. Such variability may encourage designers
to adopt conservative values from the lower bound of this range for design purposes.
However, this variability should be interpreted in context: even a damping ratio of 3%
remains substantially higher than the intrinsic structural damping ratio of approximately
0.3% measured for the unloaded structure.

Table 7. Variability of damping depending on activity [1].

Estimated Variation Range
Measured (* Estimated)

Min Max
Activity
d Eeq fr, Eeqmin fr, &eqrmax
[p/m?] [%] [Hz] [%] [Hz] [%]
Shaker and 40 static people 0.8 3.26 2.3 1.1 4.8 6.6
Shaker and 18 static people 0.4 1.99 2.3 1.0 4.8 5%
Shaker and 40 people walking 0.8 2.34 2.3 1.1 4.8 5.0
Dance for 190 people and 714 people * 0.8 1.8 2.3 1.8 3.8 49
(estimate based on reference floor) 3.0 3.6 5.0 3.6 3.5 13.9
Bobbing for 10 people + 2 static people 0.3 1.04 2.3 0.8 4.9 3.5
. 0.3 T 069 2.3 0.5 5.0 1.0
Jump of 10 people + 2 static people 03 53 03 50 08
Stop of 10 people jumping 0.3 2.58
(start and end of the stop phase) 0.3 1.76 23 ng 48 S
Stop of 95 people jumping 2.0 7.45
(start and end of the stop phase) 2.0 4.32 65 o2 4.2 1959

4. Discussion
These experiments aim to address three key questions relevant to structural design:

e Impact: Is a concert involving generalized synchronized jumping likely to produce
local dynamic loads exceeding the static load-bearing capacity of the floor system?

e  Resonance: Can structural resonance induced by generalized jumping generate elastic
dynamic response forces exceeding the global static resistance of the structure?

e  Fatigue: Is a steel structure susceptible to fatigue damage after repeated concert events,
even if its static resistance is sufficient to accommodate resonance effects induced
by jumping?

4.1. Impact

Impact Standard short-span floor systems are typically designed for imposed loads
below 500 daN/m? [11]. However, three 70 kg individuals per square meter jumping in
synchronization may generate dynamic loads of about 1000 daN/m? (see Section 3.1.3).
This may explain local failures observed on decks spanning between closely spaced beams
or on suspended floors.

4.2. Resonance

Resonance affects the global response of low-frequency floors, typically spanning
several dozen square meters. In such cases, the number of occupants may reach several
dozen or even several hundred. Experimental tests with one hundred students jumping in
synchronization show that the coordinated second-harmonic Fourier coefficients (Figure 16)
are nearly three times lower than the numerical values proposed in BRE Digest 426 [4].
Since direct resonance is generally avoided in design, the second harmonic becomes the
governing issue for low-frequency floors, whose natural frequency may be around 5 Hz for
concert venues, as permitted by French regulations [34].
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However, even if the observed coordination is lower than that proposed in BRE Digest
426 [4], resonance predicted using the present experimental coefficients may still govern the
design of floors with very low damping. Two design strategies may therefore be considered.
First, the floor may be stiffened to achieve a natural frequency of at least 6 Hz [8], thereby
statistically reducing the risk of second-harmonic resonance, since musical beat frequencies
are rarely above 3 Hz (Figure 13). Nevertheless, at 6 Hz the structure remains potentially
sensitive to third-harmonic resonance, although its contribution is lower than that of the
second harmonic (Figure 16). To avoid this, a target frequency of at least 8.4 Hz [5], or
even 9 Hz, would be required, which is not always feasible for functional or economic
reasons. For structures with natural frequencies above 6 Hz, acceleration checks may still be
performed, considering that musical beats are statistically around or below 2 Hz (Figure 13).
Alternatively, global damping may be increased through the use of dampers to mitigate
vibration levels [1].

An additional key aspect concerns the acceleration response of the structure. At
high acceleration levels, it could be assumed that occupants would be disturbed and
cease loading. However, experimental observations show that synchronized jumping may
continue up to at least 3-4 m/s? (Figure 15), contrary to panic thresholds suggested in
the literature [5,7,14]. However, it is possible that this may affect coordination [25] and it
remains to be studied in greater detail. Beyond 4 m/s?, it would be valuable to determine
the acceleration threshold at which the crowd can no longer sustain synchronized jumping.

The experiments show that occupants in contact with the structure can significantly
reduce vibration levels through crowd-structure interaction (Table 7), resulting in an equiv-
alent damping ratio that may largely exceed the intrinsic structural damping (Section 3.2.1).
However, synchronized jumping does not appear to generate a comparable increase in
damping (Table 7).

Given the reduced perception of vibration during jumping and the limited associated
damping, particular caution is required when designing low-damped structures susceptible
to resonance under such loading conditions.

4.3. Fatigue

Although resonance effects appear manageable in most cases, the cumulative nature of
repeated events raises a critical issue: fatigue. The study highlights the wide variability of
musical tempos (Figure 13) and the influence of musical composition (Figure 14) on crowd
behavior, primarily bobbing and jumping (Figure 10). Fatigue assessment therefore requires
a realistic representation of the load-cycle distribution expected during concerts. Excessive
conservatism should be avoided: spectators do not continuously excite the structure at
critical frequencies, and periods of reduced activity are common. In such phases, increased
crowd-structure contact may significantly enhance damping.

Nevertheless, fatigue verification remains necessary. It should be emphasized that overly
conservative assumptions may rapidly lead to highly restrictive estimates of the allowable
number of events for the intended use. A 50-year sensitivity study conducted on a real
steel floor subjected to second-harmonic resonance—based on SCI P354 coefficients and
crowd densities of two to three persons/m? engaged in dancing and jumping, with already
significant damping assumptions (3.6% to 5%)—has previously demonstrated this effect [1,35].

5. Conclusions

The experimental study demonstrates that the effects of crowd-structure interaction—
specifically regarding impact, resonance, and fatigue—are significant and must not be
neglected in structural design. However, these effects were found to be less critical than
those predicted by the conservative coordination assumptions set out in BRE Digest 426.
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References

The main contribution of this work lies in the experimental quantification of coordina-
tion levels for groups of up to 97 synchronized jumping individuals, thereby extending
the existing literature. The results also underscore the substantial variability in behavior
within large crowds and the significant damping introduced by individuals in contact with
the structure. Human-—structure interaction can thus mitigate dynamic amplification, pro-
vided that fully synchronized jumping is avoided. The equivalent damping ratio depends
strongly on the number of occupants, their posture, and the type of excitation. For design
purposes, additional damping provided by the crowd during synchronized jumping should
be neglected, as jumping may partially decouple human-structure interaction. In contrast,
for static or bobbing crowds, the simplified model proposed here offers a practical and
sufficiently accurate tool for standard engineering applications. While more sophisticated
stochastic models are available for advanced analysis, the proposed approach achieves a
balance between accuracy and usability.

These findings emphasize the need for design approaches that integrate realistic
coordination levels, human-induced damping, and probabilistic fatigue scenarios to ensure
both the safety and the structural efficiency of floors intended for event use.
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